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Resumen

El uso de métodos formales para el diseno de software contribuye a la confiabilidad y
robustez del sistema a construir. A medida que los sistemas se vuelven complejos, el enfoque
formal es esencial, debido a que permite la demostrabilidad y verificabilidad del diseno.
El diseno formal es un proceso que comienza con la etapa de especificacién, en la cual
el sistema es definido utilizando un lenguaje de modelado; luego la etapa de verificacién,
en la cual el sistema es analizado mediante un enfoque de correccién basado en pruebas
formales utilizando herramientas matematicas y, por ultimo, la etapa de implementacién,
en la cual la especificacion se convierte en cédigo ejecutable. El Lenguaje de Modelado
Unificado (UML por sus siglas en inglés) es un lenguaje especifico ampliamente utilizado
en la industria y la academia. Desafortunadamente, carece de una seméntica formal que
permita el desarrollo de modelos utilizando un enfoque de correcciéon basado en pruebas
formales.

Este trabajo se centra en la especificacion formal de familias de sistemas, y, en par-
ticular, en la semdntica de maquinas de estados de UML (UML Statecharts) con variabil-
idades y sus aplicaciones a lineas de productos de software. La principal contribucién es
la definicion de un formalismo que permite modelar el comportamiento de una familia de
sistemas. Tal comportamiento se describe utilizando UML Statecharts en combinacién con
Diagramas de funcionalidades (Feature Diagrams), con el fin de representar las funcionali-
dades comunes y variantes de una familia. Para ello se define una relacién de orden entre los
UML Statecharts, que representa el hecho de que un statechart posee una estructura mas
rica que otro. Luego se define con precisién la forma de combinar diferentes extensiones
de un mismo statechart. Utilizando estos conceptos, es posible definir el efecto que cada
funcionalidad tiene en los productos en los cuales se encuentra presente. Estas definiciones
proporcionan una forma muy simple de obtener la especificacion del comportamiento de
un producto de la linea como la combinacién de los UML Statecharts que implementan
todas las funcionalidades presentes en un producto en particular. Mas atn, se prueba que
la relacién de extensién propuesta constituye un refinamiento de comportamiento.

El presente enfoque se compara con el estado del arte y se estudia su aplicacién practica
con el fin de visualizar sus beneficios y posibles debilidades. Adicionalmente, con el fin de
comprobar la adecuacin de la propuesta, una gran parte de las ideas fueron implementadas
en un prototipo utilizando Prolog.

Palabras clave: Mdquinas de estado UML, Seméantica formal, Modelado formal de
variabilidades, Maquinas de estado con variabilidades, Lineas de productos de software.






Abstract

The use of formal methods for software design contributes to the reliability and robustness
of the system being constructed. As systems become more complex, the formal approach is
essential, as it enables provability and verifiability of the design. Formal design is a process
starting with the specification stage, in which the system is defined using a modeling
language; it continues with the verification stage, in which the system is analyzed in a
provable-correct approach using mathematical tools and finally, the implementation stage,
in which the specification is converted into code. The Unified Modeling Language (UML)
is a specification language widely used by the industry and the academia. Unfortunately,
it lacks a formal semantics for the development of provably-correct models.

This work concerns with the formal specification of families of systems, and in particular
with the semantics of UML Statecharts with Variabilities and its applications to Software
Product Lines. The main contribution is the definition of a formalism which allows to
model the behavior of an entire family of systems. Such behavior is described using UML
Statecharts in combination with Feature Diagrams in order to represent the common and
variant functionalities of the family. Using an order relation among statecharts, which
represents when an UML statechart has a richer structure than another one, it is possible
to precisely define how to combine different extensions of the same UML statechart into an
integral new one. With these notions, it is possible to describe the effect that each feature
has on the products in which it is present. These definitions provide a very simple way to
obtain the specification of the behavior of a product of the line as the combination of the
statecharts that implement all the features present in that particular product. Moreover,
a proof that the proposed extension relation constitutes a behavioral refinement is given.
The present approach is also compared with related work and its practical application is
studied in order to visualize its benefits and possible weaknesses. Additionally, in order
to check the adequacy of the present approach, most of the ideas were implemented in a
prototype using Prolog.

Summarizing, this thesis contributes to the formalization of concepts widely used in
practice as well as its implementation in modeling and formal reasoning tools.

Key words: UML Statecharts, Formal semantics, Formal variability modeling, Stat-
echarts with variabilities, Software product lines.
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Chapter 1

Introduction

Software reusability has become a key challenge for the software industry. Software reuse
is the systematic (in contrast to ad hoc) use of existing software assets to construct new
software. Although the idea of software reuse has been applied and practiced since pro-
gramming began, the concept of systematic reuse, as a field of study in software engineering,
was introduced by Doug Mcllroy in 1969 [Mci69]. Mcllroy envisioned the construction of
complex systems using parameterized families of software components, able to satisfy the
needs of any type of user. Later, David Parnas [Par72] developed the information hiding
principle and the idea of program families, which became the engineering foundation for
reuse based application development. Soon after, extensive research efforts on software
reuse followed, with the result of the development of a great diversity of techniques. All
of them includes some sort of abstraction (components seen as a “black box”), selection
(catalogues of components), specialization (configuration of components through param-
eters) and/or integration (combination of components), as pointed out in [Kru92, FK05]
and references therein.

Nowadays, reusability is of wide interest because of the need of software engineers to
construct highly complex systems in a more reliable, cheaper and timely way [MCO08, FKO05,
MMMO95, PD93]. As pointed out in [FKO05], a crucial breakthrough in software reuse is the
concept of Software Product Lines (SPLs). The key idea is that most software systems are
not entirely new, in contrast, they are variants of systems that have already been built.
Essentially, a SPL consists of a family of systems that share functionality and satisfy, in
general, the needs of a particular user [Gom05, CN02]. Recently, the Software Engineering
Institute (SEI) [SEI11a] developed a framework called Product Line Engineering (PLE) for
reuse-based development of a family of closely related applications [CN02]. The main goal
of PLE is to achieve software reuse in a strategic, prescribed way, while using a managed
set of features [JKBOS].

Software PLE and Model-Driven Software Development (MDD) are two recent trends
that have been drawing increased attention from the software development community.
Essentially, MDD [BGO5] is a software engineering methodology based on models of the
system to be constructed and the evolution of those models, in order to perform an in-
cremental development. Models allow to directly capture the needs of the stakeholders,
and abstract from specific implementation details, more amenable to analysis. In MDD,
models are source artifacts and they are used for automated analysis and code generation.
Generative software development [Cza98] and related approaches have been the integra-
tion of PLE and MDD [CAK™'05]. While MDD allows to represent different aspects of a
SPL more abstractly, PLE provides a well defined scope, which puts the development and
selection of appropriate modeling languages on a firm basis. Moreover, automated analysis
and code generation permits the automatization of product line member creation.

Feature modeling is a technique for representing the commonalities and variabilities
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among a set of related systems in a concise way. Usually, Feature Diagrams (FD) are used
to document this, using hierarchies of features that describe different types of variability
[KCH'90, Kan10, CHE05a, CHEO5b]. A particular technique of Model-Driven Develop-
ment of Product Lines, based on model templates is proposed in [Cza05]. A feature-based
model template consists of feature models and annotated models implementing the fea-
tures. The annotations refer to the features and can have the form of any notation defined
using the Meta-Object Facility (MOF) [omg06], such as Unified Modeling Language.

The Unified Modeling Language (UML) has become the industry and academic stan-
dard for system specification. UML Statecharts are one of the most important constituents
of UML models, since they are widely used for modeling the reactive behavior of systems.
The fact that the semantics of UML is only informally described leads to many ambiguities
and inconsistencies, which renders difficult or impossible the application of a formal design
process.

The subject of this thesis is the formal specification of families of systems that share
some functionality. In particular, it investigates an expressive modeling formalism for
specifying Software Product Lines, based on a formal approach of UML state machines, in
conjunction with Feature Diagrams. By achieving this, the expressivity of UML Statecharts
can be augmented with the explicit handling of behavior refinement. A complete seman-
tics will allow the incorporation of the resulting proposal in Model-Driven Development
methods.

1.1 Contribution of this Work

The primary goal of this thesis is to specify the behavior of a Software Product Line (SPL)
using formal methods. It constitutes an advance towards a complete formal semantics
of UML Statecharts with Variabilities in a SPL context. The main contribution is the
formulation of a notion of refinement based on UML Statecharts, which can be integrated
into software engineering tools. This could provide solid formal background that helps
to bridge the gap between the needs of modern software development techniques for a
formal specification language and UML, which is mainly described using natural language.
Applying formal rigour to the precise semantics of these models and languages allows to
automate the steps needed to transform models, as well as to trace and analyze those
transformations. Each model should be based on a formalism, in order to rigorously define
its syntax and semantics. Unfortunately, UML’s lack of rigour can lead to ambiguous,
imprecise and contradictive specifications.

In this work, Feature Diagrams (FDs) are used to represent the common and variant
functionality of a family of products, presenting a formal syntax for Feature Diagrams and
its configurations. On the other hand, based on von der Beeck’s [vdB02] UML Statecharts
abstract syntax, an order relation is defined among the set of UML Statecharts, which
represents when an UML statechart has a richer structure than another one. This relation
sets the basis for the definition of behavior refinement of a UML statechart. Then, an
operation able to combine different extensions of a given statechart is defined. With these
notions, and given the description of a family of products as a FD, an UML Statechart
with Variabilities is defined as a function that associates each feature of the FD with a
statechart. The mapping must comply with the hierarchical structure and the feature
restrictions, i.e., the more features a product has, the richer the statechart that models
it must be. In this way, it is possible to describe the effect that each feature has on the
products in which it is present. This definition provides a very simple and flexible way
to obtain the specification of the behavior of any configuration of the product line as the
combination of the statecharts that implement all the features present in that product. We
consider both the extension relation and the definition of UML statechart with variabilities
authentic contributions. The first one, because it provides an ordering among the abstract
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syntax defined in [vdB02], which proved to be a semantic preserving one, in the sense
of a properly defined structural operational (SO) semantics. The second one, because it
allows to integrate parts of two different modeling languanges, FDs and UML Statecharts,
through its abstract syntax.

Then, based on the extension relation, the concept of behavioral refinement of a UML
statechart is explored. In contrast to most of the related work, in which there are no
exhaustive proofs, it is proven that it is possible to extend a statechart without loosing
any behavior, in the sense of the SO semantics proposed in [vdB02]. That is, when a
statechart is extended, it is still possible to perform the same semantic transitions on it
as before. Therefore, the extension relation can be considered as a behavioral refinement,
as it preserves the behavior, but adding new functionalities. Moreover, it is also proved
that the set of actions generated by the SO semantics of a given statechart is preserved
with any possible extension of it. We consider this also as a contribution because, until the
date this work was finished, there were no concrete formal refinement patterns for UML
Statecharts, with the sole exception of [MNBO04], which uses a different priority mechanism
for the transition firing from UML’s.

Finally, the practical point of view of this proposal is addressed, through the construc-
tion of a tool prototype called “SC* Modeler”. This prototype was constructed basically
for checking the adequacy of the definitions and for exploring the possibilities of a future
software engineering tool. Using this tool, a case study for a product line of microwave
oven systems, adapted from a classic SPL modeling book [Gom05], was implemented.

1.2 Related Work

Variability modeling is a domain specific modeling technique, that is becoming more inte-
grated into traditional software engineering. Unfortunately, it is not integrated to UML.
Software Product Line Engineering with UML received a lot of attention in recent years,
but most of these works “only concern variability in UML static models and few works
concern behavioral models” [CABA09]. In a formal setting, few citations are relevant.
In [CGWO05] a formal semantics of UML interactions with variabilities is given, and in
[ZHJ04a, ZHJ04c, ZHJ04b, CABA09] UML sequence diagrams with variabilities are for-
malized using an algebraic framework for synthesizing flat statecharts from the sequence
diagrams. In [GL10], the authors define functions which map UML Statechart components
to functionalities of a Feature Diagram. Then, the behavior of a product line is obtained
essentially by a selection process, and not a combination of statecharts, in contrast to the
present work. In [FGO8], the authors define a general labeled transition system framework
for describing families of products. Using this framework, products can be derived, but
this approach is not intended to be used to describe product families, but rather “to give
basic modeling concepts on which verification activities can be carried out”.

Although UML Statecharts refinement has already been investigated in a formal set-
ting [GL10], [MNBO4] and [SK10], there is still a lack of a formal definition of behavioral
refinement for UML Statecharts. The UML 2.0 documents use the term refinement (and its
counterpart, abstraction) without a specific definition or meaning [Gro05]. Sun Meng et al.
[MNBO4] propose refinement patterns similar to the ones presented in this work. Their se-
mantics is based on Lattela et.al. [LMM99], which uses a priority mechanism (of conflicting
transitions) which is the opposite as required in the UML specification [Gro05]. Moreover,
the refinement laws are abstract and elementary, and there are no proofs regarding the
resulting behavior once the rules are applied.

The closest work to the present one, in terms of the results obtained, is the recent paper
by Schénborn et al. [SK10], based on the semantics presented in [FS06]. Regarding the
UML coverage of the semantics, they do not model history pseudostates, and according to
them it is a “harder challenge” to implement, compared to other missing UML features like
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fork and join states. Moreover, they do not model entry and exit actions. Regarding the
refinement patterns, the authors allow the removal of behavior from a statechart, contrary
to the present work. With respect to the actions generated by the refined statecharts,
which can be a “data-refinement” of the original actions, these are not treated in that
work.

1.3 Outline of this Thesis

This thesis is structured as follows: In chapter 2, the general context of this work is
presented. A brief description of the current state-of-the-art in formal approaches for UML
Statecharts is given, together with the concept of Software Product Lines and its relation
with Feature Diagrams as a tool for modeling the variability of a family of systems. In
chapter 3, the syntax and semantics of UML Statecharts are presented. The work contained
in this chapter is based on [vdB02]. In chapter 4, an extension relation is defined between
UML Statecharts, in order to give a formal definition of when a given statechart has a richer
behavior than another one. Then, it is shown how to combine different extensions of a given
statechart into an integral new one. In chapter 5, main concepts and definitions of formal
variability modeling are presented. The syntax and configurations of Feature Diagrams
and the definition of UML Statechart with variabilities is given. An early version of the
work contained in this chapter and the previous one is published in [SVO08]. In chapter 6, it
is proved that the extension relation can indeed be considered as a refinement, in the sense
that it preserves the semantic transitions defined in the semantics. Moreover, a theorem
that proves that the set of possible actions generated by a statechart are preserved by
the refinement is given. The work contained in this chapter is published in [SV10]. In
chapter 7, the description of a prototype implementation of the ideas introduced in this
work is presented. In chapter 8, a case study for a product line of microwave oven systems
is presented is order to analyze and validate the proposal. Conclusions, related work, and
future research are given in chapter 9.



Chapter 2

Background

In this chapter, main concepts of behavior specification of families of systems are presented,
constituting the general context in which the subject of this work is placed. Model-Driven
Development is introduced, as a software engineering methodology based on the systematic
use of models, capable of reducing development costs. The use of the Unified Modeling
Language (UML) is motivated as a modeling language for this purpose, in particular, UML
Statecharts for behavioral modeling. Next, a brief description of the current state-of-the-
art in formal approaches for UML Statecharts is given and a rationale for the choice of
the particular formalization used in this work is also examined. Finally, Software Product
Lines are presented together with its relation with Feature Diagrams as a tool for modeling
the inherent variability of a family of systems, and a brief description of the current state-
of-the-art in formal variability modeling is presented.

2.1 Model-Driven Development

The use of models in engineering and applied sciences is one of the most fundamental
technique for addressing inherent complexity. Models provide abstractions of a real-world
system that enables the reasoning about that system by ignoring superfluous details while
focusing on the relevant ones. Models are used in many ways: predicting the system
behavior, reasoning about particular properties, early evaluation about possible system
changes, and even communicating important system characteristics. Depending on what
is considered relevant, various modeling concepts and notations may be used, in order to
provide different “views” of the system. Furthermore, it is often necessary to transform
between different views of the system at an equivalent level of abstraction, for example,
between a structural view and a behavioral view. In other cases, a transformation converts
models between levels of abstraction, usually from a more abstract to a less abstract view,
by adding more detail.

Models and model transformations form the basis for a set of software development
techniques known as Model-Driven Development (MDD) [BGO05]. In that context, models
are used to reason about the problem and the solution domain. Applying formal rigour to
the semantics of these models, it is possible to define precise rules in order to automate
the steps needed to transform one model to another; to trace between model elements
and transformations and to analyse relevant characteristics of the models. Each model
should be based on a formalism, in order to rigorously define its syntax and semantics.
Syntax refers to the way that symbols may be combined to create well-formed sentences
in the language, that is, the form and structure of symbols in a given language. Seman-
tics, on the other hand, defines the meaning of syntactically valid strings in a language.
Three main semantics approaches can be distinguished: Operational semantics, in which
the meaning of a construct is specified by the computation it induces when it is executed
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(how to execute); Denotational semantics, in which the meaning is modeled by mathemat-
ical objects that represent the effect of executing the constructs (effect of the execution);
and Axiomatic semantics, in which the meaning is expressed through properties about
the language constructs, expressed with axioms and inference rules from symbolic logic
(correctness properties). Visual formalisms are also very useful in order to simplify the
communication between different stakeholders involved in a software development process.

One specific implementation of the MDD is the Model-Driven Architecture (MDA),
which is supported by the Object Management Group (OMG) [Grol1]. MDA introduces a
set of layers that describe different levels of abstraction and uses model transformations as
a central element, principally to transform high-level models (such as platform-independent
models) toward more implementation-oriented models (platform-specific models). A key
characteristic of the MDA approach is to recognize that transformations can be applied to
abstract descriptions of some aspect of a system to add more detail, refine that description
to be more concrete, or to convert it to another representation. The MDA approach
provides an open, neutral basis for system interoperability via OMG’s established modeling
standards [BG05]. MDA uses the Unified Modeling Language (UML) as its specification
language [Gro05]. This language has become the industry and academic standard for
system specification.

2.2 Unified Modeling Language

The Unified Modeling Language (UML) is a set of graphical languages for specify and
document the artifacts of a software-intensive system. These languages allow specifying a
wide variety of aspects of a system, from static structure to dynamic behavior. Structure
can be described with static model elements such as classes, relationships, nodes, and
components. Behavior describes how the elements within the structure interact over time.
Moreover, any UML language can be extended by its own extension mechanisms in order
to define domain-specific models.

UML has its roots on object-oriented modeling languages. From the late 1980s, prac-
titioners, faced with a new generation of increasingly complex software systems, began to
experiment with alternative approaches to analysis and design. Learning from experience,
three clearly prominent methods emerged, each one with its own notation: The Booch
method devised by Grady Booch; the Object Modeling Technique (OMT) devised by Jim
Rumbaugh; and the Object Oriented Software Engineering (also known as Objectory) de-
vised by Ivar Jacobson. The UML standardization effort started officially in October 1994,
with the establishment of a UML consortium, with several partners conformed by leading
software industry firms. Finally, UML 1.0 was offered for standardization to the Object
Management Group (OMG) in January 1997.

UML 2.0 presents four languages to specify dynamic behavior: Use Cases, State Ma-
chines, Activities, and Interactions. Use cases captures the behavior of the system as it
appears to an outside user. It specifies functional requirements of the system from the
user point of view. State Machines, which are the main concern of this work, specify the
dynamic behavior of objects over time. Each object communicates with the rest of the
world by detecting events and responding to them. An Activity is a graph of nodes that
shows the flow of control and data through the concurrent steps of a computation. Finally,
Interactions are used to describe how a set of objects interact with each other in a specific
scenario.

UML is defined using a metamodel, that is, a model of the constructs in UML. The
metamodel itself is expressed in UML. Each section of the UML specification document
contains a diagram showing a portion of the metamodel; a text description of the elements
defined in that section, with their attributes and relationships; a list of constraints on
elements expressed in natural language and in Object Constraint Language (OCL); and a
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text description of the dynamic semantics of the UML constructs defined in the section.
According to [RJB04] “The dynamic semantics are therefore informal, but a fully formal
description would be both impractical and unreadable by most”. The metamodel is divided
into two main packages, structure, which defines the static structure of UML and behavior,
which defines the dynamic structure of UML.

Although UML is simple and flexible, it is not the ideal MDA specification language
since it is defined using natural language and/or semi-formal language instead of being
described in a fully formal way. The lack of a formal setting leads to ambiguous (interpreted
in more than one way are possible), imprecise (no clear statement is made), inconsistent
(some parts are in contradiction with other ones) and erroneous (it is unclear whether
the implicitly given interpretation is the intended one) specifications, as pointed out in
the literature [SG98, RW99, FSKdRO05, FKS05]. Many of the detected ambiguities and
inconsistencies are removed in UML 2.0 [Gro05], but new ones are introduced. Without
a rigorous semantic definition, precise model behavior over time is not well defined and
automatic code synthesis is not possible to achieve.

This deficiency can be understood in part, because there are thirteen diagram types
in UML 2.0. Each notation itself forms a complex language, and the notations are interre-
lated and interdependent, making the task of providing a unified semantics very challenging
[HROO]. These drawbacks are present since the beginning of UML, and promoted extensive
academic work in order to solve them [BCR00, BLMF00, CGW05, CKO01, Mer02, Krii02,
CKO04, SZ08, CGW06, BCR, GZK02, Jiir02, RCA01, SHO05, St603, BCDT06]. In general,
these works were developed independently, which implies a weakness for achieving a com-
plete and unified semantics. Recently, an heterogeneous approach to the semantics of UML
is proposed which deals with the integration of different formalisms. The idea is to define a
family of formalisms capturing various UML sublanguages, and morphisms that represent
the expected semantic relationships between them [CKTWO08]. For the purposes of this
work, a survey on the formal semantics approaches for UML Statecharts is given in section
2.4.

2.2.1 UML Statecharts

In several branches of computer science state transition diagrams are commonly used to
describe the behavior of real world systems. Those diagrams represent a model of compu-
tation called finite state machine, which consists of a finite set of states, an initial state,
an input alphabet of events and a transition function which maps current states and event
symbols to next states [HU79]. However, as soon as the behavior of the described system
becomes complex, the diagram gets unmanageable from the modeler’s point of view (this
is usually called state and transition “explosion”).

In the late 80’s, Harel [Har87] developed an effective visual formalism able to express
structure by means of hierarchical states. He called this visual formalism “statecharts”.
In Harel words, this new formalism “extends conventional state transition diagrams with
essentially three elements, dealing, respectively, with the notions of hierarchy, concurrency
and communication”. Basically, it allows to describe states in a modular way. In contrast
to the usual state transition diagrams which are flat, unstructured and sequential, in the
statecharts philosophy each state consists of a hierarchy of states. Behavior is then modeled
by the execution of series of actions which are determined by transitions that are triggered
by events, one by one being dispatched. Unfortunately, Harel’s extension comes with a
price: it is only a visual formalism. Far from being a finished work, statecharts evolved
over the years, summing up to at least 20 variants [Bee94, Har97].

UML behavioral state machines, UML Statecharts, are extensively used in the software
engineering community for modeling the reactive behavior of object-oriented systems. UML
Statecharts were incorporated by the OMG to UML 1.1 in 1997, and it was subject to
examination during the UML 1.2 and 1.3 revisions. Moreover, UML Statecharts are one of
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the four languages to specify dynamic behavior and serves the foundation for Interactions
[Gro05], and was for Activities in UML 1.x.

2.3 Formal Methods

Formal methods is the name usually given to a set of design techniques that rigorously use
mathematical models to build software systems. In contrast to other design systems, formal
methods use mathematical proofs as a complement to system testing in order to ensure
correct behavior. As systems become more complex, the formal approach to system design
offers an additional level of confidence. Formal design can be seen as a three step process:
First, the formal specification phase. The designer defines a system using a modeling
language. This is the process of converting a problem written in natural language into a
mathematical notation. Formal modeling languages syntax is rigorously defined, making
it possible to distinguish between well-formed formulas and non-well-formed ones. The
second phase is the verification: This is the stage in which formal methods differ most
from other specification techniques and it involves the use of theorems in order to prove
that the system is correct. It is a difficult process, because even a simple system comprises
several theorems. In order to accomplish this, almost any formal method uses some sort of
automated or semi-automated proving tool. These tools can prove elementary theorems,
verify the semantics of the system, or just provide assistance for developing complicated
proofs. The third and final phase is the implementation, in which the specification is
converted into code. This conversion can be done using code generators in order to obtain
provable-correct by construction implementation, which implies a substantial reduction of
testing effort. Code generation is the essence of model driven approaches in order to be
able to abstract specific implementation details from the designer’s mind. Then, the the
code generators automatically translate models into implementations.

As mentioned before, the main benefit of formal methods is provability. Furthermore,
formality promotes discipline, because it requires thinking in a more systematic way. This
discipline can help identifying faulty reasoning in earlier stages of software development.
Formal methods also provide a formal and rigorous framework as in other classical (me-
chanical, civil) engineering processes. The use of formal specification languages, which are
generally coupled with a system of logic inference, enables the construction of automa-
tized tools that verify the formal properties of the conceptual models created in the earlier
stages.

2.4 Formal Semantics Approaches of UML Statecharts

As mentioned in section 2.2 UML languages are only informally defined. Several efforts
have been made in order to give formal semantics to these UML languages. In order to
illustrate the landscape of different semantic approaches to UML Statecharts, a succinct
categorization based on [CDO05] and [DJPVO02] is given. Three main broad categories of
approaches can be distinguished, according to the underlying formalism: Mathematical
Models, Rewriting Systems and Translation Approaches.

1. Mathematical Models: This category comprises semantic approaches which are
based directly on standard mathematical concepts and notations. The advantage of
using a mathematical notation is that it encourages precision and attention to detail,
making it more likely that the resulting semantics is complete and unambiguous. In
principle, the notation should be accessible to anybody with a standard mathematical
background. Four subcategories can be distinguished: Labeled Transition Systems,
Abstract State Machines, Petri Nets and other approaches. These approaches will
be described in detail in section 2.4.1.
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2. Rewriting Systems: A rewrite system typically consists of a set of rewrite rules,
consisting of a left- and a right-hand side. The execution of a rewrite system involves
the repeated application of the rules to some “configuration”. In each application,
an occurrence of the left-hand side of a rule in the configuration is replaced by the
right-hand side. The execution terminates when no matching rule can be found. As a
rewriting system based formalism, the authors distinguish between Graph Rewriting
and Term Rewriting. Graph rewriting (also called graph transformation) provides a
mathematically precise and visual specification technique by combining the advan-
tages of graphs and rules into a single computational paradigm. On the other hand,
Term rewriting is a similar concept to graph rewriting, except that the rewrite rules
are performed on terms rather than on graphs. An introduction to the subject can
be found on [EEPTO06] and [BN9S].

3. Translation Approaches: This category contains approaches which rely on trans-
lating a UML state machine into some other formal language, such as a specification
language, the input language to a model checker, or a programming language. As a
translation based formalism, the authors distinguish between Model Checking Lan-
guages and Specification Languages. Model checking is a well-researched dynamic
analysis method in which systems are modeled as finite state models. Temporal
logic is used to define properties and the models are checked to verify whether these
properties hold. This approaches typically transforms UML Statecharts into a lan-
guage designed for such analysis. It is important to mention that model checking
languages are not considered truly formal languages. A good introduction to the
subject is [Hol03]. On the other hand, several approaches attempt to inject for-
malism into UML state machines by translating them into an already formalized
specification language, such as Z. An introduction to the subject can be found on
[Jac96].

2.4.1 The Mathematical Approach

Since the formalism used in this work belongs to the mathematical approach, a detailed
description is presented in this section. As mentioned before, four subcategories can be
distinguished:

e Transition Systems: In general, a transition system is essentially a structure
(S, —) where S is a set of configurations and — is a binary relation on S x S
(called the transition relation). Some examples of transition systems are Labeled
Transition System (LTS), Kripke structures and Symbolic Transition Systems. A
natural reference is [MP92, MP95]. The formalization used in the present work is
included in this category. The most relevant approaches included in this category are
[EWO00, Esh09], [LMM99, GLM02, MLGO06], [Kwo00], [RACHO00, CR09] and [vdB02].

e Abstract State Machines: Basically, Abstract State Machines (ASMs) are finite
sets of transition rules of the form if Condition then Updates which transform ab-
stract states. The Condition (also called guard) under which a rule is applied is an
arbitrary predicate logic formula without free variables, whose interpretation evalu-
ates to true or false. Updates is a finite set of assignments of the form f(p1,...,pn) :=p
where p; are arguments and p a specified value, which evaluates to v; and v respec-
tively. The execution is the change in parallel of f at the locations v; to the value
v. The syntax of ASMs is reminiscent of a simple imperative programming language
which makes them quite accessible to users with a programming background. A
software engineering introduction to ASMs is [BS03]. ASMs can also be considered
transition systems [BCR04]. The most relevant approaches included in this category
are [CR00, BCRO4], [CHS00, SCHO02], [JEJ04], [J02, Jiir04] and [KG10].
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e Petri Nets: Petri nets are a well-studied and intuitive formalism that is both
graphical and mathematical. Petri nets are a bipartite directed graph consisting of
two kinds of nodes and two kinds of arcs. The nodes are places and transitions. The
arcs are either input arcs or output arcs.A place is connected to a transition via an
input arc. A connection from a transition to a place is established via an output arc.
Arcs between the same kinds of nodes are not allowed. The places from which an arc
runs to a transition are called the input places of the transition; the places to which
arcs run from a transition are called the output places of the transition. A Petri net
furthermore consists of tokens represented by dots within places. A transition of a
Petri net may fire whenever there is a token at the start of all input arcs; when it
fires, it consumes these tokens, and places tokens at the end of all output arcs. The
firing is atomic, i.e., a single non-interruptible step. Natural references for Petri nets
in software engineering are [Pet81, GVO01]. Petri net formalism was introduced in
[Pet62]. The most relevant approaches included in this category are [BP01, BP05],
[BDMO02, MC02], [KP00] and [GZ09].

e Other: It is a residual category of approaches that are not included in the preceding
ones. Approaches included in this category are [LC08, LC09].

2.4.2 Rationale of the Transition Based Formalism

The explanation of the fundamental reasons for choosing the transition based formalism
starts with Gordon Plotkins’s [Plo81] words on transition systems: “Very little is required
in the way of mathematical background; all that will be involved is symbol-pushing of
one kind or another of the sort which will already be familiar to readers with experience
of either the non-numerical aspects of programming languages or else formal deductive
systems of the kind employed in mathematical logic”. Structural Operational Semantics
(SOS) was introduced by Plotkin in [Plo81]. A SOS specification defines the behavior of
a program in terms of a set of transition relations. SOS specifications take the form of a
set of inference rules which define the valid transitions of a composite piece of syntax in
terms of the transitions of its components. SOS was intended as being like an abstract
machine but without all the complex machinery in the configurations, just the minimum
needed to explain the semantical aspects of the programming language constructs. The
extra machinery is avoided by the use of the rules, making the exploration of syntactical
structure implicit rather than drearily explicit. In an operational semantics the focus
are the operations the system can perform. In Plotkin’s words: “... it is an operational
method of specifying semantics based on syntactic transformations of programs and simple
operations on discrete data. The idea is that in general one should be interested in computer
systems whether hardware or software and for semantics one thinks of systems whose
configurations are a mixture of syntactical objects - the programs and data - ...”. In
the operational semantics the meaning of a construct is specified by the computation it
induces when it is executed on a machine. In particular, it is of interest how the effect
of a computation is produced. This leads to an ease on the implementation of an SOS
semantics in a rule based programming language, like Prolog.

Von der Beeck’s [vdB02] semantics provides a reasonable coverage of UML 1.4 stat-
echarts features, and it is easy to extend both its syntax and semantics. The approach
includes full support of the history mechanism (shallow and deep cases) and intralevel
transitions which are in general not supported by the rest of the approaches. As will be
presented, the definition of the semantics is modularized in two phases as follows: In the
first phase an auxiliary UML Statecharts semantics is defined which only deals with pro-
cessing single input events, but not with sequences of input events. In a second phase this
auxiliary semantics is used to define the (complete) UML Statecharts semantics, which is
done by processing sequences of input events. This separation already supports modularity.
Furthermore, concepts from the SOS approach are used, that is, the auxiliary semantics
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is a function on the set of labeled transition systems and where the (semantic) transitions
work on single input events. For the second phase, Kripke structures are used as the se-
mantic domain. This selection simplifies the processing of event sequences considerably,
since Kripke structures are very appropriate for modeling the fact that the output of one
step serves as (part of) the input of the next step. Both phases constitute an operational
and modular approach, such that comprehension as well as flexibility (e.g. with respect to
subsequent enhancements) are supported without restricting preciseness.

Another advantage of von der Beeck’s semantics is that all of the features implemented
comply with the UML specification [Gro05], as for example the conflicting transitions
execution priority or the maximality principle (in each step of the semantic execution, the
maximum number of non conflicting transitions must be taken).

However, many features of UML Statecharts have not been considered in this work:
final, junction, choice and terminate pseudostates; deferred, time, and change events; com-
pletion transitions; guards, variables, and data dependencies in transitions; creation and
destruction of objects; send clauses within actions; and do actions. Some of those features
can be covered easily, like final pseudostates and do actions. In section 9.2.1 a comment on
possible extensions, in order to cover a wider range of UML 2.0 statecharts features, will
be given.

2.5 Software Product Lines

According to the Software Engineering Institute [SEI11a], a Software Product Line “is a
set of software-intensive systems that share a common, managed set of features satisfying
the specific needs of a particular market segment or mission and that are developed from
a common set of core assets in a prescribed way. A Software Product Line epitomizes
strategic, planned reuse.”. One of the major motivations behind Software Product Lines
(SPLs) is that they can be more efficient to manage a group of similar software systems as a
whole, rather than considering each individual system on its own [Gom05, CN02, SEI11b].
The main goal of SPL engineering is to achieve software reuse in a strategic, prescribed
way, while using a managed set of features [JKBOS].

SPL engineering introduces two new dimensions into the traditional software engineer-
ing approaches: variability modeling and product derivation. Variabilities are characteris-
tics or features that varies from one product to another, whereas product derivation is the
process of constructing products from the product line.

2.5.1 Variability Modeling

SPL engineering has to provides a mean to describe the commonalities and variabilities
between different products. Usually, Feature Diagrams are used to document this. Fea-
ture Diagrams are a family of popular modeling languages used for engineering require-
ments in SPLs. Feature Diagrams were introduced by Kyo Kang in 1990 as part of the
Feature-Oriented Domain Analysis (FODA), which is a method for systematic discovery
and exploitation of commonality across related software systems to support software reuse
[KCH'90, Kan10].

Although there were initial attempts to develop a formal definition for FD, the first
systematic treatment of formal semantics was given by [SHT06, SHTBO07]. In that work,
Schobbens et al generalizes the various syntaxes found in the literature into a generic
construction, called Free Feature Diagrams (FFD). The formal semantics is then defined at
FFD level, in which “all formalization choices found a clear answer in the original FODA
FD definition”. Finally, they showed that the original FODA FD definition suffered no
ambiguity problem. Due its importance, a comparison with the present work is given in
chapter 5.
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In [CHEO5a] and [CHEO5b], Czarnecki et al. define a new Feature Diagram language
to account for staged configuration. They introduce feature cardinality (the number of
times a feature can be repeated in a product) in addition to the more usual (group) car-
dinality. The semantics is defined in a staged process where FDs are translated into an
extended abstract syntax, a context-free grammar and an algebra. In [JB08], the authors
provide a formalization of dependencies between features and components and propose
automated techniques to derive additional information and provide feedback to the user.
Other approaches include [dJVI02] which proposes the use of context-free grammars and
the feature configurations are defined as the sentences generated by the pertaining gram-
mar. This idea is extended in [Bat05] by combining grammars and propositional logic. Van
der Storm [VDS07] maps features to components, which are organized in a dependency tree.

2.5.2 Product derivation

Although variability in software systems is not a new problem, the key difference in a
SPL context is that variability involves not only a single product and variability cannot
be resolved after the product is delivered to the user. In this context, variability must
be specified in the development process and is an integral part of the product line. The
“single product” variability is usually called “run time variability”, and the SPL variability
is usually called “development time variability” [ZHJ04c].

Product derivation support of a particular SPL engineering approach is an important
criteria in order to go beyond the description of the PL and serve the propose for resolv-
ing variability and obtaining products [CABAQ9]. Current product derivation approaches
can be classified into two main categories: configuration based and transformation based
[PKGJO0S].

The first approach bases the derivation process on Feature Models (FD). For example,
in the FORM approach [KKL*'98], Kang et al. define a derivation process which starts
with an analysis of commonality among applications in a particular domain. The model
constructed during the analysis is called a feature model, which captures mandatory and
alternative features. This model is used to define parameterized architectures and reusable
components instantiatable during application development. According to the authors “Pa-
rameterization of artifacts with features and development of applications through selection
of feature sets is a powerful synthesis technique for implementing an effective application
generator for a stable domain”. This refinement approach was later formalized by Czarnecki
[CHEO5a, CHEO5b, Cza05]. In that work, feature models are mapped to UML activity and
class diagrams via annotations, and then an automated configuration process is realized.
In [Pre03], the author presents a set of graphic “plug-and-play” specification rules for the
construction of statecharts, which allows to combine features based on semantic refinement.
In that work, a refined statechart has fewer possible traces and is hence more concrete, in
contrast to the present work in where a refined statechart has an augmented behaviour.
In [VGOT], the authors provide a mapping from the problem domain (modeled as a feature
model) to the solution domain.

The second approach consists of transforming core assets rather than configuring them.
In general this approach is aligned with MDA standards. Usually, at the requirements level,
the product line is modeled in terms of UML use cases and then model transformations
relates this requirements to core assets, modeled in terms of UML class and sequence
diagrams. The variability is realized via stereotypes, and OCL constraints are used in
order to ensure consistency. Finally, a model transformation taking the product line model
as its parameter, transforms the core assets into a platform specific model which is finally
implemented in the target platform [ZJ06, KMHCO05, ZHJ04c].



Chapter 3

Syntax and Semantics of UML
Statecharts

In this chapter, main concepts and definitions of UML Statecharts used in this work are
presented. These definitions are based on the paper “A structured operational semantics
for UML-statecharts” by M. von der Beeck [vdB02]. First, the formal syntax of UML
Statecharts is presented and the concept of configuration is discussed. Then, given a UML
statechart, it is shown how a UML statechart transition modifies the actual configuration
of the state. After that, the two phase semantics is presented, first, the auxiliary semantics
which only deals with single input events, and second, the complete semantics who deals
with sequences of input events.

3.1 Syntax

UML Statecharts (or simply statecharts) constitutes a notation to describe behavioral
aspects of a system. As mentioned before, UML Statecharts are a generalization of finite
state diagrams. Basically, UML Statecharts consist of states and transitions between them.
The main feature of statecharts is that states can be refined, defining a state hierarchy.
The decomposition of a state can be either sequential or parallel. In the first case, a
state is decomposed into a new state automaton (OR state), while in the second case a
state is decomposed in two or more automata that can execute concurrently (AND state).
Transitions are directed arrows between states. A transition connects a source state to a
target state, and inter-level transitions are allowed. Transitions are labeled by a trigger
event, a sequence of actions and the type of history of the target state. There is a history
mechanism that allows transitions to reenter a sequential state in the last active substate.
UML Statecharts follow the run-to-completion assumption, that is, “an event occurrence
can only be taken from the pool and dispatched if the processing of the previous current
occurrence is fully completed” [Gro05].

UML distinguishes between states and pseudostates. The key difference is that pseu-
dostates are never elements of an active state configuration; they mainly serve to model
compound transitions or to reduce the graphical complexity. Pseudostates do not have
names or associated actions. An example is the history pseudostate.

Let S, T, A, E be countable sets of state names, transition names, actions and events
respectively with E C A. S contains an empty name denoted by A. Events and actions are
denoted by a,b,c,.. and sequences of events as well as actions by «, 3,7, .... The empty
sequence is denoted by (). The set SC of statecharts is inductively defined by the rules in
figure 3.1, together with the functions name: SC — S, that is, the name of the statechart,
and the predicate wf-tran (defined below), which decides if a transition is well formed with
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respect to a set of states. Abusing the notation, name(s) is abbreviated with §. The same
applies to transitions.

S1,.-,8n € SC, §; 75 §j Vi?gj
$€S8, §# 5 Vic1n
5€8 en,er € A en,ex € A

Basi And
[3,(en,ex)] € SC e [8,(51,...5n),(enex)] €SC

S1,..,8n € SC, §; 75 §j Viyéj

5€S8, 8#5; Vi=1.n

T CT, whtran({s1,..,Sn},t) VteT
55€8.1€e {1,..,n}

Sqg€e Sde {1, ..,n}

en,ex € A*
Or

[3, (S1,.-8n), 84, 81, T, (en,ex)] € SC

Figure 3.1: Syntax of Statecharts

The rules are explained as follows:

Basic Statecharts: s = [§,(en,ex)] is a basic statechart with name §, entry sequence of
actions en, exit sequence of actions ex and type(s) = basic.

And-Statecharts: s = [$,(s1,..,5,),(en,ex)] is an and-statechart with name §, parallel
substates si, .., s, n > 0, entry sequence of actions en, exit sequence of actions ex
and type(s) = and.

Or-Statecharts: s = [§,(s1, .., $n), 84, 81, T, (en, ex)] is an or-statechart with name §,
parallel substates si,..,s,, n > 0, entry sequence of actions en, exit sequence of
actions ex, 84 is the name of the default initial substate!, where d € {1,..,n} is the
index of the default initial substate, §; is the name of the current active substate of
s, L € {1,..,n} is the index of the current active substate, T is the set of transitions
between its substates, s; is the default state of s, type(s)=or. The syntax presented
in [vdB02] is extended, requiring a default substate in the Or-Statechart. According
to the UML superstructure specification [Gro05] , a composite state without initial
substate can be considered as an ill-formed model. Then, in this work, an initial
substate is required.

The set of transitions 7' is included in T := TXS X P(S)xExA*xP(S)xSxHT,
where HT = {none, shallow, deep} are the history types.

Further define:
SCp = {s€SC | type(s)=basic}

SCy4 = {s€SC | type(s)=and}
SCo = {s€SC | type(s)=or}.

Given a statechart s, the following projection functions are defined: act-en(s) := en and
act-ex(s) := ex which are the corresponding entry and exit sequences of actions. Given a

'In order to simplify the notation, the name is denoted with the index only, because within a
statechart each substate can be uniquely referred to by its name.
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statechart transition t = (£,5;,5,,e,a,T4,3;,ht) € T, the following are defined: name(t) := {,
is the name of the transition ¢, sou(t) := s;, tar(t) := s;, are the source and target states
of t respectively, sou-r(t) := S, is the source restriction set, ev(t) := e, is the triggering
event of ¢, act(t) := «, is the action sequence associated to ¢, tar-d(t) := Ty, is the target
determinator set, historyType(t) := ht, is the history type of ¢. A transition ¢ uses the
history mechanism, if historyType(t) € {deep,shallow}. There are two types of history
pseudostates defined in UML: shallow and deep history. A shallow history pseudostate is
used to represent the most recently active substate. The shallow history pseudostate does
not recurse into its substates active state configuration. A deep history pseudostate, in
contrast, recurses into the most recently active substates of that substate, if they exist.
That is, it “remembers” the active substates along the state hierarchy down to the basic
states.

Source restriction and target determinator provide a means for modeling an interlevel
transition by a simple transition on the level of the uppermost states the interlevel transition
exits and enters. The source and target of the interlevel transition are represented as
additional label information by the source restriction and the target determinator.

In the definition of Or-statecharts, the predicate wf-tran C P(SC) x T, defined by
mutual recursion, decides if a transition t is well formed with respect to a set of states
$1, .., Sn and it is defined as wf-tran({s;..s,},t) C (sou(t),tar(t) € {s1..,8,}) A (sou-r(t) €
ec-all(sou(t)) Vsou-r(t) = 0) A(tar-d(t) € ec-all(tar(t)) Vtar-d(t) = 0). The definition of ec-all
is postponed to the next section. Please note that the definition of wf-tran is well founded.

Note that the definition of SC implies that, within a statechart, each substate can
be uniquely referred to by its name. This is an important fact regarding configurations,
which is the topic of the next section. From now on, if there is no risk of ambiguity, when
denoting a state only the syntactic elements that are relevant in each case are shown. The
abbreviation si j for si,so,.., 5, is extensively used. Finally, the substitution notation
is used as follows: If ¢ is a term, then [,/ is the term which results from replacing all
occurrences of a in ¢ by b.

In figure 3.2 a graphical representation of each type of state is shown.

Bl

t111 t112

S1112
S11
tll t12 t2
S11 S112 S13

)

Figure 3.2: Basic-; And-; Or- statechart examples, respectively

3.2 Statechart Configurations

A configuration is a valid global state of a statechart. While the system is in a configuration,
events can occur. In response, the system leaves the current configuration by taking a set of
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transitions, and enters a new configuration. At the same time, new events can be generated
to which the system should respond in the same way. A configurations describes snapshots
of a statechart execution.

The function conf: SC — P(S) gives the current configuration of a statechart s, i.e. the
set of the names of all currently active substates within s (also including §):

}
$} U conf(s;)
5} Uy, conf(s;)

The function conf-all: SC — P(P(S)) computes the set of all potential configurations
of a statechart s (complete or incomplete). By potential, it is implied that not only the
current active substate of an or-substate is considered, but all possibilities for choosing
such a substate. Note the difference with the definition of conf. The term incomplete
denotes a configuration which results from an application of conf-all where the recursion
terminates before the basic states are reached. This definition is crucial to handle inter-
level transitions just like normal transitions on the level of the uppermost states that the
inter-level transition exits and enters.

conf-all([s]) ={{8}}
conf-all([8, (s1..n), 1) ﬁé{ Uc|3i € {1..n}.c € conf-all(s;)} U{{5}}

conf-all([3, (sln) ) s} U,y ., cilci € conf-all(s;) } U {{5}}

Incomplete configurations are realized in the second and third cases of the definition
by the union with the term {{5}}. Note that Vs € SC : conf(s) € conf-all(s).

The set of possible partial configuratons is further expanded in order to include in-
complete parallel configurations. An incomplete parallel configuration is such that it is
possible to know the configuration of some of the parallel components of a state, but not
all of them. That is,

ec-all([5]) = ({51}
ec-all([8, (s1.n),T]) :={{8} Uc|Fi € {1.n}.c € ec-all(s;)} U {{5}}
ec-all([$, (s1..n)]) = {8} UUicq,. ny cilei € ec-all(sy)} U {{5}}

The first two cases are analogous to conf-all. The third one allows as a valid config-
uration a parallel incomplete one, that is, one can “choose” a subset of {si,..,sx}. For
example, let s = [§, (s1,..5%)], where s1, ..., s € SCp. Then, ec-all(s;) = {{8;}}, Vi=1, ..k
and

ec-all(s) D {{81}, {83, 82}, {81, 84, 8} }

The need of this relaxation will become clear later, in section 6.1. Note that, by
definition, Vs € SC : conf-all(s) C ec-all(s).

3.3 Computing the Next State

If a UML statechart transition is executed, particularly its history type and possibly its
target determinator have to be considered. Therefore, the function next is defined, which
computes the next state after a UML statechart transition ¢ is executed. Later, this function
is used in the SO semantics rule which handles transition execution in an OR statechart.

Given a UML statechart transition ¢, with target s, history type ht=historyType(t)
and target determinator N=tar-d(¢) the function next: HT x P(S) x SC — SC computes
the UML statechart term s = next(ht, N, s) which results after the execution of transition
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t.
next(ht, N, [S]) = [§]
(8, (81..n)[s, /next(nt,N,s;)]5 J> T ]
next(ht, N, [3, (s1.n), 0, T]) := if(veN, je{l.n})v=3;
next-stop(ht, [$, (s1..), 1, T]) otherwise
next(ht, N, [3, (51..n)]) :=[8, (next(ht, N, s1), .., next(ht, N, s,,))]

The terms s and s’ = next(ht, N, s) have identical static structure, only the currently
active substate information may change. Here it becomes clear why the naming convention
is needed: If IV contains one of the state names of the substates si, ..., s, then the active
state is replaced by s; and the function is recursively applied. Then, if N = tar-d(t),
the target determinator information is exploited when zooming into the state hierarchy.
Otherwise, i.e. if IV does not contain a name v of one of the state names of the substates
S1..k, function next-stop is called which uses the history type information to determine
currently active substates of a state:

(8, (51..n),d,1, T if ht = deep
next-stop(ht, [3, (s1..n),d,1, T]) == 3, <81"”)[Sd/def(8d)]’ d,d,T] if ht = none
(3, (51--”)[s1/def(sl)]’d’ 1,T) if ht = shallow

Note that, if At = none, then the active state is now the default substate, and the function
def is used to initialize the substate sg.

The function next-stop uses the function def: SC — SC which defines for an s € SCp
that its currently active substate is given by its default substate:

def([3]) = [3]
def([3, (51.). &, LT]) = 3. (51.n)(s, /defony: & 6o T
def([3, (s1..n)]) = [3, (def(s1), ..., def(sy,))]

When a UML statechart transition ¢ is taken, a set of actions is executed. In general,
if a transition from state s; to s; with action part a is taken, then the sequence of actions
ex:oien is executed, with ex € exit(s;), en € exit(s;), where the infix operator :: appends
sequences of actions.

exit([s, (en, ex)]) = {ex}

exit([8, (s1.x),, T, (en,ex)]) :={ex'::ex | ex’ € exit(s;)}

exit([3, (s1.x), (en ex)]) = {my.omyex| Ip{l Lk} {1.k}.V; micexit(s,q))}
entry (5 (enca)) = {en}
entry([8, (s1.x),0, T, (en,ex)]) :={en:en’ | en’ € entry(s;)}
entry([$, (s1..k), (en ex)]) = {enzmyomy| Ip {1k} {1.k}.V; micentry(s,))}

where “” denotes a bijective function.

3.4 Structured Operational Semantics

Given s € SC, its structured operational semantics (SO semantics) [$]qus is given by a
Labelled Transition System (C, L, —, conf(s)) where C' is a set of state label sets (config-
urations), L C Ex A* x {0, 1} is the set of labels, —C C'x Lx (' is the semantic? transition
relation, and conf(s) is the start configuration.

C'is defined as C := conf-all(s), where L and — are defined by the rules in figure 3.3.

We note ¢ i)i d for (¢, (e,a, f),¢) € —, and ¢ 72>f for A, a.c 54 ¢

2We use the term semantic to differentiate the semantic transition relation from the syntactic
element UML transition.
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Idle

0 BAS

[3] = [4]
Progress

(t,1,Sre,a,Tymht) € T, S, C conf(s;), s 7'Z>1

OR-1
A 1 A
[87 (51..k)a L, T] i>e:r:::oa::en [57 (31..k)[sm/next(han,sm)} , M, T]

where ex € exit(ss) and en € entry(next(ht, T}, s¢))

Propagation of progress

P
el ! OR-2
[8, (51.6), L, T] =4 18, (1.k) sy /597, L T
Propagation of stuttering
~ 1 e 0
[57 (31..k)7l7T] % , Sl _><) S1
OR-3

. 0 .
[Sa (31..k)7 la T] i>(> [8’ (51..k)7 la T]
Composition

e f] ’
Vie(l,..k}-5i ~a; 5

5, (s1.0)] 9= [3, (s4_,)]

AND (o € perm(cy(;))

Figure 3.3: Rules of the SO semantics

The stuttering flag f is used to reflect the priority mechanism for statecharts transi-
tions. It also allows the semantics to fullfill the maximality condition of UML statecharts,
that is, a maximal number of non conflicting statechart transitions is taken when a se-
mantic transition is performed. The stuttering flag f can take the values 0 or 1. If f=0,
then no statechart transition is taken, only the event e is consumed. If f=1 a statechart
transition is taken. The flag is needed to assure that idle steps can only occur if no non-idle
step is possible. A key role is played by the stuttering step (f = 0), since when no UML
statechart transition can be taken, a stuttering step (loop) can be done.

Let us explain the OR rules:

OR-1: This rule models a semantic transition from a statechart transition. Given a
statechart transition of an OR state with trigger e, then that state can perform a semantic
transition with positive flag and trigger e, given that, the source restriction is a complete
current configuration of the currently active substate s; (S, C conf(s;)) and s; cannot
perform a semantic transition with input e and positive flag.
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OR-2: This rule propagates the progress of rule OR-1. If the current active substate
can perform a semantic transition with positive flag, then the OR state may perform a
semantic transition with positive flag.

OR-3: This rule propagates the negative flag. That is, if the current active substate
can perform a semantic transition with negative flag, and if the OR state cannot perform a
semantic transition with positive flag, then the OR state can perform a semantic transition
to itself with positive flag.

3.5 Complete Semantics

As mentioned before, the semantics is divided in two phases, in the first one the auxiliary
semantics is defined (section 3.4), and in a second one Kripke structures and the auxiliary
semantics are used to define the complete semantics. Given a sequence of input events,
the statechart performs a sequence of steps, such that one event of the current sequence of
input events is consumed and then a sequence of actions is generated which is added to the
remaining sequence of input events. This results in a new sequence of input events which
are used in the subsequent step. Kripke structures (a transition system with an initial
state) are used in order to model this.

The complete semantics is then, [] : SC — K, where K is the set of Kripke structures.
Given s € SC, its complete semantics is given by [s] = (5, st,=) € K such that S =
SC x A* is the set of Kripke states, st = (s,€¢p) € S is the start state (¢g € A*) and the
transition relation =C S x S is defined by the rule:

€ /
S — S
o f

m Gl (3(6, e, 6/) S sel, 3(0{, 6,, 6”) € join)

where

e sel C A* x (A x A*), given a sequence of events, separates one event from the
rest. That is, if (¢,¢e,€’) € sel, then it separates e from sequence € and the resulting
sequence is €.

e join C (A* x A*) x A*, composes two sequences of events. That is, if (a, €, €”) € join
then it composes «a to the sequence ¢’ and the resulting sequence is €”.

Relations sel and join are defined by the user. This is in accordance to the UML definition
which does not define the scheduling strategy of the input event queue.






Chapter 4

Extension and Union of UML
Statecharts

In this chapter, an extension relation is defined between UML Statecharts. This extension
determines a partial order, which represents when an statechart has a richer structure than
another one. Then, given two different extensions of the same statechart, the question
on whether there is a way to combine both extensions into an integral new statechart is
addressed, showing how this process of combination is formalized. This results into a union
operation of UML Statecharts.

4.1 Extension Relation

In this section, a relation < between statecharts is defined, such that s; < so (read “so
extends s1”) if so enriches states or transitions of s; with more complex structures. The
definition of the extension relation is given in two stages, first the one-step extension
relation <, in figure 4.1.

Basically, it is possible to extend a statechart by either adding a parallel or sequential
statechart to it, by adding a new transition between two existing states, or by adding
actions in transitions or entry and exit actions. For this last extension, the relation < is
defined between sequences of actions as the ordinary subsequence relation between elements
of A* (<@’ means that « is a subsequence of o’). The subsequence relation is a partial
order. We extend subsequence relation to transitions in the following way. Given t =
(t,4,S,e,o, T k,ht) € T and t = (£,5,5,e,&,T,k,ht) € T, two statechart transitions which
differ only on the generated sequence of actions such that a <&, then we say that ¢ <.

The next step is the definition of < as the reflexo-transitive closure of <, which is given
in figure 4.2.

In these definitions it is assumed that the well-formedness conditions of the definitions
given in section 3 hold whenever a statechart is built.

Finally, note that (81“]6,5)[&/8“ = (51__]6[3‘/32],5) ift € {1k} and sy, S € SC. If T is
aset, (T'\ {t}) U {t'} is denoted by T /s

Remark 1. The extension relation < defines a partial order on the set SC, up to the

default initial substate and the current active of an Or-statechart.

4.1.1 Extension functions

The rules in figure 4.1 can be written as (partial) functions that, receiving a statechart and
the elements to extend it, returns the extended statechart whenever possible. This will be
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Parallel components

s €5Ch, §#5 s €SCh, 5 A8V, §+#3
ext-andl ext-and2

[5]=<,[3, (&")] (8, (815++,8n)] =, [8, (815-+,8n, 8)]

8i=18;, 8; #8j Vj=1.i-1i+1l.n
[5, (81, . Sn)]-<1 [§, (81, . Sn)[sz/s;]}

inside-and

Sequential components

rtor s’ eSCp, & #35 o s e€SCp, 8§ #8V;, §+#s
[8]<,[8, (8"),1,1,0] [8, (81yy8n), dy 1, T) <, [8, (81504180, ), d, 1, T
oo $i=<.85, 8 # 8 V=i i-1it1,m
[§, (81, .y Sn), d,l, T]<1 [é, (81, . Sn)[si/s;], d,l, T]
Transitions
ddotrans teT, wftran({s1,..,sn},1)
(3, (815 ey Sn )y dy L, T < [8, (81 veey S), dy 1, T U {t}]
Actions
ava, t=(ti,SeaTyjhtyeT, t'eT
ext-act-trans — —
(8, (815-58n), d, [, )=, [8, (81,-55n), d, 1, Ty 1]
where t' = (t,i,S,,e,a,Ty,j,ht)
ext-act-en — end é? — ext-act-ex — cr d 67%' —
[Sa (677,, €$)]—<1 [87 (en7 637)] [87 (671, 6%)]%1 [87 (en7 6(13)}
Figure 4.1: One-Step Extension Relation <,
/ / !/ 1 / !
one-step ilsl reflexivity % transitivity §2X5, §=5 5,8,8 €5C
s=<'s

5= s"

Figure 4.2: Extension Relation <

used in the case study of Chapter 8 where we use the extension relation as a specification

tool. The following functions are defined '

L denotes a partial function
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ext-and : (SCp USCy4) x SCp — SCy,

ext-and([§], s') =18, (s")] if 8 #£3
ext-and([$, (s1,-,8n)],8") =18, (S1,y8n, )] 8§ #§V; N #£5

inside-and : SC4 x SC x SC < SCy,

inside-and([3, (51, -+ 8n)], 8i,87) =[5, (51, 8n)[s,/57]]
if s,<,8, N8 #5; Vim1 i-1,i+1.n

ext-or : (SCp USCp) x SCp — SCo,

ext-or([s], s") =15,(s),1,1,0] if 8 # 3§
ext-or([8, (81,-8n),d, 1, T],8") =18, (81,.,8n, 8" ), d, 1, T] it 8, #8 V; N§ #3§

inside-or : SCp x SC x SC — SCp,

inside-or([8, (s1,..,8n),d, 1, T, si,8,) =13, (s1, .., 8n)(si /5] s s T)
if s;=<,s) N8, #38; Vjm1.i-1i+1.m

add-trans : SCo x T < SCp,

add-trans([3, (s1,...,5n),d, 1,T),t) :=1[8,(51,-.,8n),d, [, T U{t}]
if wi-tran({s1, .., sn}, 1)

ext-act-trans-a : SCo x T x A — SCp, Let t = (£,i,S,,e,a,Ty,j,ht) € T,

ext-act-trans-a([3, (s1,..,8n),d, 1, T],t,a) :=[5,(51,.,5n),d,1, Tjz /]
where t' = <7§,i,5r,€7aiia,Tdajaht>

equivalently, ext-act-trans-p : SCp x T x A — SCp prepends the action a to the
sequence .
ext-act-en-a : SC x E — SC,

ext-act-en-a([, (en, ex)],e) =8, (en:e,ex)]

equivalently, ext-act-en-p : SC x E — SC prepends the event e to the sequence en.

ext-act-ex-a : SC x E — SC,
ext-act-ex-a([3, (en,ex)],e) =[5, (en, ex::e))

equivalently, ext-act-ex-p : SC x E — SC prepends the event e to the sequence ex.

In figure 4.3 some examples of the extension function are shown.

4.2 UML Statecharts Union

Given a statechart, it can be extended in several ways. The question is whether there
is a way to combine different extensions into an integral new statechart. Formally, given
r1,79 € SC such that

JseSC. s <11 As <1y

the idea is to define a new statechart r;Ury such that

r1 <riUry and 1o < riUrg
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add-trans(sy,t1)

T
ext—or(sll,slll)

S2

ext—and(32,522) tll

Figure 4.3: add-trans, ext-or and ext-and extension function examples

Moreover, a minimum amount of extending steps as possible is desired, i.e.,
V’/‘gESC. (’/‘1 <713 A719 < 7"3) = riUre <713

It is not possible to define the union of two statecharts in all the cases, even if they are
both extensions of the same statechart (consider, for instance, s to be a basic statechart
which is extended parallelly on the one hand and sequentially on the other). Therefore, it
is needed to handle inconsistent statecharts. For the sake of completeness, a new statechart
is added to the syntax defined in section 3.1: T will stand for the overspecified element
of the set SC, as well as for any statechart having it as a component. Regarding the <
relation, T is a extension of any statechart. Formally,

VseSC. s < T

The definition of U is simple but quite extensive, since all the pairs r1, ro such that
and 79 can be extensions of the same statechart s, according to the definition given in figure
4.1 must be taken into account. It basically consists of carrying out both extensions on the
original statechart, whenever this is possible. In this definition, the current active state
and the default initial substate of an Or-Statechart play no role because they contain only
dynamic information. Note that, given s1, so € SC, such that name(s;) = name(sg) = §,
then there always exists s € SC such that s < s; As < s, for instance s can be [3, ((), ())].

Definition 1. Let 1,79 € SC such that 3s€SC. s < r1 A s <1y, then riUry is defined by
induction on s < r1.

Since < is the reflexo-transitive closure of <,, we consider all the rules of <, plus
reflexivity and transitivity.
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Extension ext-andl:
Let s=[3,(en,ex)] and r1=[3, (s'), (en, ex)], where s'€SCp 2

—[& 1 1 P 1 11 —_Ta " 1
eala ro=|[8, (s )}i s"eSCp (5£8")  ealb ro=I3, (s )]: s"eSCp (F=5")  eatc ro=[8, (s"),0], s"€SCp
riUre = [8, (¢, 8")] riUre = [8, (s'Us”)] riUre =T
iy ro=[§, (en,ex)], en<en ro=[8, (en,ex)], ex<ex
“ riUry =[5, (), (en, ex)] riUry = [, (), (en, ex)]

Extension ext-and2:
Let s=[5,(81,..,8,),(en,ex)] and r1=[8, (s1,..,8,, '), (en, ex)], where s'€SCp:

ro=[8, ($1,.,5n,")], $"€SCp (8145 eazbm:[é,(sl,..,sn,s”)], s"eSCp

riUre = [8, (81,..,8n, 8, 8")] riUre = [8, (81,..,8n, 'Us")]

ea2a

(§l:§//)

7’2:[§,(81,..7Si,..78n)] S; < §;

ea2c
riUre = [§, (81, vy Siy ey Sy S/)}
ead ro=[8, (81,-,5n), (€N, ex)], en<en ro=[8, (81,.,5n), (en, €x)], ex<ex
riUry = [8, (81,.-,8n, '), (€n, ex)] riUry = [8, (81,.-,8n, '), (en, €x)]

Extension inside-and:
Let s=[8, (81, .., Siy .., Sn), (en, ex)] and r1=[8, (s1, .., Si, .-, Sn), (en, ex)], where s; < §;

i <8, 12=I[8,(81,.,8n,8")], $'€SCp
riUry = [§7<51;--7§i7"a3n78/)]
) S; < 51‘, 7’2—[.§, (81, "7'§ja ..,Sn)}7 S =< ’§j i .
iab — —— (i=17)
rUre =[5, (s1, .., §iU3j, .., 8p)]
e S; < 51‘7 7’2—[%, S1, ..,5]'7 ..,Sn)], S =< §j (Z 7& J)
riUry = [8,

(
(513 ) gia ) gjv ) Sn)]
[

, (81,-580), (en,ex)], en<en

T1UT2 - [<§7 (517 .y §i7 .0y Sn)a (€h7 650)]

Si = 8i, T2=I[8,(51,.,5n), (en, €x)], ex<ex

riUry = [8, (81, .-, 84y -, Sn), (€n, €2)]

Extension ext-orl:
Let s=[8,(en,ex)] and r1=[3, (s),0, (en, ex)], where s'€SCp.

_[a 1 1 — a i 1 — a i 1
ol ro=[8,(s")], s"€SCp woth 2 [5,(s),0], s"eSCgp (§48")  eolc ro=[$, (s ),A(D], : s"eSCp (=8
rUry =T riUrg = (8, (s',8"), 0] riUry = [8, (s'Us”), 0]
1 ro=[$,(s'), 0, (en,ex)], en<en ro=[8,(s'), 0, (en,ex)], ex<ex
€eo eo
rUre = [5,(s),0, (én, ex)] riUrg =[5, ('), 0, (en, €x))
Extension ext-or2:

Let s=[3, (s1,..,8n), T, (en,ex)] and r1=[8, (51,..,8n, "), T, (en, ex)|, where s'€SCp.
co2a T2:[§7 (517":57%7 S/I)vT]v s"€SCp (§#8")  eo2b 7‘2=[§, (317“:5711 5//)7T]7 s"€SCp (§’:§”)

riUrg = [8, (81,--,8n, 8", "), T riUry = [8, (81,++,8n, S'Us"), T

2s and 71 are hypotesis for all the rules included in this definition, so for the sake of symplicity,
we define them once. The same for all the following definitions.
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cone ro=[8, (S1, s Siy -, Sn ), T], Si < & ro=I[8, (s1,.,8n), T"], T'=TU{t}
riUrg = [8, (81, -, 84y -y Sny 8'), T riUrg =[5, (81,80, "), T
ro=[5, (81,..,80), T"], T'=Tysp), teT, t'cT, tat
coze riUry = [8, ($1,-,8n,8"), T"]
oot ro=[8, (81,-,8n), T, (€n,ex)], en<en ro=[8, (81,-,8n), T, (en, €x)], ex<ex
riUry =[5, (81,.,8n, 8"), T, (€n, ex)] riUry = [8, (81,.,8n, 8"), T, (en, €x)]

Extension inside-or:
Let s=[3, (81, .-, Siy -y 8n), T, (en, ex)] and =8, (81, .., 5i, .., $n), T, (en, ex)] with s; < §;

ro=[8, ($1,-,5n, "), T], $'€SCp

7‘1U7‘2 = [§, (81, e §i7 ey Sny S/),T]

ioa

) 7‘2:[§, (81,..7§j7..,8n),T], Sj —<§j
iob

- —— i=j
riUrs =[5, (s1, .., 5;U55, .., 5,), T ( )
o 7’2:[§,(81,..,§j,..,;9n),T], Sj =< §j (7]#])

riUrg = [§, (517 Y 5]'7 o Sn)7T]

T2:[§’ (517--,5n),T/L T/ :TU{t}

riUre = [§7 (51, oy §i7 (X3} Sn)vT,]

iod

’)"2:[§,(51,..,8n),Tq, T/:T[t/t/]v teT, tIET, t<at

ioe ~ =
T'1UT'2 - [57 (51; ey Siy ey S'n,)7Tl]
o ro=[8, ($1,.,8n), T, (€n,ex)], en<en ro=[8, (81,..,8,), (en,€x)], ex<ex
riUry =[5, (81, ., 84y -y Sn), T, (€N, ex)] riUrg = [8, (81, -, 84y -y Sn), T, (en, €x)]

Extension ext-trans:
Let s=[3, (81,..,8,), T, (en, ex)] and r1=I[8, (s1,..,8n), 1", (en, ex)] with T'=T U {¢}

s ro=[8, (81,-,8n,5"),T], s €SCp ro=[8, (81, .., 84y .y S0 ), T, 8 < 5

riUrg =[5, (81,80, 8"), T r1Ury = [8, (81, 8iy oy Sn)y T']

ro=I[8, (81,.,8,), T"], T'=TU{t'} . .
etc 2 [ (1 An) ] . ,{}(t;ét/)
riUre = [8, (81,..,8n), T'U{t'}]

ro=[8, ($1,-,5n), T", (en,ex)], T"'=TU{t'}
rUrg =T

etd

(=)

7"2:[§7 (51 ,..,Sn)7 T”], I-V/:j—'[t//t//]7 t/€T7 t”ET, t/ < t//
riUrg = [8, (81,-,8,), T"U{t}]

ete

i ro=[8, (81,.,8n), T, (€n,ex)], en<en o ro=[8, ($1,-,5n), T, (en, €x)], ex<ex

riUry = [8, (81,.,8n), T, (en, ex)] riUrg = [8, (81,.,8n), 1", (en, €x)]

Extension ext-act-trans:
Let s=[3, (51,.-,8n), T, (en,ex)| and r1=[5, (51,..,8n), T", (en, ex)] with T'=T}; ;1 and t <t/

ro=[8, (81,--y8n, "), T], $'€SCp r9=[8, (81, .+, 8is -y S ), T|, Si < 5

t
e r1Ury = [8, ($1,+y8n, 8'), T"] r1Ury = [8, (S1, -, Siy ooy Sn)y T']
ro=[8, (81,.,8n), T"], T"=T U{t"}
riUry = [8, (81,.-,8,), T'U{t" }]

eatc
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T'Q:[é, (81,..,Sn), TN}, T”:T[t”/t”']? t"ET, t/,/ET, t// < t/// . R
eatd N 7 7 (t 7é t“)
7’1U7’2 = [5; (51,..75n,5 )7T[t///t///]]

7’2:[3, (51,..,5"), T"], T”:T[t/,/tm], t”ET, t’”ET, t" <t . .
eate (t =1 /)
riUre = T

ot ro=[8, (81,.,8n), T, (€n,ex)], en<en wt ro=[8, (81,.,8,), T, (en,€x)], ex<ex
riUry = [8, (81,-,8n), 1", (€N, ex)] riUry = [8, (81,-,8,), 1", (en, €x)]

Extension ext-act-en:
Let s=[3, (en, ex)], r1=[8, (en, ex)] with en < en then,
ro=[3, (¢'), (en,ex)], s'€SCp ro=[8,(s'),0, (en,ex)], s'€SCpg ro=[3, (en/, ex)]

eaea eaeb ' <qer
rUre =[5, (s), (en, ex)] riUry = [8, (), 0, (en, ex)] caee riUry = [3, (€n, ex)] (en” aen)

T2:[§7 (éh/, em)] ~ ~ 7“2:[3, (en, éﬁ;‘)]
eaed — (en<en’)  eaee
rUrs = [§, (en', ex)]

riUry = [, (én, €x)]
Let s=[3, (81,.-,81), (en, ex)], r1=[3, (s1,..,8,), (€N, ex)] with en < en then,

caet ro=[8, ($1,-,5n, "), (en,ex)], s'€SCp ro=[8, (81, ., 8i, -, Sn), (en, ex)], s < §;

riUry = [8, ($1,-+,5n, 8'), (€N, ex)] riUry = [8, (81, .-, 84y - Sn), (€N, €2)]

ro=[8, (81,.,5n), (€0, ex)] o, C 19=[8,(81,.,5n), (e, ex)] o,
eaeh - — (en’ <en)  eaei - — (en<en’)
riUrg = [8, (81,..,81), (en, ex)] riUry = [8, (81,-,8,), (en’, ex)]

aaej ro=[8, (81,..,8,), (en,€x)], ex<ex

riUry = [8, (81,.-,8n), (€N, €1)]
Let s=[s, (s1,..,8n), T, (en, ex)], r1=I[8, ($1,--,8n), T, (€n, ex)] with en < ¢n then,

caek ro=[8, (81,-,8n,8"), T, (en,ex)], s'€SCp ro=[8, (81, .., 84y ., Sn), T, (en,ex)], s; < &

riUrg =[5, (81,80, 8"), T, (€n, ex)] riUre = [8, (81, .., 8}y -y 8n), T, (€N, €x)]
ro=[8, (s1,-,8n), 1", (en,ex)], T'=T U {t}
riUre = [8, (s1,..,8n), 1", (€n, ex)]
r2=[5, (81,.,80), 1", (en, ex)], T'=Ty;, teT, t'eT, tat’

riUrg = [8, (81,-,8,), 1", (€n, ex)]

eaem

eaen

ro=[8, (1,-.,85), T’ (€N, ex)], en<en’  _,
eaeo = ~ (en < en)
riUre = [8, (81,..,8n), (€N, ex)]

ro=[8, (s1,..,50), T, (en’,ex)], en<en’

en<en’
TIUT.Z - [§7 (81,"35n)7 (eh/? 61’)] ( )

ro=[8, (81,.,8,), T, (en,€x)], ex<ex

eaeq - = =
riUre = [8, (s1,..,8n), T, (en, €x)]

Extension ext-act-ex: analogous to ext-act-en.

reflexivity:

reflexivity S=r, ra€SC
riUry =19

(s <rq)
transitivity:

s=<r', v <ry, reeSC

transitivity ;
riUre = rU(r'Urs)

(s <12)
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4.2.1 Properties of the Union

In this section we present four properties of the union. These properties show that indeed
it can be considered as a join, in a lattice theory context. Note that, by definition, for all
s € SC, sUs = s and for all s € SC, sUT =T.

Property 1 (Commutativity of U). For all s,r1,r9 € SC such that s <1y and s < ra,
rUry = roUry, up to the order of the substates.

Proof sketch. By induction on U rules. For each extension, we briefly analyze the rules
where union differs from T and is not trivially commutative by definition. Extension
ext-andl: Rule eala is commutative up to the order of the substates and in rule ealb com-
mutativity holds by induction hypothesis. Extension ext-and2: Rule ea2a is commutative
up to the order of the substates, in rule ea2b commutativity holds by induction hypothe-
sis, and rule ea2c is symmetric with respect to rule iaa of extension inside-and. Extension
inside-and: In rule iab commutativity holds by induction hypothesis, and in rule iac com-
mutativity comes from the fact that ¢ # j. Extension ext-orl: Rule eolb is commutative
up to the order of the substates and in rule eolc commutativity holds by induction hy-
pothesis. Extension ext-or2: Rule eolb is commutative up to the order of the substates, in
rule eolc commutativity holds by induction hypothesis, and rule eo2c is symmetric with
respect to rule ioa of extension inside-or, rule eo2d is symmetric with respect to rule eta of
extension ext-trans and rule eo2e is symmetric with respect to rule eata of extension ext-
act-trans. Extension inside-or: In rule iob commutativity holds by induction hypothesis,
rule iod is symmetric with respect to rule etb of extension ext-trans and rule ioe is sym-
metric with respect to rule eatb of extension ext-act-trans. Extension ext-trans: Rule ete is
symmetric with respect to rule eatc of extension ext-act-trans. FExtension ext-act-trans: All
rules are either symmetric to anther already mentioned, or trivially commutative. Exten-
sions ext-act-en and ext-act-ex are trivially commutative. Finally, extensions reflexivity and
transitivity commutes by definition.

O

Property 2 (Associativity of U). For all s,71,r2,73 € SC such that s <711, s <719 and
s < rs, (riUre)Urs = rU(roUrs), up to the order of the substates.

Proof. The proof is straightforward because the order on which the rules are applied does
not matter. O

Property 3 (Existence of meets). For all s,71,r9 € SC such that s < ry and s < ra, then
r1 < riUry and 1o < riUrs.

Proof sketch. The property holds directly in all cases of the definition of U by construction,
since r1Urg is always defined as an extension of both s; and sy. The only non trivial case
is the transitivity one: if s < v’ < r; and s < 7y then r1Ury is defined as rU(r'Ury). This
is well defined, since from s < r’ and s < ro, 'Ury is defined by induction hypothesis, and
r’ < r'Ura, 7o < 7'Ury. Then, again by induction hypothesis, from 7’ < r1, it can be seen
that r1U(r'Ursy) is defined and r; < mU(r'Urg), ro < r1U(r'Urs). O

Property 4 (Existence of meets). For all s,r1,79,73 € SC such that s < ry and s < ra, if
(r1 < r3g Ary <rs3), then rUrg < rs.

Proof sketch. The property holds directly in all cases of the definition of U, since the
least possible extension to both statecharts is always performed. The only non trivial
case is the transitivity one: if s <r' <r; and s < rq, then riUry = riU(r'Ury). Let
r1 <r3 and 79 < r3. Then, by ' < r; we have ' < r3 and hence r'Ury < r3 by ro < r3
and induction hypothesis. Finally, from r; < r3 and induction hypothesis, 7 U(r'Urs) < 73
is obtained. O
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4.2.2 Example

Now, an example of the computation of the union is shown. Given 71,72 € SC, both
extensions of some s € SC, the method for computing r1Urs is to perform single steps of
extensions. The transitivity case for the definition of U and the properties stated above
ensure confluence, i.e., no matter the order in which the extensions are done, it is always
possible to obtain a unique “diamond” with s at the top and r;Urs at the bottom.

S11

ext-or ext-or
81

S11 811

-

add—trarV \ext-or ext-or/ add-trans
81 S ?1‘
ty ty
add-trans add-trans
ext-c> s N ext-or
5—1‘ 51
ty
add—trans\ 51 /add—trans
o

Figure 4.4: Example of the computation of the union

In figure 4.4 the union is computed for two statecharts that are extensions of

(31, ([311]]), 1,0, (0, O)]:
r = [311 ([511]’ [‘§12])v 1, {(tAl7§11,@,e,()7®,§12,none>}, (()7 ())]

and

ro = [41, ([311], [813]), 1, {(£2,811,0,¢,(),0,513,n0me) }, (), ()]






Chapter 5

Variability Modeling

In this chapter, the main concepts and definitions for formal variability modeling are pre-
sented. First, we define a formal syntax of Feature Diagrams. We use Feature Diagrams are
used in combination with UML Statecharts in order to represent the common and variant
functionalities of a family of products. Then, in order to define a particular product of a
family, the condept of configuration is introduced. Finally, in order to define the behavior
of a whole family, the effect that each feature has on the product in which it is present is
determined, raising the definition of UML Statecharts with variabilities.

5.1 Feature Diagrams

Feature Diagrams are used to document features. A feature is a property of a system
that directly affects end users, which can be either human or other systems. The main
purpose of a Feature Diagram is to define concisely the legal configurations (generally called
products) of some (usually software) artefact. In the case of software product lines, the
main goal of a feature diagram is to specify commonalities and differences amongst the
products of the line. In this context, a feature is a distinctive characteristic of a product.

Czarnecki et al [Cza98, CHE05a] propose three types of features, namely mandatory,
optional and alternative. Additionally, there is a consists of relation among features, mean-
ing that a feature comprises one or more other features. In this work, the composed feature
is called parent feature and its components are called children or subfeatures of the parent
feature. Moreover, a set of constraints over features can be defined. A constraint is a
proposition over the set of features.

In order to define a particular product of a line a feature diagram can be configured,
by choosing which features are present in the product, complying with the following inter-
dependency rules: mandatory features must always be present in a product if their parent
feature is present, optional features may or may not be present in a product if their par-
ent feature is present, and exactly one of the alternative subfeatures must be present in a
product when their parent feature is present.

A Feature Diagram can naturally be represented as a tree, where the nodes represent
the features and the arcs represent the consists of relation between them.

5.1.1 Feature Diagrams Syntax

Given F a set of feature names, a Feature Diagram is defined as a 6-tuple

T - <L7N7NC7RM7RO7RA>
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where: L € F, is the product line name (the root of the treel); N C F is the set of features,
(L € N); Nc C C is the set of constraints over features, where C are the propositional
calculus formulas with variables f; € F and connectives A, V and —; Ry, Ro € {L}UN x N,
are the mandatory and optional consists of relations respectively; and Ry C {L}UN x P(N)
is the alternative consists of relation. In addition, the union of the relations Ry, Ry and
Ra must constitute a tree with nodes in F and root L. FDx is the set of feature diagrams
with features in F.

Basic functions on Feature Diagrams

First, the projection functions for Feature Diagrams are defined as: M, O and A: FD» — F
are the set of mandatory, optional and alternative features, defined respectively as

M(<L7N7NC’RM7R07RA>) = {fG.F | El<f/7f>€RM}v
O(<L7N5NC3RM7RO7RA>) = {fe"r | El<f/7f>€RO}a
A(<L,N7NC7RM,R07RA>)Z:{f€f ‘ 3<f/,A>€RA fGA}

For Y € FDy, the result of applying this function to T will be written as My, Oy and
Av, i.e., with the feature diagram argument written as a subscript. The same convention
also applies to the projection functions Ly, Ny, Ncv, Ruy, Royr and Ray that denote the

components of a Feature Diagram Y = (L,N,N¢,Ry,Ro,Ra).
Also, the following functions and relations are defined:

e chld C FDzx FxF is the child relation:
chid (f,f) iff (f,f")ERmrURoy V IACNy. ((f,A)ERAyAf'€EA)
o fts: FD» — P(F) defines the set of features of a given Feature Diagram:
ftsy := MyUOyUAYy
e subft C FDxxF X F is the transitive closure of the subfeature relation in a Feature
Diagram:

subfty(f7,f) iff chldy (f',f) Vv 3f"€Ny. (chldy(f',f") A subfty(f",f))

o subfts: FDzxF — P(F) defines the set of subfeatures of a given feature in a Feature
Diagram:
subftsy (f) := {f'€ftsy | subfty(f',f)}
o Subfts: FDzxP(F) — P(F) defines the set of all the subfeatures of the members of
a given set of features in a Feature Diagram, including the set itself:

Subftsy (F) := F'U U subftsy (f)
fer

Graphically, optional features are marked with a black dot, and alternatives features
with a line across alternative group.

Example

The following diagram
is denoted by

T1:<Pv {f17f2af37f47f5»f6}7®7{<P7f1>7<f27f3>}7{<P7f2>1<f27f4>}7{<f3a{f57f6}>}>eFDf’
where F = {P, f1, f2, f3, f1, f5, f6}-

'Following [Cza98], the root of the tree is not a feature but a concept, thus satisfying the
condition that every feature has a parent. For the sake of homogeneity, in this work it will be
considered as a feature.
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/3 fa

5.1.2 Feature Diagram Configurations

Feature Diagrams describe the common and variant functionalities of products in a product
line. In order to obtain specific products of a line defined by a Feature Diagram T, the
possible configurations of T are defined as the instances of the tree that are consistent with
the relations amongst its features and the constraints of T. Configurations are represented
as trees of features, where all the features become mandatory. Formally, given a set of
feature names F, a configuration of Y is a 3-tuple

o = (P,V,R)

where: P € F, is the product name (the root of the tree); J C F, is the set of features of
the product (P ¢ )); and R C {P}UYx) is the consists of relation. Additionally, config-
urations must be trees under the relation R, with root P. CSyx is the set of configurations
in F.

A configuration of a Feature Diagram is determined by the set of optional and alter-
native features that are selected for the product. The function

conf: FDz x P(F) < CSx,

builds a configuration from a Feature Diagram T and a set F' of chosen features. In
fact, for a Feature Diagram Y = (L,N,N¢,Ru,Ro,Ra) and C' C F, the function confy(C) is
determined by the elements of C' that are optional and alternative features of F.

So, in the definition of conf the features in C that are not in O+UA~ are not taken into
account. For the alternative features, exactly one child can be chosen from each parent.
So confy(C) is defined iff for every chosen feature exactly one of its alternative children is
chosen in the result. Additionally, all formulas in N¢ must be satisfied by the configuration.

Basically, the function conf “erases” from T all optional and alternative features that
are not in C' as well as the subtrees that have those features as roots: So, let

F’ = Subftsy (OxUAL\O),
Y = MyUOUAL\ F”
and
R = (RusURoxU{{£.f")| JACN. (f,A)eRay AFEADN(Y U {P}xY U{P})

Besides, all the formulae in N¢ must be satisfied for the features present in the configuration.
So, if for all &« € N¢, YU Y™ E «, then

confy (C):=(L,V,R)

otherwise confy(C') is undefined (where Y"'={-f; | fi€F'}).
The set of all possible configurations of a Feature Diagram is given by the function
Confs: FDx — P(CSyx), defined as

Confsy := U {confy(C)eCSx | confy(C') not undefined}
ccftsy
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Example

For the T of the last example, some possible configurations are the following:

confy, (0) = (P.{/1}.{{P.f1)})
Conle({an.ﬁ’)}) = <P?{f1>f2af35f5}7{<P7f1>7<P7f2>’ <f27f3>a <f37f5>}>
Conle({anf4af6}) = <P7 {f1’f27f37f4af6}’{<P7f1>7 <P7f2>’ <f27f3>a <f27f4>a <f37f6>}>

P P P
/ RN RN
1 p) bil fa
/ /N
I3 f3 Ja

/ AN
I5 fe

Figure 5.1: FD configurations for YT;. Left: confyl(@), Center: confy, ({f2, f5}),
Right: confy, ({ f2, f1, f6})

fi

5.2 UML Statecharts with Variabilities

In section 5.1 Feature Diagrams were introduced as the means to represent the common and
variant functionalities of the products of a software product line. Basically, they consist of
sets of features organized under certain hierarchy represented as relations. Given a feature
diagram T, each set of chosen features determines a particular configuration C, which
represents the features present in a particular product of the line. Statecharts are used to
describe the behavior of a system.

5.2.1 Set of UML Statecharts with Variabilities SC*

In order to define the behavior of a whole product line, it is needed to describe the effect
that each feature has on the products in which it is present. For this, the set SC* of
statecharts with variabilities is defined:

Definition 2. Given a Feature Diagram Y=(L,N,Nc,Ry,Ro,Ra)EFD, a SC* for Y is a
function

U: NU{L} — SC
that associates each feature of Y with a statechart. In order to guarantee that the hierarchy

of features represented by the relations Ry, Ro and R, is reflected by the statecharts that
implement the features, it is further required that:

V(f. ") Echidy. W(f) < (f") (5.1)

With restriction 5.1, observe that the image of the set of features ftsy under ¥ (i.e.,
U(ftsy) C P(SC)) has the same tree structure as the feature diagram Y, where the parent-
child relation between statecharts is the extension relation <.

5.2.2 Product Configuration

Given a Feature Diagram Y=(L,N,N¢,Ru,R0,Ra)EFD, a SC* for T shows how each feature
affects the behavior of the lines. Then, given a configuration C = (P,Y,R) of T, in order
to obtain the statechart that implements all the features present in ), the union of all the
statecharts in the image of Y under ¥ (i.e., ¥())) must be taken.
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Note that, by the definition of configuration and observation above, if (f,f’) € chldy,
then ¥(f) < ¥(f’") and (by the definitions given in 4.2), ¥(f)UT(f’) = ¥(f’). So, instead
of calculating the union of all the statecharts in ¥(}), it is enough to consider the union
of the leaves of the tree (i.e., of those features in ) such that there is no (f,f’) in R). It is
important to recall that this property greatly simplyfies the calculation of the statechart
that implements all the given features.

Taking the example of section 5.1.1, and assuming there exist statecharts s, s1,..5¢, a
possible SC* U for T; could be defined as ¥(P)=s, ¥(f;)=s; (i=1,..6), and the following
relations must hold between the statecharts: s < s1,82, $2 < 83,84, and s3 < s5, 56 (see
figure 5.2).

Figure 5.2: SC* example

Then, for the configuration Cy=confy, ({ f2, f5}), ¥(C1) is the set {s, s1, s2, 83, 85}, with
the structure shown in figure 5.3.

RN

Figure 5.3: Configuration example

The statechart that specifies the product corresponding to the configuration C; is ob-
tained by just calculating s;Uss. A case study can be found on section 8.

Although the union of two statecharts may be overspecified, this is not a problem,
because some configurations may produce inconsistent behavior of the system, and it is
the designer’s responsibility to deal with that fact. To consider this possibility, the following
is defined:

Definition 3. Given T = (L,N,N¢,Ry,Ro,Ra) € FD, ¥ an SC* for T and a configuration
C € Confsy, ¥ covers C' iff
U win#T

feftso
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Definition 4. Given Y = (L,N,N¢,Ruy,Ro,Ra) € FD and ¥, an SC* for T, ¥ covers Y if
W covers each possible configuration C' of Y :

VC € Confsy. | ) W(f)#T
feftse

Finally, a comment regarding the possibility of including the definition of SC* in other
FD formalisms found in the literature is given. In [SHT06, SHTBO7] the authors define the
Free Feature Diagrams (FFDs) as a parametric construction that generalizes the syntax
of many FD variants. Each FD approach can be obtained by simply providing values for
these parameters. The FFD definition on [SHTB07] can be augmented with the function
U: N Ur — SC, where r is the root of the FD and N is the set of nodes?, which associates
each node (feature) of the FD with a statechart. Finally, whenever the restriction 5.1 2 is
included in the definition of valid model for an FD [SHTB07]| pg. 466, their work can be
extended to include the present approach of SC*.

2author’s notation
3 every “child” (“son”) node refines its parent



Chapter 6

Behavioral Refinements

In this chapter it is proved that the extension relation can indeed be considered as a refine-
ment, in the sense that it preserves the semantic transitions defined in the SO semantics
(section 3.4), obtaining that every reachable semantic state in a statechart is still reachable
once the statechart is extended. In order to achieve that, a proof that the extension rela-
tion at least preserves the set of all possible configurations of a statechart is given. Once
the space of all possible configurations is preserved, a key proof is presented: the func-
tion next (which computes the next state after a UML statechart transition is executed) is
monotone (isotone or order-preserving) with respect to the extension relation. Moreover,
in order to handle the fact that not every extension preserves the semantics, a working
definition of safe semantic transition is given, in accordance with the UML mechanism for
executing transitions. Then, the main result of this work follows: a theorem which states
that the extension relation is indeed a behavioral refinement in the sense that the safely
extended statecharts preserve all the reachable states of the original one. Finally, a theo-
rem that proves that the set of possible actions generated by a statechart are preserved by
the refinement is given.

6.1 Extension Relation and Configurations

In order to prove the main result of this work, that is, that the reachable semantic states
of a given UML statechart are preserved by the extension relation, it is needed that the set
of all possible configurations of a statechart are maintained. The following lemmas prove
that the extension relation preserves the set of all possible configurations of a statechart.
Moreover, in this section it will become clear the need of extending the conf-all definition
in order to include partial parallel configurations.

Lemma 1. For all s,5 € SC, if s<,5 then conf(s) C conf(3)

Proof. By induction on s<,s. The main idea of the proof is the following. First, assume
the form of s, then according to the extension rule applied, deduce the form of 5. Finally,
check that conf(s) C conf(3).

e ext-andl. Assume s = [§]. Then [§]<,[$, (s")], where s’ € SCp. Finally, conf([§]) =
{8} C conf([s, (s")]) = {5,§'}.

e ext-and2. Assume s = |
Finally, conf([3,(s1.)]) = {8} U Y, conf(s;)
Ule conf(s;).

e inside-and. Assume s = [3, (s1.x)]. Then [3, (s1.x)]<,[5, (51..k)[s,/5,]], Where s;=<,35;.
Here the inductive hypothesis is applied, that is, conf(s;) C conf(§;) since s;<, 5;.

8,(s1.x)]- Then [3,(s1.1)]<,[8, (s1.k,8")], where s’ € SCp.
C conf([3, (s1.x,8")]) = {88} U
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Now,
conf([$, (s1.%)]) = {8} U U conf(s;) U conf(s;)
j=l.i—1,i+1.k
conf([3, (s1..k)(s,/3,]]) = {8} U U conf(s;) U conf(3;)

j=1.i—1,i+1..k

Finally, conf([é, (Slk)]) - conf([é, (51..k)[si/§i]])-

e ext-orl. Assume s = [5]. Then [§]<,[$, (s'),1,1,0], where s’ € SCp. Finally, conf([§]) C
conf([3, (s/),1, 1, 0]).

e ext-or2. Assume s = [§,(s1.x),l,T]. Then [3,(s1.1),l,T]<,[8,(s1.k,8),,T], where
s’ € SCp. Finally,

conf([3, (s1..k),1,T]) = {8} U conf(s;)

conf([3, (s1..,8"),1,T])

o inside-or. Assume s = [$, (s1..x),{, T]. Then [3, (s1..%),1, T]=,[3, (51..%) (5, /5., . T], where
$;<,8;. Here the inductive hypothesis is applied, that is, conf(s;) C conf(s;) since
5;=<,5;. Two cases must be taken into account,

1. When i =1,

conf([3, (s1.1), 1, T]) = {3,
conf([3, (s1..k) (s, /5,1 L T1) = {8,

then conf([3, (s1..x),1,T]) C conf([3, (s1..k)5, /5,1, L T1)-
2. When i # |,

conf([8, (s1.x),1,T]) = {8, conf(s;)}
= conf([8, (51~k)[si/§i]’ 1,T))

e The cases add-trans, ext-act-en, ext-act-ex and ext-act-trans are trivial because the state
structure is not modified, so the current configuration is preserved.

O

Please note that s<,§ not necessarily implies that conf-all(s) C conf-all(5), because of
the rule ext-and2. For example, s = [8, (s1, s2)], where s1,$2 € SCp. Then, conf-all(s) =
{{5}, {8, 81, 82}}. If rule ext-and?2 is applied, resulting in § = [§, (s1, $2, s)], where s’ € SCp,
clearly conf-all(§) = {{5}, {8, 51, 2, 8'}} € conf-all(s). In the next lemma, the extended set
of configurations ec-all (defined in section 3.2) is needed.

Lemma 2. For all s,5 € SC, if s=<,§ then ec-all(s) C ec-all(s)
Proof. By induction on s<,5. The main idea of the proof is the following. First, assume
the form of s, then according to the extension rule applied, deduce the form of 5. Finally,

check that ec-all(s) C ec-all(s).

e ext-andl. Assume s = [§]. Then [§]<,[$, (s')], where s’ € SCp. Finally, ec-all([§]) =

{{3}} Cecall([3, (s)]) = {{5, 5"}, {8}}
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o ext-and2. Assume s = [3,(s1.)]. Then [5, (s1.x)]<,[5, (1.4, 5')], where s’ € SCp.
Finally,
ec-all([s, (s1.x)]) = {{5} U C{p k}cz— |ci € ec-all(si) } U {{5}}
ec-all([3, (s1.x, 8")]) = {{5} U ;{p }Cz- |ci € ec-all(s;) } U {{s}}
U{{s}u C_{p }c U {8} |e; € ec-all(sy)}

that is, by definition it is possible to split the set of configurations into two: one,
those in which s’ is not “selected” and the other, those in which s’ is indeed selected.

e inside-and. Assume s = [3, (s1.x)]. Then [3, (s1.x)]<,[5, (51..k)[s,/5,]], Where s;<,5;.
Here the inductive hypothesis is used, that is, ec-all(s;) C ec-all(s;), since s;<,3;.
Now,

ec-all([3, (se)) = ({810 |J ¢ lej € ec-all(s))} U {{3}}
{1}
={{sU U ¢; Uc |¢j € ec-all(sj), c € ec-all(s;) }}
JEHL, R —{i})
ec-all([3, (s1.0)s.ssal) = ({830 (U  eles € ecaall(3))} U {{5})
ST}
={{sU U c;Uc |cj € ec-all(sj), c € ec-all(s;) }}
JC({1,. .k} —{i}
U {{s}u U c; Ud|cjeec-all(s)), ' €(ec-all(s;)—ec-all(s;)) }
JC({1,. kr={i})
u{{s}t}

Finally, ec-all([3, (s1..x)]) C ec-all([3, (51..x)[s,/5.])-
e ext-orl. Assume s = [5]. Then [§]<, 3, (s'),1,1,0], where s’ € SCp. Finally,

ec-all([5)) = {{3}}
ec-all([8, (s'),1,1,0]) = {{8,8'},{8}}, since conf-all(s') = {{§'}}

e ext-or2. Assume s = [§,(s1.x),l,T]. Then [3,(s1.x),l,T]<,[8,(s1.k,8'),1,T], where
s’ € SCp. Finally,

ec-all([3, (s1.%), 1, T]) = {{8} U c|Fi € {1..k}.c € ec-all(s;)} U {{5}}
={{5} Uclc €ecall(s1)} U...U{{8} Uc|c € ec-all(s)}
U{{sh
ec-all([$, (s1.x,5),,T]) = {{8} Uc|Ti € {1l.k}.c € ec-all(s;) V ¢ € ec-all(s')} U {{5}}
now using the fact that ec-all(s’) = {{§'}},
={{s} Uclc € ecall(s1)} U...U{{s8} Uc|c € ec-all(s)}

u {55 u{{sh)

so ec-all([3, (s1..x),1,T]) C ec-all([8, (s1..k,5"),1,T)).

e inside-or. Assume s = [3, (s1..x),0,T]. Then [8, (s1.x),l, T]=,[3, (s1.k) (5, /5,1, T], where
$i=,5;. Here the inductive hypothesis is used, that is, ec-all(s;) C ec-all(;), since
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5;=<,5;. Now,

ec-all([8, (s1.x), l,T]) ={{8}Uclce€ecall(s;)} U...U{{5} Uc|c € ecall(s;) }

U{{s} Ucle € ecall(sg) } U {{5}}
ec-all([8, (51..k) s, /5,7 T]) = {{s} Ucle € ec-all(s1)} U ... U{{8} Uc|c € ec-all(5;)}

S U{{8}Uuc|c € ec-all(sy) } U{{s}}
Finally, ec-all([3, (s1..x),1, T]) € ec-all([3, (s1..x)5, /5,1, L T1)-

e The cases add-trans, ext-act-en, ext-act-ex and ext-act-trans are trivial because the state
structure is not modified, so the set of possible configurations is the same.

O

6.1.1 Monotonicity of next Function

In this section, a proof that the function next applied to a extended state computes a state
which indeed is an extension of the next state computed before the extension is given.
That is, the function next is monotone with respect to the extension relation. This result
is proven in lemma 5. In order to achieve that, two additional lemmas, showing that the
functions def and next-stop are also monotone (lemmas 3 and 4 respectively), are presented.

Lemma 3. For all s,5 € SC, if s<,§ then def(s)=<, def(3)

Proof. By induction on s<,3. The main idea of the proof is the following. First, assume
the form of s, then according to the extension rule applied, deduce the form of §. Then,
compute def(s) and def(5) and check that def(s)~<,def(3).

e ext-andl. Assume s = [§]. Then [§]<,[$, (s')], where s’ € SCp. Now def([$, (s')]) =
(3, (def(s"))] = [8, ()], since s" € SCp, which indeed is a one step refinement through
ext-andl of def([§]) = [8].

e ext-and2. Assume s = [§, (s1, .., 8g)]. Then [8, (s1, .., sk)]=<,[$, (s1, .., Sk, §")], where s’ €
SCp. Now def([3, (s1, .., 8k, 8")]) = [8, (def(s1), .., def(sy), def(s))] = [§, (def(sy), .., def(sk),
since s’ € SCp, which indeed is a one step refinement through ext-and?2 of def([s, (51, vy Sk

(3, (def(s1), .., def(sg))].

e inside-and. Assume s = [§,(s1.x)]. Then [8, (s1.x)]<,
Here the inductive hypothesis is applied, that is, def(s;
def([ ,(81“;9){ z./si]]) = [ ,(def(sl), ..7def(81), ..def( k:))
refinement through inside-and of def([3, (s1.x)]) = [§
by the inductive hypothesis.

8)}7
) =

[ (Sl k) 5@/51]]’ where S =<, S;.
)-< def(s;) since s;<, §;. Then,
], which indeed is a one step
, (def(s1), .., def(s;), .., def(sk))]

e ext-orl. Assume s = [ ]. Then [§]<,[8, (s"),1,1,0] , where s’ € SCp. Now def([3, (s),1,1,0]) =
(5, (") 1ar /def(sry)> 1o 1 0] =[5, (s ),1,1,(2)] since s’ € SCp, which indeed is a one step
refinement of def([ §]) = [8] through ext-orl.

e ext-or2. Assume s = [§,(s1.x),d,l[,T]. Then [8,(s1 ), d,l,T)<,[3, (s1.k,5),d, 1, T],
where ' € SCp. Now def([3, (s1.k,5),d,1,T]) = [5,(s1.k,$ )sd/def(sd) ,d,d,T],

which indeed is a one step refinement of
def([é, <S1”k), d, l, T]) = [§, (51~~k)[sd/def(sd)] s d, d, T].

o inside-or. Assume s = [$, (s1..k),{, T]. Then [3, (s1..x),1, T1=,[3, (51..%) (5, /5., 1 T], where
$;<,8;. Here the inductive hypothesis is applied, that is, def(s;)<,def(s;), since
5;=<,5;. Two cases must be taken into account,
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1. If i # d, then def([3, (51~-k)[si/§i]’ 1,T]) = [8, (31.4k)[5i/§7;][Sd/def(sd)]7d, T]
=[5, (51"k)[sd/def(sd)][si/éi]’d’ T), which indeed is a one step refinement of
def([év (51--k)a L T]) = [§7 (81--k)[sd/def(sd)] ,d, T]

2. If i = d, then def(][s, (51~-k)[si/§i]’ 1,T)) = [3, (81"k)[Sd/gd][gd/def(gd)],d, T
=8, (51--k)[sd/def(§d)]’ d,T], which indeed is a one step refinement of
def([s, (51"k)[sd/def(sd)]’ d,T]) by the inductive hypothesis.

e Extensions add-trans, ext-act-en, ext-act-ex and ext-act-trans are trivial because def does
not depend on the set of transitions 7" nor exit nor entry actions.

O
Lemma 4. For all s,5 € SC, if s=<,§ then next-stop(ht, s)<, next-stop(ht, ), Vhtc HT

Proof. By induction on s=<, 5. The main idea of the proof is analogous to the previous one.
Please note that § € SCp, because s € SCo by hypothesis. Then only OR rules apply,
e ext-or2. Assume s = [§,(s1.x),d,,T]. Then [3,(s1.%),d, 1, T)=<,[8, (s1.%,5),d,1,T],
where s’ € SCp. In each case, next-stop(ht, §) is indeed a one step refinement of
next-stop(ht, s), through rule ext-or2, as follows.

next-stop(ht,[3, (s1.k,s'),d,1,T])
[5,(s1.%,8),d, 1, T] if ht = deep
={ [5 (s1.k, S/)[sd/def(sd)]’d’ d,T) if ht=none,dec {l.k}
[3, (s1..k, 8/)[sl/def(sl)]7d7 I,T] if ht=shallow,l € {1..k}

e inside-or. Assume s = [3, (s1..x),d,(,T]. Then [5, (s1..x),d, 1, T|=,[3, (s1.k) 5, /5,1, 4 1, T,
where s;=<,5;. In each case, next-stop(ht, §) is indeed a one step refinement, through
rule inside-or, as follows.

next-stop(ht,[$, (s1..k) s, /5,1, &> 1, 1)
[§7(81k)[§1/§z],d,l,T] lf ht = deep
=< 5 (81..k)[Si/gi][sd/def(sd)],d, d,T) if ht=none
(3, (51,8 )5, /5,111 /dlef (s b L T i hit = shallow

The second and third cases require some explanation. In the second one, there are
two subcases:

e i # d. Since |3, (81-~k)[si/gi][sd/def(sd)]’d’ d, T=[3, (81-~k)[sd/def(sd)}[si/§i]’d’ d, T,
then [3, (81..k) (5, /def(s))7 & &> 7)<, 8, ($1..0) (5, /def(sa))s: /5] & Do T through rule inside-
or.

e i =d. It is easy to see that [8, (Sl"k)[Si/gi][gd/def(gd)]7 d,d,T]

=[3, (Slnk)[sd/gd][gd/def(gd)]ad7 d,T] = [3, (Slv-k)[sd/def(gd)]’ d,d,T].

Now, by lemma 3, [, (81--k)[sd/def(sd)]’ d,d, T)<,[s, (81--k)[sd/def(§d)]7d7 d, T] through
rule inside-or. In the third case, there are two subcases:

e i #[. Since [3, (81"k)[si/Ei][sl/def(sl)]’l’T] =[5, (81--k)[sl/def(sl)][si/éi]’l’ ], then

3, (31~-k)[sl/def(s,)]’l’ T]=<,[3, (51“k)[sl/def(sl)][si/é'i]’l’ T] through rule inside-or.

° iA: l. Tt is easy to see that [8, (S}.,k)[sz/éi][Sz/def(sl)],l, T)

=15, (510 0y 50110 e b TT = [ (510 o, defa) B T

Now, by lemma 3, [é’(51--k)[sl/def(sl)]’lvT}<1[‘§’ (51-~k)[s,/def(§l)]7l’T] through rule
inside-or.
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e add-trans. Assume s = [§,(s1.%),,T]. Then, [8, (s1.%),0,T)=<,[8, (s1.6), 1, T U {t*}],
where t* € T. This case is analogous to ext-or2 case, but the refinement is through
rule add-trans.

e Extensions ext-act-en, ext-act-ex and ext-act-trans are trivial because next-stop does not
depend on the set of transitions T nor exit nor entry actions.

O

Lemma 5. For all s,5 € SC, if s=<,5 then next(ht, Ty, s)<, next(ht, Ty, 5), ¥V Tacec-all(s),
YV hteHT

Proof. First note that T, € ec-all(s) = T, € ec-all(5) by lemma 2. Then, use induction on
5=<,5.

e ext-andl. Assume s = [§]. Then [§]<, [$, (s')], where s’ € SCp. Now
next(ht, Ty, [8, (s")]) = [8, (next(ht, Ty, s"))] = [3, (s")] because s’ € SCp, which indeed
is a one step refinement of next(ht, Ty, s) through ext-andl.

e ext-and2. Assume s = [5,(s1,..,8%)]. Then [8,(s1,..,81)]=<,[3, (s1,.., Sk, s")], where
s’ e SCp.
Now next(ht, Ty, [8, (s1, -, Sk, 8')]) = [8, (next(ht, Ty, s1), .., next(ht, Ty, si), s")] because
s’ € SCp, which indeed is a one step refinement of
(3, (next(ht, Ty, s1), .., next(ht, Ty, si))] through ext-and2.

e inside-and. Assume s = [3, (s1.x)]. Then [3, (s1.x)]<,[3, (51..k)[s,/5,]], Where s;=<,35;.
Here the inductive hypothesis is applied, that is,
next(ht, Ty, s;)=<, next(ht, Ty, 3;), since s;<,§; and lemma 2. Finally,
[3, (next(ht, Ty, $1), .., next(ht, Ty, $;), .., next(ht, Ty, si.))]
=<, [8, (next(ht, Ty, $1), .., next(ht, Ty, 3;), .., next(ht, Ty, sx))] through inside-and.

e ext-orl. Assume s = [§]. Then [§]<,][$,(s'),1,1,0] , where s’ € SCp. Two cases must
be taken into account,
L If v € Tyv = &, then next(ht, Ty, [3, (s'), 1, 1,0]) = [3, (") (s /next(nt, 1a,s)]> 15 15 0]
=[5,(s"),1,1,0] because s" € SCp, which indeed is a one step refinement of s through
ext-orl.
2. Otherwise, next(ht, Ty, [§]) = next-stop(ht, [§]). Then, by lemma 4,
next(ht, Ty, [3]) <,
next(ht, Ty, (8, (s"),1,1,0]).

e ext-or2. Assume s = [§,(s1.),,T). Then [3, (s1.%),],T]=,[8, (s1..k,5),1,T], where
s’ € SCp. Two cases must be taken into account,
1. If 3v € Ty.v = §;, then next(ht, Ty, [8, (s1..x,5'), 1, T])
= [8, (81..k+ ') [s, /next(nt,14,s,)]- 3, ], and since j € {1..k}, it is a one step refinement
of [3, (81..k)[s, /next(ht,Tu,s,))» J» L] through ext-or2.
2. Otherwise, next(ht, Ty, (3, (s1..x),1,T]) = next-stop(ht, [3, (s1.x),l,T]). Then by
lemma 4, next(ht, Ty, [8, (s1.k),, T])<,next(ht, Tq, [8, ($1..%,8), 1, T]).

e inside-or. Assume s = [3, (s1..x),{, 7). Then [, (s1..x), 0, T]=<,[8, (51..k) 5, /,), 1 T, Where
$;=,8;. Here the inductive hypothesis is applied, that is,
next(ht, Ty, s;) =<, next(ht, Ty, 3;), since s;<, §;. Two cases must be taken into account,
1. If 3v € Ty.v = 5, then two subcases must be taken into account:

(a) If i # 7, then next(ht, Ty, [3, (Sl-k)[si/éi]’l? T)) = [3, (51--k)[si/sf;][sj/next(ht,Td,sj)]’jv T
=8, (51--k)[sj/next(ht,Td,sj)][si/gi}’j’ T, which is a one step refinement of
3, (31-»16)[sj/next(ht,Td,sj)]»jv T] through inside-or.



43 Chapter 6. Behavioral Refinements

(b) If i = j, then next(ht, Ty, [3, (51__;.3)[81_/51_],1, T)) = [3, (51~-k)[si/§i][sj/next(ht,Td,sj)]vj7 T

= [, (314.k)[sj/gj][gj/next(ht7Td7§j)]7j, T = [3, (51..k)[Sj/next(ht7Td7§j)]7.7aT]~ Then, by
inductive hypothesis, [3, (51--k)[sj next(ht,Ta,5;)] I T] is a one step refinement of

[‘§7 (51..k)[sj/next(th,Td,sj)]7j’ T]

2. Otherwise, next(ht, Ty, [s, (s1..x),1,T]) = next-stop(ht, [$, (s1..k),!,T]). Then by
lemma 4, next(ht, Ty, (8, (s1..x), 1, T]) =, next(ht, Ty, [$, (51..k) s, /5,1: 1, T1)-

e Extensions add-trans, ext-act-en, ext-act-ex and ext-act-trans are trivial because next
does not depend on the set of transitions 7" nor exit nor entry actions.

O

6.2 Extension Relation as a Behavioral Refinement

Due to the priority mechanism for transitions specified by UML, it cannot be expected
that every extension preserves the semantics. The conflict arises when an inner transition
with the same triggering event as an existing outer transition is added to a statechart. As
the inner transition has priority over the outer one, the semantics are not preserved, since
the outer transition will not take place in the extended statechart. For that reason, we
must introduce the concept of safe extension: an extension is defined to be safe if no inner
transitions are added with the same event as an existing outer transition. Formally:

Definition 5. Let s = [5,(s1.1),1,T],5 = [3,(51..&)[si/5:, [, T], 86<,58:. s=<,5 is a safe
extension iff

Ve € E: (3s'eSC. (s 508 A S 72>1 ) =8 %1 )
From now on, all extensions are required to be safe. The main result of this work
follows:

Theorem 1. For all s,s',t € SC,e € E, if s %' and $=<,t, then 3t' such that t < oand
=<t

This theorem states that the extension relation is indeed a behavioral refinement, since
the extended statechart preserves all the reachable states of the original one. Graphically,

e 1
S g S

A A

=

t —5' 3y

/

Note that the theorem assumes that the stuttering flag is equal to 1. Since a statechart
transition takes place when the stuttering flag is equal to 1, idle steps (f=0) are not taken
into account. As mentioned previously, the stuttering flag is needed to assure that idle
steps can only occur if no non-idle step is possible. Basically, it allows the semantics to
fullfill the maximality condition of statecharts, since when no statechart transition can be
taken, a stuttering step (loop) can be done. It is important to remark again that statechart
transitions are different from semantic transitions.

Proof of theorem 1. By induction on s<,t.

e ext-andl. Let [8]<,[$, (§)], where § € SCp. Then [3] i>O[§] because the only rule that
can be applied to a BASIC state is BAS. Then, the hypothesis of the theorem does
not hold, because there is a transition with flag equal to 0.
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e ext-and2. Let [3, (s1, .., $k)]=<,[8, (81, -, Sk, §)], where § € SCp and assume that there is
at least one substate that performs a transition with f = 1 (otherwise the hypothesis
of the theorem does not hold), that is, 3 j.f; = 1:
f.‘
Vie(,.hy-5 = 8

(5, (s1..%)] 5! [5,(s) )] =&

AND

Since 5 € SCp, then [3] i>0[§]. Now

e fJ' / - e 0 _
Vie(1,.. k)-S5 — s, §— 3
AND

5, (51..%, 5)] 5! [3, (s} ,.,3)]=t'

Then t’ is indeed a refinement of s, by rule ext-and2.
e inside-and. Let [3, (s51..x)]<,[8, (51..x)[s;/5,]], Where ;< 5;.
Let [8, (s1..1)] i>f[§, (8] )]=s" with s; i>fjs; Vj=1, .., k. By inductive hypothesis: if

1 ~ - . 1. -
s; — s, and s;~<,§; then 33, such that §; = &, and s.=<,&.. Then,

el N

Si = S5, Si=.S; Ly

e fi ~ el o
Vi=1.i-1,i+1..k-Sj = S}, S; = 8

~ e 1 ~
t=15(s1.0)[s:/50) = 5 (1 p)syap] = ¢

And [.§, (8/1“]6)]%1[& (Sllk)[S'L/§;]] by inside-and.

e ext-orl. Let [§]<,[3,(5),1,1,0] , where § € SCp. Then [3] i>0[§] because the only rule
that can be applied to a BASIC state is BAS. Then, the hypothesis of the theorem
does not hold.

e ext-or2. Let [3, (s1.x), 0, T)=<,[8, (s1.%,5),,T], where €SCp. Three rules can be applied
in this case:
1
oR-1rule: Let [3, (s1.1),1,T] < [3, (S1..8) (s, /next(nt,Ty,s,)) P> T1=5" by OR-1rule, where
(t,1,_e,, Ty,p,ht) € T. Since the extension adds a new state, it cannot be the current
active one. Then ' = [3, (s1..k[s, /next(t, Tu,s,)]» 3): & T'] is chosen. By rule OR-1, the
state t’ can be reached from ¢ = [8, (1., 8),,T]. That is,

. o1
(t,1,Sye,a,Ty,p,ht) € T, S, Cconf(s;), s /4~ oR
-1

A ~ e 1 ~ ~
t=[8, (81, 8), L, T] = [8, (81..k[s, /next(ht,T4,s,)]: 5), P> L=t

And [3, (81~»k)[sp/neXt(ht,Td,sp)]ﬂp7 T1=, 3, (31..k[s,,/next(ht,Td,s,,)},5),177 T] by ext-or2.

OR-2 rule: Let [3,(s1.x),{,T] i>1[§, (sl__k)[sl/sﬂ,l,T]:s’, when s; 3152. Then,

1 OR-2

t:[gv (sl..ka §)a lv T] i> [é, (81..]6[31/5”7‘;)’ la T]:t/
And [§7 (81,,k)[sl/sg]7 l, T}-<1 [§, (81“1@[&/5”, 5), l, T} by ext-or2.

oRr-3 rule: Let [3, (s1.4), 1, T] 518, (s1.4), 1, T, when [3, (s1.4),,T] % . Then, the
hypothesis of the theorem does not hold.
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e add-trans. Let [3, (s1..x),0, T)=<,[8, (s1..k), 1, T U {t*}], where t*€T. Again, three rules
can be applied:

OR-1 rule: Let [8, (s1.x),!,T] 31[@(51..k)[sm/next(h,t,Td,sm)]ama T]=s" by OR-1 rule,
where (t,1,_e,_,Ty,m,ht) # t*cT. Then,
(t,1,8,,e,.,Taym,ht) € T, S, C conf(s;), s 731

OR-1
~ % el . *
t:[S, (Sl..k)al7TU {t }] - [8’ (81.416’)[sm/next(ht,Td,sm)]7m7TU {t }]:t/

So 3, (51.-k)[sm/neXt(ht,Td,sm)]7m? T]=, 3, (81~~k>[sm/neXt(ht,Td,sm)]7m> TU{t*}] by add-trans.

OR-2 rule: Let [3,(s1.%),{,T] i>1[§, (sl__k)[sl/s”,l,T]:s’, when s; 3132. Then,

1 OR-2

t =15 (s1.x),l, TU{t*}] 5 3, (81,,;€)[SZ/S;],Z,T u{ty=+¢

Here |3, (31..k)[sl/sg]7 1,T)<,[8, (51--16)[8;/82]’ 1,7 U{t*}] by add-trans.

OR-3 rule: Let [8, (s1.x),0,T] i>0[§, (s1.x),1,T], when [8, (s1.x),,T] 72>1 . Then, the
hypothesis of the theorem does not hold.

e inside-or. Here, [§7(SL.k)J,T]<1[§7(81..k)[si/gi],l,T/], where s;<,5;. For the sake of
clarity, two cases are considered:

1. When i # 1.

1 ~
OR-1rule: Let [3, (s1.4),l,T] < [3, (81..6) s, /next (ht, Ta 5] M T1=5", where (£,1,,, Ty,m,ht) €
T. Here two subcases are taken into account:

(a) When i # m.

(1,506, Tamht) €T, S, Cconf(sy), s 2

OR-1
N € 1 ~
t:[S, (81]‘?)[51/51] ) l7 T] — [Sa (81..16)[si/§i][sm/next(ht,Td,sm)] ) T, T]:t/

Here [, (s1..%) (s, /next(nt, Tu,s,m)) M T1=0 (85 (81,8 ) (5, /5, (5 /n€XE (1t T 5] T T DY inside-or.
(b) When i = m.
1

(t,1,S,,e,.,Tqym,ht) € T, S, C conf(s;), s 7 oR.L

~ € 1 N
t=1[8,(s1.0)(s, /5 LT] = (8, (1.0 (s /800 /mexXt(nt, Ta ) T T = 1

Here [3, (81..%)[s,, /next(nt,Tu,s,m))» T L) =1 (8, (51..8) s, /5,1 (5,0 /N€XE(ht,T0,5)]» T L] Dy inside-or,
since next(ht, Ty, Sy )<, next(ht, Ty, $y), by lemma 5.

N e 1r. e 1
OR-2 rule: Let [, (s1.%),0,T] = [3, (81..k)[sl/s;}7l,T]:S/7 when s; = 5. Then,

o1 OR-2

= [<§7 (Slk)[sl/@]a l7 T] — [§7 (51..k)[si/§i][sl/sf]a l7 T} =t
Since i;él, [§, (51”;9)[&/5” y l, T]-<1 [§, (81”;6){51./51.][&/5;], l7 T} by inside-or.
OR-3 rule: The hypothesis of the theorem does not hold.

2. When i = [. Note that if s; %1 then 3, 7791 , because the extensions are safe.
Three OR rules apply:
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~ . e 1.
OR-1 rule: Let [S, (sl..k)a z, T] - [87 (SI.JC)[sm/neXt(ht,Td,sm)]7mu T]:slv
where (£,i,S,,e,_,T4,m,ht) € T. Two subcases must be taken into account:
(a) When i # m.

. 1
(t,i,Spe,,Tyym,ht) € T, S, C conf(3;), & &

OR-1
. . el .
t:[s7 (31.,k)[si/§i]a Z, T] - [Sv (81..k)[57',/§i][sm/next(ht,Td,sm)]vm7 T]:t/

And [8, (81..k) (s, /next(ht, Tu,sm)]> M D)= (85 (81,8 s, /5] [s0m /PEXE (Rt T 5] » T L] DY inside-or.
Note that S, C conf(s;) = S, C conf(§;) holds by lemma 1.
(b) When i = m.

(t,i,Sre,,Tqym,ht) € T, S, C conf(3;), 3 72>1

. o1 OR-1
t=[5, (51..6) 5, /5,1, 6 T = [8, (S1.0) (s, /8] (8 /et (B, T 5] T T =E

And (8, (81..k)[s,,, /next(ht, Ta,s,)]> T L1=0 185 (81,6 [, /5.5 /nEXE (R, T 500 )] T2 L) DY inside-or,
since next(ht, Ty, Sy )<, next(ht, Ty, §,,) by lemma 5.

OR-2 rule: Let [8,(s1.x),17,T] i>1[:§, (51,_k)[si/s;],i,T}:s’, when s; 315;. Then,

1 OR-2

t= [§7 (51..16)[31-/3}]7’&.711} = [éa (slk)[%/&][&/gi]a ZvT] =t

Here [§, (81‘_]@)[51,/52’], i, T]-<1 [§, (81“19)[&/51.][51./5;], i, T] by inside-or.
OR-3 rule: Then, the hypothesis of the theorem does not hold.

e ext-act-en, ext-act-ex and ext-act-trans are trivial: In those cases, the same refinement
applied to s’ is applied to s in order to obtain t'.

O

6.3 On the Actions Generated by the SO Semantics

In Theorem 1 it is proved that the extension relation preserves the transitions defined in
the SO semantics, and thus it can be considered as a behavioral refinement. The next step
is to assure that the set of actions generated by a statechart is preserved in an extended
statechart. In this section a theorem is proved, together with two auxiliary lemmas, which
take into account the actions generated by the SO semantics. That theorem proves that
the set of possible actions generated by a statechart are preserved by the refinement.

Lemma 6. For all 5,5 € SC. if s<,5 then Yo € exit(s). 3a& € exit(5). a<va

Proof. By induction on s=<,5. The main idea of the proof is the following. First, assume
the form of s, then according to the extension rule applied, deduce the form of 5. Then
compute the sets exit(s) and exit(s). Finally, for each element of exit(s) check that there
exists the associated one in exit(§), such that this is a substring of the former one.

e ext-andl. Assume s = [§]. Then [§]<, 8, (s")], where s’ € SCp. Then, exit([3]) = {ex}
and exit([$, (s')]) = {ex’::ex} where ex’ = exit(s’). The thesis holds because {ex} is
a suffix of {ex’::ex}.
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e ext-and2. Assume s = [§,(s1.%)]. Then [3, (s1.x)]=<,[8, (s1..k,8")] = §, where s’ €
SCp. So exit(s) = {my.omyier | Ip{l ke {1.k}.m; € exit(sy l))v }. Let p; be
one bijecton (permutation) p; = p(i) such that exit(s),, = {mi:..omyex | m; €
exit(sp,)V¥;}. Now, exit(s),, is the set of all possible combinations of m; € exit(sy,).
Now define, exit(5),, = {mq:..imyex’:ex | m; € exit(sy,)V;, ex’ = exit(s')}. It is
easy to see that for all o exit(s),, exists one & € exit(§,,) s.t. a<a.

e inside-and. Assume s = [3, (s1.x)]. Then [3, (s1.x)]<,[3, (51..k)[s,/5,]], Where s;=<,35;.
Then, exit(s) = {my:..ompzex | Ip{l..k{1l..k}.m; € eX|t(5p( ))V¥i}. Let p; be
one bijecton (permutation) p; = p(i) such that exit(s),, = {mi:..omyex | m; €

exit(sp, )V }. Now, exit(s) is the set of all possible combinations of m; € exit(sp,). Let
p~!' =1 be the inverse of p, such that r(p;) = i. Take j = p; (note that r; = i) and
using the inductive hypothesis, that is, (Ym,., € exit(s;), Im,; € exit(s;)). m,, 9m,,,
the string m; is obtained. Now, the string mq::...omy;:.omp<my i imyii..imy, because
it is a subsequence. Since the reasoning is valid for any permutation, the thesis holds.

e ext-orl. Assume s = [§]. Then [§]<, [8, (s"),1,0], where s’ € SCp. Finally, exit(s) = {ex}
and exit(§) = {ex':ex | ea’ € exit(s')} = {ex'::ex} because s’ € SCp.

e ext-or2. Assume s = [§, (51 ),Z,T] Then [3, (s1.x),1,T]=<,[3, (s1.k,8"),1, T], where
s’ € SCp. Finally, e><|t(s) {ex'::ex | ex’ € exit(s))} = eX|t(§) because | € {1..k}.

e inside-or. Assume s = [8,(s1.x),,T]. Then [8, (s1.%),1, T]=<,[8, (s1. k) i],l,T], where
5;=<,S5;. Two cases must be taken into account,
1. If i # 1. Then, exit(s) = {ex'::ex | ex’ € exit(s;)} = exit(3).
2. If i = 1. Apply the inductive hypothesis, that is, (¥m; € exit(s;), Im; € exit(§;)).
my <my. Then my:omys.omy <mps.omyg..omy.
e ext-act-ex. Three cases must be taken into account,

1. Assume s = [§, (en, ex)]. Then [8, (en, ex)]<,[8, (en, ex)], where ex < ex. Finally,
exit(s) = {ex} and exit(s) = {ex}.

2. Assume s = [, (s1.%),1, T, (en,ex)]. Then [8, (s1.x),l, T, (en,ex)] <,
[8,(s1.k),, T, (en,ex)], where ex < ex. Finally, exit(s) = exit(s) = {ex':ex | ex’ €
exit(s;)} and exit(§) = exit(s) = {ex’::ex | ex’ € exit(s;)}.

3. Assume s = [§,(s1.x), (en,ex)]. Then [3,(s1.), (en,ex)]<,[8, (s1.k), (en, ex)],
where ex<ex. Finally, exit(s) = {mi:..ompzex | Ip{1.k e {1.k}.m; € exit(sp))Vi}
and exit(5) = {my:..omper | Ip{lLk}e{1..k}.m; € exit(sp))Vil.

e Exxtensions add-trans, ext-act-en and ext-act-trans are trivial because exit does not depend
on the set of transitions 7' nor entry actions.

Lemma 7. For all 5,5 € SC. if s<,§ then Yo € entry(s;). 3a& € entry(8}). a<a

Proof. By induction on s<,35. Analogous to lemma 6. O

Theorem 2. Let s,s',t,t' € SC where theorem 1 holds and s —4 ', t —o t' then a<a/.

Proof. By induction on s=<,¢.

e ext-and. Let [§]<,[$, (s1,..,Sk)], where s1,..,sp € SCp. The only rule that can be
applied is BAS, then the hypothesis of the theorem does not hold.
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e inside-and. Let [3, (s1..x)]<, [3, (51..k)[s,/5,)], Where 5;<, 8;. Let [3, (s1..x)] i>i[§, (sh p)]=s'
with s, gi’ﬂs;

1

~ € ~ ~,

such that §; — .8, and s}<, §; where a; < ). Then,
;

1
Vj=1, .., k. By inductive hypothesis: if s; i>aisg and s;<, §; then 33/

1
€ ~
Si 7oy Sis 8=,

e fi / el ~/

Vim1.i—1,i41.k-5j o, Sj Si 7al 5

A € 1 ~
t=15,(51..k)[s;/5:)) =a [, (81 p)isryan] =1

e ext-orl. Let [§]<,[$,(8),1,0] , where § € SCp. The only rule that can be applied is BAS.
Then, the hypothesis of the theorem does not hold.

e ext-or2. Let [8, (s1.1), 1, T]=<,[8, ($1..k,S), 1, T], where $€SCp. Three cases must be taken
into account:

A el ~
OR-1tule: Let [3, (s1.x), 1, T] = eprnenl$ (51--k)[sp/next(ht,Td,sp)]vpa T]=s' by OR-1rule,

where (£,1,_e,y,Tu,p,ht) € T, ex € exit(s;) and en € entry(next(ht, Ty, s,)). Since the
extension adds a new state, it cannot be the current active one. Then,

(1S, Tapht) €T, S, Cconf(s)), s 5

o1 OR-1
t:[§7 (81.‘]&‘7 g)? l7 T] _>e:1::;'y:;en [§7 (sl..k[sp/next(ht,Td,Sp)]7 §)7p7 T]:t/

then the output actions are unchanged.

~ elr. el
OR-2 rule: Let [3, (s1..k), 0, T] —4[8, (81..k)[s,/5), |, T]=5", when s; —,s;. Then,

1 OR-2

t:[§7 (81..]67 5)7 la T] i>a [éa (Slnk[sl/sf]’ ‘§)7 lv T}:t/

then the output actions are unchanged.

oRr-3 rule: Let [3, (s1.4), 1, T] 513, (s1.4), 1, T, when [3, (s1.4),1,T] % . Then, the
hypothesis of the theorem does not hold.

e add-trans. Let [3, (s1.%),0,T1=<,[3, (s1.k),{, T U {t*}], where t*€T. Again, three rules
can be applied:

~ [ 1 ~
OR-1 rule: Let [Sa (51--k)v lvT] —>ex::'y::en[57 (51~.k)[sm/neXt(ht,Td,sm)]7mvT]:Sl by OR-1
rule, where (£,0,_e,y,Ty,m,ht) # t*€T, ex € exit(s;) and en € entry(next(ht, Ty, s,))-
Then,

(t,1,S,e,y,Ta,m,ht) € T, S, C conf(s;), s 72>1

A * el A *
t:[& (51..k)7 l’ T {t }] _>ex::w::en [87 (Sluk)[sm/nEXt(ht,Td,sm)]7mﬂ TU {t }]:t/

OR-1

then the output actions are unchanged.

A elr. el
OR-2 rule: Let [3, (s1..k), 1, T] —,[8, (81..k)[s, /51, |, T]=5', when s; —,s;. Then,

S =y S

o1 OR-2
t=[3, (s1.1), [, TU{t*}] =, [8, (51--19)[81/8{]’ LTU{t*}=t
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then the output actions are unchanged.

ORr-3 rule: Let [3, (s1.1),1,T] %[5, (s1.x), 1, T], when [3, (s1.x),,T] 7 . Then, the
hypothesis of the theorem does not hold.

e inside-or. In this case, [§, (s1.x),1, T)<,[3, (31--k)[si/§i]’l7T/]v where s;<,3;. For the sake
of clarity, the proof is split in two cases:

1. When i # 1.

~ l ~
OR-1 rule: Let [8, (s1.%),1, 7] i>em%en[s, (81..%) s, /PEXL (AL, Tu,80)]» T T]1=8", where
(t1,y,Taym,ht) € T, ex € exit(s;) and en € entry(next(ht, Ty, s,,)). Two cases
must be taken into account:

(a) When ¢ # m.

R 1
(t,1,Sr,e,v,Taym,ht) € T, S, Cconf(s;), s s

OR-1
. el .
t:[s7 (slnk)[s,;/gi]? l, T] ezyen [Sv (slnk)[57:/§i][sm/next(ht,Td,sm)] , M, T}:t/
then the output actions are unchanged.
(b) When i = m.
. 1
(t,1,S,,e,y,Ta;m,ht) € T, S, C conf(s;), s A oL

A el A
t:[s, (slk)[e,/ﬁ] L T] _)e:c::'y::en/ [S, (31--k)[st/§i][Em/next(ht,Td,§m)] , M, T]:t/

By lemma 7, en < en’ since next(ht, Ty, $pm )<, next(ht, Ty, ), by lemma 5. Then
ex:yen dexiyien'.

N e 1 . e 1
OR-2 rule: Let [3, (s1..x), 1, T] =,[8, (51..k)[s,/s), |, T]=5', when s; —,s}. Then,

o1 OR-2
= [°§7 (slk)[s1/§1]vlaT] —a [éa (51..k)[si/§i][sl/s;],laT] =t

then the output actions are unchanged.
OR-3 rule: Then, the hypothesis of the theorem does not hold.

2. When i = [. Note that if s; 72>1 then s; 7Z>1 , because all the extensions are safe.
Three OR rules applies:

~ . 1 A~
OR-1 rule: Let (8, (s1.%),,7T) i>egﬂ::7::en[s, (51..%) 5, /NEXE (AL, Tu, )]s T =8, where
(t,i,Sy.e,y,Ta;m,ht) € T, ex € exit(s;) and en € entry(next(ht, Ty, Sm)). Two sub-
cases must be taken into account,
(a) When i # m.

R 1
(t,i,Sp,e,y,Taym,hty € T, S, C conf(5;), §; 7>

OR-1
A . el R
t:[87 (51..k)[si/§i]7Z7T] _>ea:’::’y::en [87 (sl‘k)[si/§i][sm/neXt(ht,Td,sm)]7m7T]:t/

By lemma 6, ex <ex’. Then ex::y::en dex’::y::en. Note that S, C conf(s;) = S, C
conf(3;) holds by lemma 1.

(b) When i = m.

R 1
(t,i,Sr.e,-, Ta,m,ht) € T, S, Cconf(s;), 3 >

OR-1
. . el .
t:[S, (81--k)[si/§i]vz’T] ea!yen/ [8, (81--k)[s,:/él][§m/next(ht,Td,§m)]7mvT]:t/
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By lemma 6, ex <ex’. By lemma 7, en <en’ since next(ht, Ty, S )<, next(ht, Ty, Sm),
by lemma 5. Then ex::y:en <ex’:y:en'.

OR-2 rule: Let [§, (s1.x),4,T] i)jx[é, (81..k)[s:/s1), 5, T]=5', when s; 3;52. Inductive
hypothesis is applied to get,

el
Si 7oy Sty 5i=,8;
P
S; _>a2 Si

1 OR-2

t:[<§7 (51..k)[si/s~i]7 (B T} ia' [§7 (Slk)[sL/§1][§L/§;]aZa T]:t/

Since a; < by TH, <.
OR-3 rule: Then, the hypothesis of the theorem does not hold.

e ext-act-trans. Let [3, (51,..,50), T]=<, [3, (51,--s8), T{r/r], where 7 = (t,1,S,,e,v,Ta,p,ht) €
T, " = (t,1,5,,e,3,T4,p,ht) and v < 7. Three rules can be applied in this case:

OR-1rule: Let [3, (s1.%),1, T 3;2:7::6”[5 (81..k) (s, /next(ht,Ty,s,)): P> T1=5" by OR-11ule,
where (£,1,_e,y,Ty,p,ht) € T, ex € exit(s;) and en € entry(next(ht, Ty, sp)). Then,

<£vl;ST7€,’?de7paht> € Ta ST c Conf(sl)a S1 72>1

o1 OR-1
t:[éa (51..k’a 5)’ L, T} ex:Fien [§7 (51"'75n)a T[T/T’]]:t/
then ex::y:iien <ex::y:en.
A e 1. e 1
OR-2 rule: Let [3, (s1..k), 1, T] =4[8, (s1..k)(s,/s7): 1, T]=8", when s; —,s]. The output
actions are unchanged.

OR-3 rule: Let [3, (s1.0), 1, T] '8, (s1.4), 1, ), when [8, (s1.1),1,T] 75 . Then, the
hypothesis of the theorem does not hold.

e ext-act-en and ext-act-ex. These are trivial, because entry and exit actions of the super-
state do not take part in the SOS rules. O
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The SC* Modeler

In this chapter, a prototype implementation of some of the ideas presented in this work is
described. The prototype was constructed basically to check the adequacy of the definitions
and to become the first step in the construction of a software engineering tool for modeling
the behavior of Software Product Lines. This prototype is called “SC* Modeler”. First, a
brief description of the modeling approach implied by the ideas of this work is presented.
Then, the architecture of the prototype is described. Finally, some details on the inference
engine are given.

7.1 Modeling Approach

Formal specifications provide a precise supplement to natural language specifications and
can be rigorously validated and verified, leading to the early detection of ambiguities and
inconsistencies. Although interest in formal methods captured the attention of many re-
search groups, it has been limited within industry[SB06]. In general, designers are reluctant
to the idea of formal methods being used to develop products, and usually UML is preferred
instead. One possibility for overcoming this barrier is to use some kind of “transparent
formality”. This is one of the goals of the SC* Modeler, in which the designer can model
the system using a “point and click” tool, and then these designs can be subsequently
refined and even converted into more specific ones, like executable machine code.

A model enable designers to concentrate on the significant system aspects, allowing
to handle more complexity through some form of abstraction. One form of abstraction is
classification, which is the process of identifying types, also known as concepts. Classifica-
tion is the basic form of abstraction found in object-oriented modeling [BG05]. Features
are “a distinguishable characteristic of a concept (e.g., system, component and so on) that
is relevant to some stakeholder of the concept” [SHTBO07]. Feature Diagrams (see section
5.1) support this form of abstraction, by describing the capabilities of the product line and
defining the constraints for potential products. Among all the possible combinations of
features, a Feature Diagram configuration describes the selected features for one particu-
lar product, because it no longer contains variability since all configuration decisions have
been made. Moreover, it can be checked for conformity with the Feature Diagram. On the
other hand, a UML statechart describes the elements used in the behavior implementation
of the products. Finally, given a configuration, the SC* determines which statecharts have
been selected for a particular product.

This method is based on a stepwise refinement and decomposition of a problem. After
the initial specification of behavioral requirements, an abstraction is made in order to cap-
ture the most essential behavioral properties of the modeled system. Then, more detail is
added to this specification in small steps of two types. First, the specification is decom-
posed into subsystems through the use of features, and second by refining the statecharts
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which are used to represent the behavior associated with each feature.

7.2 Architecture

The architecture of the prototype is divided in three layers: i) User Interface, ii) Metamodel
and iii) Inference Engine, as can be seen in figure 7.1. Each layer comprises a group of
functionalities. The main benefit of this architecture is the separation between the user
interface and the system kernel (metamodel and inference engine), in such a way that
it is possible to completely reuse the inference engine, which is the main deliverable of
this prototype. The ultimate goal is to implement it as an Eclipse plug-in using Eclipse
Modeling Framework [SBPMO08], which is a common platform used to implement modeling
tools.

&l ol =

User Interface Metamodel Inference engine

Figure 7.1: SC* Modeler architecture

User Interface

This layer allows the interaction between the system and the user, which is assumed to be
a software engineer (or designer). The user interface helps the user in the construction of
statecharts, feature diagrams and statecharts with variabilities.

Metamodel

This layer allows the abstraction of the Inference Engine from the User Interface.

Inference Engine

In this layer reside the main modules of the prototype, which basically perform the compu-
tation of the union of two statecharts (see section 4.2), in order to compute the statechart
which implements a given product of the line. The language used to implement it is Pro-
log'. In Prolog, program logic is expressed in terms of relations, and a computation is
initiated by running a query over these relations. Relations and queries are constructed
using Prolog’s main data type, the term. Given a query, the Prolog engine attempts to
find a resolution refutation of the negated query. If the negated query can be refuted,
i.e., an instantiation for all free variables is found that makes the union of clauses and
the singleton set consisting of the negated query false, it follows that the original query,
with the found instantiation applied, is a logical consequence of the program. For more
references to programming in logic the reader is referred to [SS94, Kow79, L1o87]. The
features fully implemented in this prototype are the verification of the extension relation
and the calculation of the union.

Tn particular, SWI-PROLOG [Wie09)
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& Configure feature diagram
Feature diagram:
= P> Frodusto
& Edit feature diagram <M> Mandaioral
<0 Opcionall (sekected)
Feature diagram: <0 Opoional2 ot selected)
= <P> Producto =y
<M> Mandsioral <> Atemaival (seected)
<0 Opcionall <> AkemaivaZ [nol selected)
<0 Opoionai2
=
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Compute Configuration
Con
= <Ps Producto
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o0k
.
Name: |
0k

Figure 7.2: Constructing a Feature

Diagram . .
Figure 7.3: Configuring a Feature

Diagram

Languages and Technologies Used

The prototype was constructed using Microsoft’s .NET framework. A framework is a
special case of software library, whose main distinguishing feature is that it can be extended
by the user. In particular, the key benefit of this framework are its Rapid Application
Development (RAD) capabilities, which allowed us an early validation of the inference
engine.

As previously mentioned, the inference engine is implemented in Prolog. The two main
reasons for this are:

1. Allows a direct implementation of the definitions presented in chapters 3, 4, and 5.

2. Allows non deterministic programming, needed for computing the union (section
4.2).

Moreover, the inference engine can be compiled for .NET, using P# [Coo] and for Java,
using PrologCafe system [BT].

7.2.1 User Interface

The user interface is structured as follows:

e Construction of Feature Diagrams: Allows the construction of a Feature Dia-
gram with mandatory, optional and alternative features (figure 7.2).

e Configuration of Feature Diagrams: Allows the selection of features of a Feature
Diagram (optional and alternativeso), that is, a configuration (figure 7.3).

e Construction and extension of statecharts: Allows the construction of Ba-
sic, And and Or statecharts as well as the extension of an already constructed one
(figure7.4).

e Construction of statecharts with variabilities: Allows the user to associate
statecharts and features Features (figure 7.5).

e Statechart derivation: Allows the user to obtain the statechart determined by a
specific Feature Diagram configuration (product), as described in section 5.2.



Chapter 7. The SC* Modeler

54
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Figure 7.4: Constructing an Or stat- Figure 7.5:  Constructing a state-
echart

chart with variabilities

Its simplified metamodel is shown in figure 7.6.

=<WinForm=>= = <\WinForm= > =<WinForm=>= =<WinForm=>=
FDConfiguration FDEdit SCOfConfiguration SCAstDefinition
Ty e et
FD
< <WinFormz = <<WinFarmz= <<WinForm?> < <WinForm >
AddOr I: Addand D AddBasic AddTransition
RefinedztateChart Owarper SkakeChart ) nsition
StateChart Hner
1 1]t sCor SCTransition
SCBasic

Figure 7.6: User interface diagram

7.2.2 Metamodel

Feature Diagrams

In section 5.1 the set of Feature Diagrams is defined. Its simplified metamodel is shown in

figure 7.7. As before, the constraints that are not reflected in the metamodel are validated
at the inference engine layer.
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FDObject

Parent

1 1 Children

FD Product ) FDNode * RelationType

1 Type
f 1
hildre .

Figure 7.7: Feature Diagrams metamodel

Statecharts

In section 3.1 the set SC is inductively defined. Its simplified metamodel is shown in figure
7.8. Observe that, from the structural point of view, an Or statechart can be modeled as
an And statechart but adding more components (the set of transitions, for example). The
same happens between an And statechart and a basic one. The constraints that are not
reflected in the metamodel are validated at the inference engine layer (for example, given
the And statechart [§, (s1,..8,)], the following constraint must hold: § # §; Vi—1.,)-

SCObject
SCHistoryType
HistaryTvpe 1
Exit
N
SCBasic d:___,__—————————___h SCTransition SCAction
Target Entry 1
rgetDeterming ' Trigger *
Subskates cHan

SourceRestrickar

1 SCAnd

SCActionSeq| ! 1 SCEvent

SCOor

Figure 7.8: Statecharts metamodel
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7.2.3 Inference Engine

The inference engine implements the intelligence of the system. The syntax used to rep-

resent statecharts is the same as the abstract syntax used in the previous section. For in-

stance, the basic statechart [3, (en, ex)] is represented by the Prolog term basic(St, (En,Ex)).
The main predicates implemented are:

e 1-step Extension relation and its closure (n-step).
e Statechart union.

We define a predicate for each rule of the definition in figure 4.1. We show some examples.

1-step extension relation

Using Prolog, it is straightforward to implement the definitions of <, and U. A possible
extension of a Basic statechart is adding to it a Basic substate, and then obtain an And

statechart: A .
s'eSCp, § +#3

[8]=.15, ()]
This is implemented in Prolog with the rule:
addp(basic(St, (En,Ex)), Sp, and(St, [Spl, (En,Ex))) :- is_state(Sp),

sname (Sp, Stp),
St \== Stp.

ext-andl

Another possible extension of an And statechart is extending a substate:

/ Al A
5i=.8;, 8 # 55 Vim1.i-1,i+1,.n

[év (Sla ) Sn)v l7 T]'<1 [éa (sla ) sn)[sq;/s,’b.]v la T]
This is implemented in Prolog with the rule:
adds(or(St, Ss, Ts, (En,Ex)), Sip, or(St, Ss2, Ts, (En,Ex)))

:- is_state(Sip),
my_select(Si, Ss, Ssl),
extends(Si, Sip),
my_select(Sip, Ss2, Ssl).

inside-or

1-step union

We define the predicate union/4 to calculate the union of two statecharts. As an example,
one possible case for the union between the And statecharts is: if s = [§,(s1,..,55),(en,ex)],

r1 = [3, (81, ., 81, -, Sn), (en, ex)] with s; < 3;, 12 = [3, (51,.,5n, '), (en, ex)]
= rUry := [, (81, .., 84y -, Sn, §'), (en, ex)]
This is implemented in Prolog with the rule:

union(and(St, Ss, (En,Ex)), and(St, Ssi, (En,Ex)),
and(St, Ss2, (En,Ex)),
and(St, SsR, (En,Ex)))

:- my_select(Sp, Ssi, Ss),
my_select(Si, Ss, SsT),
my_select(Sip, Ss2, SsT),
extends(Si, Sip),
disj_names(Sip, Sp),
my_select(Sp, SsR, SsTT),
extends(Si, Sip),
my_select(Sip, SsTT, SsT).
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N-step relations

N-step relations are implemented using a general problem solving strategy called “state
space search” [SS94, L1087, Bra00]. A state space is represented with a graph whose
vertices correspond to problem states, and the solution of a given problem is reduced to
finding a path in this graph. In this case, vertices correspond to statecharts and the edges
are induced by the extension relation. The search strategy used is a depth-first search
(DF'S). This implementation of the algorithm takes time O(|V|4|E|), that is, linear in the
size of the graph. It also uses space O(|V]) in the worst case to store the stack of vertices
on the current search path as well as the set of already-visited vertices.

For example, given s,5 € SC, the designer wants to determine if s<,5. The predicate
extends tests if the concrete statechart S2 is a refinement of S1. For this to hold, first,
they should have the same name, then the predicate extends returns in Es one possible
sequence of refinements in order to reach S2 from S1. Basically, the idea is to start from
S1 and generate all the possible extensions to it until reach S2, or the state is “too big” to
be S2 (for example if s is an or-state with 2 substates, § cannot have 3 substates). In some
sense, those are “prune” rules.

extends(S1, S2, Es) :- is_state(S1),
is_state(S2),
sname (S1, N),
sname (82, N),
extends_(S1, S2, Es).

extends_(S1, S2, [reflexive]) :- eq_states(S1, S2).
extends_(Sc, Sf, [E|Es]) :- next_state(Sc, Sf, Sn, E),
extends_(Sn, Sf, Es).

The DFS is more amenable to the recursive style of programming in Prolog. The reason
for this is that Prolog itself, when executing goals, explores alternatives in a DFS fashion.
The predicate next_state generates a possible extension of Sc, taking into account that
the target state is Sf. The target state is needed in order to stop making extensions on Sc
once it is determined that it is not possible to reach Sf.






Chapter 8

Case study

The formalism presented in the previous chapters, together with the prototype imple-
mented, follow a stepwise refinement approach to software design, allowing the user to
start form a simple specification of the kernel features of the product line, and to progres-
sively add new ones to the line, specifying how each feature contributes to the behavior of
the whole line. Analyzing the proposal from a practical point of view is of most importance
for a fine-tuning and a careful utilization of it. In this chapter, a case study for a product
line of microwave oven systems, adapted from [Gom05]!, is presented. First, the formal
description of the involved statecharts are given together with the Feature Diagram of the
product line. The impact of each feature in the product line is analyzed and the UML
statechart with variabilities is given. Finallly, specific products for the line are defined.

8.1 Problem Description

The basic microwave oven system has input buttons for selecting Cooking Time, Start, and
Cancel, as well as a numeric keypad. It also has a display to show the cooking time left.
In addition, the oven has a microwave heating element for cooking the food, a door sensor
to sense when the door is open, and a weight sensor to detect if there is an object in the
oven. Cooking is possible only when the door is closed and when there is something inside
the oven.

Options available for more advanced ovens are: a beeper to indicate when cooking is
finished, a light that is switched on when the door is open and when food is being cooked,
and a turntable that turns during cooking. The microwave oven displays messages to
the user such as prompts and warning messages. The basic oven has a one-line display;
more-advanced ovens can have multi-line displays.

The top-of-the-line oven has a recipe cooking feature, which needs an analog weight
sensor in place of the basic boolean weight sensor, the multi-line display feature, and a
multi-level power feature (high, medium, low) in place of the basic on/off power feature.

The example is adapted from [Gom05]. Some features are removed for space reasons
but main complexity is mantained.

8.2 Use Cases

In the use case approach, functional requirements are defined in terms of actors, which are
users of the system, and use cases. An actor participates in a use case. A use case defines
a sequence of interactions between one or more actors and the system. The use case model

!This reference is the first book on modeling Software Product Lines with UML.
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describes the interactions between the actor(s) and the system in a narrative form consisting
of user inputs and system responses. Each use case defines the functional behavior of one
part of the system without revealing its internal structure [GomO05]. In this example,
commonality can be captured by two use cases, Cook Food and Cook Food with Recipe, as
follows:

Use case name: Cook Food.

Summary: User puts food in oven, and microwave oven cooks food.

Actors: User (primary), Timer (secondary).

Precondition: Microwave oven is idle.

Description: 1. User opens the door, puts food in the oven, and closes the door.
2. User presses Cooking Time button.

System prompts for cooking time.

User enters the cooking time on the numeric keypad and presses Start.

System starts cooking the food.

System continually displays the cooking time remaining.

Timer elapses and notifies the system.

System stops cooking the food and displays the end message.

© XN o

User opens the door, removes the food from the oven, and closes the door.

10. System clears the display.

Alternatives: 4. User presses Start when the door is closed and the cooking time is
equal to zero. System does not start cooking.

6. User opens door during cooking. System stops cooking. User removes food
and presses Cancel, or user closes door and presses Start to resume cooking.

6. User presses Cancel. System stops cooking. User may press Start to resume
cooking. Alternatively, user may press Cancel again; system then cancels timer
and clears display.

Postcondition: Microwave oven has cooked the food.

The Recipe feature has a major impact, and is described in the Cook Food with Recipe
use case, as follows:

Use case name: Cook Food with Recipe.

Summary: User puts food in microwave oven and cooks food, using recipe.
Actors: User (primary), Timer (secondary).

Precondition: Microwave oven is idle.

Description: 1. User opens the door, puts food in the oven, and closes the door.

2. User presses the desired recipe button from the recipe buttons on the keypad.

3. System displays the recipe name. Recipe has name, power level (p), fixed time
(t1), and time per unit weight (¢2).

4. User presses the Start button.

5. System starts cooking the food for a time given by the following equation:

CookingTime = t1 + w t2, where t1 and t2 are times specified in the recipe
and w is the weight of the item, and the power level p is specified in the recipe.
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System continually displays the cooking time remaining.
Timer elapses and notifies the system.

System stops cooking the food and displays the end message.

© *® N>

User opens the door, removes the food from the oven, and closes the door.

10. System clears the display.

Alternatives: 2. User presses Start when the door is closed and a recipe has not been
chosen. System does not start cooking.

4. User presses Cancel. System cancels recipe and clears display.

6. User opens the door during cooking. System stops cooking. User removes food
and presses Cancel, or user closes the door and presses Start to resume cooking.

6. User presses Cancel. System stops cooking. User may press Start to resume
cooking. Alternatively, user may press Cancel again; system then cancels the
recipe and clears the display.

7. If the recipe has more than one step, system completes one step, cooking food
for the computed time and specified power level, and then proceeds to the next
step.

8.3 Formal Description

In this section the Feature Diagram and the associated statecharts in order to formally
describe the system are presented. The first one describes the variability of the product
line in terms of its features, and then, for each feature, the statechart which models its
behavior is defined.

8.3.1 Features

The name of the product line: P = Microwave oven

Its features are?:

o fpnp = Minute Plus

f1 = Light?

fir = Light w/o Recipe
fir = Light w Recipe

e f, = Turntable

f» = Beeper

fam = Display Unit

fmia = Multi-line Display
® fo1q = One-line Display

o fus = Weight Sensor

e fy, = Boolean Weight

e f., = Analog Weight

2Parameterized features in the original example are modeled as alternative features. Features
with more than one parent are modeled as new feature with certain constraints over features.

3The impact of this feature depends on the presence of feature f,. Each case is reflected in two
optional features, fi= and fi..
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e f,. = Heating Element

fon = One-level Heating
fmn = Multi-level Heating

fp1 = Power Level

e f. = Recipe

= {P7 fmpa flvflﬂflm ft7fbafdmvfmld7fold7fwsafbwa fawafheafohvfmha fplvfr}

T = <P7]:_ {P}7
{(_‘fr A fl?) \ (fr A flr A faw A fmld A fmh))}a
{<P’fdm>7 <P7.fw3>a <Pvfh€>}v
{<P’fmp>v <P7fl>7 <P7ft>7 <P7fb>’ <P,f7‘>a <fmldaf511>a <fmh7fpl>},
{<fl7{fl?7 flr}>7 <fdm7{fmld7 fold}>7 <fwsu{fbw: faw}>7 <fhea{foha fmh}>}>

Note that the first constraint in the feature diagram reflects the fact that the recipe feature
needs an analog weight sensor, a multi-line display feature and a multi-level power feature.
The second one reflects the fact that the impact of the feature f; depends on the presence

of the feature f,.
Graphically:
fmp /{l\\ ft //—\ ?:Ui /—\ fr

e fur Jmid fold Jow faw Jon fmh

|

fpl

Figure 8.1: Feature Diagram Microwave oven

8.3.2 Statecharts

The statecharts describing the behavior of the microwave oven system are defined by the
following:

A= { UpdateCookingTime, ClearCookingTime, CookingTimeEntered, DisplayCookingTime,
ClearDisplay, CookingTimeSelected, PromptForTime, TimerExpired, StartTimer, StopTimer,
CancelTimer, Start, Cancel, DoorOpened, DoorClosed, ItemPlaced, ItemRemoved,
DoorClosedAndTimeRemaining, DoorClosedAndZeroTime, StartCooking, StopCooking }

E= A—{ StartTimer, CancelTimer, StopTimer, StartCooking, StopCooking, PromptForTime,
ClearDisplay, DisplayCookingTime, ClearCookingTime }

S = { MicrowaveOvenControl, MicrowaveOvenSequencing, CookingTimeCondition, ZeroTime,
TimeRemaining, DoorShut, DoorOpen, DoorOpenWithItem, Cooking,
DoorShutWithItem, WaitingUser, WaitingCookingTime,
ReadyToCook} = {moc, mos, ctc, zt, tr, ds, do, doi, ¢, dsi, wu, wct, rc}
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— 4 i - - - - - ~
T - {A tZUC’TA’ ttTTE’A ttTCT7AtdSC7AtdSDAO’ td?pca ttiO[pa tdo£1R7 tdOiADC’TR7 tTcDo7 tdOiDCZT7

tdSiDov tCDo) tdsicTEH tCTE7 tT‘Cca th7 t?"CS7 tTCCTE? twucj*sa twctc

The core statechart of the product line is:

moc = [Microwave[]venControl7 (mos th) (() ())]
ctc := [CookingTimeCondition, (zt, tr), 1,1, Tere, ((), ()] where

Tete = { <tzt;CT,Zt (),updateCookingTime,(),0,tr,none),
<ttrTE Jtr. 0, TimerExpired,(),0,zt,none),
<ttrCT7t7" (),cancelTimer,ClearDisplay::ClearCookingTime, (), 2t,none) }

mos := [MicrowaveOvenSequencing, (ds, do, doi, ¢,dsi,rc), 1,1, Thos, ((), ()] where

Trnos = { <tdsc ,ds,(),Cancel,CancelTimer,{,ds,none),
(t SDO,dS (),DoorOpened,(),0,do,none),
<td0DC ,do,0,DoorClosed,(),0,ds,none),
<tdo“3,d0 (), 1temPlaced,(),d,doi,none),
(tdmm,doz (),ItemRemoved,(),0,do,none),
<tdeCTR ,doi,),DoorClosedAndTimeRemaining,(),{),rc,none),
(trcDo,rc (),DoorOpened, (),0,doi,none),
<td0mczwdm @ DoorClosedAndZeroTime (),(Z),dsi,shallow>,
<td%Do,dsz (),DoorOpened,(),d,doi,none),
<tCDO ,¢,0,.DoorOpened,StopTimer,{,doi,none),
<tdSZCTE ,dst, {wct} CookingTimeEntered,DisplayCookingTime,({},rc,none),
<tcTE,c (), TimerExpired,(),{wu},dsi,none),
<t”0,7‘c @ Cancel,TimerExpired, {’wu} dsi none>
<tpc,c (),cancel,StopTimer,{),rc,none),
<tms,7”c (),Start,StartTimer,(),c,none),
<thTE,7"c (),CookingTimeEntered,DisplayCookingTime,d,rc,none) }

ds := [Doorshut, ((), ())]
do := [DoorQpen, ((), ()]
doi := [DoorOpenWithItem, ((),())]
= [Cooking, (StartCooking, StopCooking)}
dsi := [DoorShutWithItem, (wu,wct), 1,1, Ty, ((), ()] with

Tasi = { <tquCTS ,wu,(),CookingTimeSelected,PromptForTime,(),wct,none),
<twctc,'wct,(Z),CanceLClearDisplayJZ),wu,none> }

re .= [ReadyToCook, ((), ())}

In figures 8.2 and 8.3 the core statechart is shown.

8.3.3 Feature Impact Description

In this section, the impact of the features on moc statechart is described. It can be seen
that it is easy to unambiguously describe the impact of the features in the product line
using the present formalism.

Minute Plus: If Minute Plus is pressed after cooking has started, then the cooking time
is updated. If Minute Plus is pressed before cooking has started, then the cooking time is
updated and cooking is started (assuming that the oven is ready to start cooking). This
feature adds two new transitions to mos: from Cooking to Cooking and from WaitingUser
to Cooking. Formally:

4The following name convention is used for transitions: The transition which has source state
DoorShut, and event StartTimer will be named ¢4s4,. This transition is represented as tqsg.,
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Microwave oven control

Microwave oven sequencing

Cooking time condition

®——| Zero time

Cancel Timer/ Update Cooking Time/()
Clear Display::

Clear Cooking Time Timer Expired/()

Time remaining

Figure 8.2: Microwave oven statechart

mp; = add-trans(mos,{tasi,, »,dsi,{wu} MinutePlus,StartMinute,(),c,none))
mpo = add-trans(mos,{t.,, ,c,),MinutePlus,AddMinute,(),c,none))
the result is mp = inside-and(moc, mos, mp; U mps)

Light: The lamp is switched on whenever the door is opened or food is cooking. It is
switched off whenever the door is closed or cooking stopped. This feature adds SwitchOn
and SwitchOff actions in cooking states. Formally:

mos; = inside-or(mos, ¢, ext-act-en-a(c¢,SwitchOn))
l; = ext-act-trans-a(mosj,tqs o, ,SwitchOn)
ly = ext-act-trans-a(mosy,tyc,,, ,SwitchOn)

l3

ext-act-trans-a(mos;,tasi ., ,SwitchOn)

l4 = ext-act-trans-a(mos,tdo . ,SwitchOff)

(
a(
(
l5 = ext-act-trans-a(mos,tdoi e 5y SWitchOf£)
lg = ext-act-trans-a(mosj,tes; ,SwitchOff)

l7 = ext-act-trans-a(mosy,t.. ,Switch0ff)

ls = ext-act-trans-a(mos,tdoiper g ,SWitchOff)

the result is [ = inside-or(moc, mos,l,.), where 1, = l;UloU...Ulg

in the case that the recipe feature is present (see below), the result is
I, = inside-and(moc, mos, [,Uext-act-trans-a(mos;,t,., ,SwitchO£f))

Turntable: The turntable needs to turn when food is cooking and to be stationary when
food is not cooking. This feature adds StartTurning and StopTurning actions. Formally:

t; = ext-act-en-p(c¢,StartTurning)
o = ext-act-ex-a(c,StopTurning)

the result is ¢ = inside-and(moc, mos, inside-or(mos, ¢, t1Utz))
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Microwave oven sequencing

Door closed and
time remaining/()

Door opened/() Item placed/()

Door open Door open

Door shut

with item

Door closed/() Item removed/()

Cancel

. .
‘ancel timer
/Ce Door closed

and Zero time/()

Door opened
/Stop timer

Door opened/()

Cooking

entry/Start cooking Timer expired/() Door shut with item ‘
exit /Stop cooking

Cancel \’ Waiting user ‘%@
/Stop timer

Cooking time selected
/Prompt for time
Cancel
/Clear display

Waiting cooking time

Coking time entered/
Display cooking time

Cancel
/Clear display

Start
/Start timer

Ready to cook Door opened/()

_/

Cooking time entered/
Display cooking time

Figure 8.3: Microwave oven sequencing statechart

Beeper: The beeper is switched on when cooking has finished. This feature adds Beep
exit action in cooking state. Formally:

the result is b = inside-and(moc, mos, inside-or(mos, c, ext-act-ex-a(c,Beep)))

Power Level: This feature allows the user to select the power level. The impact of this
feature is to add a new substate in DoorShutWithItem called WaitingUserAfterPL. The new
substate is entered when the PLSelected event is received during the WaitingUser state.
The actions are UpdatePL and DisplayPL. Formally:

p1 = ext-or(dsi,wupl), where wupl := [WaitingUserAfterPL, ((), ())]
p2 = add-trans(py, (twuplp, s wupl,0,PLSelected,UpdatePL: :DisplayPL,{},wupl,none))

p3 = add-trans(py,{twup, s ,wu,0),PLSelected, UpdatePL::DisplayPL, (), wupl,none))
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p4 = add-trans(p; ?<t’wu;lcp ;wupl,,ClearDi splay,ClearPL,@,wu,none>)

add-trans(p; 7<tU1UPAlCTS ;wupl,B,CookingTimeSelected,PromptForTime, (), wtc,none))

D5

pe = ext-act-trans-a(p1,tyuc g SetDefaultPowver)

pr = ext-act-trans-p(mos,t,.,. ,ClearPL)
pg = inside-or(mos, dsi, paU...Upg)
the result is pl = inside-and(moc, mos, pzUpg)
Recipe: This feature adds a new substate in mos. Formally:
r1 = ext-or(mos,r), where r := [Recipe, ((), ())]
o = add—trans(r1,<tds;RE,dsi,@,RecipeEntered,SelectRecipe::DisplayRecipe,@,T,none>)

ry = add—trans(r1,<trAC ,7,(),Cancel,CancelRecipe::DisplayRecipeCanceled,(),dsi,none))

r4 = add-trans(ry,(t,....,r,0),TinerExpired,ClearRecipe,(),dsi,none)), in the case that light
feature is present: r4 = add-trans(r1,{t,, 7,0, TimerExpired,ClearRecipe::Switch0££,(,dsi,none))

s = add—trans(rl,<t7.;R,T,(Z),ItemRemoved,CancelRecipe::DisplayRecipeCanceled,Q),dO,none>)

the result is r = inside-and(moc, mos, roU...Urs)

8.3.4 Statechart with Variabilities

Now, the formal description of the example will be completed. In section 5.2, the set SC*
of statecharts with variabilities is defined, given a Feature Diagram T=(L,N,N¢,Ru,R0,Ra),
as a function ¥: NU{L} — SC that associates each feature of T with a statechart. In this
example we have: W(P) = moc®; ¥(fnp) = mp; V(1) = V(fir) =5 U(fi.) =15 U(fi) = t;
U(fy) = b; ¥(fp) = pl and ¥(f;) =

8.3.5 Examples of Products

In order to obtain specific products of the line defined the Feature Diagram Y, the possible
configurations of T are defined as the instances of the tree that are consistent with the
relations amongst its features and the constraints of Y. Feature Diagram configurations
are defined in section 5.1.2. A configuration of a Feature Diagram is determined by the set
of optional and alternative features that are selected for the product. Two possible valid
configurations of T are:

Ch = ConfT({fmpaflrvfmldafawvfmha fr})
= <P7{fmpvflrafmldvfawafmh7fT}7{<P7fmp>7 <Pafl>7 <flaflr>; <Pa.fdm>a <fdm7fmld>a
<P7fws>a <fwsvfaw>7 <P7f7>7 <fhe7fmh>7 <P7fr>}>

and

Co = confy({ fir, f3, [, folas fow, foi})
= (P, A fir, 3, [15 foras fow, for}, L{PJ1), (fiofir)s (P f3), (P fa)s (P fam),
<fdm7fold>u <Paf6>7 <fwsafbw>7 <Pvf7>u <fheafmh>a <fmh7fpl>}>

The statechart that specifies the product corresponding to the configuration C; (Mi-
crowave with Recipe and Minute Plus, shown in figure 8.4) is mocUmpUl,.Ur, that is,

Sthe same applies for fam, fmid, foid, fwss fows faws fres fon, fmn, since those features do not
affect any statechart.
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moc = [MicrowaveOvenControl, (mOS, th), (()7 ())]
ctc remains unchanged.
mos := [MicrowaveOvenSequencing, (ds, do, doi,c,dsi,rc,r), 1,1, Tros, ((), ()] where

Tros = { <td;c ,ds,(),Cancel,CancelTimer,{,ds,none),
<td5DO ,ds,(),DoorOpened,SwitchOn,(),do,none),
<td0DC ,do,),.DoorClosed,Switch0ff,M,ds,none),
<td01P,d0 (),TtemPlaced 05 0.doi ,none),
(tdmm,doz (),ItemRemoved,(),0,do,none),
<tdeCTR,dOZ (),poorClosedAndTimeRemaining,SwitchOf£,(),rc,none),
<tTCDO ,7¢,),DoorOpened,SwitchOn,),doi,none),
<td01DCZT’dOZ @ DoorClosedAndZeroTime,SwitchOff @ dsi shallow>

<tdSLDo ,dsi,),DoorOpened,SwitchOn,,doi ,none),

<tCDO ,¢,0,.DoorOpened,StopTimer,{,doi,none),

<tdszCTE ,dst, {'wct} CookingTimeEntered,DisplayCookingTime,(},rc,none),

<tCTE7c (), TimerExpired,Switch0ff,{wu},dsi,none),

<tTcC ,re, @ Cancel,TimerExpired, {’wu} dsi none>

<tcC,C (),cancel,StopTimer::Switch0ff,{),rc,none),

<tms,rc (),Start,StartTimer,(),c,none),

<trcoTE77"c (),CookingTimeEntered,DisplayCookingTime,{),rc,none),

<tdssz7d82 {twu} MinutePlus,StartMinute,(),c,none),

<tCMP ,C,0 MinutePlus,AddMinute,(),c,none),

<td%RE,dSZ 0 ,RecipeEntered,SelectRecipe::DisplayRecipe, (7) r none)

<trc ,7,(),Cancel,CancelRecipe::DisplayRecipeCanceled,(),dsi none>

<trTEa7' (),TimerExpired,ClearRecipe::Switch0f£,(,dsi,none),

{

t r,(),ItemRemoved ,CancelRecipe::DisplayRecipeCanceled, 0,do none> }

TIR>
ds remains unchanged.
do remains unchanged.
doi remains unchanged.
c:= [Cooking7 (StartCooking::SwitchUn, StopCooking)]
dsi remains unchanged.

rc remains unchanged.
r:= [Recipe, ((), ()]

and the corresponding to the configuration Cy (Microwave with Turntable and Power
Level, shown in figure 8.5) is mocUlUtUbUpl, that is,

moc := [MicrowaveOvenControl, (mos, ctc), ((), ()]
ctc remains unchanged.
mos := [MicrowaveOvenSequencing, (ds, do, doi,c,dsi,rc), 1,1, Ties, ((), ()] where

Tinos = { <tdgc ,ds,(),Cancel CancelTimer,{,ds,none),
<td5DO ,ds,(),DoorOpened,SwitchOn,(),do,none),
<td0DC ,do,(),DoorClosed,Switch0ff,0),ds,none),
<tdo”,,d0 (),I1temPlaced,(),0,doi,none),
<tdo”R,d07, (), ItemRemoved,(),0,do,none),
(tdeCTR,doz (),poorClosedAndTimeRemaining,Switch0f£,(),rc,none),
(trepe r¢,0),DoorOpened,SwitchOn,(),doi,none),
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Microwave oven sequencing

Door opened/

Switch on

Door shut

Door closed/

Door open

Item placed/()

Door closed and
time remaining/Switch off

Door open

with item

Switch off
Cancel

/Cancel timer

Door opened
/Stop timer

Cooking

entry/Start cooking::
Switch on
exit/Stop cooking

N

Minute plus
/Add minute

Cancel

Item removed
/Cancel recipe::
Display recipe canceled

Recipe

Switch off

Naiti ser —
/Start minute\{ Waiting user ‘ @

/Stop timer::
Switch off

Time expired/Clear recipe

Timer expired/

Item removed/
Switch on

Door closed
and Zero time/
Switch off

Door opened/
Switch on

Door shut with item ‘

Minute plus

Recipe entered
/Select recipe:
Display recipe

Cooking time selected
/Prompt for time
Cancel
/Clear display

Waiting cooking time

Cancel
/Cancel recipe::
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Coking time entered/
Display cooking time

Cancel
/Clear display

Start
/Start timer

Ready to cook

Door opened/Switch on

_/

Cooking time entered/
Display cooking time

Figure 8.4:
statechart

Microwave oven sequencing with Recipe and Minute Plus product

tdoipe g >d0i,0,DoorClosedAndZeroTime,SwitchOf £, (), dsi,shallow),
tdsipe ,dsi,0,DoorOpened,SwitchOn,d,doi,none),

t

cpo>

¢,),DoorOpened,StopTimer,(),doi,none),

tasicrm 7dsi,{'ufct},CookingTimeEntered7DisplayCookingTime,(Z),?“cmone) ,

treo ,Tc,@,Cancel,ClearPL: :TimerExpired,{ufu},dsi,none)7

t

co

c,,Cancel,StopTimer::Switch0ff,(),rc,none),

treg ,r¢,,Start,StartTimer,(),c,none),
tTCCTE,Tc,@7CookingTimeEntered,DisplayCookingTime,(2)77“6,none> }

ds remains unchanged.

do remains unchanged.

(
(
(
(
(tegp>C,0,TimerExpired,Switch0ff,{wu},dsi,none),
(
(
(
(
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doi remains unchanged.

¢ := [Cooking, (StartTurning::StartCooking::SwitchOn, StopCooking::StopTurning::Beep)]

dsi := [DoorShutWithItem, (wu, wct), 1,1, Tysi, ((), ()] with

Tasi = { <tquCTS,wu,@7CookingTimeSe1ected7PromptForTime::SetDefaultPower,@7wct7n0ne>,
<tw;tc,wct,@,Cancel,CleaLrDisplay,(l),wu,none>7
(twuplpy s wupl,0),PLSelected,UpdatePL: :DisplayPL,{),wupl,none),
(twup,, s, Wi, PLSelected,UpdatePL::DisplayPL, (), wupl,none),
<twu;lCD ,wupl,(,ClearDisplay,ClearPL,(},wu,none),
<twupAlC«Ts ,wupl,@,CookingTimeSelected,PromptForTime,[Z),wtc,none> }

rc remains unchanged.

wupl := [WaitingUserAfterPL, ((), ())]

This case study shows that the extension relation and the union operation constitute
a simple and precise notation useful to specify the behavior of a product of the line.
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Microwave oven sequencing
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Figure 8.5: Microwave oven sequencing with Turntable and Power Level product
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Chapter 9

Conclusions and Further Work

In this work an extension for an UML Statecharts semantics was developed, together with
an extensive analysis of their properties from a formal and practical point of view, including
an implementation of the main ideas. In this chapter, the main results and conclusions are
presented in section 9.1 and then future work is outlined in section 9.2.

9.1 Summary and Conclusions

The main achievement of this work is the advance of the state of the art towards a complete
formal semantics of UML Statecharts with Variabilities, applied to a Software Product
Line context. In particular, it shows that the structured operational semantics for UML
Statecharts presented in [vdB02], can be extended to define the semantics of a family
of systems. The extension of the semantics is realized in several steps. First, a partial
order relation < between statecharts is defined, in such a way that s; < sy means that so
enriches syntactically the substates or transitions of s;. This determines a natural way of
incremental design. Using the formalism presented in the previous chapters, the software
engineer or designer can apply a stepwise refinement approach to software design. The
idea is to start form a simple specification of the kernel features of the product line, and
then progressively add new ones, specifying how each feature contributes to the behavior
of the whole line.

The behavioral description of the kernel features of a given line is given by a root
statechart. Then, in order to obtain the description of a particular product, a specification
of the contribution of each additional feature must be formally described. The application
of the rules of <, provides this formalism. Each rule specifies how each feature contributes
to the behavior of the whole line. This kind of transformational approach is of most
importance in Model-Driven Development approaches, because they aim at reducing design
complexity by focusing on modeling than implementation. In MDD, an initial system model
is incrementally refined by adding relevant details.

An important property of the aformentioned extension relation is that it does not
permit any inconsistency within the statecharts during the extension process. We consider
this formalization as a genuine contribution. Once a relation is defined among the set
of statecharts, we need to combine the structure of two different extensions of a given
statechart, in a union type operation. Then, given the two statecharts s; and s, that
are extensions of the same statechart s (i.e., s < s1,$ < s2), the union computes a new
statechart s;Uss such that s; < s1Uss and so < s1Uss. Moreover, a minimum amount of
extending steps as possible is desired, i.e., Vs3€SC. (s1 < 83 A 82 < 83) = $1Usy < 83. As
it is not possible to maintain consistency in all cases, it is needed to handle inconsistent
statecharts, for which the concept of an overspecified statechart T, is introduced.
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The next step is now relate this process of statechart extension with the common and
variant functionalities of a family of products. In this work, Feature Diagrams (FDs) are
used to model these, presenting a formal syntax for Feature Diagrams and their configu-
rations. With these notions, and given the description of a family of products as a FD,
an UML Statecharts with Variabilities is defined as a function that associates each feature
of the FD with a statechart. The mapping must comply with the hierarchical structure
and the feature restrictions, i.e., the more features a product has, the richer the statechart
that models it must be. In this way, it is possible to describe the effect that each feature
has on the products in which it is present. This definition provides a very simple and
flexible way to obtain the specification of the behavior of any configuration of the product
line as the combination of the statecharts that implement all the features present in that
product. We consider both the extension relation and the definition of UML Statecharts
with variabilities authentic contributions.

Then, it is proved that, when a UML statechart is extended, it is still possible to
perform the same semantic transitions on it as before. As a consequence of this fact, the
extension relation can be considered as a behavioral refinement, thus allowing the represen-
tation of the common and variant functionalities of a family of products in conjunction with
Feature Diagrams as an incremental process of statechart structure enrichment. Moreover,
it is also proved that the set of actions generated by the SO semantics of a given state-
chart is preserved with any possible extension of it. We also consider this as a genuine
contribution.

Finally, the practical point of view of this proposal is addressed, through the construc-
tion of a tool prototype, and the application of the formalism to a case study taken from
the SPL literature.

9.2 Further work

In a more abstract perspective, in this work we deal essentially with sets of modeling
elements and relations between them. For example, let (8, (s1, ..., 8n), 84, 51, T, (en, ex)] €
SCo. In this case the modeling elements are 3, s, $1, .., Sy, Sq4, §1, T, en, ex. Some relations
already defined are name(s) = §, act-en(s) = en, act-ex(s) = ex. The rest can be simply
represented by (s,81), ..., (S, $n), (8,84), (s,81), and (s,T). T is in turn a relation (possibly
labeled) among the substates s1, ..., s2. Then, we focus into ways of extending those models
and relations, under certain conditions. The possible extensions are: i) modify an element,
ii) add a new element, iii) remove an element, iv) add a new relation, v) remove a relation.
In this work we did not take into account extensions of type iii) and v), and left them
for future work. The relation < can be interpreted as an extension operation that only
allows extensions of type i), ii) and iv). Together with <, a complementary operation U is
defined, which “glues” different extensions of the models and relations. On the other hand,
in order to model variability, features (modeling elements) are structured in a Feature
Diagram (relation between features). Furthermore, the definition of SC* relates features
and statecharts. Finally, an FD can be configured into valid combinations of features.

Summarizing, we have modeling elements, relations between them, an extension opera-
tion which modifies those models and relations (under certain conditions), a join operation
which is able to combine those different extensions, and finally configurations, i.e., a rule
for choosing which modeling elements and relations implement a certain product of the
line. We think that those ideas can be further generalized into a formal variability model-
ing framework which could include more UML languages for modeling behaviour, such as
Use Cases, Activities, and Interactions.

Additionally, there are three more lines of further work: The first one involves extend-
ing the syntax and semantics of UML Statecharts in order to fully cover the UML 2.0
specification. Secondly, exploring the advantages that can be obtained from the relation-
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ship between our formalism and lattice theory. Finally, evolve the SC* Modeler prototype
into an Integrated Development Environment (IDE) plugin.

9.2.1 UML enrichments

In this section possible extensions of the syntax and semantics presented in chapter 3 are
discussed. As already mentioned, the work presented is based on von der Beeck’s [vdB02]
semantics, which provides a reasonable coverage of UML 1.4 statecharts features. Some of
the features of UML1.4 are not covered, and for obvious reasons, none of the UML 2.0.

do actions

According to the UML specification[Gro05], “do activity” is performed as long as the state
that contains it is active or until the computation specified by the expression is completed.
In the semantics of this work, a state can execute do actions of active states, or can dispatch
an event from the queue. In order to take account of do activity, the complete semantics
(see section 3.5) is modified adding the rule:

GD (3(s',e) € sel-act(s), (e, €, €') € join)

Where:

e sel-act: SC — P((SC x A)) models the separation of a do action from a given state-
chart.

e join C (A" x A*) x A*, composes 2 sequence of events.

Note that do actions will not change auxiliary semantics. This can be seen as an
optional queue of events to execute.

Final Pseudostates

According to UML specification [Gro05], when the final pseudostate is entered, its contain-
ing region is completed, which means that it satisfies the completion condition. If the region
is directly contained in a state machine and all other regions in the state machine also are
completed, then it means that the entire state machine is completed. Final pseudostates
cannot have exit transitions, and no entry, exit, or do actions. Intralevel transitions to final
pseudostates are not allowed. For modeling this, the set of SC statecharts is augmented
with a new state representing a final pseudostate, denoted with . The transition space
should be modified to allow a final state only in the target field. Then, the definition of
SC is modified in order to only allow an or-state to have a final pseudostate. Then, in each
corresponding definition a new case is added:

e conf(Q) := () defined in section 3.2

ec-all(Q) := {0} defined in section 3.2

next(_, -, ¢) := ¢ defined in section 3.2
def(Q) := ¢ defined in section 3.2

entry(Q) := {()} defined in section 3.2
e exit(Q) := {()} defined in section 3.2

In principle, there is no need to change any semantic rule.
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Entry/Exit Pseudostates

Entry and exit pseudostates (points) can be modeled as a new component into an or-
statechart. Entry points have only one outgoing transition. If a transition enters a com-
posite state through an entry point, then the entry behavior is executed before the action
associated with the internal transition emanating from the entry point. In the exit from
a composite state occurs throught an exit point the exit behavior of the composite state
occurs after the behavior associated with the transition incoming to the exit point. In
order to model that, the rule OR-1 from the SO semantics (section 3.4) must be modified.
Since entry and exit pseudostates are not allowed in intralevel transitions, the transition
space must be modified too. In principle, there is no need to modify any semantic rule.

9.2.2 Relations with Lattice Theory

Since it can be shown that (SC,U, <) is a join-semilattice with respect to the root name
of the containing statechart, a plethora of theorems from this vast research area can be
explored in order to find relevant applications to variability modeling [Bly10, Rom10]. For
example, using the duality principle we can assert that to every statement that concerns an
order on a set SC there is a dual statement that concerns the corresponding dual order on
SC. Using this important theorem, we can consider for example the removal of transitions
or substates from a given statechart.

9.2.3 SC* Modeler and Integrated Development Environments

As it is well known, the availability of a certain modeling technique in an Integrated
Development Environment significantly increases the likelihood that software engineers
integrates them into their daily work. In the case of complex software systems as Software
Product Lines, the advantages of automating different analysis tasks are obvious. For UML
Statecharts, several analyses can be found in the literature [CD05], for example, Syntax
checking (well formedness), Consistency Checking (i.e., verifying whether a given statechart
satisfies assertions on its related class diagram) and Model Checking (i.e., determining
whether certain properties hold for all executions of a given statechart). Those kinds of
analysis already have tool support, but they were not investigated in this work.

As is mentioned in chapter 7, the current prototype allows the construction of state-
charts, feature diagrams and statecharts with variabilities. Also, it is possible to configure
a Feature Diagram and then obtain the statechart that implements it. Since the layered
architecture of the prototype allows to completely reuse the inference engine, the next step
is to implement it as an Eclipse plug-in [SBPMO08], which is a modular IDE commonly used
to implement modeling tools. Although the User Interface needs to be rebuilded in order
to use the graphical capabilities of the Eclipse IDE, none of the core computing modules
need to be rebuilt.
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