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Abstract

Feature modeling is an increasingly popular domain modeling technique, particularly used in

software product line development for managing commonality and variability. Ontology mod-

eling is also an increasingly popular domain modeling technique, applicable to software engi-

neering in general. An emerging paradigm calledmodel-driven software product lines (MDSPL)

proposes systematic modeling as the often sought middle ground between configuration and cus-

tom coding of software product lines. In MDSPL, both featuremodeling and ontology modeling

influence solution models through domain modeling, but enigmatic differences between the two

techniques, for example, in modeling philosophy and descriptive power, make their relationship

intriguing. This relationship is explored in three stages.Firstly, a new light is shed on the nature

of feature models, which clarifies exactly what feature models are and how they may be different

from ontologies. Secondly, it is proposed that feature models are views on ontologies, where the

mapping is defined precisely through syntactic correspondence and semantics. Finally, two com-

plementary domain modeling approaches, view projection and view integration, are proposed

that promote agility and address the limitations of featuremodeling and ontology modeling.

iii



Acknowledgements

First and foremost, I would like to thank my supervisor, Professor Krzysztof Czarnecki, who

introduced me to the world of research. I am infinitely grateful to have met such a brilliant

and wonderful teacher, who is truly avisionary in the software engineering field. One of the

most important lessons I have learned from him is that the quality of research is what is really

important. It is a lesson seldom translated into research accomplishments for me, but it is a lesson

that I will never forget. I look forward to learning a great deal more from him.

I would also like to thank Professor Kostas Kontogiannis andProfessor Paul Dasiewicz for

serving on the thesis committee. I would like to thank Professor Michael Godfrey and Professor

Ladan Tahvildari for giving me the opportunity to interweave research with course work. I would

also like to thank Dr. Simon Helsen in his capacity as a great course instructor.

I thank my colleagues in the Generative Software Development Laboratory for providing

valuable feedback to my research work.

I thank the ECE department for inviting me into the Combined BASc./MASc. program,

which was smoothly completed. I highly recommend this program for those interested in getting

a head start to do research work.

I thank my family members tremendously for supporting me through this phase in life. And

I thank them, especially my father, even more for pushing me to pursue education to the fullest

extent. I truly believe that life is about learning. I thank God for His continued support despite

my failures to Him.

I strongly believe that there exists the Holy Grail of software engineering. While we may not

know exactly what it is, our relentless pursuit to realize itis what defines us as noble researchers,

engineers and scientists. For me, the pursuit continues into Ph.D. studies and continues on. Until

it is realized, this noble individual will not rest.

Thank you and God bless you.

iv



Contents

1 Introduction 2

1.1 Feature Modeling . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. 2

1.2 Ontology Modeling . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. 3

1.3 Model-Driven Software Product Lines (MDSPL) . . . . . . . . .. . . . . . . . 6

1.4 Research Overview . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. 9

1.5 Research Contributions . . . . . . . . . . . . . . . . . . . . . . . . . . .. . . . 11

2 On the Nature of Feature Models 13

2.1 Essence of Feature Models: Feature Hierarchy and Variability . . . . . . . . . . 13

2.2 Notational Spectrum between Feature Models and Ontologies . . . . . . . . . . 16

3 Feature Models as Views on Ontologies 24

3.1 REA Case Study . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 25

3.1.1 REA Metamodel Explained . . . . . . . . . . . . . . . . . . . . . . . . 26

3.1.2 REA Model of a Business-to-Commerce E-commerce Product Line . . . 27

3.2 Syntactic Correspondence . . . . . . . . . . . . . . . . . . . . . . . . .. . . . 31

3.3 Semantics of Mapping . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. 34

4 Domain Modeling Approaches 40

4.1 View Projection . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. 40

4.1.1 Process Overview . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 40

4.1.2 Process Demonstration . . . . . . . . . . . . . . . . . . . . . . . . . .. 42

4.1.3 View Projection Classification . . . . . . . . . . . . . . . . . . .. . . . 51

v



4.1.4 Benefits and Limitations . . . . . . . . . . . . . . . . . . . . . . . . .. 56

4.2 View Integration . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. 56

4.2.1 Process Overview . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 57

4.2.2 Process Demonstration . . . . . . . . . . . . . . . . . . . . . . . . . .. 57

4.2.3 View Integration Classification . . . . . . . . . . . . . . . . . .. . . . . 60

4.2.4 Benefits and Limitations . . . . . . . . . . . . . . . . . . . . . . . . .. 61

5 Discussion and Future Directions 63

5.1 Notion of Feature Models . . . . . . . . . . . . . . . . . . . . . . . . . . .. . . 63

5.2 Towards a Domain Modeling Paradigm . . . . . . . . . . . . . . . . . .. . . . 64

5.3 Tool Support . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 64

5.3.1 Support for Feature Models as Views on Ontologies . . . .. . . . . . . 64

5.3.2 Support for Domain Modeling Approaches . . . . . . . . . . . .. . . . 65

6 Related Work 68

6.1 Feature Dependency Analysis . . . . . . . . . . . . . . . . . . . . . . .. . . . 68

6.2 Work on Semantics of Feature Models . . . . . . . . . . . . . . . . . .. . . . . 68

6.3 Ontology Views . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .69

6.4 Viewpoint-Oriented RE . . . . . . . . . . . . . . . . . . . . . . . . . . . .. . . 69

6.5 Early Aspects . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .70

6.6 Feature-Based Configuration of Models . . . . . . . . . . . . . . .. . . . . . . 71

6.7 Expressing FM in Ontology Languages . . . . . . . . . . . . . . . . .. . . . . 71

7 Conclusion 73

vi



List of Tables

2.1 Symbols used in cardinality-based feature modeling [15] . . . . . . . . . . . . . 16

3.1 Constraints [15] . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. . 36

vii



List of Figures

1.1 A basic feature model and its configuration . . . . . . . . . . . .. . . . . . . . 4

1.2 A simplified ontology of an electronic shop . . . . . . . . . . . .. . . . . . . . 4

1.3 Scope of a product line [9] . . . . . . . . . . . . . . . . . . . . . . . . . .. . . 7

1.4 Customization cliff [9] . . . . . . . . . . . . . . . . . . . . . . . . . . .. . . . 7

1.5 Domain modeling and solution modeling . . . . . . . . . . . . . . .. . . . . . . 8

1.6 The scope of research with respect to a broader perspective of MDSPL [9] . . . . 10

2.1 Features of feature modeling [15] . . . . . . . . . . . . . . . . . . .. . . . . . . 15

2.2 Different renderings of a basic feature model . . . . . . . . .. . . . . . . . . . 17

2.3 Increasing descriptive power of feature modeling [15] .. . . . . . . . . . . . . . 17

2.4 Attributes in feature models . . . . . . . . . . . . . . . . . . . . . . .. . . . . . 18

2.5 Cloning in feature models [15] . . . . . . . . . . . . . . . . . . . . . .. . . . . 19

2.6 Reference attributes in feature models [15] . . . . . . . . . .. . . . . . . . . . . 20

2.7 UML model of the e-shop family from Figure 2.6 . . . . . . . . . .. . . . . . . 22

3.1 Basic metamodel of the REA framework [25] . . . . . . . . . . . . .. . . . . . 26

3.2 Custom REA icons [15] . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. 26

3.3 Overall ontology . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. 28

3.4 SaleOrder ontology . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. . 29

3.5 Views of the REA ontology in Figure 3.3 and Figure 3.4 [15]. . . . . . . . . . . 32

3.6 Excerpts of the REA ontology, and its Feature Model Views[15] . . . . . . . . . 33

3.7 Figure 3.5(a) extended with children-independent semantics . . . . . . . . . . . 37

3.8 Children-independent semantics . . . . . . . . . . . . . . . . . . .. . . . . . . 37

3.9 Figure 3.5(a) extended with children-dependent semantics . . . . . . . . . . . . 38

viii



3.10 Children-dependent semantics without variability . .. . . . . . . . . . . . . . . 38

3.11 Children-dependent semantics with variability . . . . .. . . . . . . . . . . . . . 38

4.1 View projection process . . . . . . . . . . . . . . . . . . . . . . . . . . .. . . . 41

4.2 Ontology and feature model metamodels . . . . . . . . . . . . . . .. . . . . . . 43

4.3 QVT relations for achieving syntactic correspondence .. . . . . . . . . . . . . . 46

4.4 Step-wise projection of Figure 3.5(a) from Figure 3.3 and Figure 3.4 . . . . . . . 49

4.5 Possible results of semantic analysis of Figure 4.4(b) .. . . . . . . . . . . . . . 50

4.6 Examples of classes of view projection . . . . . . . . . . . . . . .. . . . . . . . 52

4.7 A technique for crosscutting ontology view projection .. . . . . . . . . . . . . . 52

4.8 Enterprise-provided and customer-provided events . . .. . . . . . . . . . . . . 53

4.9 A technique for crosscutting feature model view projection . . . . . . . . . . . . 54

4.10 View integration process . . . . . . . . . . . . . . . . . . . . . . . . .. . . . . 57

4.11 Integrated viewpoints . . . . . . . . . . . . . . . . . . . . . . . . . . .. . . . . 58

4.12 Integrating ontology . . . . . . . . . . . . . . . . . . . . . . . . . . . .. . . . . 58

4.13 MultipleCatalogs constraint . . . . . . . . . . . . . . . . . . . . .. . . . . . . . 59

4.14 PersonalizedView constraint . . . . . . . . . . . . . . . . . . . . .. . . . . . . 60

ix



*Approximately, 20 percent of Section 1.1 and 60 percent of Section 1.3 were taken directly

from [9]. My personal contribution to [9] was approximately30 percent.

Chang Hwan Peter Kim

As one of the authors of [9], I fully acknowledge the thesis author’s statement above as

indicated by * and give full permission to use any part of [9].I also fully acknowledge that the

thesis represents original research conducted by the thesis author.

Krzysztof Czarnecki

As one of the authors of [9], I fully acknowledge the thesis author’s statement above as

indicated by * and give full permission to use any part of [9].I also fully acknowledge that the

thesis represents original research conducted by the thesis author.

Michał Antkiewicz

1



Chapter 1

Introduction

Feature modeling is an increasingly popular domain modeling technique, particularly used in

software product line development for managing commonality and variability. Ontology mod-

eling is also an increasingly popular domain modeling technique, applicable to software engi-

neering in general. An emerging paradigm calledmodel-driven software product lines (MDSPL)

proposes systematic modeling as the often sought middle ground between pure configuration

and complete custom coding of software product lines. In MDSPL, both feature modeling and

ontology modeling influence solution models through domainmodeling, but enigmatic differ-

ences between the two techniques, for example, in modeling philosophy and descriptive power,

make their relationship intriguing. The objective of this thesis is to explore this relationship. A

background of feature modeling, ontology modeling and MDSPL is first given.

1.1 Feature Modeling

A software product line (SPL) is a set of systems with common characteristics. The goal of

SPLs is to improve productivity, time-to-market, and quality of application development. These

improvements are achieved by leveraging the commonalitiesof systems within an application do-

main while managing their differences. Software product line engineering (SPLE) factors out the

commonalities into adomain-specific platform(DSP). Such a platform contains variation points,

where choices from provided alternatives can be specified ornew extensions can be plugged

in. Examples of large, vendor-provided DSPs are IBM’s WebSphere (WS) Commerce for e-
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commerce applications [26], Fincentric’s WealthView for banking solutions [18], and SAP’s R/3

for Enterprise Resource Planning (ERP) systems [38].

A special discipline in SPLE is modeling the commonality andvariability of artifacts in a

SPL. Having an explicit model of what are common and what are variable helps in several activi-

ties including defining the scope of a SPL, identifying architectural variation points, and product

configuration and derivation. An increasingly popular technique for commonality and variabil-

ity modeling in SPLE isfeature modeling. A feature model describes variations of a concept

in increasing detail through a hierarchy of common and variable features. Figure 1.1(a) shows

a basic feature model representing a family of electronic-shop storefronts (see Table 2.1 for an

explanation of the notation used throughout the thesis).Catalog is mandatory,WishList is

optional andRegistration, which is also optional, may be required forCheckout and/or

productReview. Naturally, if Registration is required forReview, thenReview must

be required, which is expressed as the implication. A feature model represents a set of configu-

rations. The configuration process may be guided through constraint-based facilities [6], such as

constraint checking, propagation, satisfiability, solving, and computing the number of remaining

configurations [14]. The most basic constraint in a feature model is the subfeature relationship.

The selection of the child feature implies the selection of the parent feature. Figure 1.1(b) shows a

storefront configuration where manual choices (black colour), including the selection ofRegi-

stration/.../Review, has propagated some automatic choices (grey colour), including

the selection of the feature’s parents andReview (due to the implication). Note that two differ-

ent configurations, as indicated by the root feature label, can be made from this configuration,

one by selectingCheckout and another one by eliminating it. A configuration with one ormore

undecided features like Figure 1.1(b) is more commonly referred to as apartial configurationor

a specialization. A complete configuration with no undecided features is commonly referred to

as just aconfiguration.

1.2 Ontology Modeling

An ontology, in information sciences and engineering, is commonly defined as “an explicit spec-

ification of conceptualization” [24]. Basically, an ontology is used to model a concept through

a set of classes and associations between them. Consider Figure 1.2, which shows an extremely
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(a) A basic feature model (b) A basic feature model configuration

Figure 1.1: A basic feature model and its configuration

1..*
Customer eShop

ElectronicCheck MoneyOrderCreditCard

PaymentMethod
1..* 1..*1..*

Figure 1.2: A simplified ontology of an electronic shop

simplified ontology of an electronic shop in an electronic commerce system.

A class, shown as rectangles, represents a set of individuals. Customer, eShop, and

PaymentMethod represent the set of all customers, e-shops, and payment methods respec-

tively. An association represents a set ofdirectedand named links between individuals of one

or moredomainclasses against individuals of one or morerangeclasses. A binary association

is between a domain class and a range class, while an N-ary association is between multiple

domain classes and/or multiple range classes. The cardinality of an association may be further

restricted through a minimum and maximum number of individuals of range class(es) that must

be linked to an individual of a domain class. For example,Customer.eShop is the name

of the association where the domain isCustomer andeShop is the range. EachCustomer

must be linked to one or moreeShops (a customer is naturally a customer of some e-shop(s)).

Conversely,eShop.customer is the name of the association where the domain iseShop and
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range isCustomer. EacheShop must be linked to one or moreCustomers (ideally, every

store should have at least one customer in its records).

An ontology element may denote an individual or a set of individuals, depending on the

perspective. For example, for the ontology in Figure 1.2, a customer named “John Doe” is an

individual ofCustomer. Customer is a set of individual customers, but it is just one of the

classes in the ontology, i.e. an individual ofClass. Furthermore, a metalevel above may see

Class as an individual of some higher notion. A class is a subclass of another class if and

only if the former represents a set of individuals that is a subset of the set of individuals repre-

sented by the latter. For example,CreditCard, ElectronicCheck andMoneyOrder are

subclasses ofPaymentMethod. Whether an ontology element should be a subclass or an indi-

vidual of another class is dependent on the modeling perspective. Namely, ifPaymentMethod

were to represent the set of payment methods used at different points in time, then allowing an

unbound upper limit of the multiplicity ofeShop.paymentMethod would be appropriate,

as shown in Figure 1.2. A payment method used would be an individual of one of the three

subclasses ofPaymentMethod. On the other hand, ifPaymentMethod were to represent

different payment methods available in an e-shop, then having an upper limit of the multiplic-

ity of eShop.paymentMethod that is equal to the maximum number of payment methods

available would be appropriate. Credit card, electronic check, and money order would represent

individuals, not subclasses, ofPaymentMethod in this case.

An important part of ontology modeling isclassification. Classification groups individu-

als according to some criteria against their links to other individuals. Defining anequivalent

class, also known as anintentionalclass, is a particular method of classification that uses condi-

tional expressions on explicitly made classes to define a group of individuals [42]. For example,

eShopWithMoneyOrder class may be intentionally defined as the set ofeShops with at

least oneeShop.paymentMethod as an instance ofMoneyOrder. An inference engine can

be used to compute the individuals belonging to an intentional class. A small set of explicit or

asserted classes and associations from which equivalent classes can be defined flexibly is con-

sidered a well-designed, robust ontology.

Ontology modeling vs. objected-oriented modelingTraditionally, the termontology mod-

eling is more closely associated with information management than software engineering. On-

tology modeling is an essential part ofsemantic web[43], a global effort led by World Wide Web
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Consortium (W3C) to define a standard framework for information reuse and sharing. OWL

is widely considered as the standard ontology modeling language for semantic web. Object-

oriented modeling, i.e. class diagram modeling, in software engineering is strikingly similar to

ontology modeling in information management. Object-oriented modeling also uses classes, as-

sociations, and inheritance. Unified Modeling Language (UML) class diagrams [36], or Meta

Object Facility (MOF) [1] for all intents and purposes, are primarily used to model object-

oriented concepts. While there are technical differences between OWL and UML, such as the

fact that OWL does not explicitly support containment or navigability, there does not seem to

be any fundamental difference in terms of purpose, descriptive power, and even syntax. One

notable difference is the explicit support for classification in information management ontology

modeling. However, recent advancements in constraint (OCL[37]) and query support, which

propose mechanisms powerful enough for classification, indicate that object-oriented modeling

and information management ontology modeling may be converging. For the purpose of this

thesis, both are considered as ontology modeling. AlthoughUML/OCL is used throughout the

thesis, other ontology modeling technologies may be used instead.

1.3 Model-Driven Software Product Lines (MDSPL)

Today’s DSPs in SPLs are usually implemented using code-centric technologies such as object-

oriented frameworks, components, and sometimes even #ifdef preprocessor directives. Applica-

tions built on top of such platforms represent some mixture of platform configuration settings and

custom code. The ratio between these two may vary from platform to platform and application to

application. For example, some deployments of SAP’s R/3 maybe almost 100% configuration,

while solutions based on WS Commerce are usually more custom-code intensive.

In Figure 1.3, the oval represents the scope of a DSP and the black dots represent systems

that can be arrived at through platform configuration. Thesesystems do not cover the entire

DSP, as suggested by the density of the dots, and as a result, certain systems, including the one

represented by the cross, cannot be arrived at through configuration only. Assuming that the

customer is not willing to except the next best solution, i.e. the closest dot to the cross, custom

coding is required. Unfortunately, in most DSPs, configurable systems are relatively sparse,
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Figure 1.3: Scope of a product line [9]

Figure 1.4: Customization cliff [9]

making the transition from configuration to custom coding rather abrupt. Steve Cook1 refers

to this situation as the “customization cliff”, which is shown in Figure 1.4. The idea is that

beyond the simple configuration facilities such as wizards,which are usually provided to lower

the initial entry barrier, the platform user faces custom coding against the horrifying details of

the platform’s APIs. This idea is at odds with the intuitive principle that “easy things should be

easy to do and progressively more complex tasks should only get progressively harder to do, not

insurmountably harder.”2

Model-driven software product lines (MDSPL)has the potential to eliminate the customiza-

tion cliff in traditional, code-centric implementations of SPLs by offering modeling as a middle

ground between configuration and custom coding. MDSPL is a rapidly growing field of intense

research, with notable works being the research effort by Generative Software Development

Group [9, 23], Software Factories [21], and Model-Integrated Computing [41]. MDSPL is a sub-

set of Generative Software Development, which aims at automating the creation of a software

system from a family of software systems from a specificationwritten in textual or graphical

domain-specific languages [8].

Ontology modeling and feature modeling in MDSPL.In MDSPL, models, for domain

modeling, requirements, architectural design, and other purposes, are first-class citizens and are

1See http://blogs.msdn.com/stevecook/
2http://blogs.msdn.com/garethj/
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Solution models

Ontology models

Feature models

provide
a basis for

variability in
and

commonality
control

?

Solution modelingDomain modeling

Figure 1.5: Domain modeling and solution modeling

used as main artifacts throughout the entire development process. Multiple models at multiple

levels of abstraction influence one another through refinement, consistency relationships and so

on.

Modeling in MDSPL can be divided into two categories: domainmodeling and solution

modeling. Solution modeling develops models that directlyinfluence the end software product,

including requirements, design, implementation models. On the other hand, domain modeling

develops models more closely related to the problem space. In particular, as Figure 1.5 shows,

feature models control commonality and variability of solution models from the viewpoint of

domain-specific concepts. Ontology models provide a basis for solution models, influencing

solution modeling. The influence may range anywhere from provision of common vocabulary

and conventions to specification of the metamodel for solution models.

Both feature modeling and ontology modeling are domain modeling techniques and both

feature models and ontologies are domain models. But, as thequestion mark in Figure 1.5

indicates, how are ontologies related to feature models? The similar role of feature models

and ontologies in MDSPL, coupled with their enigmatic differences in modeling philosophy

and descriptive power, make this question intriguing. Also, based on the relationship between

ontologies and feature models, how are ontology modeling and feature modeling related? The

author’s main research objective has been to provide answers to these questions.
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1.4 Research Overview

In Chapter 2, the essence of feature models is discussed, which sheds a light on exactly what

feature models have evolved to be since its inception. Then the notational spectrum between fea-

ture models and ontologies is discussed to provide a framework for understanding the differences

between feature models and ontologies.

In Chapter 3, the notion of feature models as views on ontologies is proposed using a case

study of a typical business-to-commerce (B2C) e-commerce software product line, such as Ama-

zon.com [3] or Wal-Mart [45]. Feature models from three different perspectives, i.e. business,

usability, and administration, and a requirements-level ontology specified using an established

framework for modeling economic concepts called REA (Resources, EconomicEvents, and Eco-

nomicAgents) [25] are used to define the precise relationship between feature models and on-

tologies. The case study is just a part of the broader perspective of MDSPL, applied against

an e-commerce product line for example, as shown in Figure 1.6. The envisioned e-commerce

product line is a set of web applications with a three-tier architecture based on the Java 2 Enter-

prise Edition (J2EE) framework. The top level contains three feature models of functional and

non-functional requirements (business, usability, administration). The mappings among these

feature models are defined as constraints over features. Thefeature models are mapped to the

REA ontology as its views. The level below contains solutionmodels that largely abstract from

the target execution platform (such as J2EE). These models are configured by the three fea-

ture models and are based on the REA ontology above. The bidirectional mappings among the

models offer consistency checking and model synchronization, meaning that the customization

changes to one model are (potentially partially) propagated to its related models. The solution

models are further refined into platform-specific models (which are also solution models) using

model-to-model transformations [12]. Note that the web component model is based on an ontol-

ogy describing web components and configured by feature models whose concepts are related to

web components. Finally, application code is generated from the platform-specific models. Two

rectangular areas, which enclose the feature models and theontologies, show the scope of this

thesis. While this thesis uses requirements-level ontologies and feature models as examples (the

higher rectangle), the ideas presented are equally applicable to lower level domain models (the

lower rectangle).

From the notion of feature models as views on ontologies, twocomplementary domain mod-
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feature model
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Web component
    ontology

feature model
Usability

feature model
AdministratorBusiness

Figure 1.6: The scope of research with respect to a broader perspective of MDSPL [9]

eling approaches, view projection and view integration, are proposed in Chapter 4. In view

projection, we assume that a comprehensive ontology is available or being constructed using

ontology-oriented domain analysis, like REA. Feature model projection on ontology is done to

model concepts from different viewpoints for the purpose ofscoping the concept modeled by the

ontology. In view integration, feature models, or outlinesof requirements, are first created more

or less independently, with some ontology in the mind of eachmodeler. Ontology can be used to

align the views, with a particular focus on developing the overlapping parts. For each approach,

a general process is proposed and demonstrated in concrete terms and a classification of each

approach based on some important dimensions is presented.

In Chapter 5, the nature of feature models, with respect to ontologies, is discussed. Possi-

ble ideas for converging towards a novel domain modeling paradigm are presented. Then tool

support suggestions for supporting feature models as viewson ontologies and the two proposed
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domain modeling approaches, are made.

In Chapter 6, bodies of related work are discussed. Chapter 7concludes the thesis.

1.5 Research Contributions

Contributions, all of which are novel to the author’s best knowledge, can be classified into three

categories.

On the nature of feature models. A new light is shed on the nature of feature models.

The essence of feature modeling is spelled out and a family offeature models is described using

a feature model that counteracts the popular belief of what feature models are. Also, the nota-

tional spectrum of feature models that extends to ontologies is discussed and a possible boundary

between feature models and ontologies is proposed as a basisfor future research.

Feature models as views on ontologies.Based on the analysis of commonalities and dif-

ferences in notational, modeling philosophy and purpose inMDSPL, it is proposed that feature

models are views on ontologies. A concrete mapping mechanism, i.e. feature-based restriction,

that involves embedding features in ontology constraints is proposed. The mechanism is a novel

way of mapping feature models to any kind of model supportingconstraints.

Domain modeling approaches.Two novel domain modeling approaches, view projection

of feature models from ontologies and view integration of feature models into ontologies, are

proposed. A general as well as a specific process is discussedand shown through concrete

examples and technologies, including QVT and OCL for UML ontologies. A classification of

each approach is presented as a possible basis for future research.
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Chapter 2

On the Nature of Feature Models

Since its inception [27], feature models have evolved considerably in terms of modeling philoso-

phy and notation. Whereas feature models originally described software attributes that “directly

affect end-users”, today, feature models are more generally used to describe any commonality

and variability of a concept. To this extent, feature modeling is a domain modeling technique,

as ontology modeling is a domain modeling technique, and a feature model is certainly some-

thing more than what was originally conceived. Notationally, a number of extensions has been

proposed that seems to push the descriptive power of featuremodels to that of ontologies. This

chapter aims to answer the questions, ”Whatexactlyare feature models and how are they differ-

ent from ontologies?”

2.1 Essence of Feature Models: Feature Hierarchy and Vari-

ability

A feature modelis a hierarchy of features with variability. Figure 2.1(a) defines the concept

of feature modeling notations as a feature model.Feature hierarchyis shown as a mandatory

feature (see Table 2.1 for an explanation of the notation used through the thesis). The primary

purpose of a hierarchy is to organize a (potentially large) number of features into multiple levels

of increasing detail. A feature model of a concept describesa set of valid feature combinations,

each representing an instance of that concept.Variability defines what the allowed combinations
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of features are. Variability in a feature model is expressedthrough a number of mechanisms,

which are shown as its subfeatures in Figure 2.1(a). The mostbasic variability mechanism is the

notion ofoptional features, which is mandatory according to Figure 2.1(a). More advanced vari-

ability mechanisms, such as group constraints, attributes, cloning, and additional constraints, are

all optional. Additional constraints may cut across the feature hierarchy. They can be expressed

in propositional logic or a richer formalism such as first-order predicate logic or some weaker

constraint formalism. It is important to note that the feature hierarchy has a double role in a

feature model. First and most importantly, it is a structuring mechanism, but it also contributes

to variability. Specifically, a feature implies its parent,and a mandatory feature is additionally

implied by its parent. A feature notation may also support other mechanisms, such as annotations

and feature model references. Annotations are useful to capture additional information such as

priorities or relations between features. Feature model references allow splitting large feature

models into smaller ones.Renderingin Figure 2.1(a) is an example of a reference to the model

in Figure 2.1(c).

Contrary to popular belief, feature models may be rendered in different forms, some of which

are listed in Figure 2.1(c).FODA-style treesrefers to notational styles resembling the original

FODA diagrams [27].Explorer-viewstyle is the rendering used in this thesis. In general, any

rendering style for hierarchies is applicable to feature models, such as structured documents with

sections and subsections, mindmaps, and hierarchical tables. For example, consider Figure 2.2,

which shows a basic feature model rendered in explorer-view(Figure 2.2(a)), structured docu-

ment view (Figure 2.2(b)) and mindmap view (Figure 2.2(c))1.

The essence of a feature model is its embodiment of a hierarchy and description of variability,

rather than its rendering. Indeed, artifacts that may not becommonly considered as feature

models, like those in Figure 2.2(b) and Figure 2.2(c), can arguably be considered as feature

models “in disguise.” Degenerate cases include artifacts without hierarchy, such as flat lists and

tables, or without variability, such as a requirements outline with no variability.

1Group constraints are not shown in the structured document and mindmap renderings for simplicity.
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(a) Feature Models

(b) Basic Feature Model

(c) Renderings

Figure 2.1: Features of feature modeling [15]
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Symbol Explanation

Root feature

Solitary feature with cardinality[1..1], i.e.,mandatory

feature

Solitary feature with cardinality[0..1], i.e.,optional

feature

[0..m]

Solitary feature with cardinality[0..m], m > 1, i.e.,

optional clonablefeature

[n..m]

Solitary feature with cardinality[n..m], n > 0 ∧ m > 1,

i.e.,mandatory clonablefeature

Mandatory grouped feature

Optional grouped feature

f(T ) Featuref with attribute of typeT

Feature group with cardinality〈1–1〉, i.e. xor-group

Feature group with cardinality〈1–k〉, wherek is the

group size, i.e.or-group

〈i– j〉
Feature group with cardinality〈i– j〉

Table 2.1: Symbols used in cardinality-based feature modeling [15]

2.2 Notational Spectrum between Feature Models and On-

tologies

A commonly accepted definition of anontologyin information sciences and engineering is that

by Gruber, who defines an ontology as “an explicit specification of conceptualization” [24]. An

ontology represents the semantics of classes and their associations using some description lan-

guage, which is most often coupled with first-order logic or its decidable fragment. Basic feature

modeling is also a concept description technique, but is captured logically as a propositional

formula [6]. In terms of descriptive power, ontologies are clearly richer and more powerful.

The space between the two techniques is not empty, however. Anotational and semantic

spectrum exists between basic feature models and ontologies, and this warrants exploration. Var-

ious extensions to feature modeling for increasing the descriptive power have been proposed.
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(a) Explorer-view render-

ing

(b) Structured document ren-

dering

(c) Mindmap rendering

Figure 2.2: Different renderings of a basic feature model

These extensions bring feature models closer to that of a complete ontology formalism, and

make out the spectrum in Figure 2.3. The main considered extensions to basic feature modeling

include feature attributes, cloning, and reference attributes [11]. We discuss each extension in

turn, focusing on the motivation for each extension, and howit extends the constraint mecha-

nism of basic feature models. We also comment on whether the discussed extensions increase

thesuccinctnessof the notation (i.e., add syntactic sugar) and/or the expressiveness (i.e., allow

expressing new mathematical concepts) [17].

Basic feature modeling. Basic feature models can be thought of as a hierarchy plus a

Rich

modeling
feature
Basic +Attributes +Cloning +Reference

  attributes ontology
modeling

Figure 2.3: Increasing descriptive power of feature modeling [15]
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Figure 2.4: Attributes in feature models

propositional formula. Figure 2.1(b) defines this class of notations as a specialization of the

feature model in Figure 2.1(a). An example of a basic featuremodel representing the require-

ments for a family of electronic shops is shown in Figure 1.1(a). A basic feature model can

contain additional constraints as propositional formulas, such asRegistration/.../Re-

view⇒Review. Group constraints are syntactic sugar with respect to additional constraints

since they can be captured by a propositional formula. The strength of basic feature models is

their simplicity and intuitiveness. The hierarchy naturally helps the modeler explore a problem

from a given perspective by allowing organization of features into levels of increasing detail. Fea-

ture optionality and feature groups allow the explicit modeling of variability, while the hierarchy

implicitly encodes implications. Constraint solvers based on binary-decision diagrams (BDDs)

can be used to efficiently reason over basic feature models, since a propositional formula can

precisely capture the variability of feature models. Whilea propositional formula allows expres-

sion of more complex feature dependencies, the essence of the basic feature model is to abstract

from such expressiveness as much as possible. The basic constraint solving machinery is also

applicable for consistency checking, choice propagation and auto-completion of configurations

of feature models, as described in [14]. Figure 1.1(b) showsa configuration of an electronic

shop storefront where some manual choices (shown in black) have propagated some automatic

choices (shown in gray).

Attributes. A useful extension is to allowfeature attributes. Here we consider attributes

of basic types such as numbers and strings. Feature attributes have been particularly useful in

the context of embedded software [11]. For example, Weilandet al. [48] use feature models to

configure a Matlab/Simulink model of automotive engine control software. In that application,

different characteristic parameters of the Matlab/Simulink model such as engine mass, target op-
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Figure 2.5: Cloning in feature models [15]

erating temperatures, etc., are exposed as feature attributes in the corresponding feature model.

In the context of business applications, feature attributes would seem to be useful for modeling

non-functional requirements such as server throughput or capacity. However, such requirements

can usually be modeled by a few alternative features, such as“capacity up to 1,000 users” or

“capacity up to 100,000 users.” Adding attributes invites complex constraints. While constraint

checking need not be a problem, constraint solving can quickly turn into a complicated optimiza-

tion problem in many cases. For example, in Figure 2.4, when an attribute value, like the user

capacity in an electronic commerce product line, is dependent on other features, like thresholds

of storage, traffic, and server speed, appropriate solutions may be computationally difficult to

find. This can often be solved with the proper tooling and machinery, but if constraints become

too complex, it should be regarded as a warning sign saying that perhaps what you are doing is

outside the scope of feature modeling.

Cloning. Cloning is an extension that allows the upper bound of a feature cardinality to be

greater than one. Although cloning is rather an exotic mechanism in feature modeling, there

are clearly cases where cloning is useful. As an example, Figure 2.5 shows a fragment of a

feature model that characterizes a family of model transformation approaches [12]. Accord-

ing to the model, each approach supports transformation rules, which in turn may have one or

moreDomains. Thus, the model can account for approaches with multiple domains, each hav-

ing a different selection of features. For example, a graph-based model-to-model transformation

approach may have just one in/out-domain with graph patterns, whereas a template-based model-
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Figure 2.6: Reference attributes in feature models [15]

to-text approach may have two domains: an in-domain with graph patterns and an out-domain

with string patterns. Bounded cloning can be expressed by a propositional formula; unbounded

cloning means increased expressiveness. In practice, one can always make cloning bounded by

putting a sufficiently large number on the upper bound. However, adding cloning potentially

invites a new class of constraints, such as constraints oversets of clones [14]. Simple constraints

over clones, such as constraining the size of a set of clones to be within a range, are rather unprob-

lematic. However, more complex constraints over clones, such as requiring a clone of feature A

for every clone of feature B, demand richer constraint facilities (in particular, constraint propa-

gation and constraint solving) and essentially model associations. Allowing such relationships

to be modeled is one of the strengths of ontology modeling andthus, they are arguably outside

the scope of feature modeling.

Reference attributes.A reference attribute is an attribute that may point to another feature

in a feature configuration. Reference attributes are only ofinterest in the presence of clonable

features. Figure 2.6 shows an excerpt from a feature model describing a family of electronic

shops from an earlier thesis [14]. The feature model makes a heavy use of feature cloning.

TheBackOffice part of the feature model allows creating multiplePaymentMethods and

ShippingMethods, which need to be referred to from theStoreFront part. This is mod-

eled using the feature references ofPaymentMethodRef andShippingMethodRef. Ad-
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ditional constraints are needed to restrict the scope of features the attributes can refer to. For

example, the constraint that the attribute (att) of PaymentMethodRef should only point to

clones ofPaymentMethod can be stated using OCL as follows [14]:

context PaymentMethodRef inv:

EShop.BackOffice.Payment.PaymentMethod->includes(att)

In essence, reference attributes can be viewed as “a poor man’s associations.” Consequently,

reference attributes seem to be outside of the scope of feature modeling, as indicated by the

dashed line in Figure 2.3.

Rich ontology modeling. Ontologies may be described in formal languages based on first-

order logic (FOL) such as KIF [16] or OWL [42]. Alternatively, ontologies may also be repre-

sented using UML class diagrams and OCL2. This is commonly done in software engineering.

In the UML approach, individuals are represented using classes and their relationships are rep-

resented using UML associations. Domain-specific semantics can be provided by a specialized

UML profile, as will be illustrated in Section 3.1. In this thesis, only ontologies represented us-

ing UML class diagrams are shown, but the presented ideas canbe generalized to other ontology

formalisms, too. Figure 2.7 shows a UML ontology of the e-shop family from Figure 2.6. The

use of association and specializations results in a more intuitive model.

Other extensions. The discussed extensions influence the configurations, or the seman-

tics, of a feature model. Other extensions that do not changethe semantics of a feature model,

namely, annotations, are non-essential. For example, a feature dependency, like a UML depen-

dency as opposed to an association, typically has two components: formal semantics, which is

an additional propositional constraint on the feature model like requiresor excludes, and infor-

mal semantics, expressed through a description of a relation like implementsor uses. The first

component can be expressed in a basic feature model. The second component, which cannot

be expressed using symbols already in the feature model, is an annotation that is an additional

symbol. While non-essential, an annotation is a symbol in a configuration, like a feature name,

which can be useful for interpreting the configuration.

2OCL is more expressive than FOL, e.g., transitive closures over object relations can be expressed in OCL but

not in FOL [33].
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                      gateway1<>gateway2 implies gateway1.getType() <> gateway2.getType())

LinkPointVerisignCyberSource

eShop

BackOfficeStoreFront

Payment Shipping

PaymentGateway

ShippingMethodPaymentMethod

SFShippingSFPayment
1

0..*

1..*

1 1

1

1 1

0..1

0..* 0..*

1

1

1

0..1

1

1..*

1

1..*

1..*

1

0..1

1..*

0..3

context Payment inv:
     self.paymentGateway−>forAll(gateway1, gateway2: PaymentGateway |

Figure 2.7: UML model of the e-shop family from Figure 2.6
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Chapter 3

Feature Models as Views on Ontologies

With an understanding of the nature of feature models, we canfurther explore the relationship

between ontologies and feature models in three dimensions:notation, modeling philosophy, and

role in MDSPL.

Notationally, as discussed in the previous chapter, feature models, on the left side of the

spectrum in Figure 2.3, are less powerful than ontologies, on the right side of the spectrum.

Since feature models are more appropriate for expressing a subset of what ontologies can express

(for example, reference attributes seems to be outside of feature models but definitely within

ontologies), feature models can be considered as a notational subset of ontologies.

In terms of modeling philosophy, in feature modeling, a concept is described by first setting

its scope and hierarchically adding its details in a top-down fashion. On the other hand, in ontol-

ogy modeling, a concept is described by adding its details and implicitly defining the scope of the

concept through the details in a bottom-up fashion. For example, when defining a feature model

of the “business” concept of a B2C e-commerce product line, the scope of the “business” concept

is first set to, say, high-level business processes involving customers. Each business process is

further broken down and ultimately, a feature model describing commonality and variability in

each business process in increasing detail is devised. Ontology modeling may proceed in a simi-

lar top-down way, by first conceiving the business processesand the associations between them.

However, as the ontology evolves, while the details of business processes may have been added,

it is very likely that other high level concepts, like order fulfillment and inventory tracking, that

have very little to do with customers, are modeled as well. Unlike the feature model, the scope
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of “business” concept is defined by what’s in the ontology, not vice versa. Inevitably, as the

ontology evolves, the scope of the concept being modeled will expand. Therefore, an ontology

is likely to model a more general concept, i.e. with a larger scope, than that of a feature model.

As mentioned in Chapter 1, feature models control commonality and variability in solution

models while ontologies provide a basis for solution models. These roles in MDSPL are not very

different, as the two modeling techniques are both domain modeling techniques.

The fact that 1) feature models form a notational subset of ontologies, 2) feature models

describe concepts more specialized than those described byontologies, and 3) feature models and

ontologies are both domain models suggests that feature models areviewson ontologies, namely,

projections of the ontologies from different viewpoints. This chapter presents a formalization of

this relationship through syntactic correspondence and semantics of mapping between feature

models and ontologies. Syntactically, traceability linksbetween feature and ontology elements

are achieved to increase understanding of the mapping or to represent simple dependencies like

existential constraints. Semantically, a feature model restricts an ontology from a viewpoint

through additional constraints. An e-commerce product line case study is used to explain the

mapping.

3.1 REA Case Study

The Resource Event Agent (REA) framework [25] is an established system of guidelines, rules,

patterns, and schemas for constructing an ontology of business elements. Figure 3.1 shows

the basic metamodel of the REA framework. The system allows the economic world to be

modeled in terms of duality of economically beneficial and detrimentalEconomicEvents that

are functions of providing/receivingEconomicAgents and incoming/outgoing (stockflow)

Resources. Duality is a fundamental idea behind REA: in economy, an event that decreases

value of some resources is inevitably linked via theduality association to another event that

increases value of the same or other resources from a perspective. Ontologies developed using

frameworks like REA are likely to be more complete and stablethan the ones developed using

less systematic methods.

In this case study, in the context of an electronic commerce software product line, some REA

business patterns that are modeled according to a metamodelconsiderably more complex than
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Resource EconomicEvent
provider

EconomicAgent

recipient

stockflow

duality

Figure 3.1: Basic metamodel of the REA framework [25]

ResourceType (incremental)
EconomicEvent EconomicEvent

(decremental)
EconomicAgent Contract Term

(incremental)
Commitment Commitment

(decremental)Resource

Figure 3.2: Custom REA icons [15]

the one in Figure 3.1 are presented.

3.1.1 REA Metamodel Explained

Instances of the REA metamodel are represented using UML stereotypes and intuitive icons for

classes shown in Figure 3.2. From left to right in Figure 3.2,Resources, which are scarce,

are represented using diamonds. AResourceType, which represents a set ofResources of

the same type, is represented using a shaded diamond. For example, a particularResource-

Type isProductType, an instance of which is a particular product description ina catalog that

typifies the distinguishable products leaving the store inventory.EconomicEvents, which may

be incremental or decremental from the perspective of anEconomicAgent, are represented

using filled and unfilled stars respectively.EconomicAgents, such as customer and enterprise,

are represented using stickmen.EconomicEvents are involved inconversionandexchange

processes. In a conversion process,EconomicEvents usesand/orconsumessome resources

to producesome other resources. A consumption of a resource makes it disappear, while a usage

does not. In an exchange process, resources flow into and out of a set of activities related through

dualityassociations.

Models conforming to the pure REA metamodel only contain instances ofResource,

EconomicEvent andEconomicAgent, hence the acronym. However, more advanced eco-

nomic notions require additional constructs. AContract, a legally binding agreement between
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at least two parties that detailsCommitments andTerms, is represented using a document. A

Term, a contractual condition whose violation can trigger the requirement of someCommit-

ments, is represented using a magnifying glass. Finally, aCommitment, an agreement to fulfill

an incremental or decrementalEconomicEvent in the future, is represented using a filled and

unfilled clock respectively.

3.1.2 REA Model of a Business-to-Commerce E-commerce Product Line

Figure 3.3 and Figure 3.4 show an ontology of system capabilities and entities of a B2C e-

commerce product line modeled according to the REA metamodel and icons described in the

previous subsection. The ontology is broken down into two parts to facilitate explanation: Fig-

ure 3.3 shows the overall ontology and Figure 3.4 shows the elements largely relevant to the

SaleOrder contract. TwoEconomicAgents are assumed to exist: customer and enterprise.

All EconomicEvents are modeled from the perspective of theEnterprise. To keep the

example visually clear, some trivial relationships are left out, but explained.

In Figure 3.3, from left to right, aRegistration event produces anAccount, which may

be or may not be used byBrowsing, Checkout, andReview (product review) events, which

are provided by the customer.Registration,Browsing, Checkout, andReview are in-

crement events because they increase membership base, traffic, sale orders, consumer community

base respectively, which are the enterprise’s net resources. On the other hand,Behaviour-

Tracking, a system capability that monitors customer activities, isa decrement event that may

be a dual ofBrowsing andCheckout because it uses system resources to increase usability

of these two events. Similarly,SystemSettingsDetection, a system capability for ana-

lyzing properties of the customer computer, may be applied toRegistration,Browsing or

Checkout also to increase the usability of these activities.

The wordmay is used here to emphasize variability. Different products in the e-commerce

product line may have different configurations, more specifically subsets, of the ontology. Also,

note that the stereotypes on associations, likeuse, produce, andduality, indicate the

type, not the name, of association, which is an association betweenEconomicEvent and

Resource metaclasses as described in Section 3.1.2. Model associations are referred to using

standard UML naming convention, for example,Checkout.account. In addition, while a

system capability may be modeled as discrete events or a continuous event, to keep the discus-
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Figure 3.3: Overall ontology
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Figure 3.4: SaleOrder ontology
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sion more clear, we take the latter view and assume that therecan be at most one instance of

the capability. As a result, all the associations to a systemcapability, such asbrowsing.be-

haviourTracking andcheckout.SystemSettingsDetection in Figure 3.3, have

the cardinality [0..1].

Continuing on in Figure 3.3, anAccount may have multipleShippingAddress and on

aCheckout, aRewardPointAmount may be applied to the purchase being made.Brow-

sing uses at least oneCatalog, which describes at least oneProductType. 1. Product-

Type is divided into two main categories:Electronic refers to digitalProductTypes

while Physical refers to tangibleProductTypes. A consumerReview of Product-

Type may use aRatingSystem, which may allow numeric or letter rating. ABrowsing

event ideally produces aShoppingCart, which is consumed by aCheckout event to produce

aSaleOrder.

Figure 3.4, an extension of the advanced “Guarantee” pattern presented in [25], shows just

one of the possible ways of using REA to model sale orders as contracts. ASaleOrder, also

referred to as apurchasethroughout this thesis, is aContract between anEnterprise

and aCustomer in which the enterprise is committed to making a sale (SaleCommitment)

and the customer is committed to making a payment or aCashReceipt (CashReceipt-

Commitment), typically in the near future. Note that aSaleCommitment is associated with

ProductType andProduct through<<outflow reservation>>. This means that in

order for aSale to be fulfilled in the future, aSaleCommitment must reserveProduct-

Types, handbag descriptions in a catalog for example, and the typified Products, handbags

with particular serial numbers in a warehouse for example. When the actualSale is fulfilled,

the handbags leave the warehouse due to theSale-Product outflow association. Likewise,

the actualCash (money belonging to an entity), typified by aCashType (money amount) like

a thousand dollars, arrives at the enterprise’s possession when the actualCashReceipt is

fulfilled.

A SaleOrdermay haveBackorder andProductReturn in its clauses.Backorder

is an implication stating that if someProductTypes and their typifiedProducts cannot

1Catalog-ProductType, which does not have any stereotype, is an example of an association that is not an

instance of an REA meta-association. The example, while heavily influenced by REA, is essentially a class diagram

with associations, inheritance, profiles, and etc.
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be reserved (i.e. not available at the time of purchase), then the enterprise is committed to

StockReplenishment, which will stock the unavailableProducts within a certain pe-

riod of time. ProductReturn is an implication stating that if a customer wants to return

purchasedProducts, then the customer must fulfill the commitment to physically return the

Products back to the enterprise, while the enterprise must fulfill the commitment to physi-

cally return the customer’s money. AProductReturn may require the enterprise to make a

PostagePayment to help the customer return theProducts. Note that the events occurring

due toSaleOrder, namelySale, CashReceipt,ProductReturn,MoneyReturn, and

PostagePayment, are related through anexchange process.

Two feature models are presented as views on Figure 3.3 and Figure 3.4. The business fea-

ture model, in Figure 3.5(a), views the ontology in terms of customer-provided events:Check-

out, Browsing, Registration, andReview. The administrator feature model, in Fig-

ure 3.5(b), views the ontology in terms of system administration concerns, namely,Regist-

ration, SystemSettingsDetection, andBehaviourTracking. Syntactic corre-

spondence and semantics of mapping between an ontology and feature model views are for-

malized using these examples.

3.2 Syntactic Correspondence

Syntactic correspondence between a feature model and an ontology establishes traceability links

between feature model and ontology elements. Traceabilityis useful for increasing understand-

ing of mapping and for representing simple constraints likeexistential dependencies. In general,

an arbitrary set of feature elements, i.e., features and relationships (subfeature or feature group),

may be mapped to an arbitrary set of ontology elements, i.e.,classes and associations. There

is an M-N association between feature elements and ontologyelements. But a typical mapping

is where an element-to-element mapping is used to express anexistential dependency from a

feature element to an ontology element. Figure 3.6 shows examples of such mappings between

the REA ontology and its two views2. Note that to define a uniform and precise syntactic and

semantic mapping, dependencies must be represented as associations with stereotypes, as done

in Figure 3.3.

2Ontology elements not involved in a mapping are colored lightly.
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(a) Business FM (b) Admin FM

Figure 3.5: Views of the REA ontology in Figure 3.3 and Figure3.4 [15]

Isomorphic mapping. In Figure 3.6(a) and Figure 3.6(b), theSaleOrder feature is mapped

to the actualSaleOrder class, while the subfeature relationship betweenCheckout and

SaleOrder is mapped to the associationCheckout-SaleOrder. Likewise,Backorder

andProductReturn features, which describe whether every sale order must include or ex-

clude such terms, are mapped to the corresponding ontology classes. When a feature-subfeature-

feature pattern is mapped to a class-association-class pattern as in the last two cases, the feature

model region and the ontology region are isomorphic3, which means that the ontology region is

very much like a feature hierarchy, modeled with a single parent in mind. This makes sense in

the last case, sinceTerms can only exist in the context of aContract, like aSaleOrder.

Similarly, potentialCommitments, includingPostagePayment, make sense only in the con-

text of theirTerm, like ProductReturn. Generally, isomorphic mapping is suitable when an

ontology describes partonomy, characterization, or single inheritance. Note the structural resem-

3“A graph isomorphism is a bijection, i.e., a one-to-one mapping, between vertices of two graphs G and H,

f:V(G)⇒V(H), where any two vertices u and v from G are adjacent if and only if f(u) and f(v) from H are adja-

cent” [49].
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Figure 3.6: Excerpts of the REA ontology, and its Feature Model Views [15]

33



blance between Figure 3.6(d) with its ontology counterpartFigure 3.6(c). Here, a feature group

maps to the specialization relationship. In isomorphic mapping, subfeature cardinalities usu-

ally correspond to association cardinalities. This is evident betweenSaleOrder andReview

features and their ontology counterparts.

Feature-to-association mapping.In Figure 3.6(b),AccountRequired states whether or

not a checkout event requires an account. This feature is mapped to the associationCheck-

out-Account, not toAccount, since the feature expresses an existential constraint on the

association. If a feature is involved in a feature-to-association mapping, it is difficult to specify

the syntactic correspondence of its child features, as the child features refine the semantics of the

feature-to-association mapping. This problem is exploredin detail in Section 3.3.

Different views. Different views may syntactically correspond to the same region of ontol-

ogy through different traversals. For example, Figure 3.6(a) and Figure 3.6(b) showAccount

andBehaviourTracking being viewed fromCheckout. Figures 3.6(e), 3.6(f), 3.6(g) and

3.6(h) showCheckout being viewed fromAccount andBehaviourTracking. Such op-

posite traversals mean that while each feature model may provide overlapping restrictions, each

can always provide a unique restriction. For example, whiletheBehaviourTracking ca-

pability may be turned on or off only forCheckout events in Figure 3.6(b),Behaviour-

Tracking capability in Figure 3.6(h) may be turned on or off for all events.

3.3 Semantics of Mapping

Semantically, a feature model, through its configurations,represents the set of viewpoint restric-

tions that can be applied to an ontology. The restricted ontology must represent at least one valid

set of ontology individuals. We propose a natural mechanismfor ontology restriction,feature-

based restriction: features of a feature model are embedded in ontology constraints, which are

specified against the ontology and are applicable to individuals of the ontology. For a given fea-

ture model configuration, simply, the feature variables, which are typically Boolean, are replaced

by their values in the OCL constraints. We first discuss some simple semantics and then discuss

more complex semantics.
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Simple Semantics

Table 3.1 shows some of the applicable constraints on Figure3.3 and Figure 3.4. A feature ID,

shown within<< >>, is replaced with the Boolean value of the feature at configuration time. For

example, constraint 1 states that if a business viewpoint configuration indicates that an account

is required for checkout, then every checkout event must have an associated account. Note that

we have not included here the same decision from the admin viewpoint, i.e.Checkout feature

in Figure 3.6(f). To avoid redundancy, we only include one ofthe features since we’re assuming

that both viewpoints must agree on the capability. Before configuring the ontology constraints,

feature constraints between feature models must be placed and a valid configuration of the fea-

ture models as a whole must exist. So the constraintAccountRequired<->Checkoutmust

be placed between Figure 3.6(b) and Figure 3.6(f) and evaluated to true before constraint 1 can

be evaluated. Alternatively, if the constraint between thetwo features is not desired, perhaps

because they have other semantics for which they cannot be equivalent, they can be ANDed to

form the left-side of the implication in constraint 1. Constraint 2 shows a situation where the

existence of an association, i.e.SaleOrder.backOrder, is dependent on the existence of

a feature,Backorder. Constraint 3 shows a case where a class,Registration, cannot

have any individuals. Due to the one-to-one association from Registration to Account,

this constraint effectively eliminatesAccount as well whenRegistration feature is elim-

inated, which has further implications. Constraint 4 showsa type restriction of the range of an

association.

Binding time. Feature model configuration is done with respect to a bindingtime. If a bind-

ing time is associated with a feature configuration, the samebinding time should be associated

with the ontology constraints written over that feature. For example, in Figure 3.6(c) and Fig-

ure 3.6(d), ifRatingSystem has an installation binding time, the ontology constraint may

state that the elimination of the feature implies thatRatingSystem is not supported, and state

nothing about its selection:

context RatingSystem inv:

(not <<RatingSystem>>) implies RatingSystem.allInstances()->size()=0

On the other hand, ifRatingSystem has a runtime binding, the ontology constraint may

state that the selection of the feature implies that everyReviewmust have an associatedRating-

System, and state nothing about its elimination:
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No. Constraint

1
context Checkout inv: <<Business/.../AccountRequired>> implies

(self.account->size() <> 0)

2
context SaleOrder inv:

(<<Business/.../Backorder>>) = (self.backorder->size() <> 0)

3
context Registration inv: not(<<Business/Registration>>)

implies (Registration.allInstances()->size() = 0)

4

context Review inv:

(not <<Business/.../LetterRatingSystem>>) implies

(self.ratingSystem.oclIsTypeOf(LetterRatingSystem) = false)

Table 3.1: Constraints [15]

context Review inv:

<<RatingSystem>> implies self.ratingSystem->size()=1

Therefore, different binding times can impose different mapping semantics for the same fea-

ture. An ontology constraint that involves features of different binding times is partially evalu-

ated in stages as feature IDs become replaced by their Boolean values through a progression of

time. In fact, this staged configuration notion [13] can be applied to a set of feature models and

ontology constraints as a whole.

Complex Semantics

The simple semantics mostly involved effective removal of schema elements. As a feature model

becomes more complex, the semantics of mapping become more complex as well. We can

classify the more complex semantics into two categories: children-independent and children-

dependent semantics.

Children-independent semantics.Consider Figure 3.7, which shows an extension of Fig-

ure 3.5(a), which concerns Figure 3.4, to give the business perspective the options to allow mul-

tiple payments in general and multiple payments from different accounts if payments are made

from accounts at all. Clearly, if payments can be made from different accounts, then multiple

payments can be made. However, the option of allowing multiple payments is not dependent on

the option of allowing multiple payments from different accounts or accounts. Namely, while
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Figure 3.7: Figure 3.5(a) extended with children-independent semantics

context SaleOrder inv:

(not <<MultiplePayments>>) implies

(self.cashReceiptCommitment->size() <= 1)

context SaleOrder inv:

(<<MultiplePayments>> and not <<FromDifferentAccounts>>) implies

(self.cashReceiptCommitment->forAll(commit1, commit2: CashReceiptCommitment |

commit1 <> commit2 implies commit1.cashReceipt.account=commit2.cashReceipt.account))

Figure 3.8: Children-independent semantics

mapping semantics ofFromDifferentAccounts depends onMultiplePayments, the

reverse is not true. In children-independent semantics, the mapping semantics of the parent fea-

ture are independent of those of a child feature. In these cases, we can write separate constraints

for the parent feature and the child feature, as shown in Figure 3.8.

Children-dependent semantics.In other cases, the mapping semantics of the parent fea-

ture is incomplete without the mapping semantics of the child features. It typically occurs

when a feature hierarchy represents a hierarchy of refinements of an ontology association. Fig-

ure 3.9 extends Figure 3.5(a) to define whatAccount-requiringCheckouts are in Figure 3.3.

Checkouts must be restricted using the configurations of features belowAccountRequired.

Constraints for children-dependent semantics can become complex if there is complex variability

in the subtree and/or if the subtree is deep. It may require incrementally building the constraint

with variability encoded and/or breaking down a large constraint without variability consider-

ation and inserting variability. The latter approach is shown. First, the constraint is specified

without inserting variability, as shown in Figure 3.10.

Then variability is inserted by breaking down the constraint, for example, into understandable

functions, as shown in Figure 3.11.

Note thatAccountRequired andProductType features are not specified in the con-
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Figure 3.9: Figure 3.5(a) extended with children-dependent semantics

context Checkout inv:

(self.shoppingCart.productType.select(p: ProductType |

p.oclIsTypeOf(MedicalProduct) or

p.oclIsTypeOf(Pet) or

p.oclIsTypeOf(Firearm))->notEmpty() or

self.rewardPointAmount->notEmpty())

implies (self.account->notEmpty())

Figure 3.10: Children-dependent semantics without variability

context Checkout inv:

(self.isProductTypeApplicable() or

self.isRewardPointApplicable())

implies (self.account->notEmpty())

context Checkout::isProductTypeApplicable(): Boolean

post: result = (shoppingCart.productType.select(

p: ProductType | (p.oclIsTypeOf(MedicalProduct) and

<<MedicalProduct>>) or

(p.oclIsTypeOf(Pet) and <<Pet>>>) or

(p.oclIsTypeOf(Firearm) and <<Firearm>>))->notEmpty())

context Checkout::isRewardPointApplicable(): Boolean

post: result = rewardPointAmount->notEmpty()

and <<ToGetRewardPoint>>

Figure 3.11: Children-dependent semantics with variability
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straints in Figure 3.11. While the Boolean values of these two features influence the Boolean val-

ues of the features specified in the constraints due to the propositional constraints in the feature

model (for example, eliminatingProductType makesisProductTypeApplicable()

false), the two features do not need to be specified in the constraints. This suggests that children-

dependent semantics can be kept as simple as possible by specifying constraints using a mini-

mal set of features in the hierarchy, while variability can be specified in a very flexible manner

through variability in each node of the hierarchy. Nevertheless, it seems that children-dependent

semantics are more difficult to handle than children-independent semantics as they require un-

derstanding the entire hierarchy as a whole.
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Chapter 4

Domain Modeling Approaches

The fact that feature models are views on ontologies strongly suggests that feature modeling

and ontology modeling are closely intertwined as domain modeling techniques in the MDSPL

approach. In this chapter, two novel domain modeling approaches that incorporate feature mod-

eling and ontology modeling in synergetic ways are proposed. Basically, the view projection

approach projects feature models from already existing ontologies, while the view integration

approach integrates already existing feature models to form an ontology. For each approach, the

process involved is outlined and demonstrated. Then variations of each approach are discussed

for further insight.

4.1 View Projection

In view projection, a rich and mature ontology is assumed to exist. Feature models, which

provide outlines of different themes on an ontology as its views, are syntactically constructed

using the ontology. Semantics of mapping are then specified,which may in turn allow the feature

models to be modified syntactically and semantically. Note that Figure 3.5(a) and Figure 3.5(b)

are views projected from Figure 3.3 and Figure 3.4.

4.1.1 Process Overview

Figure 4.1 shows the steps involved in the view projection process.
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3. Establish mapping semantics

2. Achieve syntactic correspondence4. Analyze mapping semantics

1. Determine theme

Figure 4.1: View projection process

In step 1, a theme on the ontology is determined by the domain modeler. This theme, a

specialization of the overall concept modeled by the ontology, represents the concept of the

feature model to be projected, which in turn sets a scope for the feature model. The root of the

feature model, which represents its concept, is created.

In step 2, features underneath the root are created. Collectively, the features should be con-

ceptually related to the ontology. While semantics of mapping may be required to precisely

define this relation, at this step, achieving syntactic correspondence is sufficient. Syntactic cor-

respondence here can, but does not have to be, a physical traceability link; it can also be a more

logical one, such as a rule or a constraint, that gives an insight on how mapping semantics should

be specified. There are two ways of creating syntactic correspondence. One way is to derive the

features from the ontology, for example, by exploring the ontology syntax (elements like classes

and associations) and semantics (constraints on individuals). Exploring the ontology may give

hints on appropriate feature names, feature hierarchy and other basic constraints. Naturally, syn-

tactic correspondence is achieved when features are derived from the ontology. For example,

in Section 3.2, Figure 3.6 shows feature models that could have been derived by exploring their

respective ontology regions. Another way is to first create afeature without considering the on-

tology and then to achieve syntactic correspondence. This requires finding ontology elements

that can eventually map to the feature semantically, which arguably requires more effort than

deriving features from the ontology. Also, feature derivation using ontology facilities may be

automated. An initial feature model, with adequate featurenames, feature hierarchy, and other

basic constraints like cardinalities, is produced in this step.
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In step 3, the semantics of mapping between the feature modeland the ontology are estab-

lished from the syntactic correspondence achieved in the previous step. New ontology constraints

are specified, which are written over some of the features. This step presents an opportunity to

improve the initial feature model, for example, by making cardinalities appropriate and moving

features to proper locations. While this step is largely a manual process, if the mapping seman-

tics are very simple, like existential dependencies between ontology elements and features, then

they may be derived from the syntactic correspondence automatically. For example, for an on-

tology element and a feature element that syntactically correspond in an isomorphic way, such

asProductReturn class and feature in Figure 3.4, a constraint that prohibitsthe instances of

the class if the feature is false may be automatically derived.

In step 4, mapping semantics are analyzed in order to improvethe feature model. For ex-

ample, analysis may reveal that two features are equivalent, since they imply the same ontology

constraint, or that one implies or excludes another, due to some relationship between their ontol-

ogy constraints. This step yields additional constraints on the feature model. These additional

constraints not only influence the semantics of feature model, but may also influence its syntax,

which represents the feature hierarchy and feature variability. For instance, a feature that was

directly under the root may be moved to more precise locations due to new implications. Also, a

feature may be prevented from appearing under some features, using constraints.

If the feature model still needs to be improved, step 1 follows for improvement of the theme

and the process repeats. Additional feature models may be projected as well. Eventually, a set of

coherent projections should provide outlines of unique themes on the ontology.

4.1.2 Process Demonstration

The process described is demonstrated by projecting Figure3.5(a) from Figure 3.3 and Fig-

ure 3.4. For achieving syntactic correspondence through ontology exploration, the state-of-

the-art Meta Object Facility (MOF) Query/View/Transformation (QVT) standard [2] for Model

Driven Architecture [35] is used. UML/OCL and propositional constraint facilities are used for

analyzing mapping semantics.
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Figure 4.2: Ontology and feature model metamodels

Step 1

A feature model (i.e. Figure 3.5(a)) that outlines the “business” theme on the REA ontology in

Figure 3.3 and Figure 3.4 and is scoped to consider customer activities is desired.

Step 2

Using the QVTRelationslanguage, traceability links between ontology elements and features

are specified declaratively, which allows automatic achievement of syntactic correspondence.

Before the language can be used however, the metamodels of the elements to be related, i.e.

ontology metamodel and feature metamodel, need to be specified.

MetamodelsFigure 4.2 shows the ontology metamodel and the feature metamodel, mini-

mally designed to allow Relations to be used.Class andProperty, subclasses ofNamed-

Element related through domain and range relationships, form the ontology metamodel. For

example, forCheckout-SaleOrderassociation in Figure 3.3,Checkout andSaleOrder

are instances ofClass andCheckout.saleOrder andSaleOrder.checkOut are in-

stances ofProperty with min andmax equal to one. While not shown in the metamodel,

the classes denoted by the custom icons in Figure 3.2, such asEconomicEvent andCon-

tract, and associations between them, likeproduce andclause, are subclasses ofClass

andProperty respectively.

Node, Feature andFeatureGroup form the feature model metamodel, which is a sim-

plified version of the one in [28].Feature andFeatureGroup are subclasses ofNode,
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which hasmin andmax cardinality andparent-childassociation. For example, forCheck-

out-SaleOrder subfeature relationship in Figure 3.5(a),Checkout andSaleOrder are

instances ofFeature with min andmax equal to one andCheckout andSaleOrder are

linked by parent-child. ontologyElement-featureElement association defines

M-N traceability links between ontology and feature elements.

QVT Relations Figure 4.3 shows the relations between ontology elements and feature el-

ements specified using QVT Relations. Metamodel classes areassumed to be in one of two

models, namely,OntologyMetamodel for ontology metaclasses andFeatureMetamodel

for feature model metaclasses. Atransformation(Figure 4.3, line2) and its relations (Fig-

ure 4.3, lines4, 17 and 31) define traceability links between classes inOntologyMetamodel

andFeatureMetamodel models, which must be satisfied by the conforming ontology ele-

ments and feature model elements. While feature model elements are created or modified to sat-

isfy the traceability definition, ontology elements are never altered, making the transformation

unidirectional. To ensure this,OntologyMetamodel is qualified as read-only (checkonly

domain) andFeatureMetamodel is qualified as read-write (enforce domain) through-

out therelations. The user specifies rules (Figure 4.3, lines48, 58, and67) that must be satisfied

by therelations. Figure 4.3 is explained in detail. For more information on QVT, the reader is

referred to [2].

The transformationsyntacticCorrespondence (Figure 4.3, line2) takes the two mod-

els as input. The transformation requires that itstop relation query (Figure 4.3, line4)

hold, which in turn requires that some other relations hold.In query, ontoElement (Fig-

ure 4.3, line6) represents each instance ofNamedElement and fmFeature (Figure 4.3,

line 7) represents each instance ofFeature. The user specifies whatontoElements are

queried. Features corresponding to theseontoElements are created under desirable par-

ent features, orfmFeatures. More specifically, if an ontology element matches the query

specified by the user (Figure 4.3, line10) and a feature is considered a desirable parent (Fig-

ure 4.3, line11), thenelementCorrespondence needs to hold between the ontology ele-

ment and a child of the feature (Figure 4.3, line14). The user definesmatchesQuery (Fig-

ure 4.3, line48) andmatchesParent (Figure 4.3, line58) as OCL functions. For the partic-

ular ontology in Figure 3.3 and Figure 3.4,EconomicEvents provided byCustomer are

queried usingmatchesQuery (Figure 4.3, lines50-54), which returnsCheckout, Browsing,
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Registration andReview from Figure 3.3. Corresponding features are created under each

of the parents queried usingmatchesParent; in this particular example, they are created

only under the feature model root (Figure 4.3, lines60-63). Each pair of ontology element and

its corresponding feature is passed on as arguments (Figure4.3, line14) to ontoElement and

fmFeature respectively inelementCorrespondence (Figure 4.3, lines21-22). The corre-

sponding feature is made to have the same name as the ontologyelement (Figure 4.3, line26)

and a traceability link to the ontology element (Figure 4.3,line 27). For example, a new fea-

tureCheckout, with default cardinality [1..1] is created withCheckout as itsontology-

Element.

matchesSubfeature is used to map ontology properties (i.e. associations) to feature

parent-child associations. When a correspondence is achieved between a class and a fea-

ture, they are passed as arguments to thesubfeature relation (Figure 4.3, line28), which uses

matchesSubfeature to check if properties of that class should be mapped toparent-child

links (Figure 4.3, line41). For a property that matches (in this particular example, kinds of

Produce, Term, andCommitment due to Figure 4.3, lines69-73), a new child feature is cre-

ated that corresponds to the property’s range class and has the property’s minimum cardinality

(Figure 4.3, lines44-45) 1. For example, forCheckout feature, whose corresponding class has

Checkout.saleOrder property that is of the typeProduce, a mandatory child named

SaleOrder is created. Due to recursion (Figure 4.3, line44), further children, including the

optionalBackorder, are created.

Figure 4.4(a) shows the generated feature hierarchy. Some uninteresting features are crossed

out, while some interesting features, bound by the rectangle, are added manually. Assume that

the new features are added underneath the root as their exactlocations are not known yet.

Note that the demonstration, meant to give a taste of how ontology facilities can be used to

achieve syntactic correspondence, was considerably simplified. Feature groups, which are not

very difficult to consider, were left out as they would have convoluted the example. The trans-

formation relations did not take into account seriously theconsequences of yielding conflicting

or redundant results. Often, inconsistencies in model relations may be fixed in many, sometimes

infinitely many, possible ways; therefore, model synchronization typically requires manual in-

tervention. However, being more precise and constraining when specifying relations can greatly

1Since basic feature models are desired, maximum feature cardinality is always assumed to be 1.
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1 transformation syntacticCorrespondence(ontoMetamodel: OntologyMetamodel,

2 fmMetamodel: FeatureMetamodel)

3 {

4 top relation query

5 {

6 checkonly domain ontoMetamodel ontoElement: NamedElement{}

7 enforce domain fmMetamodel fmFeature: Feature{child=c:Feature{}}

8

9 when

10 { matchesQuery(ontoElement);

11 matchesParent(fmFeature); }

12

13 where

14 { elementCorrespondence(ontoElement, c); }

15 }

16

17 relation elementCorrespondence

18 {

19 featureName, ontoName: String;

20

21 checkonly domain ontoMetamodel ontoElement: NamedElement{name=ontoName}

22 enforce domain fmMetamodel fmFeature: Feature

23 {ontologyElement=o:NamedElement{}, name=featureName}

24

25 where

26 { featureName=ontoName;

27 o = ontoElement;

28 subfeature(ontoElement, fmFeature); }

29 }

30

31 relation subfeature

32 {

33 propertyMin, featureMin: Integer;

34

35 checkonly domain ontoMetamodel ontoElement: Class

36 { domainProperty=dp:Property{rangeClass=rc:Class{}, min=propertyMin} }

37 enforce domain fmMetamodel fmFeature: Feature

38 { child=c:Feature{min=featureMin, max=featureMax} }

39

40 when

41 { matchesSubfeature(dp); }

42

43 where

44 { elementCorrespondence(rc, c);

45 featureMin=propertyMin; }

46 }

Figure 4.3: QVT relations for achieving syntactic correspondence
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47 // user specifies what ontology elements are desired

48 function matchesQuery(namedElement: NamedElement): Boolean

49 {

50 if (namedElement.oclIsTypeOf(EconomicEvent) and

51 namedElement.oclAsType(EconomicEvent).provider.name=Customer) then

52 true

53 else false

54 endif;

55 }

56

57 // user specifies where the corresponding features will be located

58 function matchesParent(node: Node): Boolean

59 {

60 if (self.parent->isEmpty()) then

61 true

62 else false

63 endif;

64 }

65

66 // user specifies

67 function matchesSubfeature(property: Property): Boolean

68 {

69 if (property.oclIsTypeOf(Produce) or property.oclIsTypeOf(Term) or

70 property.oclIsTypeOf(Commitment)) then

71 true

72 else false

73 endif;

74 }

75 }

QVT relations for achieving syntactic correspondence (continued)
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reduce the number of resolution possibilities and thus facilitate automation. An overview of

model synchronization in the context of software product lines is presented in [28].

Step 3

With syntactic correspondence achieved, mapping semantics are established. Figure 4.4(b) shows

Figure 4.4(a) with some minor changes that have madeRegistration andReview optional.

Most of the features in Figure 4.4(b) influence the existenceof their corresponding classes with

respect to the entire e-commerce product line. For example,the selection or elimination of

Backorder implies that every sale order must either support or not support backorders. Map-

ping semantics for some of the features are shown as additional ontology constraints below the

feature model. Consider constraint 2. IfRegistration is selected, then there must be at least

one instance ofRegistration in the system. Otherwise, there cannot be any instance of it.

This constraint, more restrictive than the third constraint in Table 3.1, states that the system re-

sources devoted to registration cannot go wasted by enforcing that they must be used at least for

one registration event. Constraint 1 similarly influencesReview instances. Constraint 3 states

that if an account is required to perform reviews, then a review must be associated with an ac-

count. It is assumed that constraints forCheckout andAccountRequiredForCheckout

and constraints forBrowsing andAccountRequiredForBrowsing are specified in an

identical manner as constraints 1 and 3 forReview andAccountRequiredForReview.

Simple mapping semantics may be derived purely from syntactic correspondence achieved

in the previous step. This can be easily achieved for constraints 1 and 2. However, for more

complex features likeAccountRequiredForReview, establishing mapping semantics is

largely a manual process.

Step 4

The established mapping semantics are analyzed to improve the quality of the feature model.

The ontology constraints in Figure 4.4(b) suggest that there are unspecified connections between

Review, Registration andAccountRequiredForReview. Consider constraint 3. If

AccountRequiredForReview is selected, then there must be at least oneReview in-

stance (otherwise, the constraint would not be needed at all) and there must be at least one
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(a) Step 2 result (b) Step 3 result

(c) Step 4 result

Figure 4.4: Step-wise projection of Figure 3.5(a) from Figure 3.3 and Figure 3.4
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(a) Syntactic modification 1 (b) Syntactic modification 2

Figure 4.5: Possible results of semantic analysis of Figure4.4(b)

Account instance (otherwise,self.account <> 0 would not be possible), which means

that there must be at least oneRegistration instance (sinceRegistration-Account

is 1 to 1). Two constraints can be derived from this observation: AccountRequiredFor-

Review⇒Registration andAccountRequiredForReview⇒Review. While these

constraints may simply be added to the feature model in Figure 4.4(b), we can go one step

further and make a syntactical change to Figure 4.4(b) sinceimplications can be modeled as sub-

features [6]. One possibility is to change it to Figure 4.5(a), whereAccountRequiredFor-

Review is placed underReview asAccountRequired (with the name change intended

to improve readability) and an implication toRegistration is added. Another possibil-

ity is to change it to Figure 4.5(b), where the feature is placed underRegistration as

RequiredForReview (again, the name change) and an implication toReview is added.

Similarly,AccountRequiredForCheckoutandAccountRequiredForBrowsingare

changed. Figure 4.5(a) is chosen as it closely reflects Figure 3.5(a), the desired end result. In-

terestingly, theRegistration subtree in Figure 4.5(b) closely reflects the counterpart ofFig-

ure 3.5(a), Figure 3.5(b).

Despite its simplicity, the example highlights the important notion that analysis of mapping

semantics can improve a feature model not only semanticallythrough additional constraints, but

also syntactically, possibly allowing the user to choose from many desirable hierarchies. Simple

mapping semantics may not be difficult to analyze and may evenallow automatic analysis. More
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complex mapping semantics may require more sophisticated binary and ontology constraint fa-

cilities.

Through another iteration of the view projection process, changes, including the addition

of a feature group and some features, are made to Figure 4.5(a) to yield the intended result,

Figure 4.4(c).

4.1.3 View Projection Classification

It seems that feature models, as views on ontologies, shouldbe at a similar level of abstraction as

the ontologies. However, what defines abstraction similarity is not clear and consequently, what

defines appropriate or desirable view projections is not clear. A classification of view projection

aims to provide a basis for understanding this issue and to give a further insight on the boundary

of view projection. Four categories of view projection are discussed: localized, crosscutting in

ontology, crosscutting in feature model, and crosscuttingin both.

Localized

In localized view projection, a feature model has features that bear strong syntactical and seman-

tical resemblance to their ontology counterparts. A feature typically maps to a well-defined and

coherent region in the ontology. Feature models shown up to this point have been projected as

views using this type of view projection.

Crosscutting in Ontology

Typically, there are a small number of key, very high-level decisions that influence virtually ev-

ery aspect of a domain. In the Business-to-Consumer e-commerce domain, deciding what the

supported product types are, for example, including electronic and physical product types, in-

fluences numerous aspects. For example, eliminatingPhysical in Figure 4.6(a) eliminates

ShippingAddress, Physical, Backorder, andPostagePaymentCommitment in

Figure 3.3 and Figure 3.4, which in turn eliminates some related elements. Syntactic correspon-

dence betweenPhysical and these ontology elements can be achieved by manually setting

Node.ontologyElement link to these elements on thePhysical feature. While mapping

semantics can be established by having a separate constraint for each of the ontology elements,
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(a) FM crosscutting

ontology

(b) Ontology crosscutting FM (c) Ontology and FM crosscut-

ting each other

Figure 4.6: Examples of classes of view projection

1 context NamedElement::matchesQuery(): Boolean

2 post: result = (self.name=’ShippingAddress’ or

3 self.name=’Physical’ or self.name=’Backorder’ or

4 self.name=’PostagePaymentCommitment’)

5

6 context REAObject inv:

7 (not <<Physical>>) implies (not self.type.oclAsType(NamedElement).matchesQuery())

Figure 4.7: A technique for crosscutting ontology view projection

Figure 4.7 shows a more elegant technique.matchesQuery (Figure 4.7, line1) is used to

query desired ontology elements, which is done rather explicitly for this example. We assume

that there exists a global superclass, like the JavaObject for Java classes, for the ontology ele-

ments, calledREAObject. A constraint is specified on this class that ensures that ifPhysical

feature is eliminated, no REA object can be of the queried classes (Figure 4.7, line6).

Arguably, any set of scattered ontology elements may becomea ‘coherent’ region by con-

necting them by a single ontology element through mandatoryassociations. One could imagine

such associations emanating fromPhysical class toShippingAddress,Backorder and

PostagePaymentCommitment andPhysical feature could simply control its existence.

However, thePhysical feature here represents a key business decision that is in fact at a higher

level of abstraction than the domain concepts that are closely related to the physical product type.

In this sense, the feature does crosscut the ontology and it is appropriate to have crosscutting
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1
EconomicEvent

Review

Checkout

BrowsingBehaviourTracking

BehaviourReportGeneration

SystemSettingsDetection

0..*

Figure 4.8: Enterprise-provided and customer-provided events

mapping semantics.

In this type of projection, a feature model is at a higher level of abstraction than the ontology.

Whether or not such feature models can be calledviewson ontologies remains to be seen.

Crosscutting in Feature Model

Conversely, ontology elements may crosscut a feature model. In Figure 3.3,Behaviour-

Tracking is associated withCheckout andBrowsing. Compare this to Figure 4.8, where

BehaviourTracking is a more general concept that can apply to anyEconomicEvent 2.

BehaviourReportGeneration is seen as a kind ofBehaviourTracking. In Fig-

ure 4.6(b), the events to whichBehaviourTrackingandBehaviourReportGeneration

may apply, i.e.Checkout, Browsing, andReview, are made explicit through the feature

hierarchy. Figure 4.9 shows the view projection mechanism,which uses OCL constraints and

QVT relations in Figure 4.3, with the three functions in Figure 4.3 replaced by the three func-

tions in Figure 4.9, lines1, 8, and 17. Assuming thatCheckout, Browsing andReview

features already exist and are associated with their corresponding ontology elements, we can

query them as desired parent features (Figure 4.9, line8) under whichBehaviourTracking

will be added (Figure 4.9, line1). BehaviourReportGeneration is added as a subfea-

ture ofBehaviourTracking since inheritance is specified as a property corresponding to the

subfeature relationship (Figure 4.9, line17).

2EconomicEvent, previously modeled as a metaclass, is modeled here as a class for the sake of the example.
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1 function matchesQuery(namedElement: NamedElement): Boolean

2 {

3 if (namedElement.name = ’BehaviourTracking’) then true

4 else false

5 endif;

6 }

7

8 function matchesParent(feature: Feature): Boolean

9 {

10 if(feature.ontologyElement->select

11 (o o.oclIsTypeOf(EconomicEvent) and

12 o.provider=’Customer’).notEmpty()) then true

13 else false

14 endif;

15 }

16

17 function matchesSubfeature(): Boolean

18 {

19 if (property.oclIsTypeOf(Inheritance)) then true

20 else false

21 endif;

22 }

23

24 context Feature inv:

25 ((self.name=’BehaviourTracking’ and not self.selected)

26 implies (self.parent.ontologyElement->forAll(o: EconomicEvent

27 o.behaviourTracking.isEmpty()))) and

28

29 ((self.name=’BehaviourReportGeneration’ and not self.selected)

30 implies (self.parent.ontologyElement->forAll(o: EconomicEvent

31 not o.behaviourTracking.oclIsTypeOf(BehaviourReportGeneration))))

Figure 4.9: A technique for crosscutting feature model viewprojection
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Mapping semantics can be specified through a constraint on feature configurations (Fig-

ure 4.9, line24). A feature in a configuration is modeled almost identicallyto a feature in a feature

model [28], with the addition ofselected Boolean flag indicating its configuration value. The

constraint states that if aBehaviourTracking feature is eliminated, theEconomicEvent

corresponding to its parent must have a nullbehaviourTracking link (Figure 4.9, lines25-27).

Also, if BehaviourReportGeneration is eliminated, then the appropriatebehaviour-

Tracking link cannot be connected to an instance ofBehaviourReportGeneration

(Figure 4.9, lines29-31).

This type of projection highlights an important philosophical difference between configura-

tion modeling and solution modeling. In configuration modeling, specialization is often used to

spell out the variability, while in solution modeling, generalization is often used to encourage

reusability and to be concise. Whether or not specialized feature models can be considered as

viewson more generalized ontologies remains to be seen.

Crosscutting in Each Other

Combining the previous two categories, a projection may incorporate features crosscutting in on-

tology and ontology elements crosscutting in feature model. Figure 4.6(c) shows a feature model

describing system capabilities relevant to e-commerce administrators. View projection is spec-

ified to relate customer-provided events to administrationevents. ACustomerProvided-

Events feature crosscuts Figure 4.8 by collectingEconomicEvents provided by customers.

This feature also crosscuts Figure 4.6(c), being placed under the two administration events. Map-

ping semantics, although a bit complex, can be specified using the techniques shown for the last

two categories of projection.

From these four categories, it is evident that view projection does not merely involve deriving

feature models from ontologies, but that it also involves relating feature models and ontologies

using composition mechanisms.
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4.1.4 Benefits and Limitations

View projection addresses a serious limitation of ontologymodeling: its tendency to produce

monolithic ontologies that are difficult to modularize. A feature model allows ontology mod-

ularization from a viewpoint by providing a set of constraints that is intuitively configurable

through a hierarchy. Projecting multiple feature models from an ontology enables collaboration

by allowing different viewpoints to make unique contributions to a shared knowledge repository.

View projection also enables lightweight feature model development. Ontology-based facilities

can be used to specify queries and rules that can automate much of feature model development,

as was shown using QVT and OCL.

View projection is not without limitations, however. Firstly, a mature ontology needs to exist.

This is not a problem for mature industries in which richly specified documents can be converted

into a mature ontology. Also, it is not a problem when such rich documents are required anyway,

for example, for standards compliance. However, developing a mature ontology is generally a

very difficult task. Also, view projection needs to be a controlled process. Without control, views

that are incoherent and conflicting may be projected, which may actually hinder collaboration. It

seems that the views should be at similar levels of abstraction, which requires that the ontology

is properly constructed and that boundaries of projectionsbe understood.

4.2 View Integration

For carrying out tasks in general, in many cases, devising anoutline before delving into details

may be more practical. Similarly, in domain modeling, having feature models before an ontology

may be more suitable. For such cases, a domain modeling approach, calledview integration,

that is opposite but complementary to view projection is proposed. In view integration, feature

models at similar levels of abstraction are assumed to existand are used to develop and refine

an ontology. This feature-driven domain modeling approachallows the development of shared

understanding between feature modelers, enabling collaboration. Also, it allows agile ontology

development, as only the concepts that are common to the multiple feature models need to be

modeled in the ontology.
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2. Create or modify mapping3. Add new feature models

1. Identify and analyze commonality

Figure 4.10: View integration process

4.2.1 Process Overview

Figure 4.10 shows the steps involved in the view integrationprocess.

In step 1, the common notions between the feature models are identified and analyzed. This

is largely a manual process that requires understanding thesemantics of the feature models as a

whole. For example, two features from two different viewpoints (represented by feature model

roots), despite their name differences, may have identicalsemantics in terms of their common

notions. They may be tied in a less obvious way, for example, through relationships between the

common notions. The goal of this step is to yield an understanding of the commonality that is

adequate to allow the commonality to be modeled.

In step 2, the acquired understanding of the commonality is modeled explicitly by creating

or modifying the mapping between the feature models and the ontology. The ontology may need

to be structurally and/or semantically changed to allow thechange in mapping. Feature models

may be slightly changed, for example, to reflect constraintsbetween features that are evident

through the new mapping to the ontology.

In step 3, a feature model may be added to the list of feature models being integrated and the

process may be repeated.

4.2.2 Process Demonstration

The process described is demonstrated for ontologies expressed using UML class diagrams and

basic feature models. The ontologies, which involve onlyResources, are shown using the

regular class diagram notation, rather than the REA profile,to keep the example more uniform.

Feature models of the viewpointsbusiness, usability, andadministrator, shown in Figure 4.11,
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(a) Business viewpoint (b) Usability viewpoint (c) Administrator viewpoint

Figure 4.11: Integrated viewpoints

Catalog

CatalogViewCatalogBase

SeasonalView PersonalizedView

(a) Initial ontology

1

Catalog

CatalogViewCatalogBase

SeasonalView PersonalizedView

Customer

Account

0..*

1

0..*

(b) Ontology modified

Account

1..*

0..*

Customer
0..1

−base
0..*

Store

Catalog

0..*

1
0..*

−view
0..*

(c) Ontology finalized

Figure 4.12: Integrating ontology

are integrated.

Business

The business viewpoint in Figure 4.11(a) models variability in Catalog. Two kinds ofCustom-

Viewsmay be allowed. While aCustomViewmay be considered aCatalog itself,Multi-

pleCatalogs refers to having multiple non-viewCatalogs, which may be referred to as

CatalogBases. The corresponding ontology, Figure 4.12(a), is modeled in an analogous way

as the feature model, with most of the feature decisions having an analogous effect on the exis-

tence of their corresponding ontology elements. An exception is the featureMultipleCata-

logs, which constrainsCatalogBase as shown in Figure 4.13.
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context CatalogBase inv:

(not <<MultipleCatalogs>>) implies (CatalogBase.allInstances()->size() <= 1)

Figure 4.13: MultipleCatalogs constraint

Usability

A feature model concerning the usability of end-user interfaces of an e-commerce product line,

shown in Figure 4.11(b), is to be integrated with the business feature model. By simply look-

ing at the feature names and hierarchies of the two feature models, it can be concluded that the

only commonality is betweenPersonalizedView in the business viewpoint andCatalog

andAccountRequired in the usability viewpoint.Customer andAccount classes are

added in Figure 4.12(a) to modelCatalog andAccountRequired features, producing Fig-

ure 4.12(b).PersonalizedView <-> Catalog feature constraint is added, since person-

alizing a catalog is no different than customizing a catalogfor the end-user. Note that features

unique to the usability perspective, those in theCheckout subtree, are not mapped.

Administrator

Another feature model, this time concerning the administrator, shown in Figure 4.11(c), is inte-

grated with the other two feature models. It is obvious that only the two features underCatalog

are common to the other feature models. WhileBasedOnOtherCatalogs may seem to be

synonymous with theCatalogView class in Figure 4.12(b) at first glance, it seems to imply

something more general upon analysis. The literal translation seems to refer to the capability

of defining a catalog using the contents of other catalogs andit seems to emphasize these ori-

gins. In this sense, the feature encodes a more implementation-oriented notion than the feature

CatalogView, which is appropriate since the viewpoint, administrator,should rightfully be

more concerned about catalog implementation than the business viewpoint.base-view asso-

ciation onCatalog is introduced to give semantics toBasedOnOtherCatalogs, as shown

in Figure 4.12(c). Since the distinction between base and view catalogs, as well as between

seasonal and personalized catalogs, can be made using this association and some extra infor-

mation, theCatalog inheritance hierarchy is removed. The constraint(SeasonalView or

PersonalizedView)⇒BasedOnOtherCatalogs is added.Customer class is now as-
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context Catalog inv:

(<<PersonalizedView>> implies (self.customer->notEmpty() implies self.base->notEmpty())) and

((not <<PersonalizedView>>) implies (self.customer->isEmpty()))

Figure 4.14: PersonalizedView constraint

sociated withCatalog class, makingPersonalizedView semantics, shown in Figure 4.14,

more complex than before.

The mapping semantics ofMultipleCatalogs in Figure 4.13 is no longer valid since

CatalogBaseno longer exists. Fortunately, this problem can be solved throughStore-Cata-

log association, which is needed anyway to express the semantics ofSharedByMultiple-

Stores, which state thatCatalog.store <= 1 upon the feature’s elimination. Assuming

that a store is associated only with base catalogs, elimination of MultipleCatalogs implies

Store.catalog <= 1, preventing multiple base catalogs.

4.2.3 View Integration Classification

While facilities like vocabulary and taxonomy analysis maybe used for identifying and analyzing

commonality between feature models, this step (step 1) seems to be largely a manual process that

is difficult to understand in a systematic way. On the other hand, creating/modifying mapping

(step 2) seems more understandable. For further insight on view integration, the approach is

classified in terms of different kinds of mapping modifications.

Additive modification. In additive modification, new mapping semantics are established.

For example, to establish mapping for the new featureAccountRequired in Figure 4.11(b),

Customer andAccount classes were added in Figure 4.12(b). While existing ontology struc-

ture and semantics may be used to establish the mapping for a new feature, typically, especially

when the ontology is in early stages of development, new ontology elements are likely to be

needed.

Altering modification. In altering modification, existing mapping semantics are altered.

Most, if not all, of the semantics are preserved since alteration merely involves specifying ex-

isting semantics in another way. For example, the semanticsof PersonalizedView and

MultipleCatalogs in Figure 4.11(a), although changed due to the introductionof Based-
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OnOtherCatalogs in Figure 4.11(c), are not altered. This type of modificationtypically

involves re-establishing mapping semantics after the ontology is restructured.

Subtractive modification. In subtractive modification, existing mapping semantics are re-

moved. For example, from Figure 4.12(b) to Figure 4.12(c),PersonalizedViewandSeason-

alView classes are removed. While the semantics ofPersonalizedView feature is pre-

served, as evident in Figure 4.14, the semantics ofSeasonalView feature is not. Arguably,

seasonal views may be considered as views that are not personalized views. However, there

is some semantic loss since the notion ofseasonis not present anywhere in Figure 4.12(c),

whereas there was a symbol (feature name) explicitly representing the notion in Figure 4.12(b).

Subtractive modification may be suitable when the commonality between feature models is be-

ing reduced to make the feature models more independent. Indeed, a seasonal catalog may be a

highly business-specific concept that does not need to be a part of the shared understanding with

the usability and administrator viewpoints.

Understanding the evolution of mapping in terms of these dimensions may help us better

understand view integration as a systematic approach. It may be hypothesized that additive

modification and major altering modification should occur inearly stages of view integration,

promoting expansion of an ontology, while only minor altering modification and subtractive

modification should occur in the later stages of view integration, for manageable maintenance.

4.2.4 Benefits and Limitations

View integration addresses a serious limitation of featuremodeling: composition. By having

a common ontology through which feature semantics can be specified, features from different

feature models can be related through a concrete representation for increased understanding.

Also, analyzing mapping semantics of the different featuremodels to the common ontology

can alter both configurations (semantics) and syntax of the feature models. View integration

also enables agile ontology modeling. Only the intersection of the feature models needs to be

modeled, while features specific to a feature model may or maynot be modeled. Ontology

modeling in view integration is feature-driven. Deriving and evolving an ontology from several

outlines only as much as necessary seems to be a much more agile process than working out

details from scratch.

View integration is not without limitations, however. Feature models need to be constructed
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before any ontology can be created. These feature models must be coherent and ideally, at

similar levels of abstraction. Otherwise, an ontology willbe developed that will continue to

promote integration of misfitting feature models, ultimately disabling collaboration. Creating

such feature models requires a good understanding of the domain being modeled in the first

place, which can be considered as animplicit ontology in the mind of the modeler3. As a result,

this approach seems to be more appropriate for a group of experts than novices.

3After all, how can outlines be developed without a good understanding of what the outlines represent?
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Chapter 5

Discussion and Future Directions

The research presented in this thesis is notable in three respects. Firstly, it sheds new light on

the nature of feature models. Secondly, it suggests a novel domain modeling paradigm. Thirdly,

it suggests opportunities for tool support required for feature modeling and ontology modeling.

Each of these points is discussed in turn.

5.1 Notion of Feature Models

The analysis of the notational spectrum ranging from basic feature models to ontologies and of

feature models as views on ontology advances our understanding of feature models. The nota-

tional spectrum analysis provides a framework for discussing the discipline of feature modeling

with respect to the discipline of ontology modeling. There are clearly unanswered questions. For

example, while we have made some suggestions for what the boundary between feature modeling

and ontology modeling may be, for example, that reference attributes are probably outside of fea-

ture models, there are remaining issues, including the expressiveness of constraints on attributes

and whether or not cloning should be allowed. The framework may be domain-specific: different

applications may require different combinations of language features. Also, the framework may

evolve, as our understanding of feature modeling has evolved since its inception.

The analysis of feature models as views on ontologies gives us a new insight on the nature

of feature models. A feature model represents a set of possible restrictions on ontologies. The

feature hierarchy provides a mechanism of imposing a perspective, and in this sense, a feature
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model is an outline exploring a theme through an ontology. Mappings were explored using

examples, where feature models and ontologies were at more or less similar levels of abstraction.

As a result, despite some complex mappings, most of the mappings were manageable. While the

mapping mechanism, feature-based restriction, works for all kinds of mappings, we can imagine,

for example, when ontologies are closer to implementation and feature models are closer to

requirements, the mechanism would become very complex and less manageable.

5.2 Towards a Domain Modeling Paradigm

View projection and view integration are opposite, but complementary domain modeling ap-

proaches. While they were described separately, a hybrid domain modeling approach is imagin-

able. Feature models, projected from an ontology to scope itfrom different viewpoints, could be

evolved separately from the ontology, which could in turn beintegrated to evolve the ontology.

Conversely, a set of coherent feature models may initially drive ontology development, but later

be evolved through evolution of ontology. Devising a roadmap for collaborative domain mod-

eling that incorporates both view projection and view integration is a future work item. Such a

roadmap could form a basis for what could be a novel domain modeling paradigm that drives

solution modeling in MDSPL.

5.3 Tool Support

Based on the ideas presented in the previous chapters, a listof desirable tool support capabil-

ities can be divided into two categories. The first category contains capabilities required for

allowing feature models to be considered as views on ontologies. The second category contains

capabilities required for view projection and view integration.

5.3.1 Support for Feature Models as Views on Ontologies

Firstly, a tooling environment that incorporates both feature models and ontologies (but not nec-

essarily feature modeling and ontology modeling) must be conceived. In a heterogeneous en-

vironment, the metamodel of feature models is significantlydifferent than the metamodel of
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ontologies. For example, feature models may be defined usingUML class diagrams while on-

tologies are defined using OWL. On the other hand, in a homogeneous environment, the meta-

models are similar, allowing a common set of technologies tobe used. In this thesis, UML was

used throughout, which enabled use of closely related technologies, like OCL and QVT. On the

other hand, in practice, the metamodels are more likely to bedifferent, requiring some bridging

mechanism.

With such an environment in place, tooling should support writing ontology constraints over

features, which is trivial. Less trivial is providing constraint facilities for checking and computing

the residual of the ontology. The residual of the ontology isthe ontology with the feature-

configured constraints, which may be transformed into a syntactically simplified ontology. For

example, a configured constraint may enforce the cardinality of an association to be [0..0] or

enforce a class to be an empty set, in which case the association or the class may be syntactically

removed. Partial evaluation techniques, including rule-based simplification of OCL [20], may be

used.

Advanced tool support capabilities, like synchronizationbetween ontologies and feature

models, may be supported as well. For example, change in the ontology can invalidate mapping.

While visible changes to the ontology, like syntactic removal of elements, may be detected easily,

subtle changes, like altering semantics of the ontology through constraints, may be very difficult

to detect. Also, change in a feature model could invalidate the feature-based constraints, both

syntactically and semantically. In a sense, there is an overlap between synchronization and con-

straint facilities: constraint facilities may be used to address synchronization issues. Roundtrip-

ping is a desirable synchronization trait for increased usability. Another advanced capability is

binding time support. To associate binding times with both features and feature-based constraints

seems to be a non-trivial task that first requires some foundational ideas.

5.3.2 Support for Domain Modeling Approaches

Capabilities supporting view projection and view integration can be distinguished. For achiev-

ing syntactic correspondence in view projection, exploration facilities for ontologies and feature

models, traceability and guidance rules are desired. Queries, traversals and equivalent classes are

some of the exploration techniques available. Traceability, which requires expressing associa-

tions between metamodel elements, can most easily be achieved in a homogeneous environment.
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Guidance rules, which are user-specified constraints for facilitating syntactic correspondence

achievement for particular projections, can be implemented as restrictions on exploration of on-

tologies and feature models. Fortunately, as shown previously, QVT offers a uniform mecha-

nism for exploration, traceability and guidance rules. Butunfortunately, at the time of writing, to

the author’s best knowledge, despite some prototypes, including IBM’s Model Transformation

Framework [22], no practical implementation of QVT exists.Support for establishing mapping

semantics trivially requires processing feature-based ontology constraints. Analyzing mapping

semantics is more difficult. It may be possible to express some OCL constraint fragments as

Boolean variables, which are often implied by features, to use binary constraint facilities, like

BDDs [4], for deriving constraints between features. However, in many cases, this approach may

not scale, requiring more sophisticated constraint facilities. Ultimately, a uniform user interface

that supports all of the mechanisms shown for all four kinds of view projection (introduced in

Section 4.1.3) is desired.

Tool support for view integration is harder to imagine sinceit is a more manual process by na-

ture. Vocabulary and taxonomy analysis may be useful for identifying and analyzing commonal-

ity between feature models. For example, basic vocabulary analysis may reveal that “Feedback”

and “Review” are synonymous words whose corresponding features may be deemed equiva-

lent. Also, taxonomy analysis may reveal that “Raincheck” is a kind of “Backorder”, so adding

the constraintRaincheck⇒Backorder or addingRaincheck underBackorder may be

suggested. A reference ontology may be used to perform vocabulary and taxonomy analysis.

Using the REA ontology in Figure 3.3 and Figure 3.4 as the reference ontology,Checkout

andPurchase (a synonym ofSaleOrder) features may become equivalent. However, if the

reference ontology is used heavily, view projection may be more appropriate. Simplification

of mapping semantics, conflict detection and resolution arepotential wish list items for creat-

ing/modifying mapping.

66



*Approximately, 60 percent of Chapter 6 was taken directly from [15]. My personal contri-

bution to the corresponding section in [15] was approximately 50 percent.

Chang Hwan Peter Kim

As one of the authors of [15], I fully acknowledge the thesis author’s statement above as

indicated by * and give full permission to use any part of [15]. I also fully acknowledge that the

thesis represents original research conducted by the thesis author.

Krzysztof Czarnecki

As one of the authors of [15], I fully acknowledge the thesis author’s statement above as

indicated by * and give full permission to use any part of [15]. I also fully acknowledge that the

thesis represents original research conducted by the thesis author.

Karl Trygve Kalleberg

67



Chapter 6

Related Work

Bodies of related work can be classified into feature dependency analysis, work on semantics

of feature models, ontology views, viewpoint-oriented requirements-engineering (RE), early as-

pects, feature-based configuration of models, and expressing feature models in ontology lan-

guages. Each is discussed in turn.

6.1 Feature Dependency Analysis

Notable works in this area include those by Lee et al. [30] andZhang et al. [51]. Both provide

classifications of feature dependencies, such asrefinement, usage, andmodification. In general,

dependencies have two components: configuration semantics, which can be captured through

propositions for basic feature models, and extra semanticsthat are beyond feature configurations,

which can be captured through annotations. While the ability to capture such dependencies is

convenient, if there is an emphasis on the extra semantics, using ontology and feature models as

views on ontologies seems to be more appropriate.

6.2 Work on Semantics of Feature Models

Several authors have proposed formal semantics of feature models. Batory [6] proposed formal

semantics for feature models based on propositional formulas and grammars. Bontemps et al. [7]
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explores the succinctness and expressiveness of feature modeling notations. However, all the

notations considered here are in the left part of the spectrum in Figure 2.3.

6.3 Ontology Views

An ontology view is an ontology that is defined using some other ontology. Typically, it is a

subset of the original ontology defined through traversals or queries. Notable works involving

traversal include those by Noy et al. [34] and Lieberherr et al. [31]. Both works propose graph

traversal specifications for extracting portions of an ontology. Besides the difference that the

former deals with ontologies in information management while the latter deals with ontologies

in software engineering, the latter is considerably more technical. There are numerous notable

works involving queries, most of which are focused on query specification. For OWL ontologies,

SPARQL (SPARQL Protocol And RDF Query Language) [50], an active W3C working draft, is

the most notable work. For UML ontologies, QVT [2], an OMG adopted specification, is the

most notable work. Feature models, as views on ontologies, are different from ontology views

created from traversals and queries in two respects. Firstly, a feature model, due to its hierarchical

nature, is much more viewpoint-oriented than an ontology view. Secondly, a feature model is not

a view in a traditional sense as it is constructed specifically (in view projection) from a viewpoint

to model variations in the ontology. However, techniques for extracting ontology views have

been used for achieving syntactic correspondence in view projection. While UML/QVT was

used to demonstrate view projection, note that OWL/SPARQL could have also been used. In

fact, the author’s earlier work was done using OWL/SPARQL.

6.4 Viewpoint-Oriented RE

There is a large body of work on viewpoints in RE [29, 19, 40]. Viewpoint integration has been

explored in the context of requirements engineering, with PREview (Process andREquirements

viewpoints) [39] being a notable work. A PREview viewpoint consists of, among other things,fo-

cus, the perspective of the problem domain taken by the viewpoint, concerns, system-crosscutting

dimensions that may influence the viewpoint, andrequirements, the set of requirements relevant

to the viewpoint. For example, for an on-board train protection system, which takes corrective
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action when a train driver breaks some rules, “safe state assurance” viewpoint may have “detec-

tion of dangerous conditions” focus, “safety” and “compatibility” concerns, and “detection of

excess speed” and “detection of overshooting” requirements [39]. Integrating two viewpoints,

such as “safe state assurance” and “safety standards”, involves first finding the intersecting re-

quirements of two viewpoints. A comparison of the focii of the viewpoints guides this largely

manual process. Then the intersecting requirements from one viewpoint are tabulated against

those from the other and each pair of requirements is rated asreinforcing, conflictingor neutral.

This PREview viewpoint integration is very similar to the proposed view integration. Finding

intersecting requirements in PREview is analogous to identifying and analyzing commonality

between feature models. Also, rating the intersection of requirements in PREview is analogous

to creating/modifying mapping in view integration. There are clear differences, however. Most

notably, PREview viewpoint integration does not explicitly consider software product line vari-

ability, while view integration does. View integration is more precise and systematic in terms

of micro-level activities, as it involves analysis and modification of formally defined models,

i.e. feature models and ontologies, while PREview involvesanalysis and modification of natu-

ral language descriptions. However, at the macro-level, asa methodology, PREview seems to

be more systematic. For example, in PREview, a viewpoint canbe categorized intointeractors

(interfacing components in a system),stakeholders(having socio-technical influence on system

requirements), anddomain phenomena(important domain concepts, like “braking” for trains and

“saleorders” for e-commerce). Unfortunately, in feature modeling, the root-defining criteria are

still not well-understood. As a result, view-defining criteria on an ontology is not clear either.

6.5 Early Aspects

Early aspects [5] builds on viewpoint-oriented RE by considering crosscutting concerns and iden-

tifying candidates for implementation using Aspect-Oriented Programming (AOP) techniques.

The closest work to our research is by Loughran et al. [32], which provides ways to automati-

cally extract views from requirements according to viewpoints, which, rather than being limited

to stakeholders, are more broad as they represent concepts of interest, like feature model roots.

While the mechanisms may differ, both our approach and this related work performs view ex-

traction by imposing a viewpoint on a more general artifact.
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6.6 Feature-Based Configuration of Models

Three notable works exist in this area: feature-based modeltemplates [10], UML profile for soft-

ware product lines [52], and automatic specialization of state charts [47]. The model templates

work explores mapping feature models to other models like UML class diagrams, which may

represent business entities, and UML activity diagrams, which may represent a business work

flow. Mapping between feature models and ontologies is similar to feature-based model tem-

plates in the sense that the mapping gives semantics to features, and a feature model is used to

configure the UML models in both cases. However, the two approaches are different in three

respects. In this thesis, feature models and ontologies arevery close together in terms of abstrac-

tion while in the model template work, models have more implementation detail. Also, this thesis

considers multiple perspectives on an ontology, which was not considered in the model templates

work. The mapping mechanism is different: in model templates, presence conditions are placed

on actual model elements, while in this work, we use feature-based ontology constraints, or more

generally,feature-based restrictionof models. UML profile for software product lines models

variability in class diagrams and state diagrams mainly through stereotypes and inheritance. It is

closer to the model templates work than the work described inthis thesis, as the models them-

selves are annotated, rather than their constraints. Automatic specialization of state charts also

considers configurations of models, but uses partial evaluation techniques. Arguably, our tech-

nique can be considered as a partial evaluation technique because of the restriction approach

rather than presence conditions. However, the work only considers state charts, which are more

in line with mapping to implementation. In addition, it doesnot use explicit feature models for

configuration.

6.7 Expressing FM in Ontology Languages

In this line of research, basic feature models are expressedin ontology languages like OWL

mainly for the purpose of using the ontology reasoning framework over feature models, for ex-

ample, to check consistency [46]. There is also work to intentionally define propositional feature

dependencies through an extensionally defined context for the purpose of providing automatic

synchronization of feature models against changes made to the their underlying artifacts [44]
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using the reasoning framework. Determining semantics (andpossibly syntax) of feature models

from ontologies is also done in the semantic analysis step inview projection. But this idea is sec-

ondary to the essential notion of feature models as viewpoint-specific restrictions on ontologies.
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Chapter 7

Conclusion

The main research objective of this thesis was to explore theintriguing relationship between

ontology and feature modeling in the context of MDSPL. The exploration was done in three

stages. Firstly, a comprehensive explanation of the fundamental notions behind feature models

was given. Essentially, feature modeling is a technique formodeling concepts in increasing de-

tail through a hierarchy with an explicit distinction between commonalities and variabilities. A

family of feature models can be described according to several dimensions. Contrary to popu-

lar belief, feature models may embody several implicit forms, including mindmaps and textual

outlines. The notational spectrum of feature models, whichstarts from basic feature models and

extends to ontologies, and the suggestion that reference attributes are probably outside the scope

of feature modeling provide a framework for discussing the boundary between feature models

and ontologies.

Secondly, the fact that 1) feature models form a notational subset of ontologies, 2) feature

models describe concepts more specialized than those described by ontologies, and 3) feature

models and ontologies are both domain models suggests that feature models are views on on-

tologies, namely, projections of the ontologies from different viewpoints. Using an established

methodology of ontology-oriented domain analysis, REA, this “view” relationship was precisely

defined in two dimensions: syntactic correspondence and semantics of mapping. Syntactically,

traceability links may be established between feature models and ontologies for increasing un-

derstanding of the mapping and for expressing simple constraints like existential dependencies.

Semantically, a feature model provides a set of configurableconstraints on an ontology. No-
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tably elegant is the fact that the feature hierarchy allows both concise expressionand flexible

configuration of constraints.

Thirdly, based on the notion that feature models are views onontologies, two complemen-

tary domain modeling approaches, view projection and view integration, were proposed. In view

projection, feature models of different but similar-in-abstraction viewpoints are developed from

an already-existing, mature ontology. Syntactic correspondence may be automatically achieved

using ontology exploration facilities like QVT and OCL. Semantic analysis may also be done

to improve both the semantics and syntax of the projected feature model. A classification of

view projection based on different kinds of mapping semantics gives a further insight on the

approach. The approach addresses the difficulty of modularizing ontologies and promotes agile

feature modeling. In view integration, independently created feature models, which are typically

outlines of requirements created by a group of experts, are integrated to form a coherent ontol-

ogy. The commonality between the feature models is identified and analyzed and translated into

creation or modification of mapping semantics. Change in mapping semantics may be additive,

altering or subtractive, which typically expands, restructures, or contracts the ontology respec-

tively. The approach addresses the difficulty of composing feature models and promotes agile

ontology modeling.

As for future work, while possible differences between feature models and ontologies were

proposed in terms of descriptive power and modeling philosophy, understanding exactly what

they are and gaining community consensus on them remains a vital work item. Taking the

two proposed domain modeling approaches and devising a comprehensive domain modeling

paradigm for MDSPL is an important work item as well. But perhaps the most immediate future

direction is to develop a tool supporting the notion of feature models as views on ontologies and

the two proposed approaches. As the ideas were demonstratedusing established technologies

including UML, QVT and OCL, while the task may be challenging, it is certainly doable.
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