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Abstract

Feature modeling is an increasingly popular domain modéénhnique, particularly used in
software product line development for managing commopailitd variability. Ontology mod-
eling is also an increasingly popular domain modeling teming, applicable to software engi-
neering in general. An emerging paradigm caleodel-driven software product lines (MDSPL)
proposes systematic modeling as the often sought middiengrbetween con guration and cus-
tom coding of software product lines. In MDSPL, both featom@deling and ontology modeling
in uence solution models through domain modeling, but emagic differences between the two
techniques, for example, in modeling philosophy and dptea power, make their relationship
intriguing. This relationship is explored in three stagésstly, a new light is shed on the nature
of feature models, which clari es exactly what feature misdae and how they may be different
from ontologies. Secondly, it is proposed that feature risoae views on ontologies, where the
mapping is de ned precisely through syntactic correspoicdeand semantics. Finally, two com-
plementary domain modeling approaches, view projectiah\aew integration, are proposed
that promote agility and address the limitations of feataggleling and ontology modeling.
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Chapter 1
Introduction

Feature modeling is an increasingly popular domain moddkthnique, particularly used in
software product line development for managing commopnailitd variability. Ontology mod-
eling is also an increasingly popular domain modeling tempa, applicable to software engi-
neering in general. An emerging paradigm caleadel-driven software product lines (MDSPL)
proposes systematic modeling as the often sought middiengrbetween pure con guration
and complete custom coding of software product lines. In BDSoth feature modeling and
ontology modeling in uence solution models through domaindeling, but enigmatic differ-
ences between the two techniques, for example, in modehiiggophy and descriptive power,
make their relationship intriguing. The objective of tHiesis is to explore this relationship. A
background of feature modeling, ontology modeling and MD&Prst given.

1.1 Feature Modeling

A software product line (SPL) is a set of systems with commioaracteristics. The goal of
SPLs is to improve productivity, time-to-market, and gtyatif application development. These
improvements are achieved by leveraging the commonatifisgstems within an application do-
main while managing their differences. Software produn Engineering (SPLE) factors out the
commonalities into @omain-speci ¢ platforn{DSP). Such a platform contains variation points,
where choices from provided alternatives can be speci edew extensions can be plugged
in. Examples of large, vendor-provided DSPs are IBM's Weix3p (WS) Commerce for e-
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commerce applications]26], Fincentric's WealthView fanking solutions [18], and SAP's R/3
for Enterprise Resource Planning (ERP) systémis [38].

A special discipline in SPLE is modeling the commonality asagliability of artifacts in a
SPL. Having an explicit model of what are common and what ar&ale helps in several activi-
ties including de ning the scope of a SPL, identifying attelaitural variation points, and product
con guration and derivation. An increasingly popular tadfue for commonality and variabil-
ity modeling in SPLE ideature modeling A feature model describes variations of a concept
in increasing detail through a hierarchy of common and Wéeieatures. Figurg 1.1{a) shows
a basic feature model representing a family of electrohmpsstorefronts (see TaldleR.1 for an
explanation of the notation used throughout the the€igfalog is mandatoryWishList is
optional andRegistration , Which is also optional, may be required f8heckout and/or
productReview . Naturally, if Registration is required forReview , thenReview must
be required, which is expressed as the implication. A featoodel represents a set of con gu-
rations. The con guration process may be guided througlstramt-based facilities [6], such as
constraint checking, propagation, satis ability, solgjrand computing the number of remaining
con gurations [14]. The most basic constraint in a featuredel is the subfeature relationship.
The selection of the child feature implies the selectiomefiiarent feature. Figure 1.7)(b) shows a
storefront con guration where manual choices (black co)pincluding the selection dregi-
stration/.../Review , has propagated some automatic choices (grey colour)dimg
the selection of the feature's parents aelview (due to the implication). Note that two differ-
ent con gurations, as indicated by the root feature labah be made from this con guration,
one by selectin@heckout and another one by eliminating it. A con guration with onenoore
undecided features like Figyre I.7(b) is more commonlyreteto as gartial con guration or
aspecialization A complete con guration with no undecided features is coonihy referred to
as just acon guration.

1.2 Ontology Modeling

An ontology, in information sciences and engineering, imownly de ned as “an explicit spec-
i cation of conceptualization”[[24]. Basically, an ontay is used to model a concept through
a set of classes and associations between them. ConsideeH@, which shows an extremely
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Figure 1.1: A basic feature model and its con guration

Customer eShop PaymentMethod

|
| | |

CreditCard ElectronicCheck MoneyOrder

Figure 1.2: A simpli ed ontology of an electronic shop

simpli ed ontology of an electronic shop in an electronicomerce system.

A class, shown as rectangles, represents a set of indigiddalistomer , eShop, and
PaymentMethod represent the set of all customers, e-shops, and paymehbdsetespec-
tively. An association represents a setdakctedand named links between individuals of one
or moredomainclasses against individuals of one or momegeclasses. A binary association
is between a domain class and a range class, while an N-apgiasen is between multiple
domain classes and/or multiple range classes. The caitgindbn association may be further
restricted through a minimum and maximum number of indigldwf range class(es) that must
be linked to an individual of a domain class. For examg@astomer.eShop is the name
of the association where the domairdastomer andeShop is the range. EacBustomer
must be linked to one or moeShops (a customer is naturally a customer of some e-shop(s)).
ConverselyeShop.customer is the name of the association where the doma@Sisop and



range isCustomer . EacheShop must be linked to one or mot@ustomer s (ideally, every
store should have at least one customer in its records).

An ontology element may denote an individual or a set of imhligls, depending on the
perspective. For example, for the ontology in Figurd 1.2ustamer named “John Doe” is an
individual of Customer . Customer is a set of individual customers, but it is just one of the
classes in the ontology, i.e. an individual@fass . Furthermore, a metalevel above may see
Class as an individual of some higher notion. A class is a subclédsmother class if and
only if the former represents a set of individuals that is las&t of the set of individuals repre-
sented by the latter. For exampléreditCard , ElectronicCheck andMoneyOrder are
subclasses d?daymentMethod . Whether an ontology element should be a subclass or an indi-
vidual of another class is dependent on the modeling petispeblamely, ifPaymentMethod
were to represent the set of payment methods used at diffeoénts in time, then allowing an
unbound upper limit of the multiplicity oéShop.paymentMethod  would be appropriate,
as shown in Figuré1l.2. A payment method used would be anichdilof one of the three
subclasses dPaymentMethod . On the other hand, iPaymentMethod were to represent
different payment methods available in an e-shop, themigaan 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, electronec&hand money order would represent
individuals, not subclasses, BaymentMethod in this case.

An important part of ontology modeling igdassi cation. Classi cation groups individu-
als according to some criteria against their links to otielividuals. De ning anequivalent
class, also known as antentionalclass, is a particular method of classi cation that usesi¢on
tional expressions on explicitly made classes to de ne aigmf individuals[[42]. For example,
eShopWithMoneyOrder class may be intentionally de ned as the sete8hops with at
least oneeShop.paymentMethod as an instance dfloneyOrder . An inference engine can
be used to compute the individuals belonging to an inteatiolass. A small set of explicit or
asserted classes and associations from which equivaksgad can be de ned exibly is con-
sidered a well-designed, robust ontology.

Ontology modeling vs. objected-oriented modelindraditionally, the termontology mod-
eling is more closely associated with information management Hudtware engineering. On-
tology modeling is an essential partsgmantic wef43], a global effort led by World Wide Web



Consortium (W3C) to de ne a standard framework for inforroatreuse and sharing. OWL
is widely considered as the standard ontology modelinguagg for semantic web. Object-
oriented modeling, i.e. class diagram modeling, in sofeaemgineering is strikingly similar to
ontology modeling in information management. Object4uoieel modeling also uses classes, as-
sociations, and inheritance. Uni ed Modeling Language (UMlass diagramd [36], or Meta
Object Facility (MOF) [1] for all intents and purposes, anenarily used to model object-
oriented concepts. While there are technical differened&den OWL and UML, such as the
fact that OWL does not explicitly support containment origability, there does not seem to
be any fundamental difference in terms of purpose, desazipower, and even syntax. One
notable difference is the explicit support for classi @atiin information management ontology
modeling. However, recent advancements in constraint ({82l and query support, which
propose mechanisms powerful enough for classi cationicae that object-oriented modeling
and information management ontology modeling may be cgivgr For the purpose of this
thesis, both are considered as ontology modeling. Althduigth/OCL is used throughout the
thesis, other ontology modeling technologies may be usstdaal.

1.3 Model-Driven Software Product Lines (MDSPL)

Today's DSPs in SPLs are usually implemented using cod#&iceachnologies such as object-
oriented frameworks, components, and sometimes evenffifdprocessor directives. Applica-
tions built on top of such platforms represent some mixt@ipaiform con guration settings and
custom code. The ratio between these two may vary from phatfo platform and application to
application. For example, some deployments of SAP's R/3 beaglmost 100% con guration,
while solutions based on WS Commerce are usually more custmla intensive.

In Figure[I.8, the oval represents the scope of a DSP and &k Hbts represent systems
that can be arrived at through platform con guration. Thegstems do not cover the entire
DSP, as suggested by the density of the dots, and as a restdincsystems, including the one
represented by the cross, cannot be arrived at through coatign only. Assuming that the
customer is not willing to except the next best solution, itee closest dot to the cross, custom
coding is required. Unfortunately, in most DSPs, con gueabystems are relatively sparse,



Figure 1.3: Scope of a product lir€ [9]
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making the transition from con guration to custom codinghexr abrupt. Steve Cocﬂ«efers
to this situation as the “customization cliff”, which is skw in Figure[I.h. The idea is that
beyond the simple con guration facilities such as wizanahjch are usually provided to lower
the initial entry barrier, the platform user faces custordieg against the horrifying details of
the platform's APIs. This idea is at odds with the intuitivengiple that “easy things should be
easy to do and progressively more complex tasks should atlgrgogressively harder to do, not
insurmountably hardefl”

Model-driven software product lines (MDSPhas the potential to eliminate the customiza-
tion cliff in traditional, code-centric implementations ®PLs by offering modeling as a middle
ground between con guration and custom coding. MDSPL ispadigt growing eld of intense
research, with notable works being the research effort bye@eive Software Development
Group [9/23], Software Factories [21], and Model-Integda€omputingl[41]. MDSPL is a sub-
set of Generative Software Development, which aims at aatioigp the creation of a software
system from a family of software systems from a speci catvaritten in textual or graphical
domain-speci ¢ languages|[8].

Ontology modeling and feature modeling in MDSPL.In MDSPL, models, for domain
modeling, requirements, architectural design, and othgrgses, are rst-class citizens and are

1See http://blogs.msdn.com/stevecook/
2http://blogs.msdn.com/garethj/
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Figure 1.5: Domain modeling and solution modeling

used as main artifacts throughout the entire developmeregss. Multiple models at multiple
levels of abstraction in uence one another through re nammeonsistency relationships and so
on.

Modeling in MDSPL can be divided into two categories: domaiadeling and solution
modeling. Solution modeling develops models that direictlyence the end software product,
including requirements, design, implementation models.tl@ other hand, domain modeling
develops models more closely related to the problem spacparticular, as Figurie~1.5 shows,
feature models control commonality and variability of smn models from the viewpoint of
domain-speci ¢ concepts. Ontology models provide a basissblution models, in uencing
solution modeling. The in uence may range anywhere fromvigion of common vocabulary
and conventions to speci cation of the metamodel for solutinodels.

Both feature modeling and ontology modeling are domain regeechniques and both
feature models and ontologies are domain models. But, agubstion mark in Figure1.5
indicates, how are ontologies related to feature models®@ siimilar role of feature models
and ontologies in MDSPL, coupled with their enigmatic difieces in modeling philosophy
and descriptive power, make this question intriguing. Alsased on the relationship between
ontologies and feature models, how are ontology modelingfeature modeling related? The
author's main research objective has been to provide asswénese questions.



1.4 Research Overview

In Chaptef R, the essence of feature models is discussedhwheds a light on exactly what
feature models have evolved to be since its inception. Tikenotational spectrum between fea-
ture models and ontologies is discussed to provide a framefiwounderstanding the differences
between feature models and ontologies.

In ChapteB, the notion of feature models as views on ontetoig proposed using a case
study of a typical business-to-commerce (B2C) e-commaeaftesare product line, such as Ama-
zon.com [|3] or Wal-Mart([45]. Feature models from three eliéint perspectives, i.e. business,
usability, and administration, and a requirements-leveblogy speci ed using an established
framework for modeling economic concepts called RRAgources, Economievents, and Eco-
nomic Agents) [25] are used to de ne the precise relationship betwieature models and on-
tologies. The case study is just a part of the broader petigpeaf MDSPL, applied against
an e-commerce product line for example, as shown in Figiie The envisioned e-commerce
product line is a set of web applications with a three-tieh@aecture based on the Java 2 Enter-
prise Edition (J2EE) framework. The top level contains ¢hieature models of functional and
non-functional requirements (business, usability, adstriation). The mappings among these
feature models are de ned as constraints over features.f@dtare models are mapped to the
REA ontology as its views. The level below contains solutioodels that largely abstract from
the target execution platform (such as J2EE). These modelsan gured by the three fea-
ture models and are based on the REA ontology above. Thesbidinal mappings among the
models offer consistency checking and model synchromimatheaning that the customization
changes to one model are (potentially partially) propadjtdts related models. The solution
models are further re ned into platform-speci ¢ models (wf are also solution models) using
model-to-model transformations |12]. Note that the web ponent model is based on an ontol-
ogy describing web components and con gured by feature isaglleose concepts are related to
web components. Finally, application code is generated tie platform-speci ¢ models. Two
rectangular areas, which enclose the feature models armhtbéogies, show the scope of this
thesis. While this thesis uses requirements-level ontetognd feature models as examples (the
higher rectangle), the ideas presented are equally apfdita lower level domain models (the
lower rectangle).

From the notion of feature models as views on ontologiesdwoplementary domain mod-
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Figure 1.6: The scope of research with respect to a broadspgetive of MDSPLII9]

eling approaches, view projection and view integratio® jaroposed in Chapt&t 4. In view
projection, we assume that a comprehensive ontology idad@ior being constructed using
ontology-oriented domain analysis, like REA. Feature nhpdejection on ontology is done to
model concepts from different viewpoints for the purposeaufping the concept modeled by the
ontology. In view integration, feature models, or outlimésequirements, are rst created more
or less independently, with some ontology in the mind of @ackeler. Ontology can be used to
align the views, with a particular focus on developing thertapping parts. For each approach,
a general process is proposed and demonstrated in conerete and a classi cation of each
approach based on some important dimensions is presented.

In Chapte[b, the nature of feature models, with respect tologies, is discussed. Possi-
ble ideas for converging towards a novel domain modelinggligm are presented. Then tool
support suggestions for supporting feature models as wwevetologies and the two proposed

10



domain modeling approaches, are made.
In ChaptefBb, bodies of related work are discussed. ChBjtendludes the thesis.

1.5 Research Contributions

Contributions, all of which are novel to the author's besbwiedge, can be classi ed 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 famflyadfire models is described using
a feature model that counteracts the popular belief of weaiuie models are. Also, the nota-
tional spectrum of feature models that extends to ontofoigidiscussed and a possible boundary
between feature models and ontologies is proposed as aftiakiture research.

Feature models as views on ontologieBased on the analysis of commonalities and dif-
ferences in notational, modeling philosophy and purpogdEPL, it is proposed that feature
models are views on ontologies. A concrete mapping mechmnis. feature-based restriction,
that involves embedding features in ontology constrasmoposed. The mechanism is a novel
way of mapping feature models to any kind of model supportimgstraints.

Domain modeling approaches.Two novel domain modeling approaches, view projection
of feature models from ontologies and view integration @ftéee models into ontologies, are
proposed. A general as well as a specic process is discuasddshown through concrete
examples and technologies, including QVT and OCL for UMLabogies. A classi cation of
each approach is presented as a possible basis for futecas

11
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Chapter 2
On the Nature of Feature Models

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

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

affect end-users”, today, feature models are more gegara#id to describe any commonality
and variability of a concept. To this extent, feature maugls a domain modeling technique,

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

thing more than what was originally conceived. Notatiopa number of extensions has been
proposed that seems to push the descriptive power of featodels to that of ontologies. This

chapter aims to answer the questions, "Wiedctlyare feature models and how are they differ-
ent from ontologies?”

2.1 Essence of Feature Models: Feature Hierarchy and Vari-
ability

A feature models a hierarchy of features with variability. Figure 2.1(a mks the concept

of feature modeling notations as a feature mod&ature hierarchyis shown as a mandatory
feature (see Table2.1 for an explanation of the notatiod tis®ugh the thesis). The primary
purpose of a hierarchy is to organize a (potentially largehber of features into multiple levels
of increasing detail. A feature model of a concept descrébsst of valid feature combinations,
each representing an instance of that concégmtiability de nes what the allowed combinations

13



of features are. Variability in a feature model is expressedugh a number of mechanisms,
which are shown as its subfeatures in Fidure 2} 1(a). The basit variability mechanism is the
notion ofoptional featureswhich is mandatory according to Figure 2.1(a). More adednari-
ability mechanisms, such as group constraints, attribatesing, and additional constraints, are
all optional. Additional constraints may cut across thdédeahierarchy. They can be expressed
in propositional logic or a richer formalism such as rsider predicate logic or some weaker
constraint formalism. It is important to note that the feathierarchy has a double role in a
feature model. First and most importantly, it is a struetgnmechanism, but it also contributes
to variability. Speci cally, a feature implies its parerand a mandatory feature is additionally
implied by its parent. A feature notation may also suppdreotmechanisms, such as annotations
and feature model references. Annotations are useful tme@pdditional information such as
priorities or relations between features. Feature modeleaces allow splitting large feature
models into smaller onefkenderingn Figure[Z.1(d) is an example of a reference to the model
in Figure[Z.1(d).

Contrary to popular belief, feature models may be renderédferent forms, some of which
are listed in Figurg¢ Z.1(c)FODA-style treesefers to notational styles resembling the original
FODA diagrams([2/7].Explorer-viewstyle is the rendering used in this thesis. In general, any
rendering style for hierarchies is applicable to featurelel®, such as structured documents with
sections and subsections, mindmaps, and hierarchicalstabbr example, consider Figlrel2.2,
which shows a basic feature model rendered in explorer-(iggure[2.2(d)), structured docu-
ment view (Figuré¢ Z.2(b)) and mindmap view (Fig aﬁ )

The essence of a feature model is its embodiment of a higrarahdescription of variability,
rather than its rendering. Indeed, artifacts that may notdremonly considered as feature
models, like those in Figurle 2.Z]b) and Figl{ire Z]2(c), cayuably be considered as feature
models “in disguise.” Degenerate cases include artifadtsowt hierarchy, such as at lists and
tables, or without variability, such as a requirementsioatith no variability.

1Group constraints are not shown in the structured docurmehirandmap renderings for simplicity.

14
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Figure 2.1: Features of feature modelihgl[15]
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Symbo Explanation

A Root feature

Solitary feature with cardinalityl..1], i.e., mandatory
feature

Solitary feature with cardinalitf0..1], i.e., optional

feature

& Solitary feature with cardinalitj0..m],m > 1, i.e.,
[0..m] optional clonablefeature

¢ Solitary feature with cardinalitin.m],n> 0" m> 1,
[n..m] i.e.,mandatory clonabléeature

L] Mandatory grouped feature

a Optional grouped feature
f(T) Featuref with attribute of typel

A Feature group with cardinalityl—1i, i.e. xor-group

A Feature group with cardinalityfl—ki, wherek is the

group size, i.eor-group

A . T

hioji Feature group with cardinalithi—j i

Table 2.1: Symbols used in cardinality-based feature niogl¢L5]

2.2 Notational Spectrum between Feature Models and On-
tologies

A commonly accepted de nition of aantologyin information sciences and engineering is that
by Gruber, who de nes an ontology as “an explicit speci catiof conceptualization’[24]. An
ontology represents the semantics of classes and theriagsns using some description lan-
guage, which is most often coupled with rst-order logic trdecidable fragment. Basic feature
modeling is also a concept description technique, but isucag logically as a propositional
formula [€]. In terms of descriptive power, ontologies alesacly richer and more powerful.

The space between the two techniques is not empty, howevertational and semantic
spectrum exists between basic feature models and onts|agid this warrants exploration. Var-
ious extensions to feature modeling for increasing therg@se power have been proposed.
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A, eShop

—|-- & R.eqgistration eShop
= & ReguiredFor 1. Registration (optional)
- A 1.1 Prerequisite For (optional)
o Checkout Checkout or Rewview
O Review
= # Catalog 2. Catalog _ _
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(a) Explorer-view renderth) Structured document ren-
ing dering

] Checkout
] ] ReqguiredFor ~———

Wishlist . Registration "  Review
—, Catalog - 1 )

- eShop K

(c) Mindmap rendering

Figure 2.2: Different renderings of a basic feature model

These extensions bring feature models closer to that of gleaenontology formalism, and
make out the spectrum in Figure2.3. The main considereasixues to basic feature modeling
include feature attributes, cloning, and reference aiteib [11]. We discuss each extension in
turn, focusing on the motivation for each extension, and t@xtends the constraint mecha-
nism of basic feature models. We also comment on whetherititesbed extensions increase
the succinctnessf the notation (i.e., add syntactic sugar) and/or the esgweness (i.e., allow
expressing new mathematical concefits) [17].
Basic feature modeling. Basic feature models can be thought of as a hierarchy plus a

+Reference Rich
attributes ontology
modeling

Basic +Attributes  +Cloning
feature
modeling

Figure 2.3: Increasing descriptive power of feature mag|iL5]
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A, eshop Mon-Functional Reguiremnents
@ StarageThreshold (INTEGER)
TrafficThreshaold (INTEGER)
@ UserCapacity (INTEGER)
- # ServerSpeed
SRS
o LessThanzaHz
O LessThan3GHz
O LessThan4GHz

o

Figure 2.4: Attributes in feature models

propositional formula. Figurg_Z.I{b) de nes this class otations as a specialization of the
feature model in Figurg Z.I{a). An example of a basic featuoeel representing the require-
ments for a family of electronic shops is shown in Figire @)1(A basic feature model can
contain additional constraints as propositional formutagh asRegistration/.../Re-

view ) Review . Group constraints are syntactic sugar with respect totiaddi constraints
since they can be captured by a propositional formula. Tiength of basic feature models is
their simplicity and intuitiveness. The hierarchy natlyrdlelps the modeler explore a problem
from a given perspective by allowing organization of featuinto levels of increasing detail. Fea-
ture optionality and feature groups allow the explicit miagigof variability, while the hierarchy
implicitly encodes implications. Constraint solvers ldhsa binary-decision diagrams (BDDs)
can be used to ef ciently reason over basic feature modeisesa propositional formula can
precisely capture the variability of feature models. Whilgropositional formula allows expres-
sion of more complex feature dependencies, the essence béa#ic feature model is to abstract
from such expressiveness as much as possible. The basitatonhsolving machinery is also
applicable for consistency checking, choice propagatimhauto-completion of con gurations
of feature models, as described Inl[14]. Figlre I]1(b) shawsn guration of an electronic
shop storefront where some manual choices (shown in blaokg propagated some automatic
choices (shown in gray).

Attributes. A useful extension is to alloieature attributes Here we consider attributes
of basic types such as numbers and strings. Feature aggibave been particularly useful in
the context of embedded softwarel[11]. For example, Weiktral. [48] use feature models to
con gure a Matlab/Simulink model of automotive engine aohsoftware. In that application,
different characteristic parameters of the Matlab/Simiuinodel such as engine mass, target op-

18



A, ModelTransFormation
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- @ [1..*] Domain
—- @ StaticMode
SRS
o In
g Ouk
o Injout
=] & Patterns
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o Graphs

Figure 2.5: Cloning in feature models [15]

erating temperatures, etc., are exposed as feature &8ilvuthe corresponding feature model.
In the context of business applications, feature attribbuteuld seem to be useful for modeling
non-functional requirements such as server throughpupaaty. However, such requirements
can usually be modeled by a few alternative features, su¢bagmcity up to 1,000 users” or
“capacity up to 100,000 users.” Adding attributes invitemplex constraints. While constraint
checking need not be a problem, constraint solving can uigkn into a complicated optimiza-
tion problem in many cases. For example, in Fiduré 2.4, wieat@ibute value, like the user
capacity in an electronic commerce product line, is depehde other features, like thresholds
of storage, traf ¢, and server speed, appropriate solstimay be computationally dif cult to
nd. This can often be solved with the proper tooling and maehy, but if constraints become
too complex, it should be regarded as a warning sign sayiigorhaps what you are doing is
outside the scope of feature modeling.

Cloning. Cloning is an extension that allows the upper bound of a featardinality to be
greater than one. Although cloning is rather an exotic meisiha in feature modeling, there
are clearly cases where cloning is useful. As an examplayr€f@% shows a fragment of a
feature model that characterizes a family of model tramsédion approaches$ [12]. Accord-
ing to the model, each approach supports transformati@s rwhich in turn may have one or
moreDomains. Thus, the model can account for approaches with multipheains, each hav-
ing a different selection of features. For example, a glagbed model-to-model transformation
approach may have just one in/out-domain with graph patevhereas a template-based model-
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=] & Paymentiaateways
=l
g CyberSource
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g LinkPoink
-l & Shipping
# [1..*] shippingMethod

Figure 2.6: Reference attributes in feature models [15]

to-text approach may have two domains: an in-domain witlply@atterns and an out-domain
with string patterns. Bounded cloning can be expressed bgogitional formula; unbounded
cloning means increased expressiveness. In practice,amalways make cloning bounded by
putting a suf ciently large number on the upper bound. Hoerewadding cloning potentially
invites a new class of constraints, such as constraintssgisiof clones [14]. Simple constraints
over clones, such as constraining the size of a set of cloreswithin a range, are rather unprob-
lematic. However, more complex constraints over clonesh s1$ requiring a clone of feature A
for every clone of feature B, demand richer constraint fiiedl (in particular, constraint propa-
gation and constraint solving) and essentially model aasons. Allowing such relationships
to be modeled is one of the strengths of ontology modelingthus, they are arguably outside
the scope of feature modeling.

Reference attributes. A reference attribute is an attribute that may point to aeotbature
in a feature con guration. Reference attributes are onlyntdrest in the presence of clonable
features. Figur€2.6 shows an excerpt from a feature modekitdng a family of electronic
shops from an earlier thesis [14]. The feature model makesaayhuse of feature cloning.
The BackOffice  part of the feature model allows creating multiflaymentMethod s and
ShippingMethod s, which need to be referred to from tBéoreFront  part. This is mod-
eled using the feature referencesRafymentMethodRef andShippingMethodRef . Ad-
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ditional constraints are needed to restrict the scope afifea the attributes can refer to. For
example, the constraint that the attribust () of PaymentMethodRef should only point to
clones ofPaymentMethod can be stated using OCL as follovis[14]:

context PaymentMethodRef inv:
EShop.BackOffice.Payment.PaymentMethod->includes(at t)

In essence, reference attributes can be viewed as “a pods asmociations.” Consequently,
reference attributes seem to be outside of the scope ofréeatodeling, as indicated by the
dashed line in Figure2.3.

Rich ontology modeling. Ontologies may be described in formal languages based ¢n rs
order logic (FOL) such as KIF]16] or OWI_]42]. Alternativelgntologies may also be repre-
sented using UML class diagrams and @CIhis is commonly done in software engineering.
In the UML approach, individuals are represented usingselasind their relationships are rep-
resented using UML associations. Domain-speci ¢ semartan be provided by a specialized
UML pro le, as will be illustrated in Sectiofi-3l1. In this this, only ontologies represented us-
ing UML class diagrams are shown, but the presented ideasecganeralized to other ontology
formalisms, too. FigurE_2.7 shows a UML ontology of the egsFamily from FigurdZ.b. The
use of association and specializations results in a moudiirga model.

Other extensions. The discussed extensions in uence the con gurations, er seman-
tics, of a feature model. Other extensions that do not ch#mgsemantics of a feature model,
namely, annotations, are non-essential. For example taréedependency, like a UML depen-
dency as opposed to an association, typically has two coemenformal semantics, which is
an additional propositional constraint on the feature rhbkle requiresor excludesand infor-
mal semantics, expressed through a description of a reléke implementsr uses The rst
component can be expressed in a basic feature model. Thedseomponent, which cannot
be expressed using symbols already in the feature modei, am@aotation that is an additional
symbol. While non-essential, an annotation is a symbol iaraguration, like a feature name,
which can be useful for interpreting the con guration.

20CL is more expressive than FOL, e.g., transitive closuves object relations can be expressed in OCL but
not in FOL [33].
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context Payment inv:
self.paymentGateway->forAll(gateway1, gateway2: PaymentGateway |
gatewayl<>gateway?2 implies gatewayl.getType() <> gateway2.getType())

Figure 2.7: UML model of the e-shop family from Figurel2.6
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Chapter 3
Feature Models as Views on Ontologies

With an understanding of the nature of feature models, wefwdher explore the relationship
between ontologies and feature models in three dimensmmtation, modeling philosophy, and
role in MDSPL.

Notationally, as discussed in the previous chapter, featnodels, on the left side of the
spectrum in Figur€213, are less powerful than ontologiesthe right side of the spectrum.
Since feature models are more appropriate for expressingsesof what ontologies can express
(for example, reference attributes seems to be outsideabfire models but de nitely within
ontologies), feature models can be considered as a nahtiohset of ontologies.

In terms of modeling philosophy, in feature modeling, a @pids described by rst setting
its scope and hierarchically adding its details in a top+aéashion. On the other hand, in ontol-
ogy modeling, a concept is described by adding its detadsraplicitly de ning the scope of the
concept through the details in a bottom-up fashion. For @t@mvhen de ning a feature model
of the “business” concept of a B2C e-commerce product Imestope of the “business” concept
is rst set to, say, high-level business processes invghdastomers. Each business process is
further broken down and ultimately, a feature model desagiltommonality and variability in
each business process in increasing detail is devisedld@gtmodeling may proceed in a simi-
lar top-down way, by rst conceiving the business processesthe associations between them.
However, as the ontology evolves, while the details of bessrprocesses may have been added,
it is very likely that other high level concepts, like ordet iment and inventory tracking, that
have very little to do with customers, are modeled as welllikdrthe feature model, the scope
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of “business” concept is de ned by what's in the ontologyt mice versa. Inevitably, as the
ontology evolves, the scope of the concept being modeldewland. Therefore, an ontology
is likely to model a more general concept, i.e. with a largepg, than that of a feature model.

As mentioned in Chaptél 1, feature models control commtynafid variability in solution
models while ontologies provide a basis for solution modéklese roles in MDSPL are not very
different, as the two modeling techniques are both domaidetiag techniques.

The fact that 1) feature models form a notational subset tdlogies, 2) feature models
describe concepts more specialized than those describmtdipgies, and 3) feature models and
ontologies are both domain models suggests that featurelsakviewson ontologies, namely,
projections of the ontologies from different viewpoint$i3 chapter presents a formalization of
this relationship through syntactic correspondence anthaéics of mapping between feature
models and ontologies. Syntactically, traceability litkfween feature and ontology elements
are achieved to increase understanding of the mapping eptesent simple dependencies like
existential constraints. Semantically, a feature modstricts an ontology from a viewpoint
through additional constraints. An e-commerce produd tase study is used to explain the

mapping.

3.1 REA Case Study

The Resource Event Agent (REA) framewadrk![25] is an esthblissystem of guidelines, rules,
patterns, and schemas for constructing an ontology of basielements. Figufe_B.1 shows
the basic metamodel of the REA framework. The system alldweseiconomic world to be
modeled in terms of duality of economically bene cial andrdaentalEconomicEvent s that
are functions of providing/receivirigconomicAgent s and incoming/outgoingtockflow )
Resource s. Duality is a fundamental idea behind REA: in economy, anethat decreases
value of some resources is inevitably linked via thality  association to another event that
increases value of the same or other resources from a pévgpedntologies developed using
frameworks like REA are likely to be more complete and stahén the ones developed using
less systematic methods.

In this case study, in the context of an electronic commeottevare product line, some REA
business patterns that are modeled according to a metarmmasterably more complex than
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Figure 3.1: Basic metamodel of the REA framewark [25]
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Figure 3.2: Custom REA icons[115]

the one in Figur&3l1 are presented.

3.1.1 REA Metamodel Explained

Instances of the REA metamodel are represented using UMeattges and intuitive icons for
classes shown in Figufe_B.2. From left to right in Figurd R&source s, which are scarce,
are represented using diamondsRAsourceType , which represents a set Besource s of
the same type, is represented using a shaded diamond. Foplexa particulaResource-
Type isProductType ,aninstance of which is a particular product descripticm@atalog that
typi es the distinguishable products leaving the storesimory.EconomicEvent s, which may
be incremental or decremental from the perspective dE@mnomicAgent , are represented
using lled and un lled stars respectivelfEconomicAgent s, such as customer and enterprise,
are represented using stickmelaconomicEvent s are involved irconversionand exchange
processes. In a conversion procdsspnomicEvent s usesand/orconsumesome resources
to producesome other resources. A consumption of a resource makespkar, while a usage
does not. In an exchange process, resources ow into and aLget of activities related through
duality associations.

Models conforming to the pure REA metamodel only contairtanses ofResource
EconomicEvent andEconomicAgent , hence the acronym. However, more advanced eco-
nomic notions require additional constructsCAntract , a legally binding agreement between
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at least two parties that detallmmitment s andTerms, is represented using a document. A
Term, a contractual condition whose violation can trigger thgureement of som&€ommit-
ment s, is represented using a magnifying glass. Finalpemitment , an agreement to ful Il
an incremental or decrementatonomicEvent in the future, is represented using a lled and
un lled clock respectively.

3.1.2 REA Model of a Business-to-Commerce E-commerce ProduLine

Figure[33B and Figure—3.4 show an ontology of system capiasiland entities of a B2C e-
commerce product line modeled according to the REA metatranttkicons described in the
previous subsection. The ontology is broken down into twibsp@ facilitate explanation: Fig-
ure[3B shows the overall ontology and Figlrd 3.4 shows thmehts largely relevant to the
SaleOrder contract. TwadEconomicAgent s are assumed to exist: customer and enterprise.
All EconomicEvent s are modeled from the perspective of theterprise . To keep the
example visually clear, some trivial relationships aré éeft, but explained.

In Figurel33B, from left to right, &egistration event produces afxccount , which may
be or may not be used Browsing , Checkout , andReview (product review) events, which
are provided by the customdRegistration , Browsing , Checkout , andReview are in-
crement events because they increase membership base st orders, consumer community
base respectively, which are the enterprise's net ressur®a the other handdehaviour-
Tracking , a system capability that monitors customer activitiea,decrement event that may
be a dual oBrowsing andCheckout because it uses system resources to increase usability
of these two events. SimilarlgystemSettingsDetection , & system capability for ana-
lyzing properties of the customer computer, may be apptdregistration , Browsing or
Checkout also to increase the usability of these activities.

The wordmayis used here to emphasize variability. Different produntthe e-commerce
product line may have different con gurations, more speaily subsets, of the ontology. Also,
note that the stereotypes on associations, like, produce , andduality , indicate the
type, not the name, of association, which is an associatetwdenEconomicEvent and
Resource metaclasses as described in Sediion B.1.2. Model assmsatie referred to using
standard UML naming convention, for examp@&heckout.account . In addition, while a
system capability may be modeled as discrete events or amoons event, to keep the discus-
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sion more clear, we take the latter view and assume that tarde at most one instance of
the capability. As a result, all the associations to a systepability, such abrowsing.be-
haviourTracking and checkout.SystemSettingsDetection in Figure[3.8, have
the cardinality [0..1].

Continuing on in Figur€3l3, aAiccount may have multiple&ShippingAddress  and on
aCheckout , aRewardPointAmount may be applied to the purchase being maiew-
sing uses at least on@atalog , which describes at least oReoductType El Product-
Type is divided into two main categories€lectronic refers to digitalProductType s
while Physical refers to tangibléProductType s. A consumeReview of Product-
Type may use &RatingSystem , which may allow numeric or letter rating. Browsing
eventideally produces@hoppingCart , which is consumed by@heckout eventto produce
aSaleOrder

Figure[3.4, an extension of the advanced “Guarantee” pagtesented in [25], shows just
one of the possible ways of using REA to model sale orders atsastis. ASaleOrder , also
referred to as gurchasethroughout this thesis, is @ontract between arEnterprise
and aCustomer in which the enterprise is committed to making a s&al¢Commitment )
and the customer is committed to making a payment GaahReceipt (CashReceipt-
Commitment ), typically in the near future. Note thatSaleCommitment is associated with
ProductType andProduct through<<outflow reservation>> . This means that in
order for aSale to be ful lled in the future, aSaleCommitment must reservé’roduct-
Type s, handbag descriptions in a catalog for example, and thestlyProduct s, handbags
with particular serial numbers in a warehouse for exampléelthe actuabale is ful lled,
the handbags leave the warehouse due t&#ie-Product outflow association. Likewise,
the actualCash (money belonging to an entity), typi ed by@ashType (money amount) like
a thousand dollarsarrives at the enterprise's possession when the a&ashReceipt is
ful lled.

A SaleOrder may haveBackorder andProductReturn inits clausesBackorder
is an implication stating that if someroductType s and their typi edProduct s cannot

lcatalog-ProductType , which does not have any stereotype, is an example of aniaieadhat is not an
instance of an REA meta-association. The example, whileilyga uenced by REA, is essentially a class diagram
with associations, inheritance, pro les, and etc.
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be reserved (i.e. not available at the time of purchase)) the enterprise is committed to
StockReplenishment |, which will stock the unavailabl®roduct s within a certain pe-
riod of time. ProductReturn is an implication stating that if a customer wants to return
purchasedProduct s, then the customer must ful Il the commitment to physigakturn the
Product s back to the enterprise, while the enterprise must ful & gtommitment to physi-
cally return the customer's money. ProductReturn  may require the enterprise to make a
PostagePayment to help the customer return tiR¥oduct s. Note that the events occurring
due toSaleOrder , namelySale , CashReceipt ,ProductReturn ,MoneyReturn ,and
PostagePayment , are related through aaxchange process.

Two feature models are presented as views on Figule 3.3 anareE8. 4. The business fea-
ture model, in Figurg 3.5(a), views the ontology in termsustomer-provided event€heck-
out , Browsing , Registration , andReview . The administrator feature model, in Fig-
ure[3.5(0), views the ontology in terms of system adminiigtraconcerns, namel\Regist-
ration , SystemSettingsDetection , and BehaviourTracking . Syntactic corre-
spondence and semantics of mapping between an ontologyeatutéd model views are for-
malized using these examples.

3.2 Syntactic Correspondence

Syntactic correspondence between a feature model and alogyestablishes traceability links
between feature model and ontology elements. Tracealslitgeful for increasing understand-
ing of mapping and for representing simple constraintsékistential dependencies. In general,
an arbitrary set of feature elements, i.e., features amatioakhips (subfeature or feature group),
may be mapped to an arbitrary set of ontology elements,da&sses and associations. There
is an M-N association between feature elements and ont@tgyents. But a typical mapping
is where an element-to-element mapping is used to expresgistential dependency from a
feature element to an ontology element. Fiduré 3.6 showspbes of such mappings between
the REA ontology and its two vie\ﬁs Note that to de ne a uniform and precise syntactic and
semantic mapping, dependencies must be represented agtioss with stereotypes, as done
in Figure[3.B.

20Ontology elements not involved in a mapping are coloredljgh
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Figure 3.5: Views of the REA ontology in FigureB.3 and Fig8ré [15]

Isomorphic mapping. In Figurg3.6(d) and Figufe 3.6]b), tBaleOrder feature is mapped
to the actualSaleOrder class, while the subfeature relationship betwé&dreckout and
SaleOrder is mapped to the associati@heckout-SaleOrder . Likewise,Backorder
andProductReturn  features, which describe whether every sale order musidecbr ex-
clude such terms, are mapped to the corresponding ontolagyes. When a feature-subfeature-
feature pattern is mapped to a class-association-claspas in the last two cases, the feature
model region and the ontology region are isomorEhimhich means that the ontology region is
very much like a feature hierarchy, modeled with a singleptin mind. This makes sense in
the last case, sincBerms can only exist in the context of@ontract , like a SaleOrder
Similarly, potentialCommitment s, includingPostagePayment , make sense only in the con-
text of theirTerm, like ProductReturn . Generally, isomorphic mapping is suitable when an
ontology describes partonomy, characterization, or simgleritance. Note the structural resem-

3“A graph isomorphism is a bijection, i.e., a one-to-one magpbetween vertices of two graphs G and H,
f:V(G)) V(H), where any two vertices u and v from G are adjacent if anly @ 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 é&blews [15]
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blance between Figufe 3.6(d) with its ontology counterpaytire[3.6(d). Here, a feature group
maps to the specialization relationship. In isomorphic piag, subfeature cardinalities usu-
ally correspond to association cardinalities. This is emicbetweerBaleOrder andReview
features and their ontology counterparts.

Feature-to-association mappingln Figure[3.6(H) AccountRequired  states whether or
not a checkout event requires an account. This feature ipethi the associatioBheck-
out-Account , not toAccount , since the feature expresses an existential constrairtteon t
association. If a feature is involved in a feature-to-asgmmn mapping, it is dif cult to specify
the syntactic correspondence of its child features, asttihe features re ne the semantics of the
feature-to-association mapping. This problem is explamatktail in Sectioh 3]3.

Different views. Different views may syntactically correspond to the sanggare of ontol-
ogy through different traversals. For example, Fidured.and Figur¢ 3.6(b) shofccount
andBehaviourTracking being viewed fronCheckout . Figureqd 3.6(é], 3.6(f), 3.6(g) and
[B:6(h) showCheckout being viewed fromAccount andBehaviourTracking . Such op-
posite traversals mean that while each feature model magdaroverlapping restrictions, each
can always provide a unique restriction. For example, wihieeBehaviourTracking ca-
pability may be turned on or off only fo€Eheckout events in Figuré 3.6(pBehaviour-
Tracking capability in Figurd 3.6{h) may be turned on or off for all ete

3.3 Semantics of Mapping

Semantically, a feature model, through its con guratiaegresents the set of viewpoint restric-
tions that can be applied to an ontology. The restrictedlogyomust represent at least one valid
set of ontology individuals. We propose a natural mechari@gnontology restrictionfeature-
based restrictionfeatures of a feature model are embedded in ontology @inttr which are
speci ed against the ontology and are applicable to indigid of the ontology. For a given fea-
ture model con guration, simply, the feature variablesjathare typically Boolean, are replaced
by their values in the OCL constraints. We rst discuss somge semantics and then discuss
more complex semantics.
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Simple Semantics

Table[3.1 shows some of the applicable constraints on Fi§idrand Figur&€3l4. A feature ID,
shown within<< >>| is replaced with the Boolean value of the feature at conagion time. For
example, constraint 1 states that if a business viewpoimgewation indicates that an account
is required for checkout, then every checkout event must havassociated account. Note that
we have not included here the same decision from the admivpaiat, i.e. Checkout feature

in Figure[3.6(f). To avoid redundancy, we only include on¢hef features since we're assuming
that both viewpoints must agree on the capability. Beforeguring the ontology constraints,
feature constraints between feature models must be plawkd walid con guration of the fea-
ture models as a whole must exist. So the constraiobuntRequired<->Checkout must

be placed between Figure 3.§(b) and Fidure 3.6(f) and eteadua true before constraint 1 can
be evaluated. Alternatively, if the constraint betweentile features is not desired, perhaps
because they have other semantics for which they cannoteaéent, they can be ANDed to
form the left-side of the implication in constraint 1. Camaétt 2 shows a situation where the
existence of an association, i.8aleOrder.backOrder , Is dependent on the existence of
a feature,Backorder . Constraint 3 shows a case where a cl&sgistration , cannot
have any individuals. Due to the one-to-one associatiom fRegistration to Account
this constraint effectively eliminatesccount as well wherRegistration feature is elim-
inated, which has further implications. Constraint 4 shawgpe restriction of the range of an
association.

Binding time. Feature model con guration is done with respect to a bindimg. If a bind-
ing time is associated with a feature con guration, the sdnneling time should be associated
with the ontology constraints written over that featurer Eeample, in Figuré€ 3.6(c) and Fig-
ure[3.6(d), ifRatingSystem has an installation binding time, the ontology constraiym
state that the elimination of the feature implies tRatingSystem is not supported, and state
nothing about its selection:

context RatingSystem inv:
(not <<RatingSystem>>) implies RatingSystem.allinstanc es()->size()=0

On the other hand, iRatingSystem has a runtime binding, the ontology constraint may
state that the selection of the feature implies that eR&yiew must have an associatBating-
System , and state nothing about its elimination:
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No. Constraint

context Checkout inv : <<Business/.../AccountRequired>> implies
1 | (self.account->size() <> 0)

context  SaleOrder inv :
2 | (<<Business/.../Backorder>>) = (self.backorder->size( ) <> 0)

context  Registration inv : not(<<Business/Registration>>)
3 | implies  (Registration.allinstances()->size() = 0)

context Review inv :
(not <<Business/.../LetterRatingSystem>>) implies
(self.ratingSystem.ocllsTypeOf(LetterRatingSystem) = false )

Table 3.1: Constraint§ [15]

context Review inv:
<<RatingSystem>> implies self.ratingSystem->size()=1

Therefore, different binding times can impose differenppiag semantics for the same fea-
ture. An ontology constraint that involves features ofaliéint binding times is partially evalu-
ated in stages as feature IDs become replaced by their Boeédaes through a progression of
time. In fact, this staged con guration notion |13] can bebgd to a set of feature models and
ontology constraints as a whole.

Complex Semantics

The simple semantics mostly involved effective removalbfesna elements. As a feature model
becomes more complex, the semantics of mapping become romplex as well. We can
classify the more complex semantics into two categoriesdr@m-independent and children-
dependent semantics.

Children-independent semantics.Consider Figur€3l7, which shows an extension of Fig-
ure[3.5(d), which concerns Figurel3.4, to give the businesspective the options to allow mul-
tiple payments in general and multiple payments from diféraccounts if payments are made
from accounts at all. Clearly, if payments can be made froiferdint accounts, then multiple
payments can be made. However, the option of allowing malppyments is not dependent on
the option of allowing multiple payments from different acnts or accounts. Namely, while
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Figure 3.7: Figur@ 3.5(h) extended with children-indeemdemantics

context SaleOrder inv:
(not <<MultiplePayments>>) implies
(self.cashReceiptCommitment->size() <= 1)

context SaleOrder inv:

(<<MultiplePayments>> and not <<FromDifferentAccounts> >) implies
(self.cashReceiptCommitment->forAll(commitl, commit2 . CashReceiptCommitment |
commitl <> commit2 implies commitl.cashReceipt.account= commit2.cashReceipt.account))

Figure 3.8: Children-independent semantics

mapping semantics dfromDifferentAccounts depends oMultiplePayments | the
reverse is not true. In children-independent semantiesptapping semantics of the parent fea-
ture are independent of those of a child feature. In thesescage can write separate constraints
for the parent feature and the child feature, as shown inrE[@1L8.

Children-dependent semantics.In other cases, the mapping semantics of the parent fea-
ture is incomplete without the mapping semantics of thedcfelatures. It typically occurs
when a feature hierarchy represents a hierarchy of re nésngfnan ontology association. Fig-
ure[3.9 extends Figufe 3.5(a) to de ne witatcount -requiringCheckout s are in Figuré&3]3.
Checkout s must be restricted using the con gurations of featuresw@lccountRequired
Constraints for children-dependent semantics can becomelex if there is complex variability
in the subtree and/or if the subtree is deep. It may requaeementally building the constraint
with variability encoded and/or breaking down a large caaist without variability consider-
ation and inserting variability. The latter approach iswho First, the constraint is speci ed
without inserting variability, as shown in Figure-3.10.

Then variability is inserted by breaking down the constrdor example, into understandable
functions, as shown in Figute=3111.

Note thatAccountRequired  andProductType features are not speci ed in the con-
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Figure 3.9: Figurgé 3.5(h) extended with children-depehdemantics

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 véityab

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.ocllsTypeOf(Pet) and <<Pet>>>) or
(p.ocllsTypeOf(Firearm) and <<Firearm>>))->notEmpty() )

context Checkout::isRewardPointApplicable(): Boolean
post: result = rewardPointAmount->notEmpty/()
and <<ToGetRewardPoint>>

Figure 3.11: Children-dependent semantics with varighbili
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straints in Figur€&3.11. While the Boolean values of thesefeatures in uence the Boolean val-
ues of the features speci ed in the constraints due to thpgsitional constraints in the feature
model (for example, eliminatingroductType makesisProductTypeApplicable()

false), the two features do not need to be speci ed in thetcaimés. This suggests that children-
dependent semantics can be kept as simple as possible bfysmeconstraints using a mini-
mal set of features in the hierarchy, while variability candpeci ed in a very exible manner
through variability in each node of the hierarchy. Neveehs, it seems that children-dependent
semantics are more dif cult to handle than children-indegent 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 styosgfjgests that feature modeling
and ontology modeling are closely intertwined as domain etind techniques in the MDSPL
approach. In this chapter, two novel domain modeling apgres that incorporate feature mod-
eling and ontology modeling in synergetic ways are propodgasically, the view projection
approach projects feature models from already existinglogies, while the view integration
approach integrates already existing feature models o &r ontology. For each approach, the
process involved is outlined and demonstrated. Then vansbf each approach are discussed
for further insight.

4.1 View Projection

In view projection, a rich and mature ontology is assumedxiste Feature models, which
provide outlines of different themes on an ontology as ieswg, are syntactically constructed
using the ontology. Semantics of mapping are then specidtich may in turn allow the feature
models to be modi ed syntactically and semantically. Ndtatt Figurd 3.5(&) and Figure 3.5(b)
are views projected from Figuke 8.3 and Figlré 3.4.

4.1.1 Process Overview

Figure[4.1 shows the steps involved in the view projectiacess.
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1. Determine theme\

4. Analyze mapping semantics 2. Achieve syntactic correspondencg

N

Figure 4.1: View projection process

3. Establish mapping semanticg<

In step 1, a theme on the ontology is determined by the domaidetar. This theme, a
specialization of the overall concept modeled by the ompploepresents the concept of the
feature model to be projected, which in turn sets a scopéhtofdature model. The root of the
feature model, which represents its concept, is created.

In step 2, features underneath the root are created. Gedctthe features should be con-
ceptually related to the ontology. While semantics of magpnhay be required to precisely
de ne this relation, at this step, achieving syntactic espondence is suf cient. Syntactic cor-
respondence here can, but does not have to be, a physiadbibiy link; it can also be a more
logical one, such as a rule or a constraint, that gives aghmsin how mapping semantics should
be speci ed. There are two ways of creating syntactic cpwasience. One way is to derive the
features from the ontology, for example, by exploring theotogy syntax (elements like classes
and associations) and semantics (constraints on indilgguBxploring the ontology may give
hints on appropriate feature names, feature hierarchy @ basic constraints. Naturally, syn-
tactic correspondence is achieved when features are ddrive the ontology. For example,
in Sectio 3., Figure_3.6 shows feature models that could baen derived by exploring their
respective ontology regions. Another way is to rst creafeature without considering the on-
tology and then to achieve syntactic correspondence. Edjgires nding ontology elements
that can eventually map to the feature semantically, whiglhiably requires more effort than
deriving features from the ontology. Also, feature deiimatusing ontology facilities may be
automated. An initial feature model, with adequate feahames, feature hierarchy, and other
basic constraints like cardinalities, is produced in thtéps
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In step 3, the semantics of mapping between the feature namdielhe ontology are estab-
lished from the syntactic correspondence achieved in thaquis step. New ontology constraints
are speci ed, which are written over some of the featuress tep presents an opportunity to
improve the initial feature model, for example, by makingd@aalities appropriate and moving
features to proper locations. While this step is largely aumahprocess, if the mapping seman-
tics are very simple, like existential dependencies betvggeology elements and features, then
they may be derived from the syntactic correspondence attoatly. For example, for an on-
tology element and a feature element that syntacticallyespond in an isomorphic way, such
asProductReturn  class and feature in FigukeB.4, a constraint that prohibé&snstances of
the class if the feature is false may be automatically ddrive

In step 4, mapping semantics are analyzed in order to impiovdéeature model. For ex-
ample, analysis may reveal that two features are equivaeme they imply the same ontology
constraint, or that one implies or excludes another, duernteselationship between their ontol-
ogy constraints. This step yields additional constraimgshe feature model. These additional
constraints not only in uence the semantics of feature nhdalg may also in uence its syntax,
which represents the feature hierarchy and feature véityabiror instance, a feature that was
directly under the root may be moved to more precise locatitue to new implications. Also, a
feature may be prevented from appearing under some featigieg constraints.

If the feature model still needs to be improved, step 1 foddar improvement of the theme
and the process repeats. Additional feature models maydjegped as well. Eventually, a set of
coherent projections should provide outlines of uniqueae on the ontology.

4.1.2 Process Demonstration

The process described is demonstrated by projecting from Figuré_313 and Fig-
ure[3:4. For achieving syntactic correspondence throudblagy exploration, the state-of-
the-art Meta Object Facility (MOF) Query/View/Transfortiwa (QVT) standard([2] for Model
Driven Architecture([35] is used. UML/OCL and propositibeanstraint 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. Figuife 3.5[a)) that outlines the “bess” theme on the REA ontology in
Figure[3B and Figude3.4 and is scoped to consider custortieitias is desired.

Step 2

Using the QVTRelationslanguage, traceability links between ontology elements faatures
are speci ed declaratively, which allows automatic ackieent of syntactic correspondence.
Before the language can be used however, the metamodele eldments to be related, i.e.
ontology metamodel and feature metamodel, need to be sEkci

Metamodels Figure[4.2 shows the ontology metamodel and the featuremuetel, mini-
mally designed to allow Relations to be usé€tlass andProperty , subclasses dflamed-
Element related through domain and range relationships, form thelegy metamodel. For
example, folCheckout-SaleOrder association in Figule-3.&heckout andSaleOrder
are instances dflass andCheckout.saleOrder and SaleOrder.checkOut are in-
stances oProperty  with min andmax equal to one. While not shown in the metamodel,
the classes denoted by the custom icons in Figuie 3.2, suEBle@®micEvent andCon-
tract , and associations between them, lkeduce andclause , are subclasses @flass
andProperty respectively.

Node, Feature andFeatureGroup form the feature model metamodel, which is a sim-
pli ed version of the one in[[28]. Feature andFeatureGroup are subclasses dode,
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which haamin andmax cardinality ancparent-child association. For example, f@heck-
out-SaleOrder  subfeature relationship in Figufe 3.3(&heckout andSaleOrder are
instances ofeature with min andmax equal to one an€heckout andSaleOrder are
linked by parent-child . ontologyElement-featureElement association de nes
M-N traceability links between ontology and feature eletsen

QVT Relations Figure[4.B shows the relations between ontology elememiseature el-
ements speci ed using QVT Relations. Metamodel classesaaseimed to be in one of two
models, namelyOntologyMetamodel for ontology metaclasses akréatureMetamodel
for feature model metaclasses. transformation(Figure[4.3B, lineg) and itsrelations (Fig-
ure[43, liness, m andm) de ne traceability links between classes @ntologyMetamodel
and FeatureMetamodel = models, which must be satis ed by the conforming ontologg-el
ments and feature model elements. While feature model elesraee created or modi ed to sat-
isfy the traceability de nition, ontology elements are eewaltered, making the transformation
unidirectional. To ensure thi§ntologyMetamodel is quali ed as read-onlygheckonly
domain ) andFeatureMetamodel s quali ed as read-writednforce domain ) through-
out therelations The user speci es rules (Figute¥.3, lingss, andm) that must be satis ed
by therelations Figure[4.3B is explained in detail. For more information oTQthe reader is
referred tol[2].

The transformatiogyntacticCorrespondence (Figure[4.3B, ling) takes the two mod-
els as input. The transformation requires thatafs relation query (Figure[4.3B, linay)
hold, which in turn requires that some other relations hafdquery , ontoElement  (Fig-
ure[4.3B, lineg) represents each instance MamedElement and fmFeature (Figure[4.3,
line m) represents each instance feéature . The user speci es whatntoElement s are
queried. Features corresponding to theséoElement s are created under desirable par-
ent features, ofmFeature s. More speci cally, if an ontology element matches the guer
speci ed by the user (Figure—4.3, lin® and a feature is considered a desirable parent (Fig-
ure[43, linem), thenelementCorrespondence needs to hold between the ontology ele-
ment and a child of the feature (Figurel4.3, lide The user de nesnatchesQuery (Fig-
ure[4.3, linem) andmatchesParent  (Figure[4.3B, linam) as OCL functions. For the partic-
ular ontology in Figuré_3]13 and Figuke B.BEconomicEvent s provided byCustomer are
queried usingnatchesQuery (Figurel4.3B, linegrs), which return€Checkout , Browsing
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Registration andReview from Figurd:3.B. Corresponding features are created uradér e
of the parents queried usinmgatchesParent ; in this particular example, they are created
only under the feature model root (Figurel4.3, liaas). Each pair of ontology element and
its corresponding feature is passed on as arguments (Fgiirénem) to ontoElement and
fmFeature respectively irelementCorrespondence (Figure[4.3B, linegrz). The corre-
sponding feature is made to have the same name as the ontggnt (Figuré_413, ling)
and a traceability link to the ontology element (Figlirel 4i3¢ z). For example, a new fea-
ture Checkout , with default cardinality [1..1] is created witBheckout as itsontology-
Element .

matchesSubfeature is used to map ontology properties (i.e. associations) dtufe
parent-child associations. When a correspondence is achieved betwdassaand a fea-
ture, they are passed as arguments tctiideature  relation (Figurd413, ling), which uses
matchesSubfeature  to check if properties of that class should be mappguhtent-child
links (Figure[43, linam). For a property that matches (in this particular exampiedk of
Produce , Term, andCommitment due to Figurd_4l3, linesm), a new child feature is cre-
ated that corresponds to the property's range class anchbBgedperty's minimum cardinality
(Figure[4.3, linegzm) El For example, folCheckout feature, whose corresponding class has
Checkout.saleOrder property that is of the typ®roduce , a mandatory child named
SaleOrder is created. Due to recursion (Figurel4.3, lige further children, including the
optionalBackorder , are created.

Figure[4.4(3) shows the generated feature hierarchy. Saimtetesting features are crossed
out, while some interesting features, bound by the recéarage added manually. Assume that
the new features are added underneath the root as theirlezatbns are not known yet.

Note that the demonstration, meant to give a taste of howlayydacilities can be used to
achieve syntactic correspondence, was considerably istthplFeature groups, which are not
very dif cult to consider, were left out as they would havengoluted the example. The trans-
formation relations did not take into account seriouslydbasequences of yielding con icting
or redundant results. Often, inconsistencies in modeliogla may be xed in many, sometimes
in nitely many, possible ways; therefore, model synchaation typically requires manual in-
tervention. However, being more precise and constrainingnispecifying relations can greatly

1Since basic feature models are desired, maximum featudnedity is always assumed to be 1.
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transformation syntacticCorrespondence(ontoMetamodel : OntologyMetamodel,

fmMetamodel: FeatureMetamodel)

{
top relation query
{
checkonly domain ontoMetamodel ontoElement: NamedElemen t{}
enforce domain fmMetamodel fmFeature: Feature{child=c:F eature{}}
when

{ matchesQuery(ontoElement);
matchesParent(fmFeature); }

where
{ elementCorrespondence(ontoElement, c); }

relation elementCorrespondence

{

featureName, ontoName: String;

checkonly domain ontoMetamodel ontoElement:. NamedElemen t{name=ontoName}
enforce domain fmMetamodel fmFeature: Feature
{ontologyElement=0:NamedElement{}, name=featureName}

where

{ featureName=ontoName;
o = ontoElement;
subfeature(ontoElement, fmFeature); }

relation subfeature

{

propertyMin, featureMin: Integer;

checkonly domain ontoMetamodel ontoElement: Class

{ domainProperty=dp:Property{rangeClass=rc:Class{}, m in=propertyMin} }
enforce domain fmMetamodel fmFeature: Feature

{ child=c:Feature{min=featureMin, max=featureMax} }

when
{ matchesSubfeature(dp); }

where
{ elementCorrespondence(rc, c);
featureMin=propertyMin; }

Figure 4.3: QVT relations for achieving syntactic correspence
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/I user specifies what ontology elements are desired
function matchesQuery(namedElement: NamedElement): Boo
{
if (namedElement.ocllsTypeOf(EconomicEvent) and
namedElement.oclAsType(EconomicEvent).provider.name
true
else false
endif;

/I user specifies where the corresponding features will be |
function matchesParent(node: Node): Boolean

{
if (self.parent->isEmpty()) then
true
else false
endif;
}

/I user specifies
function matchesSubfeature(property: Property): Boolea
{

if (property.oclisTypeOf(Produce) or property.oclisTyp

property.oclisTypeOf(Commitment)) then
true
else false
endif;

lean

=Customer) then

ocated

eOf(Term) or

QVT relations for achieving syntactic correspondence tjooed)
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reduce the number of resolution possibilities and thudifate automation. An overview of
model synchronization in the context of software produstdiis presented iri_[28].

Step 3

With syntactic correspondence achieved, mapping sensareicestablished. Figyre 4.4(b) shows
Figure[4.4(d) with some minor changes that have niRefgistration andReview optional.
Most of the features in Figufe 4.4]b) in uence the existeattheir corresponding classes with
respect to the entire e-commerce product line. For exantpée selection or elimination of
Backorder implies that every sale order must either support or not suggackorders. Map-
ping semantics for some of the features are shown as adalitboriology constraints below the
feature model. Consider constraint 2RIiégistration is selected, then there must be at least
one instance oRegistration in the system. Otherwise, there cannot be any instance of it.
This constraint, more restrictive than the third constrainTable[3.1, states that the system re-
sources devoted to registration cannot go wasted by enfptbat they must be used at least for
one registration event. Constraint 1 similarly in uend@sview instances. Constraint 3 states
that if an account is required to perform reviews, then aesgvinust be associated with an ac-
count. It is assumed that constraints @reckout andAccountRequiredForCheckout
and constraints foBrowsing andAccountRequiredForBrowsing are speci ed in an
identical manner as constraints 1 and 3Raview andAccountRequiredForReview

Simple mapping semantics may be derived purely from syictactrespondence achieved
in the previous step. This can be easily achieved for canssrd and 2. However, for more
complex features likéAccountRequiredForReview , establishing mapping semantics is
largely a manual process.

Step 4

The established mapping semantics are analyzed to imphevquality of the feature model.
The ontology constraints in Figure 4.4(b) suggest thaethee unspeci ed connections between
Review , Registration andAccountRequiredForReview . Consider constraint 3. If
AccountRequiredForReview is selected, then there must be at least Bawiew in-
stance (otherwise, the constraint would not be needed Jatiadl there must be at least one
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(a) Step 2 result

A, Business
—|- @ Checkout
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- & Backorder

#® StockReplenishmentZommitment
- & ProductReturn
o PostagePaymentCammitment

@ BehaviourTracking

—|-- @ Browsing

@ AccountRequired

@ BehaviourTracking

& Reqistration

1. contesxt Rewiew inv:

==Reviews===(Review allnstances()-=size) == 0)
2. context Registration iny:

==Regiztration===(Registration allnstances()-=

gize() == )

3. context Review iny:

== AccountRequiredForReview== implies

(zelf accourt-=size) == 0)

(b) Step 3 result

implies

implies

=l @ Feview
© AccountRequired

implies

=|-|& RatingSyskern

= A

O LetterRatingSystem
O MumberRatingSystem

1. context Review iny

==Revievy===[Review allnstances()-=size() == 0)

2. context Registration iny:

==Registration===[Regiztration allnstances()-=

3. contesd Rewiew inv:

zizel) == 0)

==RegistrationRequiredForReviews== implies
(=elf account-=size) == 0

(c) Step

4 result

Figure 4.4: Step-wise projection of Figdre 3.5(a) from FefB.3 and Figure=3.4
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A Business A, Business

= # Checkout implies —|-- @ Checkout
[© AccountRequired | - ® SaleCrder
—|-- # SaleCrder —|-- & Backorder
= & Backorder

& StockReplenishrmentZommitment
# StockReplenishmentCommitment —- & ProductReturn

= & ProductReturn & PostagePaymentCommitment

© PostagePavmentCommitrent # Browsing —
—|- # Browsing implies -l & PRegiskration implie: implies

[© AccountRequired | @ RequiredForCheckout
& Reqistration & RequiredForBrowsing
=l @ Review P— & ReguiredForReview —

iimplies inwli

[o AccountRequired ] & Review implies

(a) Syntactic modi cation 1 (b) Syntactic modi cation 2

Figure 4.5: Possible results of semantic analysis of Figuféb)

Account instance (otherwiseself.account <> 0 would not be possible), which means
that there must be at least oRegistration instance (sinc&egistration-Account

is 1 to 1). Two constraints can be derived from this obsemvatAccountRequiredFor-
Review ) Registration and AccountRequiredForReview ) Review . While these
constraints may simply be added to the feature model in Eigué(b), we can go one step
further and make a syntactical change to Fidure 4.4(b) sinpkcations can be modeled as sub-
features([B]. One possibility is to change it to FigQire 4)5¢ehereAccountRequiredFor-
Review is placed undeReview asAccountRequired (with the name change intended
to improve readability) and an implication ®egistration is added. Another possibil-
ity is to change it to Figur€ 4.5(b), where the feature is @taanderRegistration as
RequiredForReview  (again, the name change) and an implicatiorR&view is added.
Similarly, AccountRequiredForCheckout andAccountRequiredForBrowsing are
changed. Figurg4.5(a) is chosen as it closely re ects [BfU5(d), the desired end result. In-
terestingly, thdRegistration subtree in Figurg 4.5(p) closely re ects the counterpafigf
ure[3.5(d), FigurE 3.5(b).

Despite its simplicity, the example highlights the impattaotion that analysis of mapping
semantics can improve a feature model not only semantittaibpigh additional constraints, but
also syntactically, possibly allowing the user to chooserfmany desirable hierarchies. Simple
mapping semantics may not be dif cult to analyze and may alenv automatic analysis. More
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complex mapping semantics may require more sophisticateayband ontology constraint fa-
cilities.

Through another iteration of the view projection procesgnges, including the addition
of a feature group and some features, are made to Fjgure)4cbyéeld the intended result,

Figure[4.4(q).

4.1.3 View Projection Classi cation

It seems that feature models, as views on ontologies, stheudd a similar level of abstraction as
the ontologies. However, what de nes abstraction sinias not clear and consequently, what
de nes appropriate or desirable view projections is noaclé classi cation of view projection
aims to provide a basis for understanding this issue andreoagfurther insight on the boundary
of view projection. Four categories of view projection arecdssed: localized, crosscutting in
ontology, crosscutting in feature model, and crosscuitirgpth.

Localized

In localized view projection, a feature model has featunasbear strong syntactical and seman-
tical resemblance to their ontology counterparts. A featypically maps to a well-de ned and
coherent region in the ontology. Feature models shown upisgobint have been projected as
views using this type of view projection.

Crosscutting in Ontology

Typically, there are a small number of key, very high-levetidions that in uence virtually ev-
ery aspect of a domain. In the Business-to-Consumer e-coocenti®main, deciding what the
supported product types are, for example, including ededtrand physical product types, in-
uences numerous aspects. For example, eliminaBhgsical in Figure[4.6(d) eliminates
ShippingAddress , Physical , Backorder , andPostagePaymentCommitment in
Figure[3.B and Figurle_3.4, which in turn eliminates someedlalements. Syntactic correspon-
dence betweeRhysical and these ontology elements can be achieved by manualiggsett
Node.ontologyElement link to these elements on tikhysical feature. While mapping
semantics can be established by having a separate cohftragach of the ontology elements,

51



N o g B~ W N P

A Adminiskratar

A, Business & Security
A, Business = # Checkout # Platforms
—-- # ProductTypes - & BehaviourTracking —I-| & SwstemSettingsDetection
- H« © BehaviourReportGeneration & CustomerProvidedEvents
o Physical = # Browsing & IPAddress
O Electronic - & BehaviourTracking @& Regionallnformation
# Checkout © BehaviourReportGeneration —|-| & BehaviourTracking
# Browsing =l @ Review & CustomerProvidedEvents
@ Registration - & BehaviourTracking & OnDemand
o Review © BehaviourReportGeneration # Performance
(& FM crosscutting  (b) Ontology crosscutting FM  (c) Ontology and FM crosscut-

ontology ting each other

Figure 4.6: Examples of classes of view projection

context NamedElement::matchesQuery(): Boolean
post: result = (self.name='ShippingAddress' or
self.name="Physical' or self.name='"Backorder' or
self.name="PostagePaymentCommitment’)

context REAODbject inv:

(not <<Physical>>) implies (not self.type.oclAsType(Nam edElement).matchesQuery())

Figure 4.7: A technique for crosscutting ontology view paijon

Figure[4Y shows a more elegant technigueatchesQuery (Figure[4Y, linan) is used to
query desired ontology elements, which is done rather efiglifor this example. We assume
that there exists a global superclass, like the &bvject for Java classes, for the ontology ele-
ments, calledREAODbject . A constraintis speci ed on this class that ensures thRhifsical
feature is eliminated, no REA object can be of the querieslsea (FigurE-4l 7, ling.

Arguably, any set of scattered ontology elements may beaneeherent' region by con-
necting them by a single ontology element through mandatsspciations. One could imagine
such associations emanating fréthysical class toShippingAddress , Backorder and
PostagePaymentCommitment andPhysical feature could simply control its existence.
However, thdPhysical feature here represents a key business decision that & iatfa higher
level of abstraction than the domain concepts that are lgloskated to the physical product type.
In this sense, the feature does crosscut the ontology asdappropriate to have crosscutting
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SystemSettingsDetection Checkout

P *

BehaviourTracking Browsing
ik ™ Economicevent QH
AR 1
BehaviourReportGeneration Review

Figure 4.8: Enterprise-provided and customer-provideshes/

mapping semantics.
In this type of projection, a feature model is at a higherlev@bstraction than the ontology.
Whether or not such feature models can be calledson ontologies remains to be seen.

Crosscutting in Feature Model

Conversely, ontology elements may crosscut a feature modeFigure[3.8,Behaviour-
Tracking is associated witicheckout andBrowsing . Compare this to Figuile4.8, where
BehaviourTracking is a more general concept that can apply to BngnomicEvent
BehaviourReportGeneration is seen as a kind oBehaviourTracking . In Fig-
ure[4.6(D), the events to whi@ehaviourTracking andBehaviourReportGeneration

may apply, i.e.Checkout , Browsing , andReview , are made explicit through the feature
hierarchy. Figuré-4]9 shows the view projection mechanishich uses OCL constraints and
QVT relations in Figuré413, with the three functions in Rigi4.3 replaced by the three func-
tions in Figure[4D, lines, s, andm. Assuming thatCheckout , Browsing and Review
features already exist and are associated with their qoyreBng ontology elements, we can
query them as desired parent features (Figure 4.9glinader whichBehaviourTracking

will be added (Figuré419, ling. BehaviourReportGeneration is added as a subfea-
ture ofBehaviourTracking since inheritance is speci ed as a property correspondirie
subfeature relationship (Figure ¥.9, line

2EconomicEvent, previously modeled as a metaclass, is raddhgre as a class for the sake of the example.
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function matchesQuery(namedElement: NamedElement): Boo lean
{
if (hamedElement.name = 'BehaviourTracking’) then true
else false
endif;
}
function matchesParent(feature: Feature): Boolean
{
if(feature.ontologyElement->select
(o o.ocllsTypeOf(EconomicEvent) and
o.provider="Customer').notEmpty()) then true
else false
endif;
}
function matchesSubfeature(): Boolean
{
if (property.ocllsTypeOf(Inheritance)) then true
else false
endif;
}

context Feature inv:
((self.name='BehaviourTracking' and not self.selected)
implies (self.parent.ontologyElement->forAll(o: Econo micEvent
o.behaviourTracking.isEmpty()))) and

((self.name='BehaviourReportGeneration' and not self.s elected)
implies (self.parent.ontologyElement->forAll(o: Econo micEvent
not o.behaviourTracking.ocllsTypeOf(BehaviourReportG eneration))))

Figure 4.9: A technique for crosscutting feature model vioeajection
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Mapping semantics can be speci ed through a constraint atufe con gurations (Fig-
ure[4.9, linez). A feature in a con guration is modeled almost identicdtha feature in a feature
model [28], with the addition aelected Boolean ag indicating its con guration value. The
constraint states that ifBehaviourTracking feature is eliminated, thEconomicEvent
corresponding to its parent must have a belaviourTracking link (Figure[4.9, linegzm).
Also, if BehaviourReportGeneration is eliminated, then the appropridtehaviour-
Tracking link cannot be connected to an instanceBehaviourReportGeneration
(Figurel4.D, linegae).

This type of projection highlights an important philosogdlidifference between con gura-
tion modeling and solution modeling. In con guration moitigl, specialization is often used to
spell out the variability, while in solution modeling, geakzation is often used to encourage
reusability and to be concise. Whether or not specializatufe models can be considered as
viewson more generalized ontologies remains to be seen.

Crosscutting in Each Other

Combining the previous two categories, a projection magriporate features crosscutting in on-
tology and ontology elements crosscutting in feature mdeigureg 4.6(d) shows a feature model
describing system capabilities relevant to e-commerceradtrators. View projection is spec-
i ed to relate customer-provided events to administratements. ACustomerProvided-
Events feature crosscuts Figure #1.8 by collectiBgonomicEvent s provided by customers.
This feature also crosscuts Figlire 4.5(c), being placednthé two administration events. Map-
ping semantics, although a bit complex, can be speci edguie techniques shown for the last
two categories of projection.

From these four categories, it is evident that view progttoes not merely involve deriving

feature models from ontologies, but that it also involvdatieg feature models and ontologies
using composition mechanisms.
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4.1.4 Bene ts and Limitations

View projection addresses a serious limitation of ontolagydeling: its tendency to produce
monolithic ontologies that are dif cult to modularize. Adtire model allows ontology mod-
ularization from a viewpoint by providing a set of consttaithat is intuitively con gurable
through a hierarchy. Projecting multiple feature modedsrfran ontology enables collaboration
by allowing different viewpoints to make unique contrilmrts to a shared knowledge repository.
View projection also enables lightweight feature modelaedepment. Ontology-based facilities
can be used to specify queries and rules that can automate ohfeature model development,
as was shown using QVT and OCL.

View projection is not without limitations, however. Figgta mature ontology needs to exist.
This is not a problem for mature industries in which richlgsped documents can be converted
into a mature ontology. Also, itis not a problem when such documents are required anyway,
for example, for standards compliance. However, devetppimature ontology is generally a
very dif cult task. Also, view projection needs to be a caited process. Without control, views
that are incoherent and con icting may be projected, whi@yractually hinder collaboration. It
seems that the views should be at similar levels of abstractvhich requires that the ontology
is properly constructed and that boundaries of projectimngnderstood.

4.2 View Integration

For carrying out tasks in general, in many cases, devisingudine before delving into details
may be more practical. Similarly, in domain modeling, havi@ature models before an ontology
may be more suitable. For such cases, a domain modelingagproalledview integration
that is opposite but complementary to view projection isposed. In view integration, feature
models at similar levels of abstraction are assumed to ardtare used to develop and re ne
an ontology. This feature-driven domain modeling approatdws the development of shared
understanding between feature modelers, enabling coliiba. Also, it allows agile ontology
development, as only the concepts that are common to thepheukkature models need to be
modeled in the ontology.
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1. Identify and analyze commonality

3. Add new feature models 2. Create or modify mappin

~—

Figure 4.10: View integration process

4.2.1 Process Overview

Figure[4.1D shows the steps involved in the view integratiatess.

In step 1, the common notions between the feature modelsland ed and analyzed. This
is largely a manual process that requires understandingetfmantics of the feature models as a
whole. For example, two features from two different viewpsi(represented by feature model
roots), despite their name differences, may have idensigadantics in terms of their common
notions. They may be tied in a less obvious way, for exampteuigh relationships between the
common notions. The goal of this step is to yield an undedstenof the commonality that is
adequate to allow the commonality to be modeled.

In step 2, the acquired understanding of the commonalityadeted explicitly by creating
or modifying the mapping between the feature models andnt@agy. The ontology may need
to be structurally and/or semantically changed to allowdh&nge in mapping. Feature models
may be slightly changed, for example, to re ect constralmsveen features that are evident
through the new mapping to the ontology.

In step 3, a feature model may be added to the list of featuketadeing integrated and the
process may be repeated.

4.2.2 Process Demonstration

The process described is demonstrated for ontologies ssguleusing UML class diagrams and
basic feature models. The ontologies, which involve dRsource s, are shown using the
regular class diagram notation, rather than the REA prdadekeep the example more uniform.
Feature models of the viewpointisisinessusability, andadministrator shown in Figuré 411,
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A, Adminiskrakor

A, Usability - # ResourceManagement
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—|- # Catalog = A & BasedOnotherCatalogs
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o PersonalizedView & QuickCheckout 8 PaymentFraudDetection
@ MultipleCatalogs © RegistrationUpdate o ‘WordVerification
(a) Business viewpoint (b) Usability viewpoint (c) Administrator viewpoint

Figure 4.11: Integrated viewpoints

I Y [see] Ao

| Catalogasé | CatalogView| [ Catalogas¢ | catalogview| | customer | : f
[ SeasonalViey | PersonalizedVie [ Seasonalvie} | Personalizedviey 22 e

(a) Initial ontology (b) Ontology modi ed (c) Ontology nalized

Figure 4.12: Integrating ontology

are integrated.

Business

The business viewpointin Figure 4.13(a) models variabiitCatalog . Two kinds ofCustom-
Views may be allowed. While €ustomView may be considered@atalog itself, Multi-

pleCatalogs refers to having multiple non-vie&atalog s, which may be referred to as
CatalogBase s. The corresponding ontology, Figlire 4.1P(a), is modelethianalogous way
as the feature model, with most of the feature decisionsnigeam analogous effect on the exis-
tence of their corresponding ontology elements. An exoegs the featurdultipleCata-

logs , which constrain€atalogBase as shown in Figure—4.13.
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context CatalogBase inv:
(not <<MultipleCatalogs>>) implies (CatalogBase.alllns tances()->size() <= 1)

Figure 4.13: MultipleCatalogs constraint

Usability

A feature model concerning the usability of end-user igiees of an e-commerce product line,
shown in Figurg 4.T1(b), is to be integrated with the busirfeature model. By simply look-
ing at the feature names and hierarchies of the two featudelsat can be concluded that the
only commonality is betweeRersonalizedView in the business viewpoint ar@atalog

and AccountRequired  in the usability viewpoint. Customer andAccount classes are
added in Figurg 4.12{a) to modeéhtalog andAccountRequired features, producing Fig-
ure[4.12(0) PersonalizedView <-> Catalog feature constraint is added, since person-
alizing a catalog is no different than customizing a catdtoghe end-user. Note that features
unique to the usability perspective, those in @teeckout subtree, are not mapped.

Administrator

Another feature model, this time concerning the administrahown in Figurg¢ 4.11{c), is inte-
grated with the other two feature models. It is obvious timy the two features und€tatalog

are common to the other feature models. WhikssedOnOtherCatalogs  may seem to be
synonymous with th€atalogView class in Figur¢ 4.12(p) at rst glance, it seems to imply
something more general upon analysis. The literal transiateems to refer to the capability
of de ning a catalog using the contents of other catalogs iasdems to emphasize these ori-
gins. In this sense, the feature encodes a more implemamatiented notion than the feature
CatalogView , which is appropriate since the viewpoint, administragtiould rightfully be
more concerned about catalog implementation than the éssiviewpointbase-view asso-
ciation onCatalog is introduced to give semantics BasedOnOtherCatalogs , as shown

in Figure[4.12(d). Since the distinction between base aed datalogs, as well as between
seasonal and personalized catalogs, can be made usings$bisation and some extra infor-
mation, theCatalog inheritance hierarchy is removed. The constré8gasonalView or
PersonalizedView) ) BasedOnOtherCatalogs is addedCustomer classis now as-
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context Catalog inv:
(<<PersonalizedView>> implies (self.customer->notEmpt y() implies self.base->notEmpty())) and
((not <<PersonalizedView>>) implies (self.customer->is Empty()))

Figure 4.14: PersonalizedView constraint

sociated witiCatalog class, making’ersonalizedView semantics, shown in Figuire 4114,
more complex than before.

The mapping semantics dfultipleCatalogs in Figure[4IB is no longer valid since
CatalogBase nolonger exists. Fortunately, this problem can be solvealighStore-Cata-
log association, which is needed anyway to express the sermafttharedByMultiple-

Stores , which state thaCatalog.store <= 1 upon the feature's elimination. Assuming
that a store is associated only with base catalogs, elimmat MultipleCatalogs implies
Store.catalog <= 1 , preventing multiple base catalogs.

4.2.3 View Integration Classi cation

While facilities like vocabulary and taxonomy analysis nb@used for identifying and analyzing
commonality between feature models, this step (step 1) sézbe largely a manual process that
is dif cult to understand in a systematic way. On the othendhacreating/modifying mapping
(step 2) seems more understandable. For further insighieam mtegration, the approach is
classi ed in terms of different kinds of mapping modi catis.

Additive modi cation. In additive modi cation, new mapping semantics are estiiad.
For example, to establish mapping for the new feaAreountRequired  in Figure[4.T1(1),
Customer andAccount classes were added in Figlire 4.IP(b). While existing ogtostruc-
ture and semantics may be used to establish the mapping &w &eature, typically, especially
when the ontology is in early stages of development, newlogyoelements are likely to be
needed.

Altering modi cation. In altering modi cation, existing mapping semantics areeadd.
Most, if not all, of the semantics are preserved since dltaranerely involves specifying ex-
isting semantics in another way. For example, the semaati¢®rsonalizedView and
MultipleCatalogs in Figure[4.T1(3), although changed due to the introduafddased-
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OnOtherCatalogs  in Figure[4.11(q), are not altered. This type of modi catitypically
involves re-establishing mapping semantics after thelogyas restructured.

Subtractive modi cation. In subtractive modi cation, existing mapping semantics es-
moved. For example, from Figure 4.T3(b) to Figure 4. 1Xe)sonalizedView  andSeason-
alView classes are removed. While the semanticP@fsonalizedView feature is pre-
served, as evident in Figute 4114, the semanticSezsonalView feature is not. Arguably,
seasonal views may be considered as views that are not pérsshviews. However, there
is some semantic loss since the notionsefisonis not present anywhere in Figure 4.1P(c),
whereas there was a symbol (feature name) explicitly reptesy the notion in Figurg 4.12(b).
Subtractive modi cation may be suitable when the commdypddetween feature models is be-
ing reduced to make the feature models more independergeth@ seasonal catalog may be a
highly business-speci ¢ concept that does not need to betapthe shared understanding with
the usability and administrator viewpoints.

Understanding the evolution of mapping in terms of theseedisions may help us better
understand view integration as a systematic approach. ¥yt lmeahypothesized that additive
modi cation and major altering modi cation should occur early stages of view integration,
promoting expansion of an ontology, while only minor akerimodi cation and subtractive
modi cation should occur in the later stages of view inteégma, for manageable maintenance.

4.2.4 Benets and Limitations

View integration addresses a serious limitation of feataaleling: composition. By having
a common ontology through which feature semantics can ba sgdefeatures from different
feature models can be related through a concrete repréisentar increased understanding.
Also, analyzing mapping semantics of the different featm@dels to the common ontology
can alter both con gurations (semantics) and syntax of gwure models. View integration
also enables agile ontology modeling. Only the intersactibthe feature models needs to be
modeled, while features speci c to a feature model may or malybe modeled. Ontology
modeling in view integration is feature-driven. Derivingdaevolving an ontology from several
outlines only as much as necessary seems to be a much mazepaagess than working out
details from scratch.

View integration is not without limitations, however. Fest models need to be constructed
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before any ontology can be created. These feature modelsbrusoherent and ideally, at
similar levels of abstraction. Otherwise, an ontology W developed that will continue to
promote integration of mis tting feature models, ultimtelisabling collaboration. Creating
such feature models requires a good understanding of theiddoeing modeled in the rst
place, which can be considered asmamplicit ontology in the mind of the modeIEr As a result,
this approach seems to be more appropriate for a group oftexpan novices.

3After all, how can outlines be developed without a good ustderding of what the outlines represent?
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Chapter 5
Discussion and Future Directions

The research presented in this thesis is notable in threects Firstly, it sheds new light on
the nature of feature models. Secondly, it suggests a noweach modeling paradigm. Thirdly,
it suggests opportunities for tool support required fotdea 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 basature models to ontologies and of
feature models as views on ontology advances our undeistantifeature models. The nota-
tional spectrum analysis provides a framework for disewugshe discipline of feature modeling
with respect to the discipline of ontology modeling. There @early unanswered questions. For
example, while we have made some suggestions for what threllaoyibetween feature modeling
and ontology modeling may be, for example, that referericéates are probably outside of fea-
ture models, there are remaining issues, including thessspreness of constraints on attributes
and whether or not cloning should be allowed. The framewaal bre domain-speci c: different
applications may require different combinations of largpigeatures. Also, the framework may
evolve, as our understanding of feature modeling has eddiee its inception.

The analysis of feature models as views on ontologies gises new insight on the nature
of feature models. A feature model represents a set of deggstrictions on ontologies. The
feature hierarchy provides a mechanism of imposing a petispe and in this sense, a feature
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model is an outline exploring a theme through an ontology.ppliags were explored using

examples, where feature models and ontologies were at mtgesssimilar levels of abstraction.

As a result, despite some complex mappings, most of the mgppiere manageable. While the
mapping mechanism, feature-based restriction, workdif@irals of mappings, we can imagine,

for example, when ontologies are closer to implementatiah f@ature models are closer to
requirements, the mechanism would become very complexemsdhanageable.

5.2 Towards a Domain Modeling Paradigm

View projection and view integration are opposite, but ctanpentary domain modeling ap-
proaches. While they were described separately, a hybrithdomodeling approach is imagin-
able. Feature models, projected from an ontology to scdpenit different viewpoints, could be
evolved separately from the ontology, which could in turririiegrated to evolve the ontology.
Conversely, a set of coherent feature models may initiailyedontology development, but later
be evolved through evolution of ontology. Devising a roagrif@ collaborative domain mod-
eling that incorporates both view projection and view imé&ign is a future work item. Such a
roadmap could form a basis for what could be a novel domainetiagl paradigm that drives
solution modeling in MDSPL.

5.3 Tool Support

Based on the ideas presented in the previous chapters,d tssirable tool support capabil-
ities can be divided into two categories. The rst categooptains capabilities required for
allowing feature models to be considered as views on oniedod he second category contains
capabilities required for view projection and view intetgpa.

5.3.1 Support for Feature Models as Views on Ontologies

Firstly, a tooling environment that incorporates both deatmodels and ontologies (but not nec-
essarily feature modeling and ontology modeling) must beceived. In a heterogeneous en-
vironment, the metamodel of feature models is signi cardliferent than the metamodel of
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ontologies. For example, feature models may be de ned usiMd. class diagrams while on-

tologies are de ned using OWL. On the other hand, in a homegaa environment, the meta-
models are similar, allowing a common set of technologidsetased. In this thesis, UML was
used throughout, which enabled use of closely related tdobies, like OCL and QVT. On the

other hand, in practice, the metamodels are more likely tdifberent, requiring some bridging

mechanism.

With such an environment in place, tooling should suppoitimg ontology constraints over
features, which is trivial. Less trivial is providing corant facilities for checking and computing
the residual of the ontology. The residual of the ontologyhis ontology with the feature-
con gured constraints, which may be transformed into a agttally simpli ed ontology. For
example, a con gured constraint may enforce the cardiailftan association to be [0..0] or
enforce a class to be an empty set, in which case the assooiatihe class may be syntactically
removed. Partial evaluation techniques, including rideda simpli cation of OCL[[2D], may be
used.

Advanced tool support capabilities, like synchronizatlmetween ontologies and feature
models, may be supported as well. For example, change imtioéogy can invalidate mapping.
While visible changes to the ontology, like syntactic rerdaf elements, may be detected easily,
subtle changes, like altering semantics of the ontologyuth constraints, may be very dif cult
to detect. Also, change in a feature model could invalidiageféature-based constraints, both
syntactically and semantically. In a sense, there is anawyé&etween synchronization and con-
straint facilities: constraint facilities may be used taebs synchronization issues. Roundtrip-
ping is a desirable synchronization trait for increasedili$a Another advanced capability is
binding time support. To associate binding times with betitdires and feature-based constraints
seems to be a non-trivial task that rst requires some fotindal ideas.

5.3.2 Support for Domain Modeling Approaches

Capabilities supporting view projection and view integratcan be distinguished. For achiev-
ing syntactic correspondence in view projection, exploratacilities for ontologies and feature
models, traceability and guidance rules are desired. @sidraversals and equivalent classes are
some of the exploration techniques available. Tracegbilihich requires expressing associa-
tions between metamodel elements, can most easily be achiea homogeneous environment.
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Guidance rules, which are user-speci ed constraints failifating syntactic correspondence
achievement for particular projections, can be implengkaterestrictions on exploration of on-
tologies and feature models. Fortunately, as shown preljpQ@VT offers a uniform mecha-
nism for exploration, traceability and guidance rules. 8ufortunately, at the time of writing, to
the author's best knowledge, despite some prototypesjdiad IBM's Model Transformation
Framework[[22], no practical implementation of QVT exisB&ipport for establishing mapping
semantics trivially requires processing feature-basedlogy constraints. Analyzing mapping
semantics is more dif cult. It may be possible to express sddCL constraint fragments as
Boolean variables, which are often implied by features,de hinary constraint facilities, like
BDDs [4], for deriving constraints between features. Hogrein many cases, this approach may
not scale, requiring more sophisticated constraint f&esdi Ultimately, a uniform user interface
that supports all of the mechanisms shown for all four kintigi@v projection (introduced in
Section 4.1.3) is desired.

Tool support for view integration is harder to imagine siité@a more manual process by na-
ture. Vocabulary and taxonomy analysis may be useful fartileng and analyzing commonal-
ity between feature models. For example, basic vocabulzalyais may reveal that “Feedback”
and “Review” are synonymous words whose correspondingifeatmay be deemed equiva-
lent. Also, taxonomy analysis may reveal that “Raincheskd kind of “Backorder”, so adding
the constrainRaincheck ) Backorder oraddingRaincheck underBackorder may be
suggested. A reference ontology may be used to perform utargband taxonomy analysis.
Using the REA ontology in Figure 3.3 and Figure 3.4 as theresfee ontologyCheckout
andPurchase (a synonym ofSaleOrder ) features may become equivalent. However, if the
reference ontology is used heavily, view projection may lwearappropriate. Simpli cation
of mapping semantics, con ict detection and resolution pogential wish list items for creat-
ing/modifying mapping.
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Chapter 6

Related Work

Bodies of related work can be classi ed into feature depeogenalysis, work on semantics
of feature models, ontology views, viewpoint-orienteduiegments-engineering (RE), early as-
pects, feature-based con guration of models, and expngsigature 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] 2hdng et al. [51]. Both provide
classi cations of feature dependencies, sucheasement usage andmodi cation. In general,
dependencies have two components: con guration semanticeh can be captured through
propositions for basic feature models, and extra semathié¢sre beyond feature con gurations,
which can be captured through annotations. While the ghiitcapture such dependencies is
convenient, if there is an emphasis on the extra semansogy 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 featodels Batory [6] proposed formal
semantics for feature models based on propositional fasahd grammars. Bontemps et al. [7]
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explores the succinctness and expressiveness of featudelimgp notations. However, all the
notations considered here are in the left part of the specinUFigure 2.3.

6.3 Ontology Views

An ontology view is an ontology that is de ned using some otbetology. Typically, it is a
subset of the original ontology de ned through traversalgjoeries. Notable works involving
traversal include those by Noy et al. [34] and Lieberherd €f3d]. Both works propose graph
traversal speci cations for extracting portions of an datfy. Besides the difference that the
former deals with ontologies in information managementlevthe latter deals with ontologies
in software engineering, the latter is considerably mocéréal. There are numerous notable
works involving queries, most of which are focused on quescscation. For OWL ontologies,
SPARQL (SPARQL Protocol And RDF Query Language) [50], aivadtv3C working draft, is
the most notable work. For UML ontologies, QVT [2], an OMG ptix speci cation, is the
most notable work. Feature models, as views on ontologregjifferent from ontology views
created from traversals and queries in two respects. ¥iesitature model, due to its hierarchical
nature, is much more viewpoint-oriented than an ontologywiSecondly, a feature model is not
aview in a traditional sense as it is constructed speciyc@t view projection) from a viewpoint
to model variations in the ontology. However, techniquaseiiracting ontology views have
been used for achieving syntactic correspondence in viejegion. While UML/QVT was
used to demonstrate view projection, note that OWL/SPARQUId 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, 40kWfoint integration has been
explored in the context of requirements engineering, wiEAew (Process andREquirements
viewpoints) [39] being a notable work. A PREview viewpoint catsiof, among other thing®-
cus the perspective of the problem domain taken by the viewpoimcernssystem-crosscutting
dimensions that may in uence the viewpoint, ardjuirementsthe set of requirements relevant
to the viewpoint. For example, for an on-board train pratecsystem, which takes corrective
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action when a train driver breaks some rules, “safe stataasse” viewpoint may have “detec-
tion of dangerous conditions” focus, “safety” and “compdily” concerns, and “detection of
excess speed” and “detection of overshooting” requires38]. Integrating two viewpoints,
such as “safe state assurance” and “safety standardsly@s/ast nding the intersecting re-
quirements of two viewpoints. A comparison of the focii oéthiewpoints guides this largely
manual process. Then the intersecting requirements fragnvawpoint are tabulated against
those from the other and each pair of requirements is rateglr&@srcing con icting or neutral
This PREview viewpoint integration is very similar to theoposed view integration. Finding
intersecting requirements in PREview is analogous to ifieng and analyzing commonality
between feature models. Also, rating the intersection g@fiirements in PREview is analogous
to creating/modifying mapping in view integration. There alear differences, however. Most
notably, PREview viewpoint integration does not explicitbnsider software product line vari-
ability, while view integration does. View integration isome precise and systematic in terms
of micro-level activities, as it involves analysis and modiion of formally de ned models,
I.e. feature models and ontologies, while PREview involeslysis and modi cation of natu-
ral language descriptions. However, at the macro-leve asethodology, PREview seems to
be more systematic. For example, in PREview, a viewpointumanategorized inttmteractors
(interfacing components in a systeradakeholderghaving socio-technical in uence on system
requirements), andomain phenomen@nportant domain concepts, like “braking” for trains and
“saleorders” for e-commerce). Unfortunately, in featured@ling, the root-de ning criteria are
still not well-understood. As a result, view-de ning crite on an ontology is not clear either.

6.5 Early Aspects

Early aspects [5] builds on viewpoint-oriented RE by coasitg crosscutting concerns and iden-
tifying candidates for implementation using Aspect-OtéehProgramming (AOP) techniques.
The closest work to our research is by Loughran et al. [32]clwprovides ways to automati-
cally extract views from requirements according to view®j which, rather than being limited
to stakeholders, are more broad as they represent condeptsrest, like feature model roots.
While the mechanisms may differ, both our approach and teted work performs view ex-
traction by imposing a viewpoint on a more general artifact.
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6.6 Feature-Based Con guration of Models

Three notable works exist in this area: feature-based nmedwgllates [10], UML pro le for soft-
ware product lines [52], and automatic specialization afestharts [47]. The model templates
work explores mapping feature models to other models likeLUilhss diagrams, which may
represent business entities, and UML activity diagramsghkvimay represent a business work
ow. Mapping between feature models and ontologies is simib feature-based model tem-
plates in the sense that the mapping gives semantics tadésatand a feature model is used to
con gure the UML models in both cases. However, the two apphes are different in three
respects. In this thesis, feature models and ontologiegeayeclose together in terms of abstrac-
tion while in the model template work, models have more imp@atation detail. Also, this thesis
considers multiple perspectives on an ontology, which veasonsidered in the model templates
work. The mapping mechanism is different: in model tem@apeesence conditions are placed
on actual model elements, while in this work, we use feahaged ontology constraints, or more
generally,feature-based restrictionof models. UML pro le for software product lines models
variability in class diagrams and state diagrams mainlgubh stereotypes and inheritance. It is
closer to the model templates work than the work describebismthesis, as the models them-
selves are annotated, rather than their constraints. Aattorspecialization of state charts also
considers con gurations of models, but uses partial ewa@oaechniques. Arguably, our tech-
nique can be considered as a partial evaluation technigcgube of the restriction approach
rather than presence conditions. However, the work onlgicens state charts, which are more
in line with mapping to implementation. In addition, it dosst use explicit feature models for
con guration.

6.7 Expressing FM in Ontology Languages

In this line of research, basic feature models are expressedtology languages like OWL
mainly for the purpose of using the ontology reasoning fraoré& over feature models, for ex-
ample, to check consistency [46]. There is also work to itb@ally de ne propositional feature
dependencies through an extensionally de ned contextiferpurpose of providing automatic
synchronization of feature models against changes madeettheir underlying artifacts [44]
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using the reasoning framework. Determining semantics pasdibly syntax) of feature models
from ontologies is also done in the semantic analysis stefewm projection. But this idea is sec-
ondary to the essential notion of feature models as viewsgaci c restrictions on ontologies.
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Chapter 7
Conclusion

The main research objective of this thesis was to explordantnguing relationship between
ontology and feature modeling in the context of MDSPL. Thplesation was done in three
stages. Firstly, a comprehensive explanation of the furetdah notions behind feature models
was given. Essentially, feature modeling is a techniquerfodeling concepts in increasing de-
tail through a hierarchy with an explicit distinction be®vecommonalities and variabilities. A
family of feature models can be described according to s¢dimensions. Contrary to popu-
lar belief, feature models may embody several implicit feymmcluding mindmaps and textual
outlines. The notational spectrum of feature models, whtalts from basic feature models and
extends to ontologies, and the suggestion that referetrdauss are probably outside the scope
of feature modeling provide a framework for discussing tbarwary between feature models
and ontologies.

Secondly, the fact that 1) feature models form a notationbtst of ontologies, 2) feature
models describe concepts more specialized than thoselubbdry ontologies, and 3) feature
models and ontologies are both domain models suggestsediairé models are views on on-
tologies, namely, projections of the ontologies from d#f& viewpoints. Using an established
methodology of ontology-oriented domain analysis, REAs thiew” relationship was precisely
de ned in two dimensions: syntactic correspondence andas¢ics of mapping. Syntactically,
traceability links may be established between feature saaled ontologies for increasing un-
derstanding of the mapping and for expressing simple cainssrlike existential dependencies.
Semantically, a feature model provides a set of con guralgestraints on an ontology. No-
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tably elegant is the fact that the feature hierarchy alloath lzoncise expressicemd exible
con guration of constraints.

Thirdly, based on the notion that feature models are viewsrdnlogies, two complemen-
tary domain modeling approaches, view projection and vigegration, were proposed. In view
projection, feature models of different but similar-insataction viewpoints are developed from
an already-existing, mature ontology. Syntactic corresace may be automatically achieved
using ontology exploration facilities like QVT and OCL. Sentic analysis may also be done
to improve both the semantics and syntax of the projectemifeanodel. A classi cation of
view projection based on different kinds of mapping sentangives a further insight on the
approach. The approach addresses the dif culty of modzitagiontologies and promotes agile
feature modeling. In view integration, independently teddeature models, which are typically
outlines of requirements created by a group of experts,rdegtiated to form a coherent ontol-
ogy. The commonality between the feature models is idedtaad analyzed and translated into
creation or modi cation of mapping semantics. Change in piag semantics may be additive,
altering or subtractive, which typically expands, restuues, or contracts the ontology respec-
tively. The approach addresses the dif culty of composiegtfire models and promotes agile
ontology modeling.

As for future work, while possible differences between fieatmodels and ontologies were
proposed in terms of descriptive power and modeling phpagpunderstanding exactly what
they are and gaining community consensus on them remaintlawork item. Taking the
two proposed domain modeling approaches and devising a retwapsive domain modeling
paradigm for MDSPL is an important work item as well. But @gyh the most immediate future
direction is to develop a tool supporting the notion of featonodels as views on ontologies and
the two proposed approaches. As the ideas were demonstisiteglestablished technologies
including UML, QVT and OCL, while the task may be challengiitds certainly doable.
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