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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 caleadel-driven software product lines (MDSPL)
proposes systematic modeling as the often sought middiangrbetween configuration and cus-
tom coding of software product lines. In MDSPL, both featon@deling and ontology modeling
influence solution models through domain modeling, but maitic differences between the two
techniques, for example, in modeling philosophy and dptee power, make their relationship
intriguing. This relationship is explored in three stagésstly, a new light is shed on the nature
of feature models, which clarifies exactly what feature ni®dee and how they may be different
from ontologies. Secondly, it is proposed that feature risoales views on ontologies, where the
mapping is defined precisely through syntactic correspoceland semantics. Finally, two com-
plementary domain modeling approaches, view projectiah\aew integration, are proposed
that promote agility and address the limitations of featageleling and ontology modeling.
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Chapter 1
Introduction

Feature modeling is an increasingly popular domain moddkehnique, particularly used in
software product line development for managing commopnaiitd variability. Ontology mod-
eling is also an increasingly popular domain modeling tem, 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 configuration
and complete custom coding of software product lines. In BDSboth feature modeling and
ontology modeling influence solution models through donmaodeling, 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&Hirst 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 commonatitiggstems within an application do-
main while managing their differences. Software produne Bngineering (SPLE) factors out the
commonalities into @omain-specific platforfDSP). Such a platform contains variation points,
where choices from provided alternatives can be specifietear extensions can be plugged
in. Examples of large, vendor-provided DSPs are IBM’'s Wéisp (WS) Commerce for e-
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commerce applications[26], Fincentric's WealthView fanlking solutions [18], and SAP’s R/3
for Enterprise Resource Planning (ERP) systémis [38].

A special discipline in SPLE is modeling the commonality amadliability of artifacts in a
SPL. Having an explicit model of what are common and what ar@ale helps in several activi-
ties including defining the scope of a SPL, identifying aretiural variation points, and product
configuration and derivation. An increasingly popular t@ge 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 Taldle R.1 for an
explanation of the notation used throughout the the€ligj.al og is mandatoryW shlLi st is
optional andRegi st r at i on, which is also optional, may be required fGheckout and/or
productRevi ew. Naturally, if Regi st rati on is required forRevi ew, thenRevi ew must
be required, which is expressed as the implication. A featuodel represents a set of configu-
rations. The configuration process may be guided througbtaint-based facilities [6], such as
constraint checking, propagation, satisfiability, sodyiand computing the number of remaining
configurations[[14]. The most basic constraint in a featuoglehis the subfeature relationship.
The selection of the child feature implies the selectiomefiiarent feature. Figure 1.7)(b) shows a
storefront configuration where manual choices (black agjancluding the selection dRegi -
stration/.../Review, has propagated some automatic choices (grey colourydimg
the selection of the feature’s parents &&Vi ew (due to the implication). Note that two differ-
ent configurations, as indicated by the root feature laksel, e made from this configuration,
one by selectin@heckout and another one by eliminating it. A configuration with onenare
undecided features like Figyre I.7(b) is more commonlyreteto as gartial configurationor
aspecialization A complete configuration with no undecided features is comignreferred to
as just aconfiguration

1.2 Ontology Modeling

An ontology, in information sciences and engineering, imgwnly defined as “an explicit spec-
ification of conceptualization’[[24]. Basically, an ontglpis used to model a concept through
a set of classes and associations between them. ConsideeHi@, which shows an extremely
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Figure 1.1: A basic feature model and its configuration
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Figure 1.2: A simplified ontology of an electronic shop

simplified ontology of an electronic shop in an electronimooerce system.

A class, shown as rectangles, represents a set of indigiddalst oner, eShop, and
Payment Met hod represent the set of all customers, e-shops, and paymehbdsetespec-
tively. An association represents a sedakctedand named links between individuals of one
or moredomainclasses against individuals of one or momageclasses. A binary association
is between a domain class and a range class, while an N-avgiaien 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 examglast oner . eShop is the name
of the association where the domairdgst oner andeShop is the range. EacBust oner
must be linked to one or moeShops (a customer is naturally a customer of some e-shop(s)).
ConverselyeShop. cust oner is the name of the association where the domag8isop and



range isCust omrer . EacheShop must be linked to one or mot@ust oner 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 Cust oner . Cust oner 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
Cl ass as an individual of some higher notion. A class is a subclasmother 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 exampl&,edi t Car d, El ect r oni cCheck andMbneyOr der are
subclasses d?aynent Met hod. Whether an ontology element should be a subclass or an indi-
vidual of another class is dependent on the modeling petispeblamely, ifPay ment Met hod
were to represent the set of payment methods used at diffeoénts in time, then allowing an
unbound upper limit of the multiplicity oéShop. paynment Met hod would be appropriate,
as shown in Figuré1l.2. A payment method used would be anichdilof one of the three
subclasses dPaynent Met hod. On the other hand, iPaynment Met hod were to represent
different payment methods available in an e-shop, themigaan upper limit of the multiplic-
ity of eShop. paynent Met hod 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, Baynent Met hod in this case.

An important part of ontology modeling igassification Classification groups individu-
als according to some criteria against their links to otnelividuals. Defining arequivalent
class, also known as antentionalclass, is a particular method of classification that usesieon
tional expressions on explicitly made classes to define amod individuals[42]. For example,
eShopW t hMoneyOr der class may be intentionally defined as the see8hops with at
least oneeShop. paynent Met hod as an instance dfbney Or der . 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 equivabksged can be defined flexibly is con-
sidered a well-designed, robust ontology.

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



Consortium (W3C) to define a standard framework for infoiorateuse 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. Object4oieel modeling also uses classes, as-
sociations, and inheritance. Unified Modeling Language (Yklass 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, desagipower, and even syntax. One
notable difference is the explicit support for classifioatin information management ontology
modeling. However, recent advancements in constraint ({82 and query support, which
propose mechanisms powerful enough for classification¢ate that object-oriented modeling
and information management ontology modeling may be cgiver For the purpose of this
thesis, both are considered as ontology modeling. Althduigt/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 codeiceachnologies such as object-
oriented frameworks, components, and sometimes everffifdprocessor directives. Applica-
tions built on top of such platforms represent some mixt@ipaiform configuration 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% configuration,
while solutions based on WS Commerce are usually more custmla intensive.

In Figure[IL.3B, the oval represents the scope of a DSP and &k Hbts represent systems
that can be arrived at through platform configuration. Thesdems 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 coafign 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, configle#aystems are relatively sparse,



Figure 1.3: Scope of a product lir€ [9]
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Figure 1.4: Customization cliff |9]

making the transition from configuration to custom codinthea 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 configuration facilities such as wizandsch 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 intuitivéngiple that “easy things should be
easy to do and progressively more complex tasks should @tlgrggressively 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 configuration and custom coding. MDSPL ipalisagrowing field 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 specificatioitten in textual or graphical
domain-specific languages [8].

Ontology modeling and feature modeling in MDSPL.In MDSPL, models, for domain
modeling, requirements, architectural design, and otbgrgses, are first-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 developmeregs. Multiple models at multiple
levels of abstraction influence one another through refimenoensistency relationships and so
on.

Modeling in MDSPL can be divided into two categories: domaiadeling and solution
modeling. Solution modeling develops models that direictfijpence 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 smno models from the viewpoint of
domain-specific concepts. Ontology models provide a basisdlution models, influencing
solution modeling. The influence may range anywhere fronvipian of common vocabulary
and conventions to specification of the metamodel for smtutnodels.

Both feature modeling and ontology modeling are domain regléechniques 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 2, the essence of feature models is discussedhwheds a light on exactly what
feature models have evolved to be since its inception. Tienaotational spectrum between fea-
ture models and ontologies is discussed to provide a framieiwounderstanding 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-commaeftesare product line, such as Ama-
zon.com[|3] or Wal-Mart[[45]. Feature models from three eli#int perspectives, i.e. business,
usability, and administration, and a requirements-leveblogy specified using an established
framework for modeling economic concepts called RRAgources, Economievents, and Eco-
nomic Agents) [25] are used to define the precise relationship leetvieature models and on-
tologies. The case study is just a part of the broader peigpeaf 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 defined as constraints over featuresfedh@e 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 modelsanfigured by the three fea-
ture models and are based on the REA ontology above. Thesbiainal mappings among the
models offer consistency checking and model synchromizatheaning that the customization
changes to one model are (potentially partially) propatj&tdts related models. The solution
models are further refined into platform-specific modelsi¢ilare also solution models) using
model-to-model transformatioris |12]. Note that the web ponent model is based on an ontol-
ogy describing web components and configured by feature Imadese concepts are related to
web components. Finally, application code is generatau tie platform-specific 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 apfgita 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 integratiom®, j@roposed in Chapt&t 4. In view
projection, we assume that a comprehensive ontology idadl@ior being constructed using
ontology-oriented domain analysis, like REA. Feature nhpdejection on ontology is done to
model concepts from different viewpoints for the purposseanfping the concept modeled by the
ontology. In view integration, feature models, or outlioésequirements, are first 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 conerneie and a classification of each
approach based on some important dimensions is presented.

In Chaptel[b, the nature of feature models, with respect tologies, is discussed. Possi-
ble ideas for converging towards a novel domain modelinggigm are presented. Then tool
support suggestions for supporting feature models as wwevatologies 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 besbtwiedge, can be classified into three
categories.

On the nature of feature models. A new light is shed on the nature of feature models.
The essence of feature modeling is spelled out and a famflgadfire models is described using
a feature model that counteracts the popular belief of weatiufe models are. Also, the nota-
tional spectrum of feature models that extends to ontofogidiscussed 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 purpo$dM&PL, it is proposed that feature
models are views on ontologies. A concrete mapping mechmmis. 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 specific process is discaskbdhown through concrete
examples and technologies, including QVT and OCL for UMLabogies. A classification 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 maugis 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 (afides 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 concégtiability defines what the allowed combinations

13



of features are. Variability in a feature model is exprestedugh a number of mechanisms,
which are shown as its subfeatures in Fidure 2}1(a). The basst 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 thdudeahierarchy. They can be expressed
in propositional logic or a richer formalism such as firsti@r 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. Specifically, a feature implies its pareahd a mandatory feature is additionally
implied by its parent. A feature notation may also suppdréotmechanisms, 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[Z2.1(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 featurelei®, 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))

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 Figure_2.Z]b) and Figl{ire Z]2(c), cayuably be considered as feature
models “in disguise.” Degenerate cases include artifadtsowt hierarchy, such as flat lists and
tables, or without variability, such as a requirementsioativith no variability.

1Group constraints are not shown in the structured docurmehtrandmap 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 cardinality1..1], i.e., mandatory
feature

Solitary feature with cardinality0..1], i.e.,optional

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

L Solitary feature with cardinalityn..m], n > 0 Am > 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—1), i.e. xor-group
A Feature group with cardinalityl—k), wherek is the
group size, i.eor-group
A

Feature group with cardinalityi— ;)

(i=J)

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

2.2 Notational Spectrum between Feature Models and On-
tologies

A commonly accepted definition of amtologyin information sciences and engineering is that
by Gruber, who defines an ontology as “an explicit specificatf conceptualization[24]. An
ontology represents the semantics of classes and theriagsns using some description lan-
guage, which is most often coupled with first-order logictsidecidable fragment. Basic feature
modeling is also a concept description technique, but isucag logically as a propositional
formula [6]. In terms of descriptive power, ontologies alesacly richer and more powerful.

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

16
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(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 lta@xtends the constraint mecha-
nism of basic feature models. We also comment on whetheritltesbed 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 maag|i5]
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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) defines this class affations as a specialization of the
feature model in Figurg Z.I{a). An example of a basic featuodel 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 formutash asRegi stration/ .../ Re-

vi ew=-Revi ew. Group constraints are syntactic sugar with respect totiaddi constraints
since they can be captured by a propositional formula. Titemgth of basic feature models is
their simplicity and intuitiveness. The hierarchy natlyr&lelps the modeler explore a problem
from a given perspective by allowing organization of featunto levels of increasing detail. Fea-
ture optionality and feature groups allow the explicit miagigof variability, while the hierarchy
implicitly encodes implications. Constraint solvers lihsa binary-decision diagrams (BDDs)
can be used to efficiently reason over basic feature modalss a propositional formula can
precisely capture the variability of feature models. Whilgropositional formula allows expres-
sion of more complex feature dependencies, the essence béatic feature model is to abstract
from such expressiveness as much as possible. The basitatohsolving machinery is also
applicable for consistency checking, choice propagatiahauto-completion of configurations
of feature models, as described Inl[14]. Figlre 1]1(b) shawsnfiguration of an electronic
shop storefront where some manual choices (shown in blaolkg 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 aggibatve been particularly useful in
the context of embedded softwarel[11]. For example, Weiktral. [48] use feature models to
configure a Matlab/Simulink model of automotive engine colngoftware. In that application,
different characteristic parameters of the Matlab/Simluinodel such as engine mass, target op-
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Figure 2.5: Cloning in feature models [15]

erating temperatures, etc., are exposed as feature &8ilvuthe corresponding feature model.
In the context of business applications, feature attribbuteuld seem to be useful for modeling
non-functional requirements such as server throughputpacty. 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, wineat@ibute value, like the user
capacity in an electronic commerce product line, is depehade other features, like thresholds
of storage, traffic, and server speed, appropriate sokitiosly be computationally difficult to
find. This can often be solved with the proper tooling and nvaetly, but if constraints become
too complex, it should be regarded as a warning sign sayiigpgrhaps 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 meisia in feature modeling, there
are clearly cases where cloning is useful. As an examplayr€@% shows a fragment of a
feature model that characterizes a family of model tramsédion approache$ [12]. Accord-
ing to the model, each approach supports transformati@s rwhich in turn may have one or
moreDonai ns. Thus, the model can account for approaches with multipheains, each hav-
ing a different selection of features. For example, a gilag@bed model-to-model transformation
approach may have just one in/out-domain with graph patevhereas a template-based model-
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Figure 2.6: Reference attributes in feature models [15]

to-text approach may have two domains: an in-domain witlplyatterns 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 sufficiently large number on the upper bound. Heameadding 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 configuration. Reference attributes are onintefest in the presence of clonable
features. Figur€2.6 shows an excerpt from a feature moderitdng a family of electronic
shops from an earlier thesis [14]. The feature model makesaayhuse of feature cloning.
TheBackOf f i ce part of the feature model allows creating multiplay ment Met hods and
Shi ppi ngMet hods, which need to be referred to from tBeor eFr ont part. This is mod-
eled using the feature referencesRafy mrent Met hodRef andShi ppi ngMet hodRef . 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 attribug¢ {) of Paynent Met hodRef should only point to
clones ofPaynent Met hod can be stated using OCL as follovis[14]:

cont ext Paynent Met hodRef i nv:
EShop. BackOf fi ce. Paynment . Paynment Met hod- >i ncl udes(att)

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

Rich ontology modeling. Ontologies may be described in formal languages based tn firs
order logic (FOL) such as KIF]16] or OWIL_[42]. Alternativelgntologies may also be repre-
sented using UML class diagrams and @C[his is commonly done in software engineering.
In the UML approach, individuals are represented usingselasind their relationships are rep-
resented using UML associations. Domain-specific semanén be provided by a specialized
UML profile, as will be illustrated in Sectidn-3.1. In this #is, only ontologies represented us-
ing UML class diagrams are shown, but the presented idedsecganeralized 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 moudiirg model.

Other extensions. The discussed extensions influence the configurations,eosd¢man-
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 relike implementsr uses The first
component can be expressed in a basic feature model. Thedseomponent, which cannot
be expressed using symbols already in the feature modei, am@otation that is an additional
symbol. While non-essential, an annotation is a symbol iardiguration, like a feature name,
which can be useful for interpreting the configuration.

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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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, featodels, 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 definitely within
ontologies), feature models can be considered as a nahtiohset of ontologies.

In terms of modeling philosophy, in feature modeling, a aptds described by first setting
its scope and hierarchically adding its details in a top+aéghion. On the other hand, in ontol-
ogy modeling, a concept is described by adding its detadsraplicitly defining the scope of the
concept through the details in a bottom-up fashion. For gt@mvhen defining a feature model
of the “business” concept of a B2C e-commerce product Imestope of the “business” concept
is first set to, say, high-level business processes inwgleustomers. Each business process is
further broken down and ultimately, a feature model desugiltommonality and variability in
each business process in increasing detail is devisedld@gtmodeling may proceed in a simi-
lar top-down way, by first conceiving the business proceasdshe 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 ordetfiilment and inventory tracking, that
have very little to do with customers, are modeled as welllikgrthe feature model, the scope
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of “business” concept is defined by what’s in the ontologyt vioe versa. Inevitably, as the
ontology evolves, the scope of the concept being modeldewpland. 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 modétese 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 tflogies, 2) feature models
describe concepts more specialized than those describmtdlpgies, and 3) feature models and
ontologies are both domain models suggests that featurelsaviewson ontologies, namely,
projections of the ontologies from different viewpoint$ig 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 produ@ tase study is used to explain the

mapping.

3.1 REA Case Study

The Resource Event Agent (REA) framewarkli[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 beneficial anttideentalEconom cEvent s that
are functions of providing/receiviriecononi cAgent s and incoming/outgoing ockf | ow)
Resour ces. Duality is a fundamental idea behind REA: in economy, anethat decreases
value of some resources is inevitably linked via theal i t y 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 stahé 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 metammmagterably 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 Figuke’B.2. From left to right in Figurd ®R&sour ces, which are scarce,
are represented using diamondsR&sour ceType, which represents a set Besour ces of
the same type, is represented using a shaded diamond. Foplexa particulaResour ce-
Type isPr oduct Type, an instance of which is a particular product descripticm@atalog that
typifies the distinguishable products leaving the storemery.Econom cEvent s, which may
be incremental or decremental from the perspective dt@nom cAgent , are represented
using filled and unfilled stars respectivelsconom cAgent s, such as customer and enterprise,
are represented using stickmelBconom cEvent s are involved irconversionand exchange
processes. In a conversion procdsspnoni cEvent susesand/orconsumesome resources
to producesome other resources. A consumption of a resource makespkar, while a usage
does not. In an exchange process, resources flow into andl@sebof activities related through
duality associations.

Models conforming to the pure REA metamodel only contairtanses ofResour ce,
Econom cEvent andEconom cAgent , hence the acronym. However, more advanced eco-
nomic notions require additional constructsCant r act , a legally binding agreement between
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at least two parties that detailommi t nent s andTer ns, is represented using a document. A
Ter m a contractual condition whose violation can trigger thgureement of som€onmi t -
ment s, is represented using a magnifying glass. Final§oamni t ment , an agreement to fulfill
an incremental or decrementtonom cEvent in the future, is represented using a filled and
unfilled 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 capiaisiland entities of a B2C e-
commerce product line modeled according to the REA metahatkicons 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
Sal eOr der contract. TwaEconom cAgent s are assumed to exist: customer and enterprise.
All Econom cEvent s are modeled from the perspective of t&t er pri se. To keep the
example visually clear, some trivial relationships aré ¢eft, but explained.

In Figurel33B, from left to right, &egi st r at i on event produces aficcount , which may
be or may not be used Br owsi ng, Checkout , andRevi ew(product review) events, which
are provided by the customd®egi st rat i on, Br owsi ng, Checkout , andRevi eware in-
crement events because they increase membership bafse,$edé orders, consumer community
base respectively, which are the enterprise’s net ressui©a the other handdehavi our -

Tr acki ng, a system capability that monitors customer activitiea,decrement event that may

be a dual oBr owsi ng andCheckout because it uses system resources to increase usability
of these two events. Similarlgyst enSet t i ngsDet ect i on, a system capability for ana-
lyzing properties of the customer computer, may be appti€gi st rat i on, Br owsi ng or
Checkout also to increase the usability of these activities.

The wordmayis used here to emphasize variability. Different produstthe e-commerce
product line may have different configurations, more speatiff subsets, of the ontology. Also,
note that the stereotypes on associations, like, pr oduce, anddual i ty, indicate the
type, not the name, of association, which is an associatetwdenEconom cEvent and
Resour ce 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 abr owsi ng. be-
havi our Tr acki ng andcheckout . Syst enSet t i ngsDet ect i on in Figure[3.B, have
the cardinality [0..1].

Continuing on in Figur€=3l3, aiccount may have multipléshi ppi ngAddr ess and on
aCheckout , aRewar dPoi nt Amount may be applied to the purchase being magieow-
si ng uses at least onéat al og, which describes at least oRe oduct Type.El. Pr oduct -
Type is divided into two main categoriesEl ect r oni ¢ refers to digitalPr oduct Types
while Physi cal refers to tangiblé’r oduct Types. A consumeiRevi ew of Pr oduct -
Type may use &Rat i ngSyst em which may allow numeric or letter rating. Br owsi ng
eventideally produceshoppi ngCar t , which is consumed by@eckout eventto produce
aSal eOr der.

Figure[3.4, an extension of the advanced “Guarantee” pattesented in [25], shows just
one of the possible ways of using REA to model sale orders atsamzis. ASal eOr der , also
referred to as gurchasethroughout this thesis, is @ont r act between arEnt er pri se
and aCust omrer in which the enterprise is committed to making a s&al(eConmi t nent )
and the customer is committed to making a payment 6aghRecei pt (CashRecei pt -
Commi t nment ), typically in the near future. Note thatSal eConmi t nent is associated with
Pr oduct Type andPr oduct through<<out fl ow reservati on>>. This means that in
order for aSal e to be fulfilled in the future, &al eConmm t nment must reservér oduct -
Types, handbag descriptions in a catalog for example, and théeyr oduct s, handbags
with particular serial numbers in a warehouse for exampléelthe actuabal e is fulfilled,
the handbags leave the warehouse due t&#tee- Pr oduct out f | owassociation. Likewise,
the actualCash (money belonging to an entity), typified byGashType (money amount) like
a thousand dollarsarrives at the enterprise’s possession when the aGashRecei pt is
fulfilled.

A Sal eOr der may haveBackor der andPr oduct Ret ur ninits clausesBackor der
is an implication stating that if somer oduct Types and their typifiedPr oduct s cannot

cat al og- Pr oduct Type, which does not have any stereotype, is an example of aniagsadhat is not an
instance of an REA meta-association. The example, whileilyeafluenced by REA, is essentially a class diagram
with associations, inheritance, profiles, and etc.
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be reserved (i.e. not available at the time of purchase)) the enterprise is committed to
St ockRepl eni shnent , which will stock the unavailabl®r oduct s within a certain pe-
riod of time. Product Ret ur n is an implication stating that if a customer wants to return
purchasedr oduct s, then the customer must fulfill the commitment to physycedturn the

Pr oduct s back to the enterprise, while the enterprise must fulfé¢l tommitment to physi-
cally return the customer’s money. Pr oduct Ret ur n may require the enterprise to make a
Post agePaynent to help the customer return tiiRe oduct s. Note that the events occurring
due toSal eOr der , namelySal e, CashRecei pt, Product Ret ur n, MoneyRet ur n, and
Post agePaynent , are related through aaxchange process.

Two feature models are presented as views on Figule 3.3 ajateE8.%. The business fea-
ture model, in Figurg 3.5(a), views the ontology in termsugtomer-provided event€heck-
out, Browsi ng, Regi strati on, andRevi ew. The administrator feature model, in Fig-
ure[3.5(0), views the ontology in terms of system adminigtraconcerns, namelgegi st -
ration, SystenSetti ngsDet ecti on, andBehavi our Tr acki ng. 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 constraintsekistential 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,d&sses and associations. There
is an M-N association between feature elements and ont@lgyents. But a typical mapping
is where an element-to-element mapping is used to expresgisiential 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 define 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 Figure B.3 and FigBré [15]

Isomorphic mapping. In Figurg3.6(d) and Figufe 3.6]b), tBal eCr der feature is mapped
to the actualSal eOr der class, while the subfeature relationship betw&@eckout and
Sal eOr der is mapped to the associati@meckout - Sal eOr der . Likewise,Backor der
andPr oduct Ret ur n 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 singlepain mind. This makes sense in
the last case, sincBer s can only exist in the context of@nt r act, like a Sal eOr der .
Similarly, potentialConm t nment s, includingPost agePaynent , make sense only in the con-
text of theirTer m like Pr oduct Ret ur n. 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 éablews [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 emicbetweerbal eOr der andRevi ew
features and their ontology counterparts.

Feature-to-association mappingln Figure[3.6(H) Account Requi r ed states whether or
not a checkout event requires an account. This feature ipethaf the associatioBheck-
out - Account , not toAccount , since the feature expresses an existential constrairfteon t
association. If a feature is involved in a feature-to-asgm mapping, it is difficult to specify
the syntactic correspondence of its child features, asttihé features refine the semantics of the
feature-to-association mapping. This problem is explanatktail in Sectioh 3]3.

Different views. Different views may syntactically correspond to the sanggare of ontol-
ogy through different traversals. For example, Fidured.&ad Figurg¢ 3.6(p) shoccount
andBehavi our Tr acki ng being viewed fronCheckout . Figured 3.6(é], 3.6(f), 3.6(g) and
[B:6(h) showCheckout being viewed fromAccount andBehavi our Tr acki ng. Such op-
posite traversals mean that while each feature model maydaroverlapping restrictions, each
can always provide a unique restriction. For example, witieeBehavi our Tr acki ng ca-
pability may be turned on or off only fotheckout events in Figur¢ 3.6(bBehavi our -

Tr acki ng 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 configuratioggresents 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 mechariggnontology restrictionfeature-
based restrictionfeatures of a feature model are embedded in ontology @inttr which are
specified against the ontology and are applicable to indalglof the ontology. For a given fea-
ture model configuration, simply, the feature variablesciare typically Boolean, are replaced
by their values in the OCL constraints. We first discuss samele 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 withink< >>/ is replaced with the Boolean value of the feature at condityom time. For
example, constraint 1 states that if a business viewpoimiigharation 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 admivpwaiat, 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. Beforgigaring the ontology constraints,
feature constraints between feature models must be plakd walid configuration of the fea-
ture models as a whole must exist. So the constAgictount Requi r ed<- >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 betweentilie features is not desired, perhaps
because they have other semantics for which they cannotbeaéent, 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.8al eOr der . backOr der, is dependent on the existence of
a feature,Backor der. Constraint 3 shows a case where a cl&egi st rati on, cannot
have any individuals. Due to the one-to-one associatiom fRegi st rati on to Account,
this constraint effectively eliminate&ccount as well wherRegi st r at i on feature is elim-
inated, which has further implications. Constraint 4 shawgpe restriction of the range of an
association.

Binding time. Feature model configuration is done with respect to a bintimg. If a bind-
ing time is associated with a feature configuration, the shim&ing time should be associated
with the ontology constraints written over that featurer Eeample, in Figuré 3.6(c) and Fig-
ure[3.6(d), ifRat i ngSyst emhas an installation binding time, the ontology constrai@tym
state that the elimination of the feature implies tRat i ngSyst emis not supported, and state
nothing about its selection:

context RatingSysteminv:
(not <<RatingSystenr>) inplies RatingSystemalllnstances()->size()=0

On the other hand, iRat i ngSyst emhas a runtime binding, the ontology constraint may
state that the selection of the feature implies that eReryi ewmust have an associatBdt i ng-
Syst em and state nothing about its elimination:
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No. Constraint

cont ext Checkout inv: <<Business/.../AccountRequired>> inplies
1 | (self.account->size() <> 0)

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

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

context Review inv:
(not <<Business/.../LetterRatingSystenr>) inplies
(self.ratingSystem ocl | sTypeOf (LetterRatingSystem) = false)

Table 3.1: Constraint§ [15]

context Review inv:
<<RatingSystenr> inplies self.ratingSystem >size()=1

Therefore, different binding times can impose differenpgiag semantics for the same fea-
ture. An ontology constraint that involves features ofeliéint 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 configuration notion][13] can bpliga 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 categorieddm@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 dciféraccounts if payments are made
from accounts at all. Clearly, if payments can be made froifergint 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-indememdemantics

context Sal eOrder inv:
(not <<Mul ti pl ePaynents>>) inplies
(sel f.cashRecei pt Commi t nent - >si ze() <= 1)

context Sal eOrder inv:
(<<Mul ti pl ePaynment s>> and not <<FronDifferent Accounts>>) inplies
(sel f.cashRecei pt Conm tment->forAll (conmtl, conmmit2: CashRecei pt Conmitnent |
commitl <> conmit2 inplies commtl.cashRecei pt.account=conmt2.cashRecei pt.account))

Figure 3.8: Children-independent semantics

mapping semantics dfr onDi f f er ent Account s depends oMul ti pl ePaynent s, the
reverse is not true. In children-independent semantiespthpping 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 refinesnoéran ontology association. Fig-
ure[3.9 extends Figufe 3.5(a) to define what ount -requiringCheckout s are in Figuré&3]3.
Checkout s must be restricted using the configurations of featuresb&t count Requi r ed.
Constraints for children-dependent semantics can becomelex if there is complex variability
in the subtree and/or if the subtree is deep. It may requaementally building the constraint
with variability encoded and/or breaking down a large caist without variability consider-
ation and inserting variability. The latter approach iswho First, the constraint is specified
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 Figuke=3111.

Note thatAccount Requi r ed andPr oduct Type features are not specified in the con-
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Figure 3.9: Figurgé 3.5(h) extended with children-depebdemantics

context Checkout inv:
(sel f.shoppi ngCart. product Type. sel ect (p: Product Type |
p. ocl I sTypeOF (Medi cal Product) or
p. ocl I sTypeOf (Pet) or
p. ocl I sTypeOf (Firearm)->not Enpty() or
sel f. rewar dPoi nt Anobunt - >not Enpt y() )
implies (self.account->notEnpty())

Figure 3.10: Children-dependent semantics without vaityab

context Checkout inv:
(sel f.isProduct TypeApplicable() or
sel f. i sRewar dPoi nt Appl i cabl e())
inmplies (self.account->notEnpty())

cont ext Checkout: :isProduct TypeApplicabl e(): Bool ean
post: result = (shoppingCart. product Type. sel ect (
p: Product Type | (p.ocl|sTypeO (Medical Product) and
<<Medi cal Product >>) or
(p.oclIsTypeO (Pet) and <<Pet>>>) or
(p.oclIsTypeO (Firearm) and <<Firearnp>))->not Enpty())

cont ext Checkout: :i sRewar dPoi nt Appl i cabl e(): Bool ean
post: result = rewardPoi nt Anbunt - >not Enpt y()
and <<ToCet Rewar dPoi nt >>

Figure 3.11: Children-dependent semantics with varighbili
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straints in Figur€&3.11. While the Boolean values of thesefaatures influence the Boolean val-
ues of the features specified in the constraints due to th@opitional constraints in the feature
model (for example, eliminatingr oduct Type makesi sProduct TypeAppl i cabl e()
false), the two features do not need to be specified in thai@onts. 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 candpecified in a very flexible manner
through variability in each node of the hierarchy. Neveehs, it seems that children-dependent
semantics are more difficult to handle than children-ind€at 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 styosgfgests 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 speci¥fieith may in turn allow the feature
models to be modified syntactically and semantically. No&t tFigurd 3.5(&) and Figure 3.5(b)
are views projected from Figuke 8.3 and Figluré 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 magpnay be required to precisely
define this relation, at this step, achieving syntacticespondence is sufficient. Syntactic cor-
respondence here can, but does not have to be, a physiadbikiy link; it can also be a more
logical one, such as a rule or a constraint, that gives aghihsin how mapping semantics should
be specified. There are two ways of creating syntactic cooredence. 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 indilggduBxploring 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 first credature without considering the on-
tology and then to achieve syntactic correspondence. Eajsires finding ontology elements
that can eventually map to the feature semantically, whigliably requires more effort than
deriving features from the ontology. Also, feature deimatusing ontology facilities may be
automated. An initial feature model, with adequate feahames, feature hierarchy, and other
basic constraints like cardinalities, is produced in théps
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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 specified, which are written over some of the featuress Jtbp presents an opportunity to
improve the initial feature model, for example, by makingdoaalities appropriate and moving
features to proper locations. While this step is largely auahprocess, if the mapping seman-
tics are very simple, like existential dependencies betvgggology 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
asPr oduct Ret ur n class and feature in FiguteB.4, a constraint that prohibésnstances of
the class if the feature is false may be automatically ddrive

In step 4, mapping semantics are analyzed in order to impgievéeature 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, duenteselationship between their ontol-
ogy constraints. This step yields additional constraimshe feature model. These additional
constraints not only influence the semantics of feature mbdémay also influence 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 featigiag constraints.

If the feature model still needs to be improved, step 1 foddar improvement of the theme
and the process repeats. Additional feature models maydpegped as well. Eventually, a set of
coherent projections should provide outlines of uniquetkg 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 throudgblagy 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[38 and Figurie3.4 and is scoped to consider custartiettias is desired.

Step 2

Using the QVTRelationslanguage, traceability links between ontology elementsfaatures
are specified declaratively, which allows automatic actmeent 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 sEkcifi

Metamodels Figure[4.2 shows the ontology metamodel and the featuremuetel, mini-
mally designed to allow Relations to be usé&li.ass andPr operty, subclasses dflaned-
El ement related through domain and range relationships, form thelegy metamodel. For
example, folCheckout - Sal eOr der association in Figule3.&heckout andSal eOr der
are instances dofl ass andCheckout . sal eO der andSal eOr der . checkCQut are in-
stances oPr operty with m n andnax equal to one. While not shown in the metamodel,
the classes denoted by the custom icons in Figuide 3.2, suEbh@soni cEvent andCon-
t ract, and associations between them, lkeoduce andcl ause, are subclasses @ ass
andPr oper t y respectively.

Node, Feat ur e andFeat ur eG oup form the feature model metamodel, which is a sim-
plified version of the one in[28]Feat ur e and Feat ur eG oup are subclasses dode,
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which haam n andmax cardinality angpar ent - chi | d association. For example, fGheck-
out - Sal eOr der subfeature relationship in Figufe 3.3(&heckout andSal eOr der are
instances ofeat ur e with m n andmax equal to one an€heckout andSal eOr der are
linked by par ent - chi | d. ont ol ogyEl enent - f eat ur eEl enent association defines
M-N traceability links between ontology and feature eletsen

QVT Relations Figure[4.B shows the relations between ontology elemeniseature el-
ements specified using QVT Relations. Metamodel classeasm@med to be in one of two
models, namelyOnt ol ogyMet anodel for ontology metaclasses aRréat ur eMet anodel
for feature model metaclasses. transformation(Figure[4.3B, lineg) and itsrelations (Fig-
ure[43, lines, m andm) define traceability links between classesOnt ol ogy Met anodel
andFeat ur eMet anodel models, which must be satisfied by the conforming ontology el
ments and feature model elements. While feature model elisraee created or modified to sat-
isfy the traceability definition, ontology elements are erealtered, making the transformation
unidirectional. To ensure thi€nt ol ogyMet anodel is qualified as read-onlycheckonl y
domai n) andFeat ur eMet anodel is qualified as read-writeef or ce donai n) through-
out therelations The user specifies rules (Figurel4.3, liaess, ande) that must be satisfied
by therelations Figure[4.3B is explained in detail. For more information ovTQthe reader is
referred tol[2].

The transformatiosynt act i cCor r espondence (Figurel4.3, line) takes the two mod-
els as input. The transformation requires thatibg rel ati on query (Figure[4.3, lina)
hold, which in turn requires that some other relations hatldquer y, ont oEl enent (Fig-
ure[4.3B, lineg) represents each instance ihnedEl enent andf nFeat ur e (Figure[4.3,
line m) represents each instance fedéat ur e. The user specifies whaint oEl enent s are
queried. Features corresponding to these oEl enent s are created under desirable par-
ent features, of nfeat ur es. More specifically, if an ontology element matches the yuer
specified by the user (Figute .3, ling and a feature is considered a desirable parent (Fig-
ure[43, linem), thenel enent Cor r espondence needs to hold between the ontology ele-
ment and a child of the feature (Figurel4.3, lide The user definesat chesQuery (Fig-
ure[4.3, linem) andmat chesPar ent (Figure[4.3B, linam) as OCL functions. For the partic-
ular ontology in Figuré_313 and Figute B.Bcononi cEvent s provided byCust oner are
queried usingrat chesQuer y (Figure[4.3B, linesrs), which return€Checkout , Br owsi ng,
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Regi strati onandRevi ewfrom Figuredl3.B. Corresponding features are created uraiér e
of the parents queried usingat chesPar ent ; 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 ont oEl enent and

f nFFeat ur e respectively inel ement Cor r espondence (Figure[4.3B, linesrz). The corre-
sponding feature is made to have the same name as the onttggnt (Figuré_413, ling)
and a traceability link to the ontology element (Figlrel 4i3¢ z). For example, a new fea-
ture Checkout , with default cardinality [1..1] is created witbtheckout as itsont ol ogy-

El ement .

mat chesSubf eat ur e is used to map ontology properties (i.e. associations) dtufe
par ent - chi | d associations. When a correspondence is achieved betwdassaand a fea-
ture, they are passed as arguments tcthief eat ur e relation (Figuré_413, lingy), which uses
mat chesSubf eat ur e to check if properties of that class should be mappguatoent - chi | d
links (Figure[43B, linam). For a property that matches (in this particular exampiedk of
Produce, Ter m andCommi t nent due to Figurd—413, linesm), a new child feature is cre-
ated that corresponds to the property’s range class anchbgsdperty’s minimum cardinality
(Figure[4.3, linegzm) El For example, foCheckout feature, whose corresponding class has
Checkout . sal eOr der property that is of the typ®r oduce, a mandatory child nhamed
Sal eOr der is created. Due to recursion (Figurel4.3, lige further children, including the
optionalBackor der , are created.

Figure[4.4(3) shows the generated feature hierarchy. Saimteresting features are crossed
out, while some interesting features, bound by the rectarage 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 i§iealp| Feature groups, which are not
very difficult to consider, were left out as they would havensauted the example. The trans-
formation relations did not take into account seriouslydbasequences of yielding conflicting
or redundant results. Often, inconsistencies in modeliogis.may be fixed in many, sometimes
infinitely many, possible ways; therefore, model synchezation typically requires manual in-
tervention. However, being more precise and constrainingnispecifying relations can greatly

1Since basic feature models are desired, maximum featudiedity is always assumed to be 1.
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transformati on syntacti cCorrespondence(ont oMet anodel : Ont ol ogyMet anodel ,
f mvet anodel : Feat ur eMet anodel )

top relation query

{

rel

rel

checkonly domai n ont oMet anpdel ont oEl ement: NanmedEl ement {}
enforce domai n fmvetanodel fnFeature: Feature{child=c: Feature{}}

when

{

mat chesQuer y(ont oEl enent ) ;
mat chesPar ent (f nFeature); }

wher e

{

el enent Cor r espondence(ont oEl enent, c); }

ation el enent Correspondence

f eat ureName, ontoNane: String;

checkonly domai n ont oMet anpdel ont oEl ement: NanmedEl ement { name=ont oNane}
enforce donmai n fmvetanodel fnfFeature: Feature

{ont ol ogyE!l ement =o: NanedE!l enent {}, nane=f eat ur eNane}

wher e

{

f eat ur eNane=ont oNane;
0 = ont oEl enent;
subf eat ure(ont ol ement, fnFeature); }

ation subfeature

propertyM n, featureM n: |nteger;

checkonly domai n ont oMet anbdel ontoEl enent: C ass

{ domai nProperty=dp: Property{rangeC ass=rc: C ass{}, m n=propertyMn} }

enforce donmai n fmvetanodel fnfFeature: Feature

{ child=c: Feat ure{m n=featureM n, max=featureMax} }

when

{ matchesSubfeature(dp); }
wher e

{ el enent Correspondence(rc, c);

featureM n=propertyMn; }

Figure 4.3: QVT relations for achieving syntactic correspence
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47
48
49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64
65
66
67
68
69
70
71
72
73
74

/'l user specifies what ontol ogy el enents are desired
functi on mat chesQuer y(namedEl enent: NanmedEl ement): Bool ean

{

i f (namedEl enent. ocl | sTypeO ( Econom cEvent) and
namedEl enment . ocl AsType( Econom cEvent). provi der. name=Cust omer) then

true
el se fal se
endi f;

/'l user specifies where the corresponding features will be | ocated
functi on nat chesParent (node: Node): Bool ean

{

if (self.parent->iseEnpty()) then

true
el se fal se
endi f;

/] user specifies
function nat chesSubf eature(property: Property): Bool ean

{

if (property.ocll|sTypeO (Produce) or property.ocllsTypeO (Term or
property.ocl|sTypeOf (Commitnent)) then

true
el se fal se
endi f;

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 sensaricestablished. Figyre 4.4(b) shows
Figure[4.4(d) with some minor changes that have niedg st r at i on andRevi ewoptional.
Most of the features in Figufe 4.4|b) influence the existerfdbeir corresponding classes with
respect to the entire e-commerce product line. For exantpée selection or elimination of
Backor der implies that every sale order must either support or not suggackorders. Map-
ping semantics for some of the features are shown as adalitboiology constraints below the
feature model. Consider constraint 2REgi st r at i on is selected, then there must be at least
one instance oRegi st rat i on 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 influenBesi ewinstances. Constraint 3 states
that if an account is required to perform reviews, then aesg@vuinust be associated with an ac-
count. It is assumed that constraints @reckout andAccount Requi r edFor Checkout
and constraints foBr owsi ng and Account Requi r edFor Br owsi ng are specified in an
identical manner as constraints 1 and 3Rervi ewandAccount Requi r edFor Revi ew.
Simple mapping semantics may be derived purely from syiotactrespondence achieved
in the previous step. This can be easily achieved for canssrd and 2. However, for more
complex features likéAccount Requi r edFor Revi ew, establishing mapping semantics is
largely a manual process.

Step 4

The established mapping semantics are analyzed to imphevguality of the feature model.
The ontology constraints in Figure 4.4(b) suggest thaethee unspecified connections between
Revi ew, Regi strati on andAccount Requi r edFor Revi ew. Consider constraint 3. If
Account Requi r edFor Revi ew is selected, then there must be at least Bagi ew in-
stance (otherwise, the constraint would not be needed Jatadl there must be at least one
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(a) Step 2 result

A, Business
—|- @ Checkout

@ AccountRequired

- @ SaleCrder
- & 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
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—|- # Browsing implies -l & PRegiskration implie: implies
[© AccountRequired | @ RequiredForCheckout
& Reqistration & RequiredForBrowsing
=l @ Review P— & ReguiredForReview —
iimplies inwli
[o AccountRequired ] & Review implies
(a) Syntactic modification 1 (b) Syntactic modification 2

Figure 4.5: Possible results of semantic analysis of Figuf)

Account instance (otherwisesel f. account <> 0 would not be possible), which means
that there must be at least oRegi st r at i on instance (sinc&egi st rati on- Account

is 1 to 1). Two constraints can be derived from this obsemvatAccount Requi r edFor -
Revi ew=-Regi strati on andAccount Requi r edFor Revi ew=Revi ew. 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 Figlire 4)5¢ehereAccount Requi r edFor -
Revi ewis placed undeRevi ew as Account Requi r ed (with the name change intended
to improve readability) and an implication fegi strati on is added. Another possibil-
ity is to change it to Figuré 4.5(b), where the feature is @thanderRegi st rati on as
Requi r edFor Revi ew (again, the name change) and an implicatiorR&vi ew is added.
Similarly, Account Requi r edFor Checkout andAccount Requi r edFor Br owsi ngare
changed. Figurg4.5(a) is chosen as it closely reflects &jgi{(d), the desired end result. In-
terestingly, theRegi st r at i on subtree in Figurg 4.5(p) closely reflects 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 choosenfmany desirable hierarchies. Simple
mapping semantics may not be difficult to analyze and may allew automatic analysis. More
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complex mapping semantics may require more sophisticatesyband 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 Classification

It seems that feature models, as views on ontologies, stheudd a similar level of abstraction as
the ontologies. However, what defines abstraction sinyl@sinot clear and consequently, what
defines appropriate or desirable view projections is natrcla classification of view projection
aims to provide a basis for understanding this issue andseoagfurther insight on the boundary
of view projection. Four categories of view projection arecdssed: localized, crosscutting in
ontology, crosscutting in feature model, and crosscuitirtgpth.

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-defined 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 influence 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 edeotrand physical product types, in-
fluences numerous aspects. For example, elimin&mgsi cal in Figure[4.6(g) eliminates
Shi ppi ngAddr ess, Physi cal , Backor der, andPost agePaynent Conmi t nent in
Figure[3.B and Figure_3.4, which in turn eliminates someedli@lements. Syntactic correspon-
dence betweeRhysi cal and these ontology elements can be achieved by manualiggsett
Node. ont ol ogyEl enent link to these elements on thRhysi cal feature. While mapping
semantics can be established by having a separate cohftragach of the ontology elements,
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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

cont ext NanedEl enent: : mat chesQuery(): Bool ean
post: result = (self.name="Shi ppi ngAddress’ or
sel f. name=" Physi cal’ or sel f.nane="Backorder’ or
sel f. name=" Post agePaynent Commi t ment ')

cont ext REAObj ect inv:
(not <<Physical >>) inplies (not self.type.ocl AsType(NanmedEl ement). mat chesQuery())

Figure 4.7: A technique for crosscutting ontology view pijon

Figure[4.Y shows a more elegant techniguat chesQuery (Figure[4Y, linan) is used to
query desired ontology elements, which is done rather e@figlifor this example. We assume
that there exists a global superclass, like the &bjaect for Java classes, for the ontology ele-
ments, calledREAChj ect . A constraint is specified on this class that ensures tiRityfsi cal
feature is eliminated, no REA object can be of the queriesisela (FigurE-4l 7, ling.

Arguably, any set of scattered ontology elements may be@foeherent’ region by con-
necting them by a single ontology element through mandatsspciations. One could imagine
such associations emanating frétmysi cal class toShi ppi ngAddr ess, Backor der and
Post agePaynent Commi t ment andPhysi cal feature could simply control its existence.
However, thé’hysi cal feature here represents a key business decision that & iatfa higher
level of abstraction than the domain concepts that arelgloskated 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 madadeFigure[3.8,Behavi our -

Tr acki ng is associated witicheckout andBr owsi ng. Compare this to Figuie 4.8, where
Behavi our Tr acki ng is a more general concept that can apply to Bognomni cEvent H.
Behavi our Report Gener ati on is seen as a kind oBehavi our Tr acki ng. In Fig-
ure[4.6(D), the events to whi@ehavi our Tr acki ng andBehavi our Report Gener ati on
may apply, i.e.Checkout , Browsi ng, andRevi ew, 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[4.D, lines, s, andm. Assuming thatCheckout , Br owsi ng and Revi ew
features already exist and are associated with their qoyreBng ontology elements, we can
query them as desired parent features (Figude 4.9glineder whichBehavi our Tr acki ng
will be added (Figuré419, ling. Behavi our Report Gener at i on is added as a subfea-
ture ofBehavi our Tr acki ng since inheritance is specified as a property corresponditiget
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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functi on mat chesQuer y( nanmedEl ement: NanedEl enent): Bool ean
{
i f (nanedEl enent. nane = ' Behavi our Tracki ng’) then true
el se fal se
endi f;
}
function mat chesParent (feature: Feature): Bool ean
{
i f(feature.ontol ogyEl enent - >sel ect
(o o.ocllsTypeO (Econoni cEvent) and
0. provi der="Custoner’).notEnpty()) then true
el se fal se
endi f;
}
functi on mat chesSubf eature(): Bool ean
{
if (property.ocllsTypeX (Inheritance)) then true
el se fal se
endi f;
}

context Feature inv:
((sel f.nanme=" Behavi our Tracki ng’ and not self. sel ect ed)
inplies (self.parent.ontol ogyEl enent->forAl | (o: Econoni cEvent
0. behavi our Tracki ng. i sEnmpty()))) and

((sel f.nanme=" Behavi our Report Generati on’ and not self.sel ected)
inmplies (self.parent. ontol ogyEl ement->forAll (o: Econoni cEvent
not o. behavi our Tracki ng. ocl | sTypeO ( Behavi our Report Generation))))

Figure 4.9: A technique for crosscutting feature model voeajection
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Mapping semantics can be specified through a constraint atrfe configurations (Fig-
ure[4.9, linez). A feature in a configuration is modeled almost identictdla feature in a feature
model [28], with the addition ofel ect ed Boolean flag indicating its configuration value. The
constraint states that ifBehavi our Tr acki ng feature is eliminated, thEconom cEvent
corresponding to its parent must have a belhavi our Tr acki ng link (Figure[4.9, linegzz).
Also, if Behavi our Report Gener at i onis eliminated, then the appropridiehavi our -

Tr acki ng link cannot be connected to an instanceBafhavi our Report Gener at i on
(Figure[4.D, linegzzm).

This type of projection highlights an important philosogdlidifference between configura-
tion modeling and solution modeling. In configuration maag| 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 mdeigure 4.6(d) shows a feature model
describing system capabilities relevant to e-commerceradirators. View projection is spec-
ified to relate customer-provided events to administraéeants. ACust omer Pr ovi ded-
Event s feature crosscuts Figure #1.8 by collectiBgononi cEvent 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 specifiedyubmtechniques 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 Benefits and Limitations

View projection addresses a serious limitation of ontolagydeling: its tendency to produce
monolithic ontologies that are difficult to modularize. Aatare model allows ontology mod-
ularization from a viewpoint by providing a set of consttaithat is intuitively configurable
through a hierarchy. Projecting multiple feature modedsrfran ontology enables collaboration
by allowing different viewpoints to make unique contrilmuis 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 ehfeature 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 richlgsiiied 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 difficult task. Also, view projection needs to be a cotied process. Without control, views
that are incoherent and conflicting may be projected, whial actually 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 projectiEngnderstood.

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 refine
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 thepheuéature 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 modelslanéified and analyzed. This
is largely a manual process that requires understandingetimantics 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 andrt@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 reflect constrédietsveen features that are evident
through the new mapping to the ontology.

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

4.2.2 Process Demonstration

The process described is demonstrated for ontologies ssgulausing UML class diagrams and
basic feature models. The ontologies, which involve drRé§sour ces, are shown using the
regular class diagram notation, rather than the REA prabl&eep the example more uniform.
Feature models of the viewpointtsisinessusability, andadministrator shown in Figuré_4.11,
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A, Adminiskrakor
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@ MultipleCatalogs © RegistrationUpdate o ‘WordVerification
(a) Business viewpoint (b) Usability viewpoint (c) Administrator viewpoint

Figure 4.11: Integrated viewpoints

% (1)“* ‘ Store ‘ ‘ Account ‘
‘ CatalogBas# ‘ CatalogView‘ ‘ CatalogBas# ‘CatalogView‘ ‘ Customer ‘ :: f"*
‘ SeasonaIViev+ ‘ PersonalizedViev+ ‘ SeasonalViev+ ‘ PersonalizedVieﬁ _b(i.s* _(‘)’lii""
(a) Initial ontology (b) Ontology modified (c) Ontology finalized

Figure 4.12: Integrating ontology

are integrated.

Business

The business viewpointin Figure 4.13(a) models variahiitCat al og. Two kinds ofCust om

Vi ews may be allowed. While @ust onVi ewmay be considered@at al og itself, Mul ti -

pl eCat al ogs refers to having multiple non-vie®at al ogs, which may be referred to as
Cat al ogBases. The corresponding ontology, Figlire 4.1P(a), is modelethianalogous way
as the feature model, with most of the feature decisionsigeam analogous effect on the exis-
tence of their corresponding ontology elements. An exoegs the featurd/ul t i pl eCat a-

| ogs, which constrain€at al ogBase as shown in Figure4.13.
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cont ext Cat al ogBase inv:
(not <<Multi pl eCat al ogs>>) inplies (Catal ogBase. alllnstances()->size() <= 1)

Figure 4.13: MultipleCatalogs constraint

Usability

A feature model concerning the usability of end-user imiees 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 featudelmat can be concluded that the
only commonality is betweeRer sonal i zedVi ewin the business viewpoint arat al og
and Account Requi r ed in the usability viewpoint.Cust oner andAccount classes are
added in Figurg 4.12{a) to modeat al og andAccount Requi r ed features, producing Fig-
ure[4.12(0)Per sonal i zedVi ew <-> Cat al og 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 @mreeckout 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 timdy the two features undé€iat al og
are common to the other feature models. WhitssedOnQt her Cat al ogs may seem to be
synonymous with th€at al ogVi ewclass in Figur¢ 4.12(p) at first glance, it seems to imply
something more general upon analysis. The literal transiaeems to refer to the capability
of defining a catalog using the contents of other catalogsiteaseems to emphasize these ori-
gins. In this sense, the feature encodes a more implemamatiented notion than the feature
Cat al ogVi ew, which is appropriate since the viewpoint, administrasbiould rightfully be
more concerned about catalog implementation than the éssiviewpointbase- vi ewasso-
ciation onCat al og is introduced to give semanticsBasedOnQt her Cat al ogs, as shown

in Figure[4.12(d). Since the distinction between base apd \datalogs, as well as between
seasonal and personalized catalogs, can be made usingsbisation and some extra infor-
mation, theCat al og inheritance hierarchy is removed. The constréig¢asonal Vi ew or
Per sonal i zedVi ew) =BasedOnQ her Cat al ogs is addedCust oner class is now as-
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context Catal og inv:
(<<Personal i zedVi ew>> i nplies (self.customer->notEnpty() inplies self.base->notEnpty())) and
((not <<PersonalizedView>>) inplies (self.customer->iskEnpty()))

Figure 4.14: PersonalizedView constraint

sociated withCat al og class, makindPer sonal i zedVi ewsemantics, shown in Figure 4114,
more complex than before.

The mapping semantics &l t i pl eCat al ogs in Figure[4.IB is no longer valid since
Cat al ogBase no longer exists. Fortunately, this problem can be solvealighSt or e- Cat a-
| og association, which is needed anyway to express the sermaftthar edByMul ti pl e-
St or es, which state tha€at al og. st ore <= 1 upon the feature’s elimination. Assuming
that a store is associated only with base catalogs, elimmat Mul t i pl eCat al ogs implies
St ore. cat al og <= 1, preventing multiple base catalogs.

4.2.3 View Integration Classification

While facilities like vocabulary and taxonomy analysis nb@used for identifying and analyzing
commonality between feature models, this step (step 1) sémbe largely a manual process that
is difficult to understand in a systematic way. On the otherdha&reating/modifying mapping
(step 2) seems more understandable. For further insighiem imtegration, the approach is
classified in terms of different kinds of mapping modificago

Additive modification. In additive modification, new mapping semantics are eshbd.
For example, to establish mapping for the new feaAaceount Requi r ed in Figure[4.T1(1),
Cust oner andAccount classes were added in Figlire 4.IP(b). While existing ogtostruc-
ture and semantics may be used to establish the mapping &w éeature, typically, especially
when the ontology is in early stages of development, newlogyoelements are likely to be
needed.

Altering modification. In altering modification, existing mapping semantics aterat.
Most, if not all, of the semantics are preserved since dlteranerely involves specifying ex-
isting semantics in another way. For example, the semaati¢®er sonal i zedVi ew and
Mul ti pl eCat al ogs in Figure[4.11(a), although changed due to the introducifdas ed-
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OnQx her Cat al ogs in Figure[4.11(qd), are not altered. This type of modificatigpically
involves re-establishing mapping semantics after thelogyas restructured.

Subtractive modification. In subtractive modification, existing mapping semantiesrar
moved. For example, from Figure 4.T3(b) to Fiqure 4.1Xe),sonal i zedVi ewandSeason-
al Vi ew classes are removed. While the semanticPexffsonal i zedVi ew feature is pre-
served, as evident in Figute"4114, the semanticSezsonal Vi ewfeature 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 modification may be suitable when the commtnbétween feature models is be-
ing reduced to make the feature models more independergedh@ seasonal catalog may be a
highly business-specific concept that does not need to be afihe 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 leahypothesized that additive
modification and major altering modification should occuearly stages of view integration,
promoting expansion of an ontology, while only minor altgrimodification and subtractive
modification should occur in the later stages of view inteégra for manageable maintenance.

4.2.4 Benefits and Limitations

View integration addresses a serious limitation of feataleling: composition. By having
a common ontology through which feature semantics can befigak features 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 configurations (semantics) and syntax of éatufe models. View integration
also enables agile ontology modeling. Only the intersactibthe feature models needs to be
modeled, while features specific to a feature model may or nwybe 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 maepaagess 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 modelsbeusoherent and ideally, at
similar levels of abstraction. Otherwise, an ontology W developed that will continue to
promote integration of misfitting feature models, ultimatdisabling collaboration. Creating
such feature models requires a good understanding of thaidoneing modeled in the first
place, which can be considered asrmaplicit 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 usterding 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 noweaoh 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 basatufre models to ontologies and of
feature models as views on ontology advances our undeistantifeature models. The nota-
tional spectrum analysis provides a framework for disewugthe 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 threllaogibetween 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 framewaak e domain-specific: different
applications may require different combinations of largpigeatures. Also, the framework may
evolve, as our understanding of feature modeling has edd@iwee its inception.

The analysis of feature models as views on ontologies giges new insight on the nature
of feature models. A feature model represents a set of degsstrictions 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.ppiiags were explored using

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

As a result, despite some complex mappings, most of the mgppiere manageable. While the
mapping mechanism, feature-based restriction, workdff&imals of mappings, we can imagine,
for example, when ontologies are closer to implementatiwh f@ature models are closer to
requirements, the mechanism would become very complexemsdhhanageable.

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 turrirfiegrated to evolve the ontology.
Conversely, a set of coherent feature models may initiailyecontology development, but later
be evolved through evolution of ontology. Devising a roagrf@ collaborative domain mod-
eling that incorporates both view projection and view imé&gn is a future work item. Such a
roadmap could form a basis for what could be a novel domainetmagi 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 first categamtains capabilities required for
allowing feature models to be considered as views on oniedod he second category contains
capabilities required for view projection and view inteigpa.

5.3.1 Support for Feature Models as Views on Ontologies

Firstly, a tooling environment that incorporates bothdeatmodels and ontologies (but not nec-
essarily feature modeling and ontology modeling) must beceived. In a heterogeneous en-
vironment, the metamodel of feature models is significadtfferent than the metamodel of
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ontologies. For example, feature models may be defined wHing class diagrams while on-

tologies are defined using OWL. On the other hand, in a honmemenenvironment, 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 suppoiting 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-
configured constraints, which may be transformed into asgyi@ially simplified ontology. For
example, a configured constraint may enforce the cardynafian association to be [0..0] or
enforce a class to be an empty set, in which case the assoomatihe class may be syntactically
removed. Partial evaluation techniques, including rideea simplification of OCL[20], may be
used.

Advanced tool support capabilities, like synchronizatlmetween ontologies and feature
models, may be supported as well. For example, change imtiodogy can invalidate mapping.
While visible changes to the ontology, like syntactic reml@f elements, may be detected easily,
subtle changes, like altering semantics of the ontologyutyh constraints, may be very difficult
to detect. Also, change in a feature model could invalidiageféature-based constraints, both
syntactically and semantically. In a sense, there is anlayé&etween synchronization and con-
straint facilities: constraint facilities may be used taebs synchronization issues. Roundtrip-
ping is a desirable synchronization trait for increasedilisa Another advanced capability is
binding time support. To associate binding times with bettdres and feature-based constraints
seems to be a non-trivial task that first requires some fatiiort 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, explorafacilities 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-specified constraints faliteting 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 prototypesjdimgy IBM’s Model Transformation
Framework[[22], no practical implementation of QVT exisBipport for establishing mapping
semantics trivially requires processing feature-basedlogy constraints. Analyzing mapping
semantics is more difficult. It may be possible to expresses@€L 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 taedi Ultimately, a uniform user interface
that supports all of the mechanisms shown for all four kintigi@v projection (introduced in
Sectior4.11B) is desired.

Tool support for view integration is harder to imagine siitég&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 constrainRai ncheck=-Backor der or addingRai nhcheck underBackor der may be
suggested. A reference ontology may be used to perform utargband taxonomy analysis.
Using the REA ontology in Figure—3.3 and Figlirel3.4 as theresfee ontologyCheckout
andPur chase (a synonym ofSal eOr der ) features may become equivalent. However, if the
reference ontology is used heavily, view projection may lwearappropriate. Simplification
of mapping semantics, conflict detection and resolutionpatential wish list items for creat-
ing/modifying mapping.
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Chapter 6

Related Work

Bodies of related work can be classified into feature depsrndanalysis, work on semantics
of feature models, ontology views, viewpoint-orienteduiegments-engineering (RE), early as-
pects, feature-based configuration of models, and expige$sature models in ontology lan-
guages. Each is discussed in turn.

6.1 Feature Dependency Analysis

Notable works in this area include those by Lee etlall. [30] 2nang et al.[[51]. Both provide
classifications of feature dependencies, suctefisementusage andmaodification In general,
dependencies have two components: configuration semawtiish can be captured through
propositions for basic feature models, and extra semathig¢sre beyond feature configurations,
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 Batoryl[5] proposed formal
semantics for feature models based on propositional fasahd grammars. Bontemps etlal. [7]
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explores the succinctness and expressiveness of featutelimgp notations. However, all the
notations considered here are in the left part of the spexcinuFigure2.B.

6.3 Ontology Views

An ontology view is an ontology that is defined using some otrgology. Typically, it is a
subset of the original ontology defined through traversalguzries. Notable works involving
traversal include those by Noy et &l. [34] and Lieberherd €i3d]]. Both works propose graph
traversal specifications for extracting portions of an twgyp. 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 quesctfication. For OWL ontologies,
SPARQL (SPARQL Protocol And RDF Query Language) [50], aivadtv3C working draft, is
the most notable work. For UML ontologies, QVI [2], an OMG ptkx specification, 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 specifi¢adlview 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 REI[29] 19, 40kWfoint integration has been
explored in the context of requirements engineering, wilEAew (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 influence the viewpoint, aeguirementsthe 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” requirem[&#]. Integrating two viewpoints,
such as “safe state assurance” and “safety standardslyaws/éirst finding 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 rateslr#srcing conflictingor neutral
This PREview viewpoint integration is very similar to theoposed view integration. Finding
intersecting requirements in PREview is analogous to iffeng and analyzing commonality
between feature models. Also, rating the intersection @firements 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 isone precise and systematic in terms
of micro-level activities, as it involves analysis and nfadition of formally defined models,
I.e. feature models and ontologies, while PREview involwealysis and modification of natu-
ral language descriptions. However, at the macro-leve asethodology, PREview seems to
be more systematic. For example, in PREview, a viewpointimaonategorized intomteractors
(interfacing components in a systeraakeholderghaving socio-technical influence on system
requirements), andomain phenomen@nportant domain concepts, like “braking” for trains and
“saleorders” for e-commerce). Unfortunately, in featuredeling, the root-defining criteria are
still not well-understood. As a result, view-defining criteon 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-OtgehProgramming (AOP) techniques.
The closest work to our research is by Loughran et al. [32]cprovides ways to automati-
cally extract views from requirements according to viewp®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 ta&ed work performs view ex-
traction by imposing a viewpoint on a more general artifact.
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6.6 Feature-Based Configuration of Models

Three notable works exist in this area: feature-based menwgllates/[10], UML profile for soft-
ware product lines [52], and automatic specialization atestharts(|47]. The model templates
work explores mapping feature models to other models likeLUllhss diagrams, which may
represent business entities, and UML activity diagramschvimay represent a business work
flow. Mapping between feature models and ontologies is amtd feature-based model tem-
plates in the sense that the mapping gives semantics tadésaand a feature model is used to
configure the UML models in both cases. However, the two agpgres 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 imq@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 feaha®ged ontology constraints, or more
generally,feature-based restrictionof models. UML profile 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 configurations of models, but uses partial etialugechniques. Arguably, our tech-
nique can be considered as a partial evaluation technigceube of the restriction approach
rather than presence conditions. However, the work onlgidens state charts, which are more
in line with mapping to implementation. In addition, it dosst use explicit feature models for
configuration.

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 it@ally define propositional feature
dependencies through an extensionally defined contexh&ptirpose of providing automatic
synchronization of feature models against changes madeettheir underlying artifacts [44]
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using the reasoning framework. Determining semantics pasgibly 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 viewsgacific restrictions on ontologies.
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Chapter 7
Conclusion

The main research objective of this thesis was to explorantnguing relationship between
ontology and feature modeling in the context of MDSPL. Thplesation was done in three
stages. Firstly, a comprehensive explanation of the fureddah 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¢demensions. Contrary to popu-
lar belief, feature models may embody several implicit feyimcluding mindmaps and textual
outlines. The notational spectrum of feature models, whialts 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 tbaruary between feature models
and ontologies.

Secondly, the fact that 1) feature models form a notationbst of ontologies, 2) feature
models describe concepts more specialized than thoseluestry ontologies, and 3) feature
models and ontologies are both domain models suggestseidiairé 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
defined in two dimensions: syntactic correspondence andstrs of mapping. Syntactically,
traceability links may be established between feature msaaled ontologies for increasing un-
derstanding of the mapping and for expressing simple cainssrlike existential dependencies.
Semantically, a feature model provides a set of configuraebiestraints on an ontology. No-
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tably elegant is the fact that the feature hierarchy alloath lzoncise expressicend flexible
configuration 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-insétaction viewpoints are developed from
an already-existing, mature ontology. Syntactic corraesoce 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 projecteifieanodel. A classification of
view projection based on different kinds of mapping sentangiives a further insight on the
approach. The approach addresses the difficulty of modingrontologies 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 idedt#ied analyzed and translated into
creation or modification of mapping semantics. Change inpimgpsemantics may be additive,
altering or subtractive, which typically expands, restuoes, or contracts the ontology respec-
tively. The approach addresses the difficulty of composeajure 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 phpbgpunderstanding exactly what
they are and gaining community consensus on them remaintlawork item. Taking the
two proposed domain modeling approaches and devising aretwpsive 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.

74



Bibliography

[1] Meta object facility 2.0 core. OMG Document ptc/03-18;@bject Management Group,
October 2003. Available fromt t p: /7 www. ong. or g/ cdi - bi n/ doc?pt ¢/ 03- 10- 04.

[2] MOF 2.0 query / views / transformations specification gfiradopted). OMG Doc-
ument ptc/05-11-01, Object Management Group, Novembel5.20QAvailable from
http: /7 Www. ong. or g/ docs/ pt ¢/ U5- 11- UL1. pdf.

[3] Amazon. Amazon.com: Online shopping for electroniggarel, computers, books, dvds
and more. Ahttp:// Ww. anazon. com

[4] Henrik Reif Andersen.Binary Decision Diagrams Department of Information Technol-
ogy, Technical University of Denmark, Lyngby, Denmark, I9% ecture notes for 49285
Advanced Algorithms EQInt t p: /7 www. | t u. dk/ peopl e/ hr a/ not es- 1 ndex. ht mi.

[5] Elisa Baniassad, Paul C. Clements, Joao Araujo, Ana Maréwais Rashid, and Bedir
Tekinerdogan. Discovering early aspedtSEE Software23(1):61-70, February 2006.

[6] Don S. Batory. Feature models, grammars, and propositimrmulas. In J. Henk Obbink
and Klaus Pohl, editor§oftware Product Lines, 9th International Conference, SRDO05,
Rennes, France, September 26-29, 2005, Proceeduafisme 3714 ofLecture Notes in
Computer Scienggages 7—20. Springer, 2005.

[7] Y. Bontemps, P. Heymans, P.Y. Schobbens, and J.C. Txigeamantics of FODA feature
diagrams. InThird Software Product Line Conference (SPLC@J@ston, USA, Aug 2004.

75


http://www.omg.org/cgi-bin/doc?ptc/03-10-04
http://www.omg.org/docs/ptc/05-11-01.pdf
http://www.amazon.com
http://www.itu.dk/people/hra/notes-index.html

[8]

[9]

[10]

[11]

[12]

[13]

[14]

Krzysztof Czarnecki. Overview of Generative Softwareev@lopment. In
Proceedings of Unconventional Programming Paradigms (YPR004, 15-
17 September, Mont Saint-Michel, France, Revised Papemslume 3566 of
Lecture Notes in Computer Sciencepages 313-328. Springer-Verlag, 2004.
http://ww. swen. uwat erl 00. ca/ ~“kKczar nec/ gsdover vi ew. pdt.

Krzysztof Czarnecki, Michal Antkiewciz, and Chang HwBeter Kim. Model-driven de-
velopment of software product lines. Technical report,va@rsity of Waterloo, Waterloo,
March 2006. Available frorimt t p: // swen. uwat er 1 00. ca/ ~chpki mi ndspl 06. pdil

Krzysztof Czarnecki and MichatAntkiewicz. Mappingateires to models: A template
approach based on superimposed variants. In Robert Glicthvéchael Lowry, editors,
GPCE 2005 - Generative Programming and Component Engigedithh International Con-
ference, Tallinn, Estonia, Sept. 29 — Oct. 1, 2005, Procegsiivolume 3676 ofLNCS
pages 422-437,. Springer, 2005.

Krzysztof Czarnecki, Thomas Bednasch, Peter Unget,ldrich W. Eisenecker. Genera-
tive programming for embedded software: An industrial eigreee report. In Don Batory,
Charles Consel, and Walid Taha, editoPspceedings of the ACM SIGPLAN/SIGSOFT
Conference on Generative Programming and Component Eegimge(GPCE’02), Pitts-
burgh, October 6-8, 20Q20lume 2487 ot.ecture Notes in Computer Scienpages 156—
172, Heidelberg, Germany, 2002. Springer-Verlag.

Krzysztof Czarnecki and Simon Helsen. A characterratind categorization of model
transformation approached8M Systems Journa2006. To appear.

Krzysztof Czarnecki, Simon Helsen, and Ulrich Eisdwec Staged config-
uration through specialization and multi-level configioat of feature mod-
els. Software Process Improvement and Practicel0(2):143-169, 2005.
http://swen. uwat erl 0oo. ca/ ~kczar nec/ spi1 pO5b. pdf.

Krzysztof Czarnecki and Chang Hwan Peter Kim. Cardipdlased fea-
ture modeling and constraints: a progress report. International Workshop
on Software Factories San Diego, California, Oct 2005. Paper available at
http: //sof t war ef act ori es. comi wor kshops/ OOPSLA- 2005/ Paper s/ Czar necki . pdf.

76


http://www.swen.uwaterloo.ca/~kczarnec/gsdoverview.pdf
http://swen.uwaterloo.ca/~chpkim/mdspl06.pdf
http://swen.uwaterloo.ca/~kczarnec/spip05b.pdf
http://softwarefactories.com/workshops/OOPSLA-2005/Papers/Czarnecki.pdf

[15] Krzysztof Czarnecki, Chang Hwan Peter Kim, and Karlgvg Kalleberg. Feature models
are views on ontologies. In Frank van der Linden and RobeNdrd, editors,Software
Product Lines, 10th International Conference, SPLC 20Q8tiBore, USA, August 21-24,
2006 Computer Society. IEEE, 2006.

[16] DARPA. Knowledge interchange format. Documents aldg at
http://1ogi c.stanford. edu/ ki f/Kkif.ntml

[17] Matthias Felleisen. On the expressive power of prognamg languages. In N. Jones, editor,
ESOP '90 3rd European Symposium on Programming, Copenhdgemmark volume
432, pages 134-151. Springer-Verlag, New York, N.Y., 1990.

[18] Fincentric. Wealthview for banking. Available at
http://ww. f1ncentric. com product s/ banks/ default. htm

[19] A. Finkelstein and I. Sommerville. The viewpoints FAGCS/IEE Software Engineering
Journal 11(1):2—4, 1996.

[20] Martin Giese and Daniel Larsson. Simplifying transf@tions of ocl constraints. IMoD-
ELS pages 309-323, 2005.

[21] Jack Greenfield and Keith ShorEoftware Factories: Assembling Applications with Pat-
terns, Models, Frameworks, and TooWiley, Indianapolis, IN, 2004.

[22] Catherine Griffin. Model transformation framework, @B2004. Tool available at
http://ww. al phawor Ks. | bm comi t ech/ nt fl.

[23] Generative Software Development Group. University wofaterloo. At
http://gp. uwat erl 0o. ca.

[24] Thomas R. Gruber. Towards principles for the designmbltmgies used for knowledge
sharing. Technical Report KSL93-04, Stanford Universtgnford, August 1993.

[25] Pavel Hruby and Jesper Kiehmodel-Driven Design of Software Applications with Busi-
ness PatternsSpringer-Verlag, 2006.

77


http://logic.stanford.edu/kif/kif.html
http://www.fincentric.com/products/banks/default.htm
http://www.alphaworks.ibm.com/tech/mtf
http://gp.uwaterloo.ca

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

IBM. WebSphere Commerce. Availablevatw. | bm com webspher €.

Kyo Kang, Sholom Cohen, James Hess, William Nowak, apeinSer Peterson. Feature-
oriented domain analysis (FODA) feasibility study. TedahiReport CMU/SEI-90-TR-
21, Software Engineering Institute, Carnegie Mellon Ursitg, Pittsburgh, PA, November
1990.

Chang Hwan Peter Kim and Krzysztof Czarnecki. Synclmiog cardinality-based
feature models and their specializations.  Rroceedings of ECMDA’Q5 2005.
swen. uwat erl 00. ca/ ~“Kczar nec/ ecndalo. pdt.

A. Lamsweerde. Goal-oriented requirements engingerh guided tour. IrProceedings of
the 5th International Symposium on Requirements Engingepiages 249-261, Toronto,
Canada, Sep 2001. IEEE CS Press.

Kwanwoo Lee and Kyo Chul Kang. Feature dependency aisafpr product line com-
ponent design. IProceedings of the 8th International Conference on SofvwReuse
(ICSR’04) volume 3107 of.NCS pages 69-85, Madrid, Spain, Jul 2004. Springer.

Karl Lieberherr, Boaz Patt-Shamir, and Doug Orleangavérsals of object structures:
Specification and efficient implementatioACM Trans. Program. Lang. Sys26(2):370—
412, 2004.

Neil Loughran, Américo Sampaio, and Awais Rashid. rknequirements documents to
feature models for aspect oriented product line implentema In MoODELS Satellite
Events pages 262-271, 2005.

Luis Mandel and Maria Victoria Cengarle. On the expies power of OCL. InFM’99

- Formal Methods. World Congress on Formal Methods in thedbyment of Computing
Systems, Toulouse, France, September 1999. Proceedatgsié/ volume 1708 o NCS
pages 854—-874. Springer, 1999.

Natalya Fridman Noy and Mark A. Musen. Specifying ootpy} views by traversal. In
International Semantic Web Conferenpages 713-725, 2004.

78


www.ibm.com/websphere
swen.uwaterloo.ca/~kczarnec/ecmda05.pdf

[35] Object Management  Group. Model-Driven  Architecture 2004.
http: /7 wwv. ong. or g/ noa.

[36] Object Management Group. Unified Modeling Language 2.0 2004.
http://ww. ong. or g/ cgil - bi n/ apps/ doc?pt ¢/ 04- 10- 02. zI p.

[37] OMG.UML 2.0 OCL Specificatigr2003/nt t p: / /7 www. ong. or g/ docs/ pt ¢/ U3- 10- 14. pdfl
[38] SAP. R/3. Available ent't p: /7 / ww. sap. coni | ndex. epx.

[39] I. Sommerville and P. Sawyer. PREview viewpoints foogess and requirements analysis.
Technical Report REAIMS/WP5.1/LUO60, Lancaster Univgrdiancaster, May 1996.

[40] 1. Sommerville and P. SawyeRequirements Engineering: A Good Practice Guidéley,
Apr 1997.

[41] Janos Sztipanovits and Gabor Karsai. Model-Integh&emputing. IEEE Computer
30(4):110-111, 1997.

[42] W3C. OWL web ontology language. Document available at
http: /7 www. W3. or g/ TR/ ow - f eat ur es/}

[43] W3C. Semantic web. Document availabléat p: 7 7 www. W3. or g/ 2001/ SW .

[44] D.Wagelaar. Towards context-aware feature modelisigg ontologies. IMoDELS 2005
workshop on 'MDD for Software Product Lines: Fact or FictidnMontego Bay, Jamaica,
Oct 2005. Position paper.

[45] Wal-Mart. Walmart.com. Antt p:// Www. wal nmart. com

[46] Hai Wang, Yuan Fang Li, Jing Sun, Hongyu Zhang, and Jaff. A semantic web approach
to feature modeling and verification. Morkshop on Semantic Web Enabled Software
Engineering (SWESE’'05%alway, Ireland, Nov 2005.

[47] Andrzej Wasowski. Automatic generation of program fis@s by model restrictions. In
Robert L. Nord, editorSoftware Product Lines: Third International Conferenc®LE
2004, Boston, MA, USA, August 30-September 2, 2004. Progsedolume 3154 of

79


http://www.omg.org/mda
http://www.omg.org/cgi-bin/apps/doc?ptc/04-10-02.zip
http://www.omg.org/docs/ptc/03-10-14.pdf
http://www.sap.com/index.epx
http://www.w3.org/TR/owl-features/
http://www.w3.org/2001/sw/
http://www.walmart.com

Lecture Notes in Computer Sciengmages 73—-89, Heidelberg, Germany, 2004. Springer-
Verlag.

[48] Jens Weiland and Ernst Richter. Konfigurationsmanagenaariantenreicher simulink-
modelle. InGl Jahrestagung (2)pages 176-180, 2005.

[49] Wikipedia. Graphisomorphism. At tp://en. w Ki pedi a. or g/ W Ki / G aphl sonor phi sm

[50] World Wide Web Consortium. SPARQL Query Language for RDF2006.
http://7ww. W3. org/ IR rdf-sparql -query/.

[51] Wei Zhang, Hong Mei, and Haiyan Zhao. A feature-orierdapproach to modeling require-
ments dependencies.Rtoceedings of the 13th IEEE International Conference amuite-
ments Engineering (RE 20Q%ages 273—-284, Paris, France, Aug 2005. IEEE Computer
Society.

[52] Tewfik Ziadi, Loic Helouét, and Jean-Marc Jézéqguwards a uml profile for software
product lines. IPFE, pages 129-139, 2003.

80


http://en.wikipedia.org/wiki/Graph_isomorphism
http://www.w3.org/TR/rdf-sparql-query/

	Introduction
	Feature Modeling
	Ontology Modeling
	Model-Driven Software Product Lines (MDSPL)
	Research Overview
	Research Contributions

	On the Nature of Feature Models
	Essence of Feature Models: Feature Hierarchy and Variability
	Notational Spectrum between Feature Models and Ontologies

	Feature Models as Views on Ontologies
	REA Case Study
	REA Metamodel Explained
	REA Model of a Business-to-Commerce E-commerce Product Line

	Syntactic Correspondence
	Semantics of Mapping

	Domain Modeling Approaches
	View Projection
	Process Overview
	Process Demonstration
	View Projection Classification
	Benefits and Limitations

	View Integration
	Process Overview
	Process Demonstration
	View Integration Classification
	Benefits and Limitations


	Discussion and Future Directions
	Notion of Feature Models
	Towards a Domain Modeling Paradigm
	Tool Support
	Support for Feature Models as Views on Ontologies
	Support for Domain Modeling Approaches


	Related Work
	Feature Dependency Analysis
	Work on Semantics of Feature Models
	Ontology Views
	Viewpoint-Oriented RE
	Early Aspects
	Feature-Based Configuration of Models
	Expressing FM in Ontology Languages

	Conclusion

