Towardsthe Use of Dependenciesto Manage Variability
in Software Product Lines

Roberto Silveira Silva Filho, David F. Redmiles
Donald Bren School of information and Computer 8cés
Department of Informatics, University of Californiavine

Irvine, CA 92697-3430 USA
{rsilvafi, redmiles}@ics.uci.edu

Abstract

Dependencies have been used in feature-oriented product line to manage feature incompatibilities alternatives, acti-
vation requirements, and to support the built of different software configurations. Few studies, however, have been
devoted to study the role of dependenciesin limiting the variability of product lines and as important criteria for se-
lecting variability realization techniques. Understanding those variability implications, allow us to better under-
stand the design trade-offs of a particular product line, to bound its variability dimensions, and to decide, as early
as in the design phase, where and which variability realization techniques to apply. This position paper proposes
the use of dependencies as one of the main criteria to be used in bounding variability and choosing the appropriate
variability realization techniques. We motivate and exemplify our approach with a publish/subscribe product line.

1 Introduction

The goal of software product lines is “to capitaltm commonality and manage variability in orderetuce the time, effort,
cost and complexity of creating and maintainingedpct line of similar software systemidWhereas in a software product
line, reuse allows the reduction of the costs ofdpcing similar software systems, variability pasrhe customization of a
software family to the different needs of the pratdine members. It also facilitates the incorpmmaof new software prod-
ucts in a product family, thus adding value to pheduct line (Baldwin and Clark 2000). Variabilitypwever, comes with a
cost. The more variability a product line suppotte more complex its implementation becomes. Dépecies from the
problem domain and from the variable feature seepm limit in the solution variability by hinderinge reuse of existing
features, increasing the solution complexity ansimpextra burden in the configuration strategies.

In the design of software product lines, featurestted approaches have been successfully usee indistry, where there
seems to be a consensus on the use of featuraeatidasign models. In this approach, the varighélinong software prod-
ucts is modeled in terms of features. Featuressemnt units of variation in different versions bé tsoftware (Svahnberg,
Gurp et al. 2005). Ideally, features must be imm@etad (or realized) as independent (or modulaggsef code that can be
specified and built in isolation from one anotHarpractice, however, features are not completadigpendent; those units of
variability usually require different services frasther features either through hierarchical decasitipm or by all sorts of
“use” dependencies. According to the complexityhef system, this hierarchy can have an arbitrargbar of levels. More-
over, due to variability and domain constraintgoimpatibilities among features may also exist. et a feature-oriented
model, the representation of features dependeigiesicial. Features may be incompatible (excluepetidency), may re-
quire additional or complementary features (usaggeddency), may modify the behavior of other fezdimodify depend-
ency), and may also have special activation deperele (multiple, exclusive, subordinate, concurrensequential) (Lee
and Kang 2004). Additionally, due to reuse andwheability realization technique employed, diffatdeatures may share
common sub-features. Those dependencies can inigadesign and behavior of software in differenysva=or example,
they can originate unforeseeable behavior in soéives the case of feature interference problem é@amand Velthuijsen
1993) where the combination of two or more featihes share common resources can interfere withaoi¢her in unpre-
dictable ways.

With such a variety of dependencies and relatieta/den features, the choice of the appropriatebdity realization tech-
nigue (such as whether to employ component or aspledecomposition; or to apply compile time ortiome variability for
example) may be the difference between a tanglddaamodular implementation, guaranteeing importduairacteristics to
the software product line such as maintainabilitydularity, comprehensibility and the extensibilioreover, the under-
standing of those dependencies and their impatieisystem properties may support variability bangdnd design simpli-
fications, allowing designers to better assesgdis¢s of varying or fixing certain aspects of theduct line.

! Extracted from www.softwareproductlines.com/inmotion/concepts.html



2 Background and Motivation

The study of the role of dependencies in softwaogyct lines has gained recent attention from ésearch community. The
focus, however, has been more on the use of theendencies to prevent architecture configuratiamratch, and less on
the study of the impact of those dependencies ersyistem design complexity and their impact onvgability of soft-
ware. For example, in the FODA (Kang, Cohen e1880), FORM (Kang 1998), RSEB (Griss, Favaro e1888) methods
and in the generative approach in (Czarnecki asdrigicker 2000), dependencies are used to model irdagactions (alter-
native, multiple, optional and mandatory) as wslirrcompatibility relations (exclusive or excludes)th the focus on con-
figuration management and conflict resolution. Redge (Ferber, Haag et al. 2002) stresses the itapoe of dependency
analysis in feature diagrams, and proposes a gepaature-dependency model that complements tistirex feature tress.
Additionally, it characterizes different interagi®between features such as intentional, envirotaheand usage dependen-
cies. Finally, in a more recent work, (Lee and Ka0@4) studied the role of dependencies on modelingime feature in-
teractions, introducing the notion of activatiordanodification dependencies in feature diagrams.

In the implementation domain, feature dependengseslly manifest themselves in the form of coupliegween the com-
ponents that implement those features, in speeita dnd control coupling occur as a consequene&tofation and usage
dependencies. Those dependencies have differemictsin the variability of the final solution. Wieas control coupling
usually limits the activation order of the diffetgrnieces of software, data coupling can limit theiability and reuse of those
components. (Parnas 1978; Stevens, Myers et a9)199

On the light of those problems, different variailrealization approaches have been used. For dgaifiee and Kang
2004) propose a set of object-oriented realizattoategies to address activation dependencieseTimstegies are presented
in the form of design patterns derived from exigtifactory, Proxy and Builder patterns (Gamma, Hetral. 1995). In es-
sence, those patterns focus on managing and emdoactivation dependencies by promoting the latelibg of the compo-
nents that implement the many software featureserdés useful in many contexts, this modular (objeiented) decompo-
sition is not always sufficient to address otherdsi of dependencies, especially crosscutting vititiadimensions or as-
pects, originated from more fundamental probleneddgencies. This motivated recent work such as (&gsant'/Anna et al.
2005), where Aspects are used to modularize dgwgerns.

In this position paper, we argue towards a mor@ deelerstanding of the role in dependencies imsa# product lines. Not
only as important information for configuration naement support, but as main factors to be consglén the design,
bounding and variability realization selection pgsWVe exemplify the role of dependencies withftitlewing case study.

2.1 Case Study: Publish/subscribe Product Line

Pub/sub infrastructures provides an asynchronoissage service where information providers (pubtshgenerate infor-
mation in the form of events (or messages); wheirfasmation consumers (or subscribers) expressést in those events
by means of subscriptions. Based on the subsaniféio expression or query that can include thetes@mtent, order or time
restrictions), the events are routed from the hielis to the appropriate subscribers. The eveatdhan delivered according
to a notification policy. Different publish/subdeei systems have been built from scratch in theylaats, being tailored to
different application domains. This observation iwetted our research in the development of YANCEEBv& Filho and

Redmiles 2005), a flexible infrastructure, that bartailored to the needs of different publish/suibg application domains.

One important step in the design of a product inthe problem domain analysis and the identiftcatf the main units of
variability (the features). In our design, we adapthe framework proposed by (Rosenblum and Wdf7).9In this model,
routing, event, notification, observation (or sufjstion), timing and resource are the main designcerns of a pub-
lish/subscribe infrastructure. They represent tladnmrariability dimensions in our model. The evemidel defines how the
event is represented (for example: tuples, reaalvjkct or plain text). The routing model defines #irategy used to match
subscriptions to events (whether by the contenta Ispecific field (topic), or by a dedicated chdnmbere all events pro-
duced are delivered to the subscriber). The natifim model defines how to deliver events to tHesstibers once they are
matched with the subscription (push or pull). Thbssription model defines the query language, dinthe commands that
can be part of it. Those commands may operate thheéecontent or over the order of the events. Timintg model defines
guarantees with respect to the total or partiaeoaf the events. The resource model specifies thewnfrastructure is im-
plemented (whether distributed in a peer-to-pednierarchical fashion, or whether it is centralizedote that the abstract
features (routing, event, notification, subscriptiiming and resource), define a set of variapiitmensions that are further
specialized in the following hierarchy level byfdient optional features.

A possible feature diagram representing such prtdihee variability is depicted in Figure 1. The Qiam uses a UML nota-
tion. Stereotypes are used to express optionaly (&ation) and exclusivity (XOR relation). An optial feature can be se-
lected together with other optional features ingheme level, for the same super feature. Abstemttifes appear as the first
level under the pub/sub infrastructure concept, amednot marked with stereotypes. Aggregation e containment and



composition implies a part-role relation of the faullb concept. When no stereotype is used, therésatr concepts are
mandatory.

Pub/sub infrastructure

’/Mrtiﬁcation Subscription b Timing

Routing Event

<<optional>> <<exclusive>>
Topic-based Tuples
<<optional>> <<exclusive>>
Content-based Record
<<optional>>
Channel-based

Resource

A R \ % TEXN

<<optional>> <<optional>> PP ——
Push Pull >
Centralized

<<exclusive>>
Total order

<<exclusive>>
Casual order

<<optional>>
Content operator

<<exclusive>>
Object

<<exclusive>>
Plain Text

<<optional>>

operator <<exclusive>>

Distributed

5
<<optional>> <<optional>> P2P
<<optional>> <<optional>> Basic Advanced
Time operators| | Sequence detection

<<optional>> <<optional>>
Topic filter Abstraction

<<optional>>
Content filter

<<optional>>
Rules

<<optional>>
Pattern

Figure 1 Feature Diagram of Pub/sub systems

2.2 TheRole of Fundamental and Configuration-specific Dependencies

Feature diagrams, as the one presented in Figuneptess the basic model of feature-oriented pridthes design. A feature
diagram represents a tree of features where thaepoesents a concept. A concept is usually repted by a set of manda-
tory, optional and abstract features. The firselesf a feature diagram usually represents a sabsfract features that im-
plement a concept, in our example, a pub/sub infresire. Those abstract features are parents o ispecific optional,
alternative, exclusive and mandatory features. é&x@mple, routing, subscription, notification, evetitning and resource
features, which variability is further defined byams of concrete features such as record-baseddot, total order timing,
content-based filtering for subscription and so on.

In a feature-based approach, we definéuaslamental dependencies, those relations between abstract features tleainar
posed by the problem domain. In other words, tleyprise the interactions between generic absteattifes that define the
problem domain. In our example, events, routingysstiptions and notifications are inter-related twe very pub-
lish/subscribe process itself: events are routddviing subscriptions, generating notifications.ig process is common to
all publish/subscribe infrastructures and provideonceptual model where configuration-specifiduiess can be “plugged
in”; moreover, they define our variability dimensgin the product line. In contrast to fundamedgbendenciesonfigu-
ration-specific dependencies are those dependencies that exist between opfieatires and/or the components that imple-
ment them. For example, some notification serveag mse pull notification approach, which requiremvpersistency and
user authentication support, sub-features presentim certain members of the product family, spézations of the generic
notification feature.

In our case study, as seen in Figure 1, variabéitigts in every design dimension of the systenpréblem then surfaces
when those variability dimensions (or abstractdesg) are further refined and implemented. Fihgt,dependencies between
features are not easily visualized in the diagrmay in fact are not represented. Second, the adidatures are usually
implemented as part of the base or common codereabéhe optional features are provided on spewifidigurations. As a
consequence, the abstract pub/sub fundamental depers implicitly impact the implementation of kaeature of the
model. For example, the implementation of a suption command in our case study must account fervthy events are
represented (records, objects, plain text, attetmatiue pairs) and the routing guarantees thainfrestructure provides (total
or partial order of events). Those implicit depamdeusually become encoded in the base implementati the product
line, and will manifest themselves later in the lempentation of the infrastructure. As a consequggaeery time the event
format or the routing policies vary, the subscdptcommands that depend on those parameters il ttevary, either by
providing alternative implementations, or by acdinmfor this variability in the feature implemetita itself.

This observation has important consequencesth@dombinatorial explosion of features. Feature dependencies work as
an important variability limitation factor for throduct line: the more dependencies exist betweatuffes, the harder it is to
manage all possible combinations of features inodyrct line. (2)Reduced generality of features: dependencies also limit
the reuse of existing features and their implentamta since changes in one feature can impactfestinat depend on it.
This fact prevents the unbounded generalizatigoraduct lines, and places a theoretical limit inviane can leverage reuse



in such systems. (®)imited extensibility: Since new features need to cope with the existeygendencies in the model their
implementation tends to be more complex and proneritors. Using Parnas terminology (Parnas 19h)dependencies
from the incomplete program (or base code), implaetvariability of the product family as a whol@a@ implicit domain
relations (or dependencies) are usually inheritedhfthe incomplete code.

As a consequence, in the design of a product éirsglance between variability and reuse needs axbieved. In this posi-
tion paper, we argue that the dependencies regrédsekey to understand and tackle this problenth\Wich information,
designers can either limit or fix the variability @ certain dimension or choose a variability rzsion technique that mini-
mizes such coupling. In spite of its importancethbimndamental and configuration-specific dependenare usually not
explicitly represented in feature diagrams. Instebdugmenting existing diagrams with such infolioxat we propose the
use of alternative diagrams and models to elucittetse dependencies (Kruchten 1995).

3 Approach

In our work, we propose the study of dependenciesinore fundamental way, understanding the imjtina of those fea-
ture relationships in the choice of the most adexjuariability realization techniques. Our approaomes from the observa-
tion that abstract problem features, originatethenproblem domain are usually chosen as mainhifitjadimensions in the
problem. Those features, however, have implicidAmental dependencies (or coupling) that becomesopshe common
code of the architecture and ends up constraifiagvariability of the product line as a whole, dhd features specifically.
Hence, the analysis of those fundamental depeneerain help us select the proper combination aébitity dimensions
and feature realization approaches in order toaedieir impact in the software that will ultimatéinplement the model.
Also, depending on the target software and hardyéatorms or different environmental constraintsl dimitations, the
dependency model can provide a basis to decidenwlaidability dimensions to fix, and/or which ortesmake variable. The
approach can be summarized as:

Perform initial feature domain analysis

Identify the abstract features in the domain theding an abstract system commonality
Perform a dependency analysis with respect toliktract feature dependencies
Consider the target platform hardware and softwarestrains

Bound the mandatory features variability in oraeminimize the impact of dependencies
Choose appropriate variability realization techeidor the base code

Choose the variability realization technique fa tiptional code

NogkrwdbE

The variability realization approach used to maaldéature will impact the variability of the systemdifferent ways. For
example, (Czarnecki and Eisenecker 2000) definesntain decomposition approaches: Modular deconipasiind Aspec-
tural decompositions. When used in conjunctions¢happroaches can complement one another and rdwu@mpact of
dependencies (or coupling) in the code. Those apbes are discussed in mode detail in the nexbssct

3.1 Making dependencies explicit

The feature diagram in Figure 1 does not allowMisealization of all the dependencies between tiablpm features, de-
picting only optionally, aggregation, specializatiand exclusion. One way to visualize dependensipsoposed by (Ferber,
Haag et al. 2002). The use of graphs to represmt imformation, however, does not scale. Insteadpropose the use the
DSM (Dependency Structure Matrix) notation as thetd by (Baldwin and Clark 2000). In this repreatoh, dependencies
between parameters, or in our case features, presented in the form of a square matrix. In oyragch, instead of repre-
senting only the number of dependencies or thaeipl existence, with an X for example, we label dependencies with
the kind of coupling they provide. A ‘D’ is placéa the matrix to represent a data dependency if'ttlumn depends on
the dimension in thé"jrow; similarly, a ‘C’ is placed o represent a sohtlependency. The DSM of our case study is pre-
sented at Figure 2.

Figure 2 reveals some interesting dependencieseeetithe main variability dimensions of the prodir. Note that the
event model and its representation directly impaotssubscription and routing models. A changeha @évent format re-
quires a change in the subscription language améhgpalgorithms due to a strong data coupling leetwthose two features
or dimensions (the event content and format its&lifning is another crucial feature in the modelciange in the routing
algorithm may impact the timing guarantees of thedpct line (guaranteed delivery and total ordeewénts), which will
impact the subscription language semantics. A chamghe resource model may also affect the tinmoglel. For example,
in a hierarchical distributed system, the totalesrdf events may not be available. Finally, thefivation model is orthogo-
nal to the other features. Since it manages ordyiy it can vary independently form the otheruesd. Hence, this simple
analysis allows us to draw two lessons: first, bglgzing the dependencies between the abstractrésatas in Figure 2, a
system architect can identify relations that areimitially obvious in the original feature moddithe system; and second, as



a consequence, she can adopt some strategies itnipgirthe impact of dependencies in the final @iy of the product

line. For example, use different decompositionshsag aspects, or even fix some variability dimemsicuch as the event
model. In doing so, the design of a product line ba optimized and pitfalls such as hidden depetidsrcan be assessed,
managed or limited.
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Figure 2 DM S showing the dependencies between the features.

3.2 Variability realization techniques

Modular decomposition aims at decomposing the system into a hierarchgarfules (components, objects, methods and so
on) in such a way that cohesion in the modulesya®rimized, while coupling is minimized. Many redog solutions exist

to help in the design of such systems, includingjgtepatterns (Lee and Kang 2004), conditional dtatipn, templates and
other approaches(Svahnberg, Gurp et al. 2005ptkatsually designed for functional or object-oehprogramming.

Modular decomposition is not always possible tooagglish in object-oriented languages due to whatlked crosscutting
concerns, that can be a result of non-functiongliirements for example. Also, due to the lack ofimarity in many object-
oriented design patterns (Hannemann and Kiczal®2)2@heir use throughout the system, and espgdialihe base code,
makes it hard for the software to support changelssaipport evolution. For each design pattern egplew dependencies
are introduced to the product line architectureyeal as additional configuration costs to mandyesé dependencies.

Moreover, it is usually the case that a featuraapped not to a single component but to a setmwpoments installed in dif-
ferent parts of the base code. In our example a@bsoach can be applied in the case of Notificaiod Resource models in
Figure 2. Those models do not depend on any otbeem

Aspectural decomposition aims at decomposing a system into a set of peigpecEach one of those perspectives com-
prises concerns that refer to a common model. Aatotlay of describing this approach is that aspeatapsulate the cou-
pling that might exist between components that @npnt a single feature, that otherwise would ugustome hard coded
in the many components that implement a featuréhénexample of Figure 2, control dependenciesbeamodularized as
aspects, that weave to the base code, the apgepigorithm, according to the selected timing t@sts. Examples of
modularizations using aspects are discussed atigz&ant'Anna et al. 2005) and (Hannemann andakés22002).

Other decomposition and strategies are also pessibthe pub/sub example, data coupling can besaddd by using reflec-
tion as described in (Eugster and Guerraoui 2001).

3.3 Bounding and restrictions

In order to reduce the coupling between dimensions,simple alternative is the bounding of varigpilimensions. After a

dependency analysis, designers can opt for limitiregvariability of some abstract features. Fomexe, the event dimen-
sion in Figure 1 can be restricted to support @ttyibute-value representation. This representatageneric enough to be
used as topic and object-based representationsibyg some conventions. The textual event representdowever, is not

trivially supported in this model, and must be addpo conform to attribute-value representatighnsrade-off, therefore,

between variability and bounding exists and needsetconsidered, according to the applicationsyséem will support.



Environmental restrictions also play an importasier Variability techniques such as aspectual deamition or reflection
may not be available in a given platform. In thése, whenever bounding is not an option, morettoaail approaches such
as design patterns (Lee and Kang 2004) may be used.

4 Final Considerations

Feature dependencies are important in productd@sggn since they can limit the variability of theftware. There are two
major categories of dependencies: fundamental enoldependencies, coming from the common problerures, that
originate the common base code; and feature-speatafiendencies that are originate from optionaladtainative features in
the product line. The nature of the dependenciesdmn the product line features, especially thba¢ are part of the prob-
lem domain, have a deep impact in the resultingaibdity of the software solution, a consequencehaf coupling of the
components in the final code implementation. Thdeustandings of those variability dimensions, allasvto analyze the
design trade-offs of a particular product line, amdst be considered in the design of product liné& use of dependency
analysis tools such as DSMs can help designersifiglems early as in the design phase, the depeaigebetween the main
variability dimensions of the problem. This infortiaa is crucial to support designers in choosirg dbpropriate variability
realization techniques that can better suit thelémpntation (or realization) of the features, orsébect which variability
dimension to fix in order to simplify the architaog design.

Whereas dependencies alone are not the only eriterbe used in selecting a variability realizatagproach, their under-
standing provides an important input to practitisnim understanding the variability restrictionspimsed by the problem
domain, helping them in the choice of the adeqteatbnique for their case.
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