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Abstract

Model-driven development (MDD) shifts the develop-
ment focus from code to models, allowing automatic or as-
sisted transformations that are able to generate more re-
fined, detailed or complete models. In Software Product
Line (SPL) development, variation point implementation
might inevitable lead to (crosscutting) concerns that are
tangled and spread with other concerns, suggesting the use
of aspect-oriented (AO) approaches. In this context, Early
Aspects techniques can be applied to identify crosscutting
concerns at early development process stages, positively af-
fecting the application models as soon as possible. In this
work we propose a marriage of MDD and early aspects for
the development of SPL. Our approach takes an AO feature
model and automatically transforms it into an AO early de-
sign model and this model into an AO architecture specifi-
cation. We applied our proposal to a real-life SPL to better
exemplify its use.

1. Introduction

Model-driven development (MDD) [14] is a new
paradigm for developing software where the focus is shifted
from code to models. Therefore, models are not exclusively
documentation artifacts anymore; instead they are analysis
artifacts and the input for automatic or assisted transforma-
tions that are able to generate more refined, detailed or com-
plete models, and in particular the software code.

In software product line (SPL) development, the prod-
uct line requirements usually captured in the form of a fea-
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ture model, the product line architecture, and each prod-
uct architecture, can be considered different models of the
system family, and as such it is reasonable to try to apply
MDD techniques in their generation. There have already
been some attempts to use MDD as a strategy for SPL de-
velopment [4].

In software development in general, some requirements,
when implemented, will derive crosscutting concerns [18],
i.e., concerns that are tangled and spread with other con-
cerns. In SPL this kind of concerns usually is much more
critical, since they can be part of a variation point imple-
mentation, inevitable affecting a whole series of products.
This situation requires this concern to be plugged either in
or out from the SPL’ products.

Such a situation suggests the use of aspect-oriented pro-
gramming (AOP) [18] with SPL development [1, 2]. The
use of aspects to implement some kinds of product varia-
tions allows these variations to be easily added or removed
from a product configuration, without polluting the code
with conditional compilation code that hinders program leg-
ibility leading to maintainability’ issues [1, 2].

In this context, the sooner these aspects can be identi-
fied the better because they can be incorporated as part of
early models, therefore influencing the SPL and each par-
ticular product architecture upfront, instead of demanding
changes only during design or implementation stages. Early
aspects is a field of aspect-oriented software development
(AOSD) that attempts to identify crosscutting concerns in
early stages of the development process, and there are sev-
eral techniques for doing so.

In the past we have developed MaRiSA (Mapping Re-
quirements to Software Architecture) [9] where a model of
a system’ requirements including early aspects specified us-



ing AOV-Graph [23], an aspect-oriented intentional model,
is automatically transformed into a software architecture
specified using Aspectual ACME [8], an aspect-oriented ar-
chitectural description language (ADL). This architecture is
then transformed into a detailed design.

In this work we intend to extend this previous work for
SPL proposing MaRiPLA (Mapping Requirements to Prod-
uct Line Architecture). In order to be consistent with the
common practice in SPL, requirements will be defined with
a plain feature model that is then transformed to what we
have called early design, a stage between requirements and
architecture where early aspects are identified. Finally, the
early design is transformed into a product line architecture.
All transformations both in MaRiSA and MaRiPLA are de-
veloped using ATL (Atlas Transformation Language) [15].
The languages for defining both, the early design and the
product line architecture are extensions of AOV-Graph and
Aspectual ACME, respectively, in order to manage variabil-
ity.

We applied the proposed methodology to the develop-
ment of a meshing tool software product line. Approaching
this domain as a SPL is a new field, since to the best of our
knowledge, nobody has applied early aspects in their devel-
opment even though its usefulness may be apparent.

The paper is structured as follows. Section 2 includes a
discussion of related work about MaRiSA, feature models,
the adoption of aspects in SPL development, AOV-Graph,
and Aspectual ACME. Section 3 introduces our running ex-
ample and motivates the use of the methodology. The de-
scription of the methodology together with its application
to the running example is presented in Section 4. Finally,
Section 5 presents some final remarks and further work.

2. Related Work

In this section we address work related to the use of as-
pects with features and with software product lines, aspect-
oriented requirements engineering, and architecture de-
scription languages. All these issues will be considered to
generate our model-driven development approach for gen-
erating architecture specifications from the requirements
models.

2.1. MaRiSA

MaRiSA (Mapping Requirements into Software Archi-
tecture) [9] defines a MDD-based transformation process
between AOV-Graph and Aspectual ACME models. It also
offers a tool that implements such a process; it receives
as input an AOV-Graph specification and automatically
transforms it into a corresponding Aspectual ACME model.
MaRiSA does not support product family specification as its
languages do not offer elements to represent variabilities. In

Section 4 we propose MaRiPLA that extends AOV-Graph
and Aspectual ACME to support the representation of prod-
uct lines and also extending its associated tool by inheriting
the existing transformation rules and defining new rules re-
lated to the extensions for product lines specification.

2.2. Features Model with Aspects

A feature is a system property that is relevant to some
stakeholder. Features are organized in feature diagrams. A
feature diagram is a tree with the root representing a concept
and its descendent nodes are features. Feature models are
feature diagrams plus additional information such as fea-
ture descriptions, binding times, priorities, or stakeholders,
among others.

Feature modeling is a key approach to capturing and
managing common and variable features in a software prod-
uct line [11]. They are used during early stages of SPL de-
velopment for scoping the system family, later as a basis for
building the product line architecture, and finally during the
application engineering for guiding the requirement elici-
tation and analysis. Feature models were proposed as part
of the Feature-Oriented Analysis method (FODA) [16], and
since then a series of extensions have been proposed.

In [11] there is a series of distinctive types of features
identified:

e Concrete features such as data storage or functions that
may be realized as individual components.

e Aspectual features that may affect several components
and can be modularized using aspect technology.

e Abstract features such as performance requirements
that are usually mapped to a configuration of compo-
nents and/or aspects.

e Grouping features may represent variation points and
they are mapped to a common interface of plug-
compatible components.

Kulesza et al. [19] extended the feature model by in-
troducing a new type of relation between features, called
crosscuts relation, to support the representation of cross-
cutting features in a generative approach to the context of
families of multi-agent systems. In this approach a feature
A crosscuts a feature B, when either A or one of its subfea-
tures depends on and inspects B or one of the subfeatures of
B.

In this work we identify concrete and aspectual features
in order to generate the early design. We also include cross-
cutting relations as part of the feature model. Considering
abstract features for designing the product line architecture
remains part of our future work.



2.3. Product Lines and Aspects

Some works address the use of aspect-oriented tech-
niques with software product lines. Alves et al. [1, 2] have
worked on refactoring variations implemented with condi-
tional compilation to use aspects instead. A tool was de-
veloped to support such refactorings [10]. Another work
[20] deals with a model-based generative approach to map
features to aspects in order to enable the derivation of an
aspect-oriented software family architecture. The work de-
fines an extended generative model that allows feature mod-
eling representing crosscutting relationships, mapping rules
and guidelines for product derivation, and an architecture
model. An evaluation on how suitable some aspect-oriented
techniques are for software product lines [3] had concluded
that each technique should provide a set of guidelines and
criteria that support developers in applying the techniques
in a systematic and unified way.

In our work, we aim to provide support for the auto-
matic generation of the product line architecture from the
requirements and early design models: feature and PL-
AOV-Graph.

2.4. Aspect-oriented requirements engi-
neering AORE

A survey on aspect-oriented requirements engineering
approaches was conducted [17] and has compared several
models. The author has concluded that in general there is
no formalism for conflict resolution techniques, and neither
for adding new requirements. Models do not deal with real
time constraints. Most models provide a systematic pro-
cedure for separation between crosscutting and core con-
cerns. This shows that the models have similar aims and
constraints.

AOV-Graph [23] is an aspect-oriented intentional model,
represented by AND/OR decomposition graphs. Its rela-
tionships map not just positive and negative conflicts be-
tween requirements (goals, softgoals and tasks), they map
how these requirements crosscut each other and they also
represent choices of different options of how a given re-
quirement may be achieved, being a reasonable choice to
represent variability [5].

In this work we extend AOV-Graph to consider issues of
the software product lines domain, such as variability, in the
SPL requirement model.

2.5. Architecture description
ADLs

languages

Mae [13], Koala [24] and x.ADL 2.0 [12] are archi-
tecture description languages that support the modeling of
product family architectures. They share the idea that a

product family architecture is a common architecture (com-
posed by components and connectors) extended with some
well-defined variation points. Such variation points are rep-
resented, in Mae, by a variant component. In Koala each
component that contains variability has a special kind of
interface (called diversity interface) through which selec-
tions are performed to choose the variant for a specific in-
stance. To capture the evolution of a product family ar-
chitecture Mae uses a version management approach while
Koala defines an external configuration management sys-
tem. xADL 2.0 defines three elements to represent variabil-
ity: variants, options and versions. Each variant is asso-
ciated with a boolean condition (a guard condition) that is
evaluated when the system is executed and a concrete ele-
ment is chosen according to the satisfied condition. xADL
2.0 also offers a versioning schema to represent a full ver-
sion graph of any component, connector, or interface type.

ADLARS [6] is an ADL that considers a feature model
as a predecessor and represents architectures as a collec-
tion of tasks that follows a task template. This template de-
fines mandatory, optional and alternative features and com-
ponents. A component template contains a set of possible
component configurations and directly relates them to fea-
tures of the feature model.

Aspectual ACME [8] is a general-purpose ADL that em-
ploys the following constructs: components and connectors
(elements of computation and interaction), ports and roles
(interfaces of components and connectors respectively), at-
tachments (associations between ports and roles), represen-
tations (internal decompositions of components/ connec-
tors), properties (annotations on other Acme constructs),
systems (configurations of components and connectors),
and families (architectural styles). Crosscutting concerns
are modeled using components and a special kind of con-
nector — an aspectual connector (AC) — is used for repre-
senting crosscutting interactions. The AC interface makes
a distinction between the elements playing different roles
in a crosscutting interaction i.e. affected base components
and aspectual components. The AC interface contains: (i)
a base role, (ii) a crosscutting role, and (iii) a glue clause.
The base role may be connected to the port of a component
(provided or required) and the crosscutting role may be con-
nected to a port of an aspectual component. The composi-
tion is expressed by the glue clause. It specifies the details
about the composition between components and aspectual
components, such as the place where the port from an as-
pectual component will affect the regular component.

In this work we extend Aspectual ACME to represent
variable features and to provide a selection mechanism that
chooses the variant for a specific architecture.



3. Running Example

Meshes are used for numerical modeling, visualizing
and/or simulating objects or phenomena. A mesh is a dis-
cretization of certain domain geometry. This discretization
can be either composed by a unique type of element, such as
triangles, tetrahedra or hexahedra, or a combination of dif-
ferent types of elements. There exist several meshing tools
that generate and manage these discretizations [21].

Meshing tools are inherently sophisticated software due
to the complexity of the concepts involved, the large num-
ber of interacting elements they manage, and the applica-
tion domains where they are used. Their complexity mainly
relies on the components involved as is the case for most
scientific computing software. Provided that meshing tools
are used in a variety of different application domains, they
may require slightly different functionalities.
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Figure 1. Feature model for the Meshing Tool
SPL [22].

As these tools have usually been developed with ad hoc
methodologies and without taking reuse as a goal, every
new tool usually needs to be developed from scratch even
though it may involve algorithms already implemented and

data structures already designed all of them also used and
tested. Meshing tools have a good opportunity for reuse, but
a clear reuse framework is required if the expected gains in
productivity and quality are to be achieved [7].

In Figure 1 we show a complete feature model for the
meshing tool SPL. There are some common features such as
Geometry, Mesh or Output Format, others that are optional
such as Evaluate or Postprocess, and others where a series
of alternative features may be chosen such as Algorithm,
Criterion or Region. Most of these features are concrete
according to the taxonomy in [11]: Refine, Optimize, and
Visualize are functions, while Mesh is a data storage. There
are some other features that are aspectual features such as
Criterion and Region. These features crosscut the execution
of any Algorithm chosen to be part of a particular product
of the SPL.

For example, the purpose of the Refine algorithm is to
modify the Mesh so that it contains smaller elements that
better describe the geometry, as shown in Figure 2 where
certain geometry is refined twice. In this case the refine-
ment is applied to the whole geometry, i.e., all elements in
the whole mesh are refined. However, when the mesh al-
ready contains a large number of elements, this algorithm
may be too time consuming. In this case it may be better to
constrain the region where the refinement would be applied.
A region may be defined as the intersection of the mesh and
certain Rectangle or Line. Defining the region as an aspect
allows us to decide whether to include this concept or not,
and thus we may be able to restrict the area where the Refine
algorithm is applied without invading the refinement code.
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Figure 2. Successively refined mesh.

4. MaRiPLA

MaRiPLA (Mapping Requirements to Product Line Ar-
chitecture) is a software development process framework
that defines three layers that support early aspect-oriented
product line specification ranging from requirements to ar-
chitecture description, as illustrated in Figure 3.

The mapping between two adjacent layers is defined
through ATL transformation rules that transform models ac-
cording to the metamodels specification. MaRiPLA defines



a set of rules to transform the Feature model to PL-AOV-
Graph and another set of rules to transform PL-AOV-Graph
to PL-Aspectual ACME.

4.1. Feature Model

SPL requirement specification will be approached using
regular feature models for usability reasons. These models
will be annotated with two extra pieces of information: an
attribute for each identified feature indicating if it is con-
crete or aspectual. In the latter case it should also be indi-
cated which other feature would be crosscut by the aspec-
tual feature.

Requirements

Feature Model ’J

Early Design l ATL
PL-AOV-graph
(AOV-graph + variability)

Architecture l AIL

PL-AspectualACME
(Aspectual ACME + Variability )V

Figure 3. MaRiPLa’s transformation phases.

4.2. Early Design

In order to represent variability we propose PL-AOV-
Graph, an AOV-Graph extension. = AOV-Graph uses
AND/OR relations: AND relations represent mandatory
requirements and OR relations represent optional require-
ments.

Figure 4 illustrates, in AOV-Graph, some tasks of a
Meshing tool: Change geometry and Select [region] are op-
tional tasks while Model [geometry] is a mandatory task.
Cross relationship between Select [region] and Change [ge-
ometry] means that whenever one of the Region subfeatures
is selected as part of a feature configuration, it will affect the
execution of the tasks in Change [geometry].

This representation is not enough to easily represent a
set of alternative features and neither a set of inclusive-or
features, such as it can be shown in a feature model such as
the on in Figure 1.

Therefore, we identify the need for developing PL-AOV-
Graph. AOV-Graph models can be extended without vio-
lating its foundations and making the model harder, in two
ways: (i) by creating a new attribute in goals, softgoals and
tasks to represent with which other elements that element is
combined; or (ii) by using the property attribute of goals,
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Figure 4. AOV-Graph for the Meshing Tool
SPL.

softgoals and tasks to represent this information. Both, us-
ing a new attribute and using a property attribute, we can
graphically represent alternative and inclusive-or tasks us-
ing arcs between relationships such as those shown in Fig-
ure 1.

4.3. Product Line Architecture

In this work we identify the need of developing PL-
Aspectual ACME that extends AspectualACME in order to
represent SPL architectures. Such architecture is a nor-
mal architecture with aspects and variation points. In or-
der to represent variability, PL-Aspectual ACME employs
the idea of representation that already exists in Aspectu-
alACME. Using the representation construct it is possible
to define multiple representations for a given element (op-
tional and alternative features). This means that each rep-
resentation exhibits a product variation. Thus, the com-
monalities of a product line are modeled as components
and each representation of a component characterizes the
possibility of instantiating a specific product. We extend
Aspectual ACME by defining special types of ports (Select-
Alternative, Select-Inclusive-Or, Select-Optional), that we
call select ports. These ports use conditional statements to
select the proper representation (variation) for a given prod-
uct.

Figure 5 contains a piece of PL-Aspectual ACME de-
scription of the Meshing Tool SPL. It specifies the
Geometry component, the Algorithm component and the
Region component. This last component contains three
representations (Rectangle, Line, and WholeDomain).

The Select — Inclusive — or port implements the
selection mechanism (omitted for the sake of brevity). The
AC aspectual connector defines the crosscutting relation-
ship where the glue clause specifies that the element at-
tached to the RegionRole acts before the element at-



System Meshing = {
Component Geometry = { Port Model; }
Component Algorithm = {
Port Change; .}
Component Region = {
Port Select-Inclusive-or;
Representation Rectangle = {...}
Representation Line = {...}
Representation WholeDomain = {...}
}
AspectualConnector AC = {
baseRole AlgorRole;
crosscuttingRole RegionRole;
glue RegionRole before AlgorRole;
}
Attachments
Algorithm.Change to AC.AlgorRole;
AC.RegionRole to Region.Select-Inclusive-or;

Figure 5. Aspectual ACME description for the
Meshing Tool SPL.

tached to the AlgorRole. The attachments part specifies
that the Change port of the Algorithm component is at-
tached to the AlgorRole of the aspectual connector and
the RegionRole of the aspectual connector is attached to
the Select — Inclusive — or port of the Region compo-
nent. This means that the Select — Inclusive — or port
will select a representation of the Region component be-
fore the execution of the change service of the Algorithm
component.

4.4. Model Transformations

Each feature in the feature model will be transformed
into a task in PL-AOVgraph. Common features are con-
nected with and edges, while optional features are con-
nected with or edges. Whenever there is an inclusive-or
in the feature model (feature group), all the subfeatures will
be transformed to tasks connected with the inc — or edge.
Figure 6 includes part of the transformation from the feature
model to PL-AOVgraph implemented in ATL.

Regarding to the transformation from PL-AOVgraph
and PL-Aspectual ACME, tasks are transformed into Com-
ponents. Whenever there is an inc — or edge connect-
ing subtasks to a task, each subtask is transformed into a
Representation of the Component and it is inserted a
Select — Inclusive — Or port in the Component. We
omit the transformation rule for the sake of brevity.

5. Final Remarks and Future Work

MDD and AOSD are new software engineering
paradigms that have emerged as interesting alternatives to
improve the development process of complex systems. In

rule Aspectual2Task {
from
af : FeatureModel!Aspectual
to
t : SP-AOVgraph!Task (id <- af-name,
contribution_label <-
if !oclIsUndefined(af.lower) then
if af.lower=0 then "or"
else "and" endif
else "" endif,
component <- af.getMembers()),
cr : SP-AOVgraph!CrosscuttingRel (
source <- t,
pointcut <- Set { pc }),
pc : SP-AOVgraph!Pointcut (joinpoint <- Jp),

jp : SP-AOVgraph!Joinpoint (component <- af.cross)

Figure 6. Transformation from feature to PL-
AOVgraph.

this paper we argued that the marriage of these two ap-
proaches can bring benefits to the development of software
product lines. An additional level of separation of concerns
can be achieved with this marriage as AOSD supports the
separation of crosscutting concerns in different activities of
the software lifecycle and MDD supports the systematic in-
tegration of these activities through model transformation
rules. In order to make this marriage concrete, in this pa-
per we proposed MaRiPLA, a process framework that inte-
grates requirements (feature model), early design (PL-AOV-
Graph) and architecture (PL-Aspectual ACME) activities by
establishing associated metamodels and a set of ATL rules
to allow the automatic transformation between them, and
forward and backward traceability.

As part of the envisioned future work we intend to
implement the extensions of PL-AOV-Graph and PL-
Aspectual ACME. We also aim to conclude the implemen-
tation and to test MaRiPLA in a broader domain.

Our experience with MaRiSA showed that the automatic
transformation between the models of different software
lifecycle activities guarantees that the early decisions are
propagated to subsequent activities within the development
process. We also observed that an automatic generation
of the architecture from the requirements can result in an
incomplete architectural model because some architectural
decisions are not represented in the requirements model.
We have worked with the idea that there is an information
baseline, and it has to be repeated (and mapped to) in all
models created during the development process; therefore,
architects do not have to write this common information
from scratch, they can add or change a partial structure that
can be obtained from the requirements. Thus, the interven-
tion of the architecture is needed in order to improve the
generated architecture with new architectural elements.
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