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a b s t r a c t

Context: In industrial settings products are developed by more than one organization. Software vendors
and suppliers commonly typically maintain their own product lines, which contribute to a larger (multi)
product line or software ecosystem. It is unrealistic to assume that the participating organizations will
agree on using a specific variability modeling technique—they will rather use different approaches and
tools to manage the variability of their systems.
Objective: We aim to support product configuration in software ecosystems based on several variability
models with different semantics that have been created using different notations.
Method: We present an integrative approach that provides a unified perspective to users configuring
products in multi product line environments, regardless of the different modeling methods and tools
used internally. We also present a technical infrastructure and a prototype implementation based on
web services.
Results: We show the feasibility of the approach and its implementation by using it with the three most
widespread types of variability modeling approaches in the product line community, i.e., feature-based,
OVM-style, and decision-oriented modeling. To demonstrate the feasibility and flexibility of our
approach, we present an example derived from industrial experience in enterprise resource planning.
We further applied the approach to support the configuration of privacy settings in the Android ecosys-
tem based on multiple variability models. We also evaluated the performance of different model enact-
ment strategies used in our approach.
Conclusions: Tools and techniques allowing stakeholders to handle variability in a uniform manner can
considerably foster the initiation and growth of software ecosystems from the perspective of software
reuse and configuration.

� 2015 Elsevier B.V. All rights reserved.

1. Introduction and motivation

Software product lines (SPL) are increasingly developed beyond
the boundaries of single organizations [1]. For instance, in software
ecosystems distributed organizations and teams create software
products in a collaborative effort. Variability management and pro-
duct configuration in such contexts need to reconcile the different

modeling approaches, notations, and tools in use. Due to diverse
practices in different domains it is unrealistic to assume the use
of a single and standardized variability modeling approach, despite
ongoing standardization efforts.1 However, the increasing number
of ‘‘island solutions’’ to variability modeling and product configura-
tion hinders communication and collaboration between product line
engineers. Especially in software ecosystems [1] it is infeasible to
assume one kind of modeling approach for all units of the ecosystem.
The required coordination between the participating organizations
(e.g., along a supply chain) further complicates this issue. Hence,
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there is a strong need for an integrative infrastructure enabling the
collaboration between different organizations developing product
lines. The approach needs to support different variability modeling
languages, notations, and tools. It also needs to support variability
at different levels of granularity to model, e.g., customer-facing fea-
tures, architectural elements, or configuration decisions.

We propose the Invar approach, which facilitates the integration
of heterogeneous variability models2 potentially created by differ-
ent teams. In this paper we focus on the product configuration
aspects of our integrative infrastructure. Invar deliberately hides
the internal technical aspects of using different variability models
for configuration from the stakeholders performing the configura-
tion. The specific tools or data formats (see [3–5]) used for defining
the variability models are not relevant for the end users who pri-
marily focus on the available configuration choices and their impli-
cations. Invar unifies configuration operations on variability models
and allows modelers to freely choose a data representation by
accessing variability models through web services. Our approach
does not force organizations to integrate their configuration tools
by adapting the internals of the tools. Instead, we allow them to
compose their configuration mechanisms using wrappers and inter-
face definitions. We validate our approach by integrating three dif-
ferent variability modeling ‘‘dialects’’, i.e., feature modeling,
orthogonal variability modeling (OVM), and decision modeling. We
also show how typical scenarios in software ecosystems can be sup-
ported with Invar and assess the performance of Invar regarding the
different model enactment strategies of the approach, e.g., different
orderings and settings of choices during product configuration.

An earlier version of this work appeared in [6] and the tool pro-
totype was presented in a short tool demonstration paper [7]. In
this article we provide the following extensions to this earlier work:
(i) we discuss requirements for configuration based on multiple
variability models (in different notations) in a software ecosystem
context and relate the requirements to the literature; (ii) we
describe the integration of a third variability modeling technique
based on OVM [8], thus broadening the scope of our work; (iii)
we extend Invar with different model enactment strategies allow-
ing different orders in a configuration process based on multiple
models; (iv) we present an experiment assessing the performance
of the enactment strategies; (v) we demonstrate the feasibility and
flexibility of our Invar approach by applying it to a realistic sce-
nario, i.e., the configuration of the permission system in the
Android ecosystem3 based on multiple variability models; and (vi)
we discuss the benefits of Invar, e.g., by comparing it to manual con-
figuration based on multiple variability models.

The main contributions of this paper are:

� a set of configuration primitives for integrating arbitrary vari-
ability modeling approaches to support product configuration;
� a method for defining dependencies between multiple variability

models;
� support for composing and integrating heterogeneous variability

modes such as feature models, decision models, and orthogonal
variability models;
� support for different enactment strategies during product con-

figuration with multiple variability models to customize con-
figuration orderings;
� evidence regarding the feasibility of Invar for different configura-

tion scenarios by using it in an enterprise resource planning
(ERP) context and for the Android ecosystem; and

� a discussion of the benefits of Invar compared to manual con-
figuration based on multiple variability models.

The remainder of this paper is structured as follows: In Section 2
we outline our research questions and approach. In Section 3 we dis-
cuss the background of this work, i.e., software product lines and the
three different variability modeling approaches we later integrate
with our approach. In Section 4 we present an example of a multi
product line as a further motivation for our work. Section 5
describes how Invar enables the use of heterogeneous variability
models during product configuration. Section 6 presents the Invar
prototype for three different variability modeling tools. Section 7
presents a validation of the flexibility of our approach using differ-
ent scenarios of applying the approach derived from industrial
experience in the ERP domain and from the Android ecosystem.
We also present a study of the performance of our approach regard-
ing its model enactment strategies. We discuss the benefits of Invar
(e.g., when compared to manual configuration based on multiple
models) and explicate the threats to validity of our research results.
We discuss related work in Section 8 and conclude the paper with a
summary and discussion of future work in Section 9.

2. Research approach

We explore the following four research questions:

RQ1: How can different variability modeling approaches be inte-
grated to support product configuration in the context of
software ecosystems?

RQ2: Is Invar sufficiently extensible and flexible to allow the inte-
gration of different variability modeling approaches?

RQ3: Does Invar support realistic configuration scenarios in soft-
ware ecosystems?

RQ4: What is the impact of the Invar model enactment strategies
on configuration performance?

In order to address these questions we followed the research
process shown in Fig. 1, comprising the stages of analysis, imple-
mentation, and evaluation.

2.1. Analysis (RQ1)

Our main hypothesis is that different existing variability model-
ing flavors can be integrated to support product configuration in a
software ecosystem context. To validate this idea, we first dis-
cussed it with experts from the SPL community and performed a
literature review. Later, we extracted the commonality and vari-
ability among the different product line modeling approaches.
There exist several families of variability modeling approaches that
have been designed for different research scenarios [9], resulting in
a large number of tools, languages, and operations. The variety of
variability model flavors leads to obstacles when different organi-
zations collaborate to configure products. For instance, the rela-
tionships among product lines and their variability must be
defined, configuration front-ends must be integrated, collaborative
and distributed configuration must be supported, and different
configuration scenarios must be taken into account. We analyzed
these issues further to understand the key challenges and defined
requirements related to product lines across organizational bound-
aries. We discuss these challenges and requirements based on a
motivating example in Section 4.

2.2. Implementation

We implemented a solution enabling the joint use of different
variability modeling languages by providing a usable front-end

2 Throughout this paper, we use the term ‘‘variability model’’ to refer to product
line models regardless of the specific approach and notation used, e.g., feature
models, decision models, OVM models.

3 android.google.com.
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