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ABSTRACT

run-time when the context information are available. Since
the context is not always predictable it is necessary to support also dynamic adaptations by providing mechanisms to
update the logic of evolution [28]. To this end, the context
needs to be explicitly modeled as proposed in contemporary
research of context-aware systems [5, 18, 25].
We propose context-aware adaptive systems to deal with the
uncertainty shown by the environment, the user and the system itself. Indeed, their main ability is to perform run-time
adaptations driven by the ”context” thus promoting software
evolution to the norm rather than considering it as an exception. Context is characterized by foreseen and unforeseen
variations to which correspond foreseen and unforeseen system evolutions. In the foreseen case the system evolves in
order to keep satisﬁed a ﬁxed set of requirements while in
the unforeseen case the system evolves in order to respond to
requirements variations that are unknown at design-time.
A consensus is emerging in the SE community that these
kind of applications demand for a diﬀerent software engineering process where the traditional distinction in phases
and their characterization as static activities versus dynamic
ones is disappearing [14, 23]. A challenging research problem is to deﬁne a software lifecycle process to enable software
engineers to design context-aware adaptive applications resilient to context and user needs variations. This process
should support consistent system evolutions, thus maintaining the system goal satisfaction in the face of new environmental conditions. To this end, evolutions should be both
functional and non-functional. Run-time and consistent evolutions are achieved exploiting traceability links among system models at the diﬀerent software engineering phases. Requirements, design and implementation artifacts have to be
preserved at run-time along with a uniﬁed context model
that supports the management of the evolution logic.

It is increasingly important for computing systems to evolve
their behavior at run-time because of resources uncertainty,
system failures and emerging user needs. Our approach
supports software engineers to analyze and develop contextaware adaptive applications. The software lifecycle process
we propose supports static and dynamic decision making
mechanisms, run-time consistent evolution and it is amenable
to be automated.

Categories and Subject Descriptors
D.2.4 [Software Engineering]: Software/Program Veriﬁcation; D.2.9 [Software Engineering]: Management

General Terms
Design, Veriﬁcation

1.

RESEARCH PROBLEM AND MOTIVATION

As ubiquitous computing systems are becoming increasingly popular, software engineers have to deal with diﬀerent
variability dimensions such as the heterogeneity of the underlying communications, executing environment and changing user needs. In addition even the system may be modeled
as a source of changes taking into account the possible software failures [2].
In the software engineering arena, adaptive systems are studied in order to deﬁne methodologies and theories to eﬃciently and consistently support their evolutions at run-time
[31, 7]. Context plays a key role for the evolution since it
represents the portion of the environment that is beyond
the control of the system but it may inﬂuence the system
behavior. Designers deﬁne a set of alternative behaviors at
design time while the actual evolution decisions are taken at

2. BACKGROUND AND RELATED WORK
The notion of context has been exploited in the software engineering ﬁeld in order to deﬁne context-aware requirement models, context-aware architectural models and
context-aware implementation models. In the literature different approaches address requirement engineering problems
for context-aware adaptive systems. In [3] the authors have
proposed a framework to explain the relations among the
main concepts concerning requirement engineering for contextaware adaptive services. The approaches presented in [12]
and [8] describe two diﬀerent attempts to deal with the
requirement elicitation problem for context-aware adaptive
systems. They deﬁne requirement artifacts by means of
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3. APPROACH AND UNIQUENESS

ﬁrst-class context entities. In [36] and [34] the authors propose two diﬀerent formal representations of context-aware
requirements by including a notion of uncertainty. In [30]
the authors deﬁne a complete framework for requirement
engineering to distinguish activities at design-time from activities at run-time. They provide a mechanism to evolve the
requirement speciﬁcation at run-time driven by the user. In
[32] it is claimed that requirements represent the adequate
level to enact the system evolution, thus systems should be
requirement-aware. The authors also show how to achieve
the traceability from requirements to the design in order to
actually achieve the reconﬁguration.
Architectural representations for context-aware system have
been surveyed in [5, 11]. Finally at implementation level
Hirschfeld et al. [17] propose a new programming technique called Context-oriented Programming (COP) in order to adapt the behavior of software entities to the current
execution context. They surveyed diﬀerent mechanisms to
treat the context explicitly and to achieve the consequent
adaptation for the implementation artifacts at run-time.
Several frameworks address the problem of achieving system
evolution at diﬀerent granularity level. The Rainbow framework [13] enables architecture-based self-adaptation for software systems. It proposes adaptation rules to specify how to
reconﬁgure system components whenever certain situations
arise. The framework supports non-functional adaptation
whereas it does not consider requirements management at
run-time. In addition there is no notion of consistency check
for the system evolution and there is no explicit deﬁnition
of context. The PLASTIC approach [4] applies reconﬁguration strategies at implementation level by exploiting an
explicit deﬁnition of context. The approach supports nonfunctional reconﬁguration to statically deﬁned Java artifacts
driven by current context variations. Nevertheless a notion
of consistency check is still missing. A common aspect for
the above mentioned frameworks [13, 4] is that whatever is
the grain of reconﬁguration, they do not support evolutions
arising at run-time. They only consider evolution strategies
that are statically analyzed at design-time; thus making the
system unable to achieve reconﬁgurations required by unanticipated user need variations arising at run-time.
In [35] the authors present a three-layered conceptual model
to support the architectural reconﬁguration of self-managing
systems. This model entails a Component layer, a Change
Management layer and a Goal Management layer. The Goal
layer identiﬁes the action to perform while the Change layer
executes the required action and interacts with the Component layer to add/remove/reconnect components. Through
the Goal Management layer, requirements are managed at
run-time by generating new plans to perform whenever the
deployed ones are not suitable for the current context situation. This feature supports reconﬁgurations required by
new requirements arising at run-time. Even if the framework
provides functional and non-functional evolutions there is no
deﬁnition of context and a deﬁnition of consistency check for
the composition of components is still missing.
To the best of our knowledge the frameworks presented in
the literature do not consider a complete software lifecycle
process for context-aware adaptive systems. They address
only a few of the issues arising from the three software engineering phases. Moreover most approaches are not based
on an explicit context model to support system evolution in
all phases of the software lifecycle process.

My research work concentrates in deﬁning a framework to
support a general lifecycle process for the development and
the evolution of context-aware adaptive systems. We focus
on context-aware requirements, context-aware design models and context-aware implementations mechanisms.
We have identiﬁed two diﬀerent types of evolutions each
one addressing a diﬀerent nature of context variability. On
one hand, designers deal with foreseeable context variations
by providing the required system evolutions at design-time.
They statically deﬁne the logic of evolution to the foreseeable context by means of diﬀerent system variants that have
to be deployed and un-deployed at run-time in order to keep
satisﬁed a ﬁxed set of system requirements. The selection
among the system variants is driven by the context requirements and the non-functional properties that characterize
each variant. On the other hand, the context may change
unpredictably thus causing the change of user needs that can
be expressed as a variation to the requirement set to satisfy.
The user may specify a new requirement as a consequence
of the unforeseen context variation. Therefore the evolution
logic should be revisited at run-time by updating the space
of system variants provided by the designer at design time.
We refer to the ﬁrst case as foreseen evolution because the
evolution logic is embedded inside the system models and
the foreseeable contexts have been completely characterized
at design time. The second case is called unforeseen evolution as the evolution logic and the context is not known at
design time and the user is placed into the evolution feedback loop. Fig.1 shows how the context aﬀects system evolutions. While in the foreseen evolution the system evolves
to keep satisﬁed a ﬁxed set of system requirements in different known contexts, the unforeseen evolution is driven by
new requirements arising from unforeseeable contexts.

Figure 1: System Evolutions
Our approach to support context-aware adaptive applications is inspired by the Software Product Line Engineering
(SPLE) perspective. Among the possible ways to model a
system, SPLE is amenable to represent system variability
and it supports a notion of consistency. In SPLE the basic
unit of behavior is the so called feature that is the smallest
part of a service that can be perceived by the user. The system variability is expressed through the space of the system
variants. Each variant is obtained by putting together two
or more features and it shows the feature interaction phenomenon if its features run correctly in isolation but they
give rise to undesired behavior when jointly executed [26,
1, 6]. The work [10] has already shown common research
questions between SPLE and adaptive system and the necessity to dynamically manage features at run-time. Most
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4. RESULTS AND CONTRIBUTIONS

recently, Dynamic Software Product lines (DSPL) have been
presented as a new direction in SPL engineering ﬁeld to deal
with software capable of adapting to changing user needs
and evolving context environment at diﬀerent binding time
[16, 29]. However in the DSPL ﬁeld dealing with evolutions
arising at runtime is still an open issue.
Our intention is to take advantage of the methodologies proposed in SPLE to support consistent evolutions for contextaware adaptive systems. We deﬁne a context-aware adaptive application in terms of sets of features each one implemented with a component and / or a service. We deﬁne a
feature as composed by a context-independent requirement,
a context-dependent requirement, and an implementation
part. The notion of requirements we adopt is inspired by
the taxonomy proposed by Glinz in [15]. A feature is a triple
fi = (Ri , Ci , Ii ) where each element is deﬁned as follows:

We have deﬁned a general lifecycle process for contextaware adaptive systems in order to support the consistent
evolutions based on two decision making mechanisms. The
static decision making mechanism supports foreseen evolutions whereas the dynamic decision making mechanism supports unforeseen evolutions. As shown in our preliminary
work [19] we have provided easy-to-use modeling techniques
for software engineers along with preliminary ideas to enact
run-time evolutions. We have presented an explicit model
of context and we have shown how the system can evolve its
behavior at run-time based on context changes and changing
user needs. We have dealt with the problem of selecting and
executing the most suitable system conﬁguration in a given
context and how to reconﬁgure the system to augment it
with un-anticipated behavior arising from new requirements
at run-time. We have formalized a notion of consistent evolution based on the context-dependent requirements.
In [22] we have designed and partially implemented a framework that supports our general lifecycle process for contextaware adaptive systems. We have deﬁned a generic interface architecture that can be implemented by any evolution
framework to support our kinds of evolution.
Our framework is generic and it is amenable to augment the
system with new requirements arising at run-time. Since
new requirements may interact with deployed requirements
we have provided the support to keep those entities at runtime and check their correctness jointly. In [21] we have formalized three consistency checks to provide high-assurance
guarantee to the evolution. In this paper we have also proposed a technique to check context requirements at run-time
with respect to the variations of context resources. In [20]
we have shown how to verify context-independent requirements with respect to implementation artifacts. We have
deﬁned a practical technique which exploits the Java Path
Finder tool1 .
As far as static decision making mechanisms are concerned
in [27], we have proposed a practical support for contextaware system reconﬁguration based on changing user preferences. In order to select the best conﬁguration to deploy we
have deﬁned a multi-criteria selection problem by means of
an aggregative objective function that combines user beneﬁt
and cost. This function accumulates the perceived current
user beneﬁt and the probable future user beneﬁt evaluated
exploiting a state-based context prediction model. The reconﬁguration cost measures the distance between two system variants in terms of features to deploy and un-deploy.
We have validated this approach by simulating the reconﬁguration process at large scale in order to capture the relevance of considering future contexts. The proposed selection
algorithm performed satisfactory in the set of experiments
that we carried out.
Currently, we are implementing an instance of our framework with speciﬁc technologies to deﬁne requirements speciﬁcations and implementation artifacts and technologies to
carry out the consistency check. We will also extend the
PLASTIC approach [4] to achieve system reconﬁgurations
on Java implementation artifacts at run-time for our unforeseen evolution. My research will result in a new methodological approach in developing and evolving context-aware
adaptive applications. I will show the applicability of the

• Ri is a conjunction of functional, performance and speciﬁc quality requirements (context-independent)
• Ci is a context-dependent constraint requirement
• Ii is the feature implementation expressed as Java code.
The deﬁnition above is inspired by [9] which has been in
turn inspired by the Problem Frame approach deﬁned in
[24]. Diﬀerently from these approaches we refer to C as the
context requirement instead of the domain assumption.
Each system variant is represented as a diﬀerent combination of features expressed as GF = (RF , CF , IF ). At this
level of description we do not explain how to combine features. We just suppose to have an abstract union operator
among features which is deﬁned in terms of union operators
for context-independent requirements, context-dependent requirements and implementation components. In concrete
instantiations of the framework these operators will take a
precise form.
We represent the space of admissible system variants by using the feature diagram deﬁned in the SPLE with a tree
structure [33]. We adopt the absence of feature interaction
as the notion of consistent evolution for a system variant. A
certain variant GF shows a feature interaction phenomenon
if the features in F run correctly in isolation but they give
rise to undesired behavior when they are jointly executed.
The feature interaction for GF is checked as: IF , CF  RF .
This formula is automatically veriﬁed at design time to cope
with foreseen evolutions and at run-time in order to support
the unforeseen evolutions. We have deﬁned the consistency
check formula by means of three diﬀerent problems: the satisﬁability for the context requirement C, the satisﬁability for
the requirement R and the validation/veriﬁcation problem
of I against R. The context model is a key aspect in performing the system evolution; it has to be monitored and
updated at each evolution step. It entails the set of entities
based on which our context requirements are deﬁned. Since
in ubiquitous computing the unpredictability of the context
is the main cause of system failures, we believe that the
problem of checking the satisﬁability for the context requirements plays a key role in supporting consistent evolutions.
In addition we consider the three problems to be run-time
problems since we support a notion of run-time unforeseen
evolution. As a consequence computational issues become
important to actually achieve the consistency check at runtime. Furthermore we assume that requirements artifacts
are available.
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