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Abstract. Context-awareness features involve that the adaptive service composition
has to take dependencies of contexts into account. In any other case, such composition
may reach inconsistent states. Therefore, we need to manage not only the explicit
contexts given by the user as parameters, but also the implicit context information. We
obtain such implicit contexts from the message of the user, making more independent
our system, since the user does not have to provide such information. We propose
to extend the STS model including those context-awareness features. In addition, we
need to verify that the adaptive service composition is free of inconsistence problems
by controlling the context changes depending on the conditions, user preferences,
services capabilities or type of device used by the user.
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1 Introduction

Adaptive service composition is emerging as a technology that allows the integration between
pre-existing software entities (components and Web services; in the sequel we use services to
refer both components and Web services). These services are equipped with external inter-
faces giving information about their functionality, due to their black-box nature. However,
it is frequent to find out interaction problems when we compose pre-existing services, so is
required a process of adaptation in order to avoid these mismatching behaviours. They is
due to that the interfaces of the constituent components of a system do not always fit one
another.

Context-aware computing focus on building adaptive systems sensitive to their context
(location, identity, time and activity) [10].

The increasing using of mobile and portable devices is giving rise to a new market of mo-
bile and pervasive applications. Context-aware computing is incorporated into these systems,
with the inclusion of certain context-awareness features. So they are different from tradi-
tional distributed applications, since a mobile system is able to change location allowing the
communication via mobile devices with some limitations which need to be resolved (connec-
tivity, bandwidth, local resources, etc.). Due to the contextual nature of these systems, it is
important the improvement from the user experience, as well as to provide connectivity and
services all the time, by being capable of adapting the composition with respect to changes
in context. In such a way, the possible inconsistence situations generated in these systems
could be avoided.

Our work aims to develop software adaptors capable of acting as a third-party component
between the services to interoperate taking their contexts into account. We make use of a
model-based methodology [35] to avoid mismatching behaviours, and we plan use validation
techniques to solve inconsistences or faults. Therefore, this paper focuses on extend the
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concept of software adaptors [5,7] by modeling explicitly context dependencies of already
existing services, and using them in the component composition.

In case we reuse services without taking the contexts into account, then some inconsistent
states will be achieved due to the contextual nature of the mobile and pervasive systems,
and the service composition will not be correct. However, our model pretend to formalise
the context-awareness features in these systems, which will allow us to detect and avoid
mismatching behaviours, as well as faults or inconsistencies.

An overview of our proposal is presented in Figure 1. Firstly, different kinds of user,
using different devices, request one or more services. We get (implicit) context information
from the message. This info can be such as user language, type of device, user preferences,
and so on. We should have this information without asking the user for it. In such a way, for
instance, the user could travel with his/her own laptop and request services by obtaining the
result in his/her language, currency, and so on, independently his/her location. Even the way
to show the result could change depending on if the user is using a laptop or a cell-phone. A
discovery process finds the pre-existing services (in our research work we use services imple-
mented using WF or BPEL; see Section 2), and the service descriptions (AWF/ABPEL) are
abstracted to obtain the behavioural service model (CA-STS is an extension, presented in
Section 4.1, of Symbolic Transition Systems, STSs [18]). Next, being given a set of CA-STSs,
mismatch detection is computed to check whether the services involved need adaptation or
not. If a mismatch exists, we apply adaptation techniques that aim at generating a CA-
STS adaptor model from a contextual mapping. Validation techniques are then helpful to
check that the adaptor is as expected by preventing inconsistences or faults. If not, another
mapping may be proposed. Finally, once the adaptor passes the test, the corresponding ab-
stract adaptor service (AWF/ABPEL) is generated making use of a formal model. Last, the
developer can complete this adaptor service (WF/BPEL) by including the abstracted in-
formation previously. So we generate an intermediate piece to make possible the contextual
composition and adaptation of those services requested by the user.

The remainder of the paper is organised as follows. Firstly, in Section 2, is presented a
background to adaptive service composition, context-aware computing and validation tech-
niques, and is discussed about some related works. Section 3 briefly presents a motivating
scenario of a rent-a-car system, by illustrating the need to generate a transformation model
capable of adapting components and services requested in a context-aware application. In
Section 4, we present the proposal introducing our behavioural model, as well as describing
briefly the contextual composition. Finally, Section 5 concludes this paper with a summary
and a discussion about the improvements getting using this new model in the context-aware
applications, as well as a plan for future work.

2 Background

Most of the current systems are developed as a selection, adaptation and composition of
pre-existing components and services rather than as a programming of applications from
scratch. The use of Commercial-Off-The-Shelf (COTS) components and services is promoted
by Component-Based Software Engineering (CBSE) [32] and Service-Oriented Architecture
(SOA) [11,22] respectively. They require a certain degree of adaptation in order to avoid
mismatching behaviours, since the interfaces of the constituent components of a system do
not always fit one another.

This adaptation is performed by adaptors which are automatically built from an abstract
description (i.e. adaptation mapping) of how the mismatch can be solved with respect to the
component behavioural interfaces. Software Adaptation (SA) [5] focuses on the automation
of the adaptation process, by enabling components with mismatching behaviours to inter-
operate. It supports run-time features that occur as devices and applications move from
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Fig. 1. Context-Aware Adaptive Service Composition Model

network to network, modifying or extending their behaviour, and enhancing the flexibility
and maintainability of systems.

Mismatch among services can be presented at four different levels: signature, behavioural,
service and semantic levels [8]. The most common mismatches occur at the behavioural
level. It is due to an incompatibility in the order of the exchanged messages among services,
which can lead to deadlock situations. But industrial platforms only deal suitably with
the signature level (e.g. CORBA’s IDL [28]). In addition, the nature of pervasive systems
produces inconsistent situations, which must be dealt.

Our proposal focuses on the behavioural interoperability level, extending interfaces with
a description of their protocol and dealing with the different compositional issues between
them taking context-dependencies into account. Windows Workflow Foundation (WF) [30]
which belongs to .NET Framework 3.5 and is supported by Visual Studio 2008, as well
as BPEL [1] and Netbeans Enterprise, are using to relate our transformation contextual
model with realistic and complex examples. Theirs workflow-based graphical support and
the automation of the code generation make the implementation of services easier. Besides,
they have capabilities for developing workflows in different scenarios, from simple sequential
workflows to realistic and complex workflows with human interactions. It has been demon-
strated that services implemented on existing platforms can be modeled using our behavioral
formal model [13, 14].

There exist different approaches tackling model-based adaptation at the behavioural
interoperability level, and aim at generating adaptors which are used to solve mismatch in a
non-intrusive way. However, only a few of them have been carried out using some particular
platform [2,4, 17,19, 25].
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Bastide et al. [2] show that the OMG’s style to specify services in CORBA does not guar-
antee interoperable and substitutable implementations. Gaspari and Zavattaro [17] illustrate
how CORBA models for requesting invocation can be mapped into a message passing archi-
tecture using the base of a process algebra.

The work presented by Brogi and Popescu [4] outlines a methodology for the automated
generation of adaptors capable of solving behavioural mismatches between BPEL processes.
They use YAWL workflow [33] as an intermediate language, and once the adaptor workflow is
generated, they use lock analysis techniques to check if a full adaptor has been generated or
only a partial one (some interaction scenarios cannot be resolved). Our adaptation approach
may reorder messages in between services when required [8]. This ability is needed to ensure
a correct interaction when communicating entities have messages which are not ordered as
required.

Inverardi and Tivoli [19] tackle the automatic synthesis of connectors in COM/DCOM
environments, by guaranteeing deadlock-free interactions among components. Compared to
this proposal, we may match different name messages using our correspondences, which
is very useful within context-aware systems. In addition, this approach does not use any
mapping language for the adaptor specification, so restrict the adaptor to possible non-
deadlocking.

Finally, Benatallah et al. [25] present techniques, as well as a tool providing semi-
automated support for identification and resolution of mismatches between service inter-
faces and protocols, and generate adaptation behavioural specifications. They deal with
data, and base on SCA architecture implementing the services and the generated adapter
as SCA components.

In general, respect to the aforementioned works, we focus on modeling the behavioural
composition, not only preventing mismatch problems, but also taking into account depen-
dencies of contexts in order to control states of inconsistence.

On the other hand, recently, some works are researching about context-aware comput-
ing, as well as built pervasive applications [24, 26, 27] to demonstrate the usefulness of this
technology. There have even been significant achievements in the architectural support of
context-aware applications [6,29]. However, at the behavioural level, the composition and
adaptation of software entities within the context-aware pervasive systems has only briefly
been dealt within some of these works.

We focus on a formal model that transforms services (implemented in specific platforms)
in a standard notation (CA-STS) to be able to compose and adapt them when required. In
this sense, we use the Software Adaptation approach, which reuses services and tackles the
interoperability issues which exist at the different levels of component interaction.

Related to our motivating scenario (presented in Section 3), in [31] the authors have
designed and implemented a Tourist Guide system that is mobile and context sensitive.
However, they focus on the design and usability issues, and not about service composition.

Last, different works propose validation techniques in the service composition field [12,
15,16, 36]. Even, some of them use semantic ontology languages to compose the services.
However, any of them tackle the context-aware composition.

Kim and Choi [20] suggest a context infrastructure to provide semantic interoperability
in a ubiquitous computing environment. They only evaluate the performance of the context
infrastructure, not controlling possible inconsistent situations nor faults. With our proposal
we are planning to solve these problems by providing context dependencies.

A model to compose services and validate theirs correctness using Petri nets is presented
by Luo et al. [21]. They check behavioral properties based on simulation of the model.
Compared to our idea, we model the service composition with a strategy by means of CA-
STS that may be easily validated. In addition, their model currently doesn’t control the
changes of contexts at run-time.
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Vukovic presents in [34] a complete approach focus on the recomposition of the composite
service during its execution, according to changes in the context. This proposal provides a
failure-tolerant solution. But it has still some limitations about the control of user prefer-
ences, as well as the control of independent requests, which we pretend to support using our
model.

3 Motivation

This section introduces a scenario illustrating realistic and complex problems used in the
real-world by end-users, whose purpose is to give information requested by the client by
taking into account context information likely changing without intervention of the user.
These daily life applications may give rise to inconsistent behaviours. So these problems
have motivated our research in this field and in this work we propose a model (Section 4)
to solve problems emerged in those systems.

We present a rent-a-car system that consists of services giving information to the user
about different cars to be rented, depending on the user preferences, as well as the conditions
of the environment where the user is requesting the services, and the capabilities of the
services and device used by the user. These conditions will make the system contexts change,
so our model should be able to control possible inconsistence problems generated by the
wrong interpretations of the contexts.

Multiple contextual information is used in real world services to improve their features.
In our simple scenario, a user is requesting information about renting a car and the services
have to give the response by using explicit and implicit contextual information. Ideally
a response should include details of car rental companies closest to the user and use the
user preferences, not only using the explicit parameters given by the user (model of car,
renting duration or authentication), but also capturing implicit context information (type
of device, location, language or currency) to obtain explicit data through it and know when
the composition has to change.

Therefore, our goal consist of modeling these systems to make easier the interaction
between user and services, but maintaining the features of the context-aware systems. So
a user could request a service giving only some common parameters called explicit context
information. Thus, the services will have to control the implicit context information using an
adaptor service modeled in CA-STS. Our previous proposal [7] tackles only explicit context
information given by parameters, but here we pretend to infer implicit context dependencies
from requesting message of the user.

Real services of pervasive applications can be aware of some context information, but in
addition, they can support this information in different ways. So we need to extend the notion
of a third-party connector with context-awareness features. In such a way our contextual
adaptor could give the most suitable and consistent responses depending on both context
and possibilities of interconnected services.

Returning to our scenario, between the services that constitutes it, we can find a car
description service composed by an explanation about each car, as well as a picture and
the price for each one. In addition, there exists a car rental location service, which indicates
where is the nearest car rental center, by means of a street plan or simply textual indication
according to the device used for the requesting.

If the user is traveling and requests a car in a country different to his/her country, we
should control possible inconsistence problems due to different ways of interpretation of the
context information. Each service should use the context information to generate a suitable
response according to theirs features.

For instance, the car description service will use the language and currency of the user
to generate a response, and the location service will use the user location information to
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localise the nearest center. But if the user language, captured as a implicit context, is not
supported by our description service, then this service will have to return the explanation
in a default language defined. In addition, this service should show the price using the
currency corresponding to the user’s country. The currency forms part of the implicit context
information. On the other hand, the location service will respond by using the language of
the user’s location, which is different to the default one and to the language of the country
where is being requested the service. This service is going to show the result in different
ways depending on the device. So at the same time in the service composition is needed to
take into account different values related to a context, depending on the conditions, the user
preferences, and the features of the services and device.

In Section 4, we present briefly our model where we add context-awareness features to
the STS model trying to solve the problems expose here, and sketch the steps to perform in
the adaptive service composition.

4 Model based on Context-Awareness

Here we describe our approach to compose services depending on the explicit and implicit
contexts. Services are equipped with external interfaces (signature and behaviour), giving
information about their functionality. We represent the behaviour of the services by means of
a Symbolic Transition System (STSs) [18], which provides an expressive and graphical nota-
tion to specify adaptation policies. Any formalism to describe dynamic contextual behaviour
may be expressed in terms of an standard notation like STS.

We propose an extension of STS, called Context-Aware Symbolic Transition System (CA-
STS), to support context-awareness features.

4.1 Adding Context-Awareness to STSs

A Context-Aware Symbolic Transition System (CA-STS) is a tuple (A, S, I, F, C, T) where:
A is an alphabet (set of messages), S C Id is a set of states (Id stands for a set of identifiers),
I € S is the initial state, F* C S are final states, C' is a set of conditions depending on the
context, and T C S x A x S is the transition function.

In our model, a label corresponding to a transition of a CA-STS, is either the internal
action (tau) or a tuple (SI, M, C, D, PL, CL) where: SI is a service identifier, M is the
message name, C' are the conditions of the message, D stands for the direction of messages
(!and ? represent emission and reception respectively), PL is either a list of data terms for
emissions, or a list of variables for receptions, both of them given explicitly (it can include
explicit contexts), and CL is a list of implicit contexts obtained from the message, and which
will be had as information making such contexts explicit.

Events relative to the emission and reception of messages represent the service composi-
tion. They may come with a set of data terms whose types respect the operation signatures,
as well as conditions depending on which context the system is in.

We assume the services of our motivating scenario presented in Section 3 have been
implemented on existing platforms, such as WF or BPEL, and apply our model on these
services by obtaining the corresponding CA-STSs. In Figure 2 we depict our scenario to
a general list of parameters, conditions and implicit contexts, and receiving as result the
description of the cars (description) as well as the location of the nearest center to rent
some of those cars (location).

Specifically, params indicates the parameters as well as the explicit contexts; contezt_info
is the implicit context obtained from the message; conditions are the conditions of the
message; and context_params are the contextual parameters returned as result depending
on the conditions, the user preferences (context information) and the capabilities of the
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Client ciinfoRentACar ?(description location)

c:rentACar!(params)(context_info)

Description & Location Services
d,l:sendRentACarDescription /
Location.(conditions)!(context_params)

d,l:getRentACar.(conditions)?(params)(context_info)

Fig. 2. CA-STS for the motivating example of renting a car

services and device used by the user. Note we only use one CA-STS representation to show
both description and location services, since we are representing our scenario in a general
case without going into any further details respect to the parameters, conditions or implicit
context information for each one.

4.2 Context-Aware Service Composition

This section describes briefly the process of our approach to define correspondences in be-
tween service messages of a system taking contextual information into account. To complete
our approach, we explain the generation of an adaptor protocol which will work as an inter-
mediate piece connecting services.

When there exist services which cannot be directly used together due to mismatching
problems, a mapping or contract have to be given to work the cases of mismatch out. Our
contract is called contextual mapping, and it is made up of several constituents as is explained
in [8], besides of including the implicit context information in the mapping.

We generate a CA-STS adaptor model from the descriptions of service interfaces (CA-
STSs behavioural models) and the contract. The adaptor acts as a third-party component
that is in charge of coordinating all the services involved in the system with respect to a set
of correspondences defined in the contract. To obtain the adaptor we will use an extension
with value-passing protocols of the algorithm presented in [23], and using this new model
we need to control the implicit contexts.

Once we have generated the adaptor model (CA-STS adaptor model), we need to ap-
ply validation techniques. We are working on checking our composition model to prove the
usefulness of supporting context dependencies in adaptive service composition. As we have
already mentioned, the incorporation of context-awareness features gives rise to inconsis-
tence situations. These situations have to be controlled by performing validation respect to
properties such as determinism, deadlock or liveliness.
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Finally, if our adaptor model is validated correctly, then we have to generate an abstract
adaptor following the guidelines presented in [9]. Otherwise, we will need to generate other
adaptor model, using a different contextual mapping. The final abstract adaptor has to be
refined, by requiring intervention of the designer, to add the information that was initially
abstracted.

5 Conclusion and Future Work

This work presents a proposal to model adaptive service composition taking into account
context-awareness features. The main improvement respect to our previous work [7] consists
of inferring the implicit context dependencies from the user’s requesting message. To do that
we need to extend the STS model making using of such implicit context information.

We have described the problem of modeling composition of context-aware pervasive sys-
tems without taking the context-dependencies into account. Thus, in such a case, the service
composition of those systems may reach inconsistent states. So we need to detect not only
mismatching problems, but also the inconsistence situations or faults.

Once we have defined our transformation model, we need to validate the composition
with respect to a set of properties such as determinism, deadlock or liveliness. We plan to
apply validation and assessment techniques, which it is needed to evaluate our proposal.

In addition, we pretend to extend our model by incorporating contextual ontologies [3],
so that we will get to enrich the semantic of our model.
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