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a  b  s  t  r  a  c  t

Whilst  cloud  computing  has burst  into  the  current  scene  as  a technology  that  allows  companies  to  access
high  computing  rates  at limited  costs,  cloud  vendors  have rushed  to  provide  tools  that  allow  developers  to
build  software  for  their  cloud  platforms.  The  software  developed  with  these  tools  is  often  tightly  coupled
to their  services  and  restrictions.  Consequently  vendor  lock  in  becomes  a common  problem  which  mul-
tiple  cloud  users  have  to  tackle  in  order  to  exploit  the  full potential  of  cloud  computing.  A  scenario  where
component-based  applications  are  developed  for being  deployed  across  several  clouds,  and  each  com-
ponent  can  independently  be  deployed  in  one  cloud  or  another,  remains  fictitious  due  to  the  complexity
and  the  cost  of  their  development.  This  paper  presents  a cloud  development  framework  for  developing
cloud agnostic  applications  that  may  be  deployed  indifferently  across  multiple  cloud  platforms.  Infor-
mation about  cloud  deployment  and  cloud  integration  is  separated  from  the  source  code  and  managed
by the  framework.  Interoperability  between  interdependent  components  deployed  in  different  clouds
is achieved  by  automatically  generating  services  and  service  clients.  This  allows  software  developers  to
segment  their  applications  into  different  modules  that  can  easily  be deployed  and  redistributed  across
heterogeneous  cloud  platforms.

© 2012 Elsevier Inc. All rights reserved.

1. Introduction

Cloud computing has experienced an admirable growth
throughout the past years due to the high acceptance rate it has
had among companies with technological backgrounds (Leavitt,
2009). The combination of a powerful technology with a compet-
itive business model, which in this case results from combining
cloud computing with utility computing, has been presented
as extremely beneficial for companies with limited amounts of
resources. Such benefits have been widely documented by many
researchers (Armbrust et al., 2009; Zhang et al., 2010), emphasiz-
ing the lack of an initial investment, the lower operation costs and
the apparently infinite computing resources offered by the tech-
nology. These benefits, in conjunction with the great amount of
cloud providers that exist, each with their own strengths and weak-
nesses, allow companies to choose which cloud platform they want
to develop their software for (Li et al., 2010).

However, besides the outstanding benefits provided by the tech-
nology, applications are often subject to numerous limitations that
keep them from exploiting the potential of cloud. Most cloud ven-
dors establish a series of restrictions for their cloud platforms,
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and certify that they are satisfied by providing tools that must be
used throughout an application’s development process. The soft-
ware developed with these tools will be coupled to the libraries
and services provided by each cloud provider, hence preventing
these applications from being deployed in other clouds. This prob-
lem, which is commonly known as vendor lock-in (Chow et al.,
2009), presents one of the main drawbacks of cloud computing:
applications developed for specific cloud platforms cannot easily be
migrated to other cloud platforms and users become vulnerable to
any changes made by their providers (Armbrust et al., 2010). Addi-
tionally the lack of standardization among cloud platforms prevents
users from creating software that can be deployed across multiple
clouds (Petcu et al., 2011), where different components of a single
system could reside in different platforms.

Thus, the current scenario does not allow cloud users to take
full advantage of the utility computing model since it only con-
siders choosing a cloud platform at early stages of projects, where
development has not begun. Ideally, users should be able to migrate
their applications towards different clouds if they are not satisfied
with the services and costs of their providers. Moreover, consider-
ing that different modules or components of an application may
be subject to different requirements or technological restraints,
users may  find it difficult to choose a cloud platform that complies
with all the application’s requirements and may  thereby have to
consider deploying their applications across multiple clouds (Tsai
et al., 2010). Cross cloud development is an arduous task which
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involves using the tools provided by each different cloud provider,
as well as developing the services and clients for integrating the
components deployed in separate clouds. Consequently, migrating
a component from one cloud to another would require redevelop-
ing its dependent components, either if they are hosted or not in
other clouds.

Considering that standardization is currently not an option for
most significant cloud computing providers (Dillon et al., 2010),
the aforementioned limitations suggest that new tools are required
for developing applications that can be deployed across multiple
clouds as well as migrated from one cloud to another in order to
take advantage of the business model associated to cloud comput-
ing. These tools should contribute to lower the barriers that users
continue to encounter in their leap towards cloud computing, and
thereby impulse cloud as the IT infrastructure of the future. Soft-
ware should be developed in the same manner independently of
which platform it will be hosted on, thereby not having to consider
matters related to integration between the software and the cloud
architecture as well as the integration between software hosted by
different clouds.

This paper presents a framework for developing applications
that are decoupled from the architecture, services, and libraries
provided by cloud vendors, such that they can be deployed across
one or several clouds. The framework allows developers to choose
which components are deployed in each of the supported cloud
platforms. Deployment metadata is separated from the source
code and managed by the framework. The metadata represents a
deployment plan that describes how dependent modules hosted
in different clouds communicate with each other and the services
provided by their cloud, this way relieving developers from imple-
menting cloud integration modules and interoperability services.
The application source code, in conjunction with the deployment
plan, is interpreted by the framework, which generates cloud com-
pliant software artefacts that are deployed in each cloud platform.

The development of cross-cloud migratable applications is cur-
rently a topic of great interest which is being tackled from many
perspectives by different authors. The main contributions of the
framework, which differentiate it from alternate solutions, are
summarized in the following points:

• Feature models,  commonly used in Product Line Engineering, are
used for modelling the variability of the cloud platforms sup-
ported by the framework.

• Software adaptation techniques are applied; adapters are auto-
matically generated to allow the software artefacts to be
integrated with their corresponding clouds.

• Applications can be developed as if they were going to be
deployed in an in-house environment, being completely agnostic
to any cloud related information.

Such contributions have be integrated in the framework in order
to improves the current state of the art in cloud application devel-
opment. Their adoption allows applications to be designed without
having to consider the intricacies of each cloud platform and with-
out being coupled to any cloud or intermediate platform.

The framework described in this work has been conceived for
developing software for cloud platforms that allow hosting and
deploying applications. The prevailing categorization of cloud com-
puting models considers the following variants (TechTarget, 2010):

• Infrastructure as a Service (IaaS): physical or virtual machines are
provided as a service, upon which users can install an operating
system and any required software.

• Platform as a Service (PaaS): in this model a computing platform
which will usually include an operating system, a programming

language an execution environment, a database and a web  server,
is provided as a service.

• Software as a Service (SaaS): in this model services an applica-
tions are provided as a service. The underlying infrastructure is
not accessible to the users.

Hence, the framework is intended to be applied upon appli-
cations targeted towards IaaS and PaaS clouds, as only these two
models can host externally developed software.

Both the framework and its associated tools have been devel-
oped in conjunction with Gloin S.L., a Spanish start-up company
that works on providing technology for enhancing the software
development processes of its customers. The framework has been
applied to a real industrial case in one of Gloin’s projects; the results
of this experience are reviewed in the final sections of this paper.

The remainder of this paper is structured as follows. Section
2 contains a description of the background and the motivations
that have led us to our work. Section 3 describes our proposal; we
discuss the principles on which our work is based and the architec-
ture of the framework. Section 4 contains the technical design of
the framework; in this section technical details are provided about
the technology in which the framework has been constructed. Sec-
tion 5 explains the development processes that must be followed
by developers in order to use the framework. Section 6 contains a
case study where the framework is used to implement and deploy
an application across more than one cloud. Section 7 analyses the
results obtained from the case study; it presents its strengths and
weaknesses in order to plan future milestones. Section 8 sum-
marizes the work carried out by other authors that is related to
ours. Finally, Section 9 contains the conclusions extracted from
our work.

2. Background and motivation

Cloud computing is a technology that provides numerous bene-
fits to both its providers and its users, however the interests of each
of these parties are of a very different nature. Whilst providers have
seen in this technology a means of expanding their business models
whilst recouping the cost of their underutilized server farms, users
have seen the opportunity to access powerful computing resources
flexibly and at an accessible price.

Becoming a cloud provider requires companies to have
extremely large-scale data centres and highly qualified staff for
their maintenance. The initial investment required for setting up
such infrastructure is inaccessible for most companies; however
companies such as Microsoft, Google and Amazon, among many
others, have already invested in large server farms over the years.
For these companies cloud computing has emerged as a great
opportunity for leveraging the investment that they have made
(Armbrust et al., 2009). Furthermore, cloud computing has been
commercialized with a competitive business model which allows
providers to target both small and large companies, thereby making
the technology accessible to a wider range of users. The underly-
ing interest of companies to return the investment they have made
by gaining as many customers as possible and guaranteeing that
these customers consume as many of their services as possible,
has frustrated most efforts for standardization and cloud platforms
integration (Dillon et al., 2010).

On the other hand, cloud users in the form of companies with
technological interests, have seen that cloud can provide them with
access to an unlimited number of computing resources that are
accessible from numerous devices, such as smartphones, tablets
and PCs (Anderson and Rainie, 2010). This allows cloud users to
manage their services and applications in a much more flexible
manner, being able to scale up and down the number of computing
resources that they manage, as well as the cost of such resources.
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