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The  emergence  of  mobile  and  ubiquitous  technologies  as important  tools  to complement  formal  learn-
ing  has  been  accompanied  by  a growing  interest  in their  educational  benefits  and  applications.  Mobile
devices  can  be  used  to  promote  learning  anywhere  and  anytime,  to foster  social  learning  and  knowledge
sharing,  or to  visualize  augmented  reality  applications  for  learning  purposes.  However,  the  development
of  these  applications  is  difficult  for many  researchers  because  it requires  understanding  many  different
protocols;  dealing  with  distributed  schemas,  processes,  platforms,  and  services;  learning  new  program-
ramework
iddleware
obile and ubiquitous learning

ming  languages;  and  interacting  with  different  hardware  sensors  and  drivers.  For  that  reason,  the  use  of
frameworks  and  middleware  that  encapsulate  part  of this  complexity  appears  to  be  fundamental  to  the
further  development  of  mobile  learning  projects.  This  study  analyzes  the  state  of  the  art  of  frameworks
and  middleware  devoted  to simplifying  the development  of mobile  and  ubiquitous  learning  applica-
tions.  The  results  can  be  useful  to many  researchers  involved  in  the  development  of  projects  using  these

g  an o
technologies  by providin

. Introduction

Technology is becoming increasingly important in education as
art of the day-to-day learning experience. During the last part
f the 20th century, technologies related to communications and
he Internet, including e-learning platforms, led to revolutions in
everal fields.

More recently, over the past decade, the Web  has evolved from
eb 1.0, where most users played the passive role of mere readers,

o Web  2.0, where users have become active players, publishing
heir own content and interacting in social networks (Jarvis, 2009).
owever, in addition to the Social Web, many other new technolo-
ies are developing with the potential to have a deep impact on
ducation (Johnson et al., 2010), including games, augmented real-
ty, new human–computer interfaces, and ubiquitous and mobile
echnologies.

Most of these technologies use mobile devices to grow and reach
heir audiences, taking advantage of the ability of mobile devices
o integrate with ubiquitous technologies (Naismith et al., 2004).

igh-speed Internet connectivity is currently available anytime and
nywhere on these devices because of 3G and UMTS networks.
obile applications can incorporate a user’s location to provide
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personalized services using location methods, such as GPS, WiFi,
or cell tower triangulation or identification technologies such as
RFID (Radio Frequency Identification) or NFC (Near Field Commu-
nication). This context-awareness has the potential to revolutionize
new mobile social applications by taking into account not only
friends’ profiles but also their locations when starting conversa-
tions or establishing new friendships (Hansen and Bouvin, 2009;
Baldauf et al., 2007). These devices are also re-inventing games
(Boticki et al., 2009), as they can use their Internet connections
to connect to multi-player games, location technologies to create
outdoor games, and new human–computer interfaces (HCI), such as
movement sensors and tactile screens (Liestøl, 2009), to immerse
players in more realistic games (Lavin-Mera et al., 2009). In gen-
eral, all of these technologies are taking advantage of the spatial
and temporal flexibility offered by mobile devices.

This evolution is leading to new learning environments where
applications must be aware of users’ needs to personalize the infor-
mation and services they provide depending on the user’s context
(i.e., geographic location, user profile and preferences) and those
of other nearby users (Keegan et al., 2009; Yau and Joy, 2008).
These applications should offer communication and collaboration
features that can be used to build social-based knowledge, should
be integrated with existing learning platforms, such as Moodle,
for gathering the students’ e-portfolios, and should use existing

services and knowledge (e.g., communication and collaboration
methods, assessment, learning objects) (Cheung et al., 2006; Conde
et al., 2009). Finally, these learning applications should interact
with each other in a digital ecosystem of mobile applications and
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ervices through accepted standards, fostering interoperability and
asy extension.

However, the development of these applications is difficult for
any researchers because it requires them to understand many

ifferent protocols, to deal with distributed schemas, processes,
latforms, and services, to learn new programming languages, and
o interact with different hardware sensors and drivers (Schmidt
nd Forbess, 1999; Ryan et al., 1999; Biegel and Cahill, 2004). For
hat reason, frameworks and middleware that encapsulate part of
his complexity are fundamental to ensuring the successful devel-
pment of complex mobile learning projects, helping developers
ocus on learning design and creativity instead of dealing with sen-
ors and services.

This paper studies the state of the art in frameworks and mid-
leware that facilitate the development of mobile and ubiquitous

earning applications. Just a few frameworks are devoted to mobile
earning because most of the systems are designed for general pur-
oses, not just for education. These systems might also be used for
obile learning purposes, although they will fail to meet some spe-

ific learning-related requirements, such as support for learning
tandards and e-portfolios and integration with e-learning plat-
orms.

The paper is structured in five sections. The first introduces the
otivation of the study. The second section describes the method-

logy used to gather and compare the different frameworks and
iddleware found in the literature. The third section provides an

verview of the main systems found, laying the groundwork for the
ourth section, which includes a comparison and analysis. Finally,
ome conclusions are provided in the fifth section.

The results can be useful for researchers involved in the devel-
pment of mobile and ubiquitous learning projects by providing
n overview of the features implemented in each platform, so that
esearchers can decide which framework is most suitable for their
roject. The study can also be useful for developers who create new
rameworks or middleware for mobile and ubiquitous learning. The
nalysis offers a clear picture of the features implemented by the
xisting systems, which developers can then improve or comple-
ent.

. Methodology

The first stage of this study defines the features that must be
nalyzed when studying in frameworks and middleware for mobile
earning.

The second stage consists of a literature analysis of the exist-
ng frameworks and middleware for the creation of mobile and
biquitous learning applications, giving a brief summary of their
ontributions and main functionalities.

The third stage provides an overview of the analyzed systems,
ocusing on their operating systems, programming languages, and

ain purposes. This stage offers a preliminary overview of these
ystems.

Finally the fourth stage compares the different features of each
nalyzed system. The comparison uses a binary scale to show the
mplementation of each feature. Finally, we draw some conclusions
o help researchers find the most suitable system for their mobile
r ubiquitous learning projects.

. Results

.1. Features definition
Biegel identified the main features that a programming model to
evelop context-aware applications in mobile environments must
ddress (Biegel, 2004):
nd Software 84 (2011) 1883– 1891

• Context acquisition. The method of context-data acquisition is
very important when designing context-aware systems because
it predefines the architectural style of the system, at least to some
extent (Baldauf et al., 2007). Gu classifies contexts into two main
categories based on the means by which context is obtained (Gu
et al., 2005).
o Direct context is directly acquired or obtained from a context

provider, which can be an internal source such as an indoor
location provider or an external source such as a weather infor-
mation server.

o Indirect context is derived by interpreting direct context
through context reasoning.

• Uncertainty of context data. Measurements made of the real world
by sensors based on physical transducers will always contain a
degree of uncertainty and incompleteness, which together result
in an inherent unreliability of context data based on such mea-
surements (Biegel, 2004). Thus, using several sensor sources is
recommended to minimize this uncertainty.

• Representation of context data. To enable the application to pro-
cess, reason about, and react to context data, the application
developer must take a systematic approach to the representa-
tion of context data. The selected representation format should
allow the application to efficiently process and reason about con-
text data (Biegel, 2004). Finally, the last relevant feature to define
regarding architectural design is how to represent context infor-
mation.

• Privacy. Traditional concerns regarding privacy are amplified in
context-aware applications that are predicated on access to a
wide range of sensitive data and involve ad hoc collaborations
between entities (Biegel, 2004).

• Scalability. Scalability refers to the ability to incrementally
increase the abilities of a system while maintaining or improv-
ing performance. It is essential that developers of context-aware
applications in mobile environments have appropriate abstrac-
tions and system support available to ensure that their
applications are scalable (Biegel, 2004).

• Synchrony. Most distributed applications with sensors distributed
in the environment are based on synchronous operation in which
an operation has to wait for a response before execution can con-
tinue. This method of operation is inadequate for context-aware
applications that need to be notified asynchronously when new
context data is available (Biegel, 2004).

• Extensibility and reusability. Extensibility can be defined as the
ability to add new functionality to an application, while reusabil-
ity can be defined as the ability of a functionality to be used again,
unmodified, in a different system. Facilitating the extensibility
and reusability of application components enables the incremen-
tal evolution of applications, reducing development effort and the
need to develop new functions from scratch (Biegel, 2004).

Georgieva provides two  types of classification (Georgieva
et al., 2005), i.e., information and communication technologies,
as in Naismith et al. (2004),  and educational technologies. The
educational-oriented classification is based on the following main
indicators:

• Support of synchronous and/or asynchronous communication.
• Support of e-learning standards. Currently most m-learning sys-

tems do not support e-learning specifications such as SCORM.
• Access to learning materials and/or administrative services. This

means that the student receives course content such as tests or
administrative information such as schedules and exam marks.
In the process of designing and developing a mobile learning
project, in addition to identifying the relevant sources of context
data and services for a particular application, the developer also
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ften has to write low-level code to interact with sensor hard-
are at the device protocol level (Schmidt and Forbess, 1999; Ryan

t al., 1999). This development is time-consuming, error-prone,
nd is only accessible to fairly experienced programmers (Biegel,
004).

The proliferation of mobile devices has also increased demand
or mobile application development. For that reason, frameworks
hat provide an API are becoming a fundamental piece of the mobile
omputing puzzle, enabling the reuse of common components,
ecreasing the complexity of programming tasks, and simplifying
he design and development of mobile applications.

However, a software framework has no future in the open-
ource era if its code is proprietary. Openness means that more
eople have access to a framework through an open community
f users. Some of these users search for already developed solu-
ions while others want to contribute, improving the framework
nd sharing improvements within the community (Jarvis, 2009).
owever, most frameworks do not reach critical mass, remaining

solated research projects without a real impact on society.

.2. Frameworks and middleware devoted to mobile computing

Regarding to frameworks and middleware, there are many gen-
ral purpose, i.e., non learning-oriented, frameworks that can be
sed to create mobile applications. For example, Dey described
ne of the first such systems, “The Context Toolkit”, in Dey et al.
2002). Gu proposed the Service-Oriented Context-Aware Middle-
are (SOCAM project; Gu et al., 2005). A similar architecture was

ntroduced in the CASS project (Context-awareness sub-structure)
eveloped by Fahy and Clarke (2004),  and another framework
ased on a layered architecture was constructed in the Hydrogen
roject (Hofer et al., 2002).

Hansen took a different approach in developing the HyCon
ramework, which is mainly devoted to hypermedia services,
lthough it also supports J2ME applications (Hansen and Bouvin,
009). Its architectural design is similar to that of other hyper-
edia architectures such as the Dexter architecture (Halasz and

chwartz, 1994), the Open Hypermedia System Working Group’s
pen Hypermedia Model (Reich et al., 1999) and Construct (Wiil
t al., 2001).

Gupta proposed the MobiSoC middleware system (Gupta et al.,
009), which is devoted to supporting mobile community-centric
ocial computing applications. The SAMOA middleware described
n Bottazzi et al. (2007) is similar to MobiSoC, although SAMOA is
ser-centric instead of community-centric.

Shriram developed an environment (Community Network)
n which service providers (hardware and network operators)
an publish services and deliver content to users (Shriram and
ugumaran, 2007). This environment offers some security features,
ncrypting the information sent. The environment offers a service
iscovery feature where all services are registered and a query-

ng mechanism to locate services and resources. This system is
esigned to support location-based technologies to personalize ser-
ices.

Davidyuk developed CAPNET (Davidyuk et al., 2004), a context-
ware middleware aimed at managing user context (sensing,
ata processing) and supporting multimedia and communication
ervices, providing developers of media applications with function-
lities to capture images, audio and video. Stavroulaki developed
he DAFNE architecture, an open framework that provides person-
lized services in an intelligent environment (Stavroulaki et al.,

006). Finally, another interesting framework is the Open Mobile
ccess Abstract Framework (OMAF), developed in the MOBIlearn
uropean project (Bormida, 2002) and based on layers of infras-
ructure and application profiles.
nd Software 84 (2011) 1883– 1891 1885

3.3. Frameworks and middleware devoted to mobile learning

There are also some specific frameworks devoted to educational
environments. These learning-oriented frameworks provide func-
tionalities intended to enhance learning through mobile devices.

The first such system is the COMTEXT framework (Zanela et al.,
2009), which is devoted to the design of ubiquitous learning appli-
cations that consider four main elements: the learner’s known
profile and needs, the context (physical, temporal and social) that
surrounds mobile learners, the educational paradigm or model con-
sidered, and the possibilities and limitations of mobile and wireless
technologies. This framework was  designed as a tool for testing con-
cepts related to competence development and ubiquitous learning.
It is a web-based environment that provides access to the following
tools:

• Communication/collaboration: the environment integrates blog,
forum, and email tools as well as access to Skype (used for
synchronous interaction via chats or direct conversation). For col-
laboration, the environment includes mindmap software. These
tools are integrated into the system with direct access.

• Multimedia: access to YouTube to download videos.
• File repository: on-line repository of documents (including maps,

simulations, presentations, demonstrations, a manual about pro-
cesses or procedures, and all types of documents related to the
context of work).

• Assessment: ad hoc assessment system.
• Location: the system supports location determination by GPS, cell

towers, and Wi-Fi.
• Context-management: association of coordinates with names

(called contexts).
• Reminders: this tool reminds the user of some activities but is not

connected to any platform (company, university, LMS  calendar).
The system reminds the user of events but does not provide access
to those events.

Chen developed a simulation of a framework for context man-
agement focusing on the method used to share context (push or
pull based sharing) (Chen et al., 2007). The proposed architec-
ture divides nodes into mobile context managers. These nodes are
organized into an overlay segment-tree virtual network and con-
text providers/service requestors which send/receive contextual
information via the segment-tree virtual network. The mobile con-
text managers not update all topology information in the overlay
network, but they update periodically the information of neighbor-
ing nodes in the overlay network. Authors propose a push-based
approach to handle real-time information and combine pull-
based approach for supporting context-aware environments in
MANETs. The proposed framework can efficiently support context-
aware environments in MANETs. Furthermore, authors propose
two approaches: push-based and pull-based to handle emergency
and services supporting, respectively. The system does not retrieve
any location information, which is outside its scope. These authors
assume that the system will be implemented on a framework that
will implement this feature. This framework does not provide any
educational, collaborative or communication features.

The AGORA (Arrufat et al., 2008) environment provides collab-
oration (chat and photo sharing) features through middleware and
facilitates the development of new applications by a set of plug-
ins that helps to integrate new services into the system. AGORA
architecture can be defined in three main components. In first
place, the plug-in framework allows fast development of appli-

cations as plug-ins. These plug-ins can be packaged, exchanged
between peers and even be installed on the run. This is achieved
thanks to the plug-in manager, which also verifies integrity and
controls plug-in lifecycle. The plug-in framework eases application
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evelopment, whereas middleware offers a rich set of collabora-
ive functionalities. The application level multicast is in charge of
educing group communication overhead. By deploying these three
omponents together, the authors offer a complete solution for
apid application development in MANETs. AGORA’s collaboration
iddleware provides synchronous and reliable communication:

ommunication channels, naming and publish/subscribe services.
his collaboration middleware provides different communication
echanisms as well as group management primitives. Member-

hip information, named communication channels and different
ommunication paradigms are available for plug-ins. The authors
ave also focused on improving communication performance (mul-
icast). This system does not contain location-based features.

Belimpasakis developed a middleware system called “Sharing
iddleware” (Belimpasakis et al., 2008), which allows third party

evelopers to create applications with sharing capabilities while
emaining agnostic regarding the lower level sharing technologies,
rotocols and data transfer interfaces. The goal of this system is
o allow developers to create applications with powerful sharing
apabilities but limited programming complexity. This system pro-
ides a Service Directory that allows users to discover and use other
evelopers’ services. The system supports content with metadata
DublinCore and Digital Item Declaration Language Lite), simplify-
ng content searching. One of the main features of the system is data
haring. This feature is supported by the use of several types of feed
ormats, depending on the environment. UPnP AV is used for the
ome environment, as it supports many electronic devices. ATOM

s used for the Internet domain (e.g., blogs, photo sharing). For the
nterprise domain, the WebDav protocol is used because this pro-
ocol is supported by most distributed storage systems. Using these
eed protocols, users can upload and download content. This sys-
em offers a programming API to simplify programming tasks. It
rovides the sharing middleware with uniform access to a num-
er of sharing protocols, each wrapped in a dynamically registered
lug-in. The plug-ins, in turn, utilize the data transport services
rovided by different access bearers/interfaces. However, the API

s not very intuitive, so it still requires significant effort on the part
f programmers.

Liu developed a Mobile Multimedia Management System that
upports course management, material (including multimedia)
torage and search and self-adaptive content adjustment (Liu et al.,
007). The key parts of the proposed system are the mobile learning
anagement system and the multimedia learning engine. The main

unctions of the mobile learning management system are course
anagement, material storing and searching and self-adaptive con-

ents adjusting. This system includes a mobile instructor system,
hich provides teaching functions used in teacher such as bulletin

oard. The database is used to store teaching content with mul-
imedia format. The system can either send teacher’s voice/video
nformation directly to student by streaming media method, or
llow student select class material from available list stored in
obile database to learning. The multimedia learning engine han-

les the multimedia data transfer between teachers and students
sing the wireless network. It also provides interactive tools (i.e.,
AQ, chat) and a notes system. This multimedia learning engine
lso contains a media player that provides services including mul-
imedia browse, play control, etc. The use of an Mobile Multimedia

anagement System is an important contribution of this work,
lthough it re-uses existing environments rather than developing a
ew educational environment. The most remarkable feature of this

ramework is its real-time multimedia content delivery.
Gang and Zongkai (2005) developed a framework based on two
ayers: the multimedia adaptation layer, devoted to multimedia
anagement (e.g., image size changing, frame dropping of encoded

ideos or cross-media conversion), and the learning object adapta-
ion layer, supporting a LOM extension. This framework is intended
nd Software 84 (2011) 1883– 1891

to provide users with personalized learning objects, depending on
their profiles and locations, adapting multimedia content to the
users’ devices. It is logically divided into two  layers: a multime-
dia adaptation layer and a learning object adaptation layer. The
major components of the framework include the Context Descrip-
tion Manager, Learning Resource Adaptation Engine and Learning
Resource Database. The Context Description Manager exchange
and manage two  types of context information between the learner
client and learning content server: learner context description and
MPEG-21 DIA context description. The former is the metadata infor-
mation about the learner including learner profile, learner model
and learning settings. The Learning Resource Adaptation Engine
consists of two  adaptation sub-engines for the adaptation in every
layer: Learning Object Adaptation Engine and Multimedia Adapta-
tion Engine. The structures of the subengines are very similar. Every
sub-engine comprises two logical modules, Resource Adaptation
Engine and Description Adaptation Engine. Resource Adaptation
refers to the adaptation of learning object or multimedia con-
tent itself, while Description Adaptation refers to the adaptation
of metadata information regarding learning objects or multime-
dia contents. Regarding the Learning Resource Database, there
are four databases in our framework to store learning resource
and related information. Learning Object Database and Multime-
dia Object Database are used to store the real contents in the two
adaptation layers, while Extended LOM Metadata Database and
Digital Item Database are used to store corresponding metadata
information of the contents in every layer. Context Description
Manager receives context descriptions containing environment
constraints and learner preferences from learner client and sends
them to Learning Resource Adaptation Engine. Then the adaptation
engine determines the optimal adaptation operations according to
the given context description and metadata information regard-
ing learning resources. After appropriate adaptations are applied,
the contents of the adapted learning resources are delivered to the
learner and the adapted metadata information is stored back into
related databases.

The objective of the framework described in Tan et al. (2009) is
to integrate a context-aware (location-based) system with a learn-
ing environment. The proposed system is made of three agents that
work and interact in the learning environment: a Learner Agent, a
Location-aware Agent, and a Resource Agent. The Learner Agent
is responsible for reporting students’ location information to the
Location-aware Agent, as well as cooperating with the Resource
Agent to manage the authentic examples. The architecture con-
sists of an installation agent and three adaptable mobile application
computing solutions to accommodate different mobile platforms.
To implement the multi-platform adaptation architecture requires
MIDP2 and CLDC1.1 ready mobile device. With the multi-platform
adaptation architecture, a mobile user need to go to a URL with
the mobile web browser and to download the installation agent,
a J2ME program that can run on any MIDP2 and CLDC1.1 ready
mobile device. The proposed framework uses GPS-based location
to add location data to pictures taken from the learners’ camera
phones. The other contribution of this framework is its integration
of the location-based system with a mobile web-based collabo-
rative creation platform where students can share content with
their surrounding peers. The system automatically creates groups
of students depending on their geographical locations and profiles.

Basaeed proposed an open architecture that facilitates con-
textualization using current widely used web standards (Basaeed
et al., 2007). The architecture consists of three main modules: con-
text sensing (e.g., personal information and personal preferences,

devices, and connectivity), context reasoning, and context delivery.
Context can be sensed either directly (through direct user interac-
tion) or indirectly (e.g., using HTTP headers, historical information,
learner information, device and connectivity type, etc.). The context
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easoning module set variables that control the contextualization
rocess based on the context state. The process is achieved by firing

 set of rules after resolving conflicts. After successful categoriza-
ion, learners with the same experience level are delivered the same
epth of content. The system offers learning objects (LOM-based)
o users depending on their context (e.g., device capabilities). This
roposed framework uses a three-tier, web-based architecture.
o handle the learning context, the system uses three contextual
ategories: learner, device, and connectivity. Each category is sub-
ivided to a set of attributes. These attributes are set directly or

ndirectly to form the current context. Based on the current context,
ttribute-based and stereotype-based rules are applied to set deliv-
ry variables to either a “predefined” or a “collaborative” value. The
earning web is constructed to match the various constraints and
he user’s time limits. Afterward, the context-aware delivery mod-
le forms the GUI and delivers the context-aware content to the
ser. The process of adaptation and delivery is repeated throughout
he learning session. The system does not include sensor-based data
n the user context, so the level of context-based personalization is
imited.

Martin describes an open source framework called M2Learn
Martin et al., 2010), aimed at improving and simplifying the devel-
pment of future mobile and ubiquitous learning applications. This
ramework offers an easy and intuitive API that significantly sim-
lifies the use of many services and sensors, encapsulating their
omplexity. In general terms, the M2Learn framework is designed
o “lower the floor”, i.e., to make it easier to build new mobile
earning applications, and to “raise the ceiling”, i.e., to increase
he ability of designers to build more sophisticated applications.
his dual effect is achieved by transparent sensor data acquisition;
y supporting different location technologies, including GPS, cell
owers, Wi-Fi, remote identification through RFID, motion recogni-
ion with accelerometers, and digital compasses; and by advanced
ontext management. This framework also makes it easier to cre-
te communication, collaboration and assessment modules making
se of existing services in e-learning platforms such as Moodle. The
ramework also simplifies the use of learning objects, such as those
efined with LOM and IMS-QTI, and provides many other services
ostering communication and interoperability between different
ystems. This framework also aims to centralize the student’s e-
ortfolio into a Moodle server by submitting all learning results
nd activities to the Moodle submission service. Thus, regardless
f the application source where the learning experience was con-
ucted (e.g., games, mobile applications, and web-based tools), the
ducator can review and grade all of the students’ activities within
he Moodle platform.

. Discussion

This section compares the above frameworks and middleware
ystems, focusing on the different features each one implements.
he outcome of this analysis is a complete perspective of the state
f the art of frameworks and middleware that facilitate the creation
f mobile and ubiquitous learning applications.

.1. Classification of quantitative data

Based on the previous analysis, Table 1 offers an overview of
ach framework and middleware system, providing information
bout the operating system and underlying programming tech-
ologies for each system. The table also summarizes the main

urpose of the frameworks, fostering a clearer understanding of
ach one.

Table 2 offers a more detailed perspective on the features imple-
ented by each system. This framework comparison uses a binary
Fig. 1. Features implemented in each framework or middleware.

scale to avoid subjectivity in determining the level of implemen-
tation of each feature. Therefore, if the framework implements the
feature, then the cell contains an “×”; otherwise, it is left blank.

4.2. Interpretation

Table 2 provides a global view of the various systems and the
features they contain, but a deeper analysis is required to determine
the differences between architectures for each feature or group
of features. For this analysis, related features have been grouped
together into different categories for analysis.

One conclusion is that the framework introduced by Martin et al.
(2010) is the only framework that supports all of these features.
Fig. 1 presents a visual representation of the features implemented
in the various frameworks.

4.2.1. Support of synchronous and/or asynchronous
communication

Four of the frameworks examined implement communication
and collaboration in some way. The framework described by Zanela
et al. (2009) provides various interaction tools, such as discussion
forums and Skype, but these are in fact just links to external appli-
cations that are not integrated into the framework.

Arrufat et al. (2008) offer both synchronous and asynchronous
messaging between peers, whereas the approach presented by Liu
et al. (2007) only contains synchronous messaging through a chat
service. Finally, Tan et al. (2009) describe a collaboration mecha-
nism that allows students to annotate and publish their work so
other students can see it.

The framework proposed by Martin et al. (2010) integrates ser-
vices from e-learning platforms (Moodle at this stage, although it
could be easily extended to others). This integration allows for the
use of both synchronous tools, such as Moodle chats, and asyn-
chronous features, such as forums and blogs. The use of these
technologies allows students to publish their work, ideas, and expe-
riences in the virtual course environment from a mobile device. This

not only fosters collaboration and communication, but also com-
piles a student’s e-portfolio in the e-learning platform regardless
of the application where the experience took place.
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Table  1
Comparison of operating systems, programming languages and main purposes of frameworks and middleware systems for mobile and ubiquitous learning.

Framework and middleware Operating system Programming technologies Main purpose

Zanela et al. (2009) Windows Mobile Mobile Client: HTML General purpose
Server: PHP, SOAP and XML

Chen et al. (2007) None, it is a simulation None, it is a simulation Efficient context sharing
Arrufat  et al. (2008) Windows Mobile Mobile Client: Visual Basic, C++ & C# Content sharing and social interaction

Server: Java Message Service and Java
Naming Directory Interface

Belimpasakis et al. (2008) Symbian OS Mobile Client: J2ME Content sharing
Liu  et al. (2007) Windows Mobile Not specified Multimedia management
Gang  and Zongkai (2005) Multi-platform Mobile Client: HTML Adaptation and delivery of learning contents

Server: J2EE, Web  Services and XML
Tan et al. (2009) Symbian OS and Windows Mobile Mobile Client: J2ME MIDP 2.0 Content sharing and social interaction
Basaeed et al. (2007) Multi-platform Mobile Client: HTML General purpose

er: PH
ile Cli
er: RE

4

R
m
M
o
a
a

t
s
n
s
u

t
t
n
C
i
t
f
f
t
f
t
t
a
a
a
l
i
c

4

t
c
a
a
a
l
a
g
(
n

a

Serv
Martin et al. (2010) Windows Mobile Mob

Serv

.2.2. Direct context acquisition
Regarding the acquisition of data from sensors (e.g., GPS, WiFi,

FID, motion sensors), four of the systems provide location infor-
ation (i.e., Zanela et al., 2009; Chen et al., 2007; Tan et al., 2009;
artin et al., 2009). However, Zanela’s framework does not support

ther sensors, such as remote identification or motion sensors. GPS
nd cell tower location data are widely available in many mobile
pplications. Thus, many frameworks also implement this feature.

Because other technologies, such as motion sensors, are rela-
ively new to the market, they are not supported in most of the
ystems analyzed here. However, the use of these sensitive tech-
ologies can improve, on one hand, the personalization of the
ervices provided, and on the other hand, the engagement of the
sers in the system through more attractive user interfaces.

Tan et al. (2009) present a research framework that supports
he use of various location methods, including RFID identifica-
ion and QR codes, although the framework is a system that does
ot yet implement these functionalities. Similarly, the proposal of
hen et al. (2007) also accounted for the possibility of integrat-

ng different sensing types, but rather than implementing these
echnologies, the authors propose that the system built over the
ramework will carry out the data sensing. However, Zanela’s
ramework (Zanela et al., 2009) only incorporates location-based
echnologies based on both GPS and Wi-Fi. Finally, the M2Learn
ramework (Martin et al., 2010) supports various types of loca-
ion information (GPS, cell towers, and WiFi), RFID identification
hough RFID, and other sensors such as motion sensors. The avail-
bility of different sensing methods makes the mobile learning
pplications highly versatile systems that can be adapted to almost
ny environment. Applications can range from the development of
ocation-based applications to the transformation of daily objects
nto smart objects through RFID or the creation of immersive appli-
ations through the use of natural interaction with motion sensors.

.2.3. Indirect context acquisition
Six of the studied systems provide some kind of indirect con-

ext acquisition. Basaeed et al. (2007) describe a certain level of
ontext management, proposing the use of inference rules to man-
ge the context information provided by the student’s profile to
chieve more advanced context and service personalization. Gang
nd Zongkai (2005) compiled context including learner profiles,
earner models and learning settings. Tan et al. (2009) proposed

 system of context management centered on the creation of social
roups that depend on students’ locations. Zanela’s framework

Zanela et al., 2009) used physical location data to obtain symbolic
ames, allowing the real-time tracking of movements.

Although several systems carry out some kind of context man-
gement, only the systems developed by Chen et al. (2007) and
P, XML  and Web  Services
ent: Visual Basic, C++ & C# General purpose
ST Web  Services

Martin et al. (2010) allow new context sources to be added and
foster context sharing to support service personalization. In partic-
ular, Martin’s framework (Martin et al., 2010) allows the addition of
new context sources, such as new sensing modules, so that the sys-
tem can be constantly improved. The compiled context is refined
through a set of services that transform location data into postal
addresses and symbolic names. This feature allows location data to
be related to any service or content. This framework also includes
the ContextHub, which allows the users’ context to be shared with
both users and external applications (supporting mashups).

4.2.4. Extensibility and ease of adding new context sources
An important feature in a mobile and ubiquitous environment

is the Service Discovery function, which allows users to find per-
sonalized services according to their current environment. The
frameworks described by Belimpasakis et al. (2008) and Martin
et al. (2010) are the only systems to implement this feature. In par-
ticular, the Belimpasakis framework is designed to provide content
depending on the user’s environment. The M2Learn Service Discov-
ery described by Martin et al. (2010) is implemented through the
ContextualServiceDirectory module that allows services, content,
and learning objects to be associated with specific locations and
times. These features allow for the plug-and-play configuration of
environments, one of the main advantages of the M2Learn system.
An application based on M2Learn automatically changes its config-
uration based on modifications in the ContextualServiceDirectory,
the RSS, or the contextual information from the ContextHub.

4.2.5. Access to learning materials and/or administrative services
Most frameworks provide some content support because mobile

learning developers view content as one of the main pillars of
mobile learning, but few enables the combination of content with
sensor data to provide a value-added service.

Zanela et al. (2009) integrated videos from YouTube with a file
storage system to allow users to share content. Arrufat et al. (2008)
focused on photo sharing, whereas Belimpasakis et al. (2008)
mainly concentrated on enabling content sharing.

In contrast, Liu et al. (2007) focused on multimedia by imple-
menting both a multimedia player and an engine. Gang and Zongkai
(2005) focused on providing content through learning objects,
adapting the content delivery to each user profile.

Tan et al. (2009),  in contrast, sought to foster the creation of col-
laborative content through text and pictures. A similar perspective
is offered by Basaeed et al. (2007),  who  proposed a framework that

allows text and images to be visualized based on the user’s profile.

The framework proposed in Zanela et al. (2009) includes a
reminder service that sends e-mail notifications to users. The inter-
operability of institutional calendars (e.g., academic, enterprise)
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with scheduling or alert systems could considerably improve per-
sonalized self-scheduling, helping to make the user aware of the
main events occurring in the area. To enable this type of func-
tionality, the framework proposed by Martin et al. (2010) uses the
vCalendar format to connect to external calendars, such as the Moo-
dle calendar, so it is almost trivial to make learning applications
aware of course events. This framework also supports the use of
any type of media content, with a focus on the use of LOM-based
learning objects.

Service personalization can be achieved through the use of
mashups that merge the user’s context with external services to
provide value-added applications. The term mashup usually also
includes the use of feed aggregators that personalize the infor-
mation provided to the user, including different feed formats (i.e.,
Atom, APnP AV, and WebDAV), and this is only supported in the
systems developed by Belimpasakis et al. (2008) and Martin et al.
(2010). However, the mashup framework created by Belimpasakis
cannot include geographical location as it does not include location
information, considerably limiting its potential mashup applica-
tions. The M2Learn framework (Martin et al., 2010) supports the
easy development of mashup systems through RSS implementa-
tion together with the ContextHub module, which distributes the
users’ context along with the environment in an XML-based format
to other mobile applications.

4.2.6. Support of e-learning standards and reusability
Support of e-learning standards is fundamental to ensure inter-

operability and reusability of services and resources between
platforms. Only four of the nine systems examined here pro-
vide learning object support, although this is a fundamental
pillar of learning technologies. Thus, the framework proposed by
Belimpasakis et al. (2008) supports Dublin Core based resources,
whereas the systems described by Gang and Zongkai (2005),
Basaeed et al. (2007), and Martin et al. (2010) support LOM-based
objects.

Only the systems proposed by Liu et al. (2007) and Martin et al.
(2010) support interoperability with e-learning platforms. Liu’s
development is implemented using an ad hoc mobile learning plat-
form rather than an existing e-learning platform such as Moodle.
Martin’s framework provides high-level interoperability by allow-
ing for automatic reuse in the mobile learning application of the
learning services used in the e-learning platform, and it also allows
the outcome of the mobile application (e.g., log, result, comments,
experiences) to be integrated within the e-learning platform. This
feature helps to compile the student’s entire e-portfolio in the vir-
tual course, regardless of whether the information comes from an
activity carried out in the virtual course, from a mobile application,
or from a game.

Finally, only three of the studied frameworks provide assess-
ment support. In particular, the framework described by Liu et al.
(2007) gives the students access to assessment materials in a
database. The framework described by Zanela et al. (2009) con-
tains an evaluation module that provides feedback on the level
of competence that the learner has achieved. Martin’s framework
(Martin et al., 2010) supports assessment through the support of
the IMS-QTI standard for questionnaires and test performance.

4.2.7. Open source and API available
Only three of the systems (i.e., Liu et al., 2007; Basaeed et al.,

2007; Martin et al., 2010) are open source, but neither of the first
two provides an API to simplify the development of applications.

Therefore, developers could change the code of these open systems,
but it would not be easy for them to do so, as they would have to
understand all of the existing code to be able to adapt it to their own
requirements. The M2Learn framework proposed by Martin et al.
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2010) is the only open source framework that provides an API to
acilitate the development of new mobile learning applications.

The other framework that provides an API to simplify the devel-
pment of applications is the system proposed by Belimpasakis
t al. (2008).  However, this framework is not open source, so exter-
al developers are not allowed to modify the source code according
o their requirements.

.2.8. Synchrony
All the studied systems, except the ones proposed in Gang and

ongkai (2005),  Tan et al. (2009) and Basaeed et al. (2007),  includes
ome kind of synchrony in their implementation. However, syn-
hrony is a useful feature for some services, such as chats or media
haring, but no in others, such as remote function calls. The use of
ynchrony remote function calls, as in the case of the system pro-
osed by Martin et al. (2010),  can generate performance problems
ecause of connection delays in the mobile networks. This problem
an be avoided using call-backs in the remote calls to functions or
ethods.

.2.9. Privacy
Finally, regarding privacy, none of the studied frameworks pro-

ose any measure to ensure user’s privacy. Probably the main
eason is because all of them are research prototypes, and not com-
ercial systems.

.3. Adoption recommendations

The framework proposed by Zanela et al. (2009) is especially
uitable for developing projects that require collaborative features
n content delivery and evaluation activities. The main disadvan-
age of this system is that extensibility and reusability are very
imited, because the system just provides access to external tools,
uch as YouTube or Skype. Thus, it may  be a good tool for those

indows-based projects that do not require personalization and
re focused on collaborative learning using course content and
ssessment. In contrast, the M2Learn framework (Martin et al.,
010) allows high extensibility by providing and API, being open
ource, following learning standards, supporting feeds, and using
onfigurable indirect context sensing.

Regarding picture sharing, the AGORA environment proposed
n Arrufat et al. (2008) may  be a good candidate for Windows

obile-based projects that require intensive communication chan-
els, because it is designed to optimize multicast communication
erformance. The system proposed by Tan et al. (2009) is also
ocused on pictures sharing among students. This framework is
he only one focused on content sharing that incorporates direct
ontext sharing. Its main added-value is its algorithm for creation
f groups of students depending on their geographical locations
nd profiles. Thus, this framework should be chosen for projects
ith location-aware requirements. In contrast, the “Sharing Mid-
leware” proposed in Belimpasakis et al. (2008) should be used for
hose projects that interoperability is the most important feature.
his framework support a more powerful content sharing using dif-
erent protocols (i.e., DublinCore, Digital Item Declaration Language
ite, UPnP AVV, ATOM, and WebDav), although no communication
ools and sensing are provided. An advantage against the systems
escribed in Arrufat et al. (2008) and Belimpasakis et al. (2008)

s the easiness of extending the system and creating high level
pplications on top of it thanks to the API provided.

The system described in Liu et al. (2007) might be used as Mobile
ultimedia Management for Windows Mobile. Its first disadvan-
age is that it does not make use of the real added-value features
f the mobile devices, such as sensing. The second disadvantage
s that it uses an own platform, making difficult the interoperabil-
ty with existing platforms, such as Moodle, Sakay or Blackboard.
nd Software 84 (2011) 1883– 1891

In  fact, some of these well-known Learning Management Systems
already support web-based access, i.e., multiplatform, through
mobile devices, e.g., Moodle. Thus, most of the researchers might
adopt an existing platform with multi-device support instead of
using an ad hoc solution.

The system proposed by Gang and Zongkai (2005) neither takes
advantage of the location-aware features of mobile devices. It offers
a multi-platform adaptation and delivery service for multimedia
contents. The use of standards such as MPEG-21 DIA  and LOM max-
imize interoperability with other platforms. The system might be
useful for developers that seek to provide personalized multime-
dia contents to their users. The M2Learn framework of Martin et al.
(2010) may  be more useful for those project aimed at providing
personalized services and contents depending on users’ location.
However, M2Learn does not support multimedia content sharing.

Chen’s simulation framework (Chen et al., 2007) may be used
as foundations for further developments in context-aware frame-
works that require high efficiency of data delivery in mobile ad hoc
networks. Chen et al. propose a real-time environment able to sup-
port urgent push-based event dissemination of data to neighboring
nodes.

5. Conclusion

The development of frameworks and middleware to simplify
the development of mobile and ubiquitous learning applications
will accelerate the life cycle of mobile learning projects by helping
developers create applications more easily, focusing on learning
design and educational outcomes rather than on programming.

The present study of the state of the art of the current sys-
tems available for developers provides a comparison of the main
functionalities and features implemented in each. This comparison
will help mobile learning researchers to decide what technology to
use in future developments. A successful choice can reduce project
costs related to human resources, as less time will be used to
develop and test the project.

In conclusion, our analysis indicates a lack of frameworks and
middleware systems devoted to facilitating the creation of mobile
and ubiquitous learning applications. Currently most projects start
from scratch and implement all of their own functionalities.

In addition, most of the frameworks found do not implement
many features or are designed for particular purposes. However,
although some frameworks are designed for general purposes and
implement a wide range of features and functionalities, they do not
offer support for all current mobile platforms and operating sys-
tems, i.e., iPhone OS, Android, RIM and Symbian. Although there are
some web-based frameworks, their functionalities are very limited
because they cannot access sensors.

The final conclusion of this study is that a need exists to more
advanced frameworks that encapsulate the complexity involved
in dealing with different sensors (not just location) and in learn-
ing objects, services, standards and platforms. These frameworks
should be created to obtain the best from new mobile devices,
such as new Smartphones and Tablets (e.g., iPhone, iPad and
Android-based devices), and from new e-learning platforms and
services, allowing developers and educators to focus their efforts
on creativity, learning design, and learning outcomes instead of on
programming complexity.

In fact, as the current mobile market is divided among several
important platforms, i.e., iPhone OS, Android, RIM and Symbian, the
best approach for these new frameworks is probably to implement

these features and functionalities based on HTML5 and Javascript,
so that new mobile learning applications built over them will run in
any platform for years, regardless of the device and platform. Thus,
developers will maximize the potential audience for their projects.
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Finally, privacy is a fundamental issue that is not addressed by
he current frameworks. Further development must be done in the
rivacy and security field to create commercial systems that ensure
sers’ rights.
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