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Abstract. This paper reports an interdisciplinary research project on adaptive 
and pervasive learning environments. Its interdisciplinary nature is built on a 
firm collaboration between three main research domains, namely, instructional 
science, methodology, and computer science. In this paper, we first present and 
discuss mutual, as well as distinctive, vision and goals of each domain from a 
computer science perspective. Thereafter, we argue for an ontology-driven  
approach employing ontologies at run-time and development-time where for-
malized ontologies and rules are considered as main medium of adaptivity, user 
involvement, and automatic application development. Finally, we introduce a 
prototype domain context ontology for item-based learning environments and 
demonstrate its run-time and development-time uses. 
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1   Introduction 

The new computing vision, i.e. Pervasive Computing (PerCom) [1], and technological 
advancements, e.g., Semantic Web, re-organize the way people use and interact with 
the technology. Not surprisingly, learning is one of the domains which closely follows 
such a fundamental shift. Table 1, extended from [2], reflects the shift and the con-
vergence between the learning and the technology. Ubiquity (i.e. pervasiveness), 
personalization, and adaptivity within the context of this paper, are of importance. 

First of all, computing is not predefined to any time or any location anymore, but it 
is rather ubiquitous. PerCom, in succession to the personal computer and main frame 
computing era, allows the user to be served by multiple computers anytime anywhere 
[3]. In this respect, learning is also not limited to predefined times or places since 
people need to continually enhance their knowledge and abilities [4]. On the one 
hand, Computer Assisted Learning (CAL) systems using desktop computers are not 
embedded in the real world and are not mobile, therefore those systems hardly  
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support anytime and anywhere learning [5]. On the other hand, most of the smart labs 
simply remediate the physical space to the classroom. Going pervasive means aug-
menting the physical space rather than re-mediating the physical space to the class-
room [6]. However one should not link PerCom only with informal and open learning 
and ignore the traditional learning environments providing valuable feedback, as-
sessment, etc. mechanisms. It is also needed to enable these systems to be part of 
pervasive environments through reaching rich contextual information and delivering 
their content and functionalities to different settings. 

Table 1. Shift in technology and the convergence between the learning and the technology [2] 

Learning  Technology 
Personalized Personal 
Learner Centered User Centered 
Situated Mobile [Dynamic] 
Adaptive Context-aware 
Collaborative Networked 
Ubiquitous Ubiquitous 
Lifelong Durable 

Secondly, PerCom envisions that computing shall seamlessly immerse into the 
daily life which requires computing systems to be “intelligent” in order to adapt to 
different settings and users, so that users do not realize or bother about the applica-
tions and devices around [3]. On the one hand, absolute focus placed on machine 
control by PerCom vision ignores the importance of user involvement (e.g., 
user/learner control etc.) which is crucial for learning as well as computing in general. 
On the other hand, focus of learning is more on personalization, in order to enhance 
learning and performance [7] by taking into consideration that, learners differ in prior 
knowledge, skills, and abilities, have different demographic backgrounds, and show 
different affective states. Emergence of Pervasive Learning led to a complete under-
standing of adaptivity by considering that the learning systems shall not only provide 
a user-tailored experience through personalization but shall also adapt (to) the setting, 
in which the learner is engaged, through context-awareness.  

These critiques introduce important questions: how do we realize such adaptive 
learning applications and “intelligence”, how “intelligent” will they be, who will take 
the control - learner or system - and how? In order to address aforementioned ques-
tions, we conduct an interdisciplinary research project on Adaptive and Pervasive 
Learning Environments (APLEs). The interdisciplinary nature is built on a firm col-
laboration between three research domains, namely, instructional science, methodol-
ogy, and computer science. In this paper mutual, as well as distinctive vision and 
goals of each domain are presented and discussed from a computer science perspec-
tive. Thereafter, we argue for an ontology-driven approach. Our experience with dif-
ferent learning environments shows us that, adaptations and static reasoning logic are 
embedded in applications in an ad-hoc manner making it difficult to incorporate new 
adaptation and control mechanisms addressing different educational scenarios and 
contexts. As a response, in this paper, ontologies are employed at development time 
in terms of automated code generation by following Model Driven Development 
(MDD) mantra and at run-time together with rules in terms of reasoning, dynamic 
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adaptations and user involvement. We also introduce a domain context ontology for 
item-based learning environments in order to demonstrate the anticipated uses of our 
approach. 

The remainder of this paper is structured as follows. In section 2, the three domains 
and their perspectives on adaptivity are presented. In section 3, a discussion is pre-
sented from a computer science point of view. In section 4 and 5, we speculate on the 
necessity of an ontological approach, introduce a prototype domain context ontology, 
and demonstrate its run-time and development-time uses. In section 6, we present the 
related work and finally we conclude the paper in section 7. 

2   Research Domains 

Considering instructional science: Adaptivity is defined as the capability of a system 
to alter its behavior, according to the learner’s needs and other characteristics [8]. 
Existing research demonstrate that, individualized instruction is superior to the uni-
form approach of more traditional and one-size-fits-all teaching approaches [9]. The 
strong empirical support for the superiority of the individualized instruction has led to 
firm confirmation of the mere value of adapting the learning environment to the spe-
cific needs of the learner. Current research on computer based adaptive systems is 
built upon the research on and the development of Intelligent Tutoring Systems (ITS). 
ITS make inferences about the learner characteristics in order to dynamically adapt 
the characteristics of the environment. Traditional ITS include (1) a learner model 
containing mechanisms to understand what the student knows and does not know 
[10], (2) an expert or domain model modeling content and knowledge to be taught and 
relationships between the domain elements, (3) a pedagogical model encompassing an 
inherent teaching or instructional strategy [11], and (4) the learning environment 
providing the means for the student to interact with the ITS.  Based on the learner 
model, the domain model and the instructional model are adapted to  personalize the 
interaction between the learner and the environment. Adaptive instruction can be 
considered as having tripartite nature: (1) the source of adaptive instruction, that is, 
“to what will be adapted?”, (2) the target of adaptive instruction, that is, “what will be 
adapted?”, and (3) pathways of adaptive instruction, that is, “how to translate the 
source into the target?” Considering the ITS, the typical source can be found within 
the learner [12]. Three groups of individual characteristics can be placed centrally in 
learner models; (1) cognition related such as prior knowledge and learning style, (2) 
affect related such as motivation and confusion, and (3) behavior related characteris-
tics. As a target, typical ITS contain an outer loop and an inner loop, with the outer 
loop describing which task the learner should be doing next, and with the inner loop 
representing the support (e.g., hints). A first and most applied dimension of the target 
of adaptive instruction is the learning material itself [13]. Accompanying support [14] 
and presentation [15] are the examples of other dimensions. The transition from the 
source information to the target information occurs by rule based step analysis, con-
taining ‘if ...-then...’ rules. Adaptive instruction can be offered by changing the degree 
of control which an instructor or learner can be engaged in; full program or instructor 
control, full learner control, shared control [16] and adaptive advisement [17]. Adap-
tive advisement aims at enhancing self regulation skills of the learner while the main 
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goal of the shared control is to enhance motivation of the learner. Accordingly, sev-
eral research questions arise. Which learner characteristics are worthwhile to include 
in the user model? What is the impact of learner control and adaptive learner control 
as an instructional technique? 

Considering methodology: As pointed out, research has shown that adaptive learning 
environments have a positive influence on learning effectiveness. Several adaptation 
techniques, under which adaptive curriculum sequencing, have been implemented in 
ITS in order to create such a personalized learning environment [18]. The practice of 
adaptive curriculum sequencing aims at generating a personalized course, by dynami-
cally selecting the most optimal task at any moment, in order to learn certain knowl-
edge in an efficient and effective way. The manner in which it is implemented de-
pends on the type of learning environment. A distinction can be made between task-
based learning environments, consisting of main problems that are often tackled by 
means of scaffolding problems, and item-based learning environments, consisting of 
simple questions that can be combined with hints and feedback. The focus of the 
methodology domain, in the context of this project, is on adaptive curriculum se-
quencing in item-based learning environments by matching the item difficulty level to 
the learner’s knowledge level. From this perspective, it seems obvious to make use of 
the IRT (Item Response Theory) [19], as it is frequently implemented in CAT (Com-
puterized Adaptive Testing) [20]. IRT is a measurement model that specifies the 
probability of a discrete outcome, such as a correct response to an item, in terms of 
person and item parameters. In CAT, IRT is used to generate an item bank of which 
the item parameters (e.g., item difficulty level) are known and to estimate and update 
a person’s ability, in order to decide on the next item to render. The selection of the 
most appropriate item for persons based on their knowledge level can potentially 
shorten testing time, improve measurement precision, and increase motivation [20]. 
Analogously, applying IRT for adaptive curriculum sequencing in item-based learn-
ing environments could enhance learning and motivation, as excessively difficult 
course materials can frustrate learners, while excessively easy course materials can 
cause learners to lack all sense of challenge and thus to waste time [21]. However, 
differences between learning and testing environments entail several challenges for 
the extrapolation of IRT ideas to item-based learning environments, which are the 
subjects of our research. First of all, the data gathered in learning environments are 
not very well structured as in testing environments due to skipped and not reached 
items, especially if the learner is free to select items. Consequently, one of the chal-
lenges is estimating the item difficulty levels and learner’s knowledge level properly. 
Secondly, while the objective of testing environments is to measure the person’s 
knowledge level as precisely as possible, the objective of learning environments is to 
optimize learning efficiency. This raises several questions: do we select items that 
maximize the measurement precision or do we select more easy or difficult items? 
Would allowing learners to select the item difficulty level of the next item from 
among a number of difficulty levels (i.e. learner control) increase efficiency? If so, 
how do we keep the learning outcome optimal? 

Considering computer science: PerCom aims at the creation of “intelligent” digital 
ecosystems which are seamlessly situated in user's physical environment. Such an 
ecosystem is defined as a collection of loosely integrated, mobile/stationary and 
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autonomous/non-autonomous devices and applications. Higher mobility and autonomy 
are crucial. “Intelligence” for such systems is defined as the capability of being able to 
perceive computing context and to respond collectively, proactively and properly in 
order to maximize the utility of the user [3]. That being the case, context-awareness is 
crucial for PerCom environments since such systems need to perceive elements of the 
changing computing setting and complex relationships between them. Once a con-
crete perception of the computing setting is acquired, dynamics of the setting can be 
re-organized through adaptation. This can be formally defined as a process of media-
tion between the computing setting and the individual/common characteristics, capa-
bilities and requirements of the entities available through the setting (e.g., users,  
devices etc.). We consider adaptivity as a primary relation between context and com-
puting in context-aware computing settings while the user is the primary reference 
point [3]. Context is an open concept characterizing the situation of an entity [22]. It 
can encompass infinite number of characteristics and appropriateness of a context 
dimension is volatile; characteristics being part of the context in one setting could be 
irrelevant in another [23]. Context exhibits particular types of properties [3]. First of 
all, it is a dynamic construct; although some context dimensions are static like name 
of a user, most of the context dimensions like learner knowledge are highly dynamic. 
More importantly, it evolves rather than being regenerated. Secondly, it is relational, 
that is, different types of relationships exist between different context dimensions. In 
this regard, perception is not just about realizing concepts, but also about understand-
ing relationships between these concepts which are necessary to interpret situations in 
a given setting. Finally, it is imperfect because of the ambiguity, irrelevance, impre-
ciseness, and incompleteness of context dimensions [24]. Adaptive behaviors of con-
text-aware systems not necessarily need to depend on the current context rather, these 
systems should be proactive, by making use of both current context and past context 
to predict the future context of the setting. PerCom matures the computational 
grounding of the idea of always on education, removes its technological barriers, 
partially at this stage. It extends existing educational theories such as collaborative 
learning, constructivism, information rich learning environments, self-organized 
learning, adaptive learning, multimodal learning, and a myriad of other learning theo-
ries [25]. PerCom takes part in an experience of immersion as a mediator between the 
learner’s mental (e.g., prior knowledge), physical (e.g., other learners close by) and 
virtual (e.g., learning material) contexts [26]. Accordingly, in terms of software de-
velopment, the general research question is formulated as: how do we effectively 
realize complex APLEs? 

3   Synthesis 

Given these road maps, available links between the three research domains can be 
properly interpreted. The overall research landscape has been extracted and repre-
sented in the Fig. 1. The main discussion will be around the common set; adaptivity, 
learner characteristics, learner control, and mobile computing. 

In the first place, a common understanding of adaptivity, not necessarily a defini-
tion, needs to be constructed. Seemingly the current research in instructional science 
considers the adaptation in terms of personalization which is a process in between the 
learner and the application (e.g., ITS). Educational research should primarily be based 
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on sound educational theories rather than technologically complex ones [27]. But, it is 
also evident that the advancements in the technology should be considered and new 
sound educational scenarios should be created to exploit new possibilities. In this 
context, a user-application (i.e., learner - ITS) view of adaptivity reflects a producer-
consumer model (i.e., classroom model) of computing and learning where teachers act 
as content producers and students act as content consumers. However, we argue for a 
context-computing setting view of adaptivity,  depicted in Fig. 2. In this model, the 
learning process and the setting are adapted to the context while the learner’s charac-
teristics remain in the core of the context. 

 

Adaptivity 
Learner characteristics 

Learner control 
Mobile computing 

Learner motivation 

Ontologies and Models Item characteristics 

 Learner perception 

Learner modelling 

Item sequencing 
Device independent 

 content delivery 

methodology 

intructional science 

computer science 

Context-awarePervasive 
learning 

Item Respose Theory 

 

Fig. 1. Research landscape spanning instructional science, methodology and computer science 

A learning process should not supposed to be supported by a single application, but 
through various applications (e.g., Mashups [28]), and the learning environment 
should not supposed to be accessed solely through browsers or desktop computers, 
but through any device capable for particular scenarios (i.e., not limited to predefined 
devices, interfaces, and modalities). Therefore, adaptivity, in APLEs, should not be 
understood as one-to-one relation between the user and the application, rather as a 
relation between computing setting and the context (see Fig. 2). Therefore adaptation 
in PerCom is not limited to the personalization, rather every entity (even the user) in 
the computing setting needs to be tailored to each other. The learner, that is, the user 
is the central notion in all the three of these research domains. Computer science is 
interested in learner characteristics in broader perspective, by considering any kind 
of information describing the state of the user. Possible characteristics of a user are 
twofold: internal characteristics such as knowledge etc. and external characteristics 
such as gender, age etc. Internal characteristics are usually harder to sense compared 
to the external characteristics [29]. Naturally, instructional science is interested in the 
characteristics of the learner, which are meaningful for the educational process such 
as prior knowledge, motivation etc. The methodology domain has the most specific 
focus on this matter. An accurate estimate of the learner’s ability level is crucial for 
adaptively selecting the most appropriate learning items by comparing the learner 
ability with the item difficulty. Regarding possible categorizations of adaptivity, we 
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propose the following categorization which we described in [3]: (1) context based 
filtering and recommendation of information and services, (2) context based presenta-
tion and access of information and services: e.g., multimodal and dynamic user inter-
faces etc., (3) context based information and service searching: e.g., query rewriting 
for a search for available learning items, (4) context adaptive navigation and task 
sequencing, (5) context based service and application modification/configuration: 
e.g., disabling particular features depending on the capabilities of the target device, 
(6) context based actions: manual, semi-automatic, and automatic, (7) context based 
resource allocation (digital / non-digital). 

 
Fig. 2. User-application versus context-computing setting perspective of the adaptation process 

Learner control leaves an open room in all the three of these research domains. In-
structional science employs shared control, where a learner and a system share the 
control of learning environment and learning process, in different weights in order to 
increase the learner motivation. On top of that, instructional science employs adaptive 
advisement to guide the learner during the educational process and to enhance the 
self-regulation skills of the learner. The methodology domain employs the learner 
control, to increase the motivation of the learner, thereby leading to increased effi-
ciency. Computer science domain constructs its perspective on two particular argu-
ments. (1) Smart technologies should not make people dumb and adapt activities and 
environment to this dumbness [6], and (2) an “intelligent” system cannot take the 
place of a teacher or a facilitator: it can only keep limited dialogue at the level of 
actions, and it has no way of exploring student’s misunderstandings or helping them 
to reach a shared understanding [30]. These arguments find their roots in the impor-
tance of self-regulation skills and the way by which the current “intelligent”  
(adaptive) systems are developed. Since it is the responsibility of computer science to 
provide generic means to realize a variety of different scenarios, a holistic perspective 
is followed, by considering that the control over the environment and the learning 
process might totally be held by the system or the user/learner. Alternatively, it can be 
shared while the final decision is still taken by either the system or the user. In the 
latter case, informative input is provided by the second party through user mediation 
[31] or adaptive user guidance/advisement respectively. Considering adaptive ad-
visement, we argue that, adaptive application behaviors do not necessarily need to 
result in “must”s or “have-to”s, but can also result in “should”s and “might”s, leaving 
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Perceive 

Adapt 

User Application 

Computing setting 
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some degree of control to the user, while providing possible directions and the reason-
ing behind those directions [3]. The system can extend the limits of contextual infor-
mation (i.e., increased user awareness), perceivable by the user’s physical capabilities, 
by serving the collected contextual information to the user, rather than automatically 
adapting itself [3], where incorrect actions might be frustrating [32]. Considering user 
meditation, adaptive behaviors are usually realized by means of  hard-coded and pre-
defined mappings of behavior space to the context space. However, context space is 
usually huge and ambiguous. Therefore, it is not always possible to enumerate all 
context - behavior mappings and ensure the reliability of the behaviors selected. Ac-
cording to the severity of behaviors, systems should mediate the user to decide on 
accuracy of the contextual information or the adaptive behavior, while the ideal case 
is placing less load on the user’s side [33]. 

Increasing ubiquity of the technology definitely opens up new research challenges 
for instructional science and methodology such as, the investigation of new in-
door/outdoor scenarios, or more specifically its effects on psychology and experience 
of the learner such as, motivation and easiness, for instance, while the test environ-
ment is accessed through a small terminal having a small screen size. The mobile 
computing track is mainly driven by the computer science domain. Indeed, it is situ-
ated in PerCom vision and constitutes a sub-space of the original problem. However, 
we believe that within the broader PerCom vision, the notion of mobility should refer 
to mobility of the user experience, thus to the mobility of the learning process, rather 
than to the mobility the device, software etc. Since PerCom environments are not yet 
realized, mobile computing provides ready-to-use infrastructures, without any extra 
investment, for computer science which aims at providing enabling technologies 
compliant with the overall PerCom vision. PDAs and other mobile devices should be 
seen more as extensions, rather than replacement of the existing learning tools, and 
not all kinds of learning content and activities are appropriate for mobile devices [34].  
In this respect, the role of computer science is not only exploring the new technolo-
gies upon which instructional science can build new pedagogic scenarios, but also to 
enable accessibility of available pedagogical scenarios to different context of use. The 
following vision [35] provides a potential roadmap in this respect. It considers devices 
as portals, applications as tasks, and physical surroundings as computing environ-
ments. Based on this vision, the application life-cycle is divided into three parts: de-
sign-time, load time and run time. Criteria and models for each part are defined in 
[35]. Considering design time, it is suggested that, applications and application front-
ends should not be written with a specific device in mind. Applications should not 
have assumptions about available services, therefore abstract user interfaces and ab-
stract services need to be described. The structure of the program needs to be de-
scribed in terms of tasks and subtasks instead of simply decomposing user interaction. 
Considering load time, it is suggested that, applications must be defined in terms of 
requirements and the devices must be described in terms of capabilities. Considering 
run-time, it is noted that, it must monitor the resources, adapt applications to those 
resources and respond to changes. This approach is based on higher abstractions of 
entities, including applications themselves. Indeed, that is how programming evolved 
from machine code assemblers to data structures etc. to cope with the increasing 
complexity. 
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4   Approach 

In PerCom and Adaptive Systems literature, ontologies have an increasing impact. 
PerCom employs ontologies to formalize context and to build reasoning and adapta-
tion mechanisms on top, e.g., [36], in order to provide a context-tailored user experi-
ence. Adaptive learning systems follow the same path and use ontologies as a main 
medium of adaptivity through formalizing user  models, domain knowledge etc. (e.g., 
[37]). On the one hand, adaptive learning systems lack a complete utilization of con-
text, because of their absolute focus on the user, thereby ignoring other contextual 
information. On the other hand, neither PerCom nor adaptive learning systems suffi-
ciently justify the use of ontologies, and available implementations do not properly 
explain (even explore) the full potential. Firstly, although it is claimed that, ontologies 
provide knowledge share and interoperability, which is theoretically true, in practice, 
it is already known that there might be millions of ways to model the world [38]. 
Therefore, it is quite difficult to utilize ontologies for global integration purposes, 
since everyone has her own requirements and perspective. Secondly, ontologies are 
complex and hard to develop, so why should one use ontologies instead of other less 
complex mechanisms (e.g., at meta-data level)? In the followings, we present our 
driving mantra behind the use of ontologies. 

Our approach is based on ontologies and higher abstractions and shaped by con-
crete argumentations, originating from the problem and the solution domains. Ontolo-
gies are not right for everything; they are particularly useful for highly logical, 
knowledge oriented, complex, and domain specific applications, otherwise their pre-
sumed benefits might be lesser than the load of the complexity which they introduce. 
APLEs are highly complex, knowledge-oriented, and logical, therefore ontologies are 
of greater use for their development, maintainability, and sustainability. This is be-
cause, while the traditional applications are designed for a specific and restricted 
context of use [3], APLEs are based on enumerations of possible contexts of use, 
through predefined mappings, between situations in contextual space to behaviors in 
behavior space [39]. Such predefined mappings are built on strong and hard-coded 
logical assumptions (i.e., reasoning logic) and computational procedures, defined by 
developers and embedded in the application. Thus, practically, expert knowledge is 
lost; more accurately, that knowledge is embedded in code ready for architectural 
archeology by someone who probably would not have done it that way [40]. How-
ever, PerCom extends the context space and behavior space to infinity, which makes 
reasoning logic, adaptations, and application knowledge hard to manage. In other 
words, adaptive and pervasive systems are presently developed in an ad-hoc way, 
through encoding adaptive behaviors and static reasoning logic into the application 
code, which in turn, introduces manageability problems and exhaustive development 
overheads. It is hard to implement new adaptation mechanisms at run-time and at 
development-time and there is no real inference and reasoning mechanism. Ontolo-
gies are promising in the sense of their use at run time and development-time [39, 41]. 
Considering run time (i.e., ontology-driven systems [42]), ontologies are of use as 
external knowledge bases over which a reasoning component can reason. Therefore, 
the use of ontologies enables separation of application logic from code thereby facili-
tating the management of reasoning logic and binding between diverse landscapes of  
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contextual space and behavior space [39]. Use of ontologies also provides a unified 
framework of understanding between computers-computers, users-computers, and 
users-users, which in turn, facilitates application development, and user involvement 
both at development and run-time. Considering the development point of view (i.e., 
ontology-driven development [42]), an ontological approach, following MDD mantra, 
can be used to automate application development, which is crucial for rapid and sus-
tainable development of long living APLEs. We provide a review of literature and a 
discussion on context-awareness and adaptivity in relation with ontologies and perva-
sive environments in [3], and speculate on possible merging of ontologies and MDD 
in [39]. 

5   A Domain Ontology and Validation 

In [3, 43], we elaborated a context categorization constructing an upper context con-
ceptualization. The proposed categorization mainly aims at  representing main entities 
of a typical PerCom setting and can easily be formalized as an upper context ontol-
ogy. In this section, we introduce a prototype domain context ontology, based on 
aforementioned upper conceptualization, for an item-based learning environment to 
demonstrate how ontologies can be used to both develop and operate an  APLE. A 
simplified view of the ontology is presented in Fig. 3. It spans the main concepts 
relevant to three domains: (1) learners, (2) devices and (3) learning objects (LOs).  

The idea behind it is adaptive filtering, sequencing and selection of LOs based on 
the learner characteristics , the hardware the user works on, the properties of the LOs, 
and the relationships between the LOs. The presented ontology assumes a pool of 
elemental LOs (i.e., items – subclass of elemental learning object), i.e. representing 
the smallest LOs in terms of granularity, and compound LOs encapsulating other LOs 
through hasChildElementalObject and hasChildCompoundObject properties (sub-
properties of transitive hasSubObject property). Each LO is assumed to have an asso-
ciated goal (might also be compound), and dependencies to other LOs represented 
through hasPrerequisite property (sub-property of transitive hasNecessity property), 
e.g., one cannot access LO A before LO B is completed if LO B is prerequisite of LO 
A. The learner is assumed to have at least one goal connecting her with a set of LOs 
through hasAccessTo property (a LO is accessible to the learner if it is within the 
scope of the learner’s goals) and its role chain axioms (e.g, hasGoalLearner o is-
GoalOfObject -> hasAccessTo) following the hierarchy constructed by the hasChild-
CompoundObject, hasChildElementalObject, hasPrerequsite, and hasChildGoal (sub-
property of transitive hasSubGoal property) properties. A state is maintained for each 
LO - learner and goal – learner pairs. A state represents the overall situation of a 
learner – LO/Goal pair such as availability or complete/incomplete status of a particu-
lar LO for a particular learner. Different types of criteria can be applied through rules 
to set the state data properties. Example rules given in Fig. 4 provide a demonstration: 
the first rule sets the states of all LOs having incomplete child LOs (isSubObjectOf) to 
incomplete, and the second rule sets the states of all the LOs having incomplete pre-
requisite LOs (isNecessityOf) to non-available. Similar rules together with OWL axi-
oms (e.g., transitive, role chains etc.) are employed also for adaptation in terms of  
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gradual filtering, sequencing and selection of items. Ontologies and rules also provide 
capability of explaining why a particular decision is taken (i.e. feedback) [44], for 
instance, providing learner with a dependency list or a prerequisite tree when learner 
wants to access a LO before completing all its prerequisites. 

 

Fig. 3. A prototype domain context ontology visualized with Ontology Definition Meta-model 

A session is maintained for each connected LO - learner pair in order to keep track 
of the learner – LO interaction through the learning cycle. We exemplified two types 
of elemental and disjoint LOs, namely, multiple choice and true false items. Learner 
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is assumed to have multiple attempts, which might happen in different sessions, for 
each item through the learning cycle. Therefore each attempt for each learner - LO 
pair is also maintained.  

 

[rule1: (?l type Learner) (?st type State) (?st_any type 
State)(?obj type Object) (?p type Object) 

(?l hasAccessTo ?obj) (?obj hasSubObject ?p) (?st  
isStateOfLearner ?l) (?st isStateOfObject ?obj) (?st_any 
isStateOfLearner ?l) (?st_any isStateOfObject ?p) 
(?st_any stateIsCompleted 'false')  

-> (?st stateIsCompleted 'false')] 

[rule2: (?l type Learner)(?st type State) (?st_any type 
State) (?obj type Object) (?pr type Object) 

(?l hasAccessTo ?obj) (?obj hasNecessity ?pr) (?st  
isStateOfLearner ?l) (?st isStateOfObject ?obj) (?st_any 
isStateOfLearner ?l) (?st_any isStateOfObject ?pr) 
(?st_any stateIsCompleted 'false')  

-> (?st stateIsAvailable 'false')] 

Fig. 4. Two example rules setting the state properties for each connected learner - object pair 

The ontology is formalized with OWL 2 Web Ontology Language and visually de-
signed with UML through Ontology Definition Meta Model (ODM) of OMG. We 
used OWL2UML plug-in of Protégé for ODM. 

 

Fig. 5. Example transformation of an OWL ontology to the relational database schema 

Pellet reasoner and Jena generic rule engine are used for OWL DL reasoning (e.g., 
subsumption and realization) and advanced rule based reasoning (Fig. 4) respectively. 
The transformation of an OWL ontology into its corresponding software artifacts 
enables rapid development of a fully fledged application and its re-engineering in 
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emergence of structural changes (i.e., requirement adaptability) which cannot be han-
dled through run-time adaptations. The transformation of OWL ontology to a  
relational database schema is demonstrated in Fig. 5. Cardinality constraints are rep-
resented through one-to-one, one-to-many and many-to-many entity relationships. 
The transformation of ontology to application code is demonstrated in Fig. 6. In this 
example, Java interfaces and blocker methods are used for representing sub-classes 
and disjoint classes respectively (since the return types of blocker methods are differ-
ent, a class cannot implement both, e.g., IntConcept and IntItem, interfaces).  
 
interface IntLObject{} 

interface IntCompoundObject extends IntLObject { 

          IntCompoundObject block_1(); } 

interface IntElementalObject extends IntLObject { 

          IntElementalObject block_1(); }  

interface IntItem extends IntElementalObject {}  

interface IntMultiChoiceItem extends IntItem { 

          IntMultiChoiceItem block_2(); } 

interface IntTrueFalseItem extends IntItem{ 

          IntTrueFalseItem block_2(); } 

class LObject implements IntLObject {} 

class CompoundObject extends LObject implements  
IntCompoundObject {} 

class ElementalObject extends LObject implements  
IntElementalObject {} 

class Item extends ElementalObject implements IntItem {} 

class MultiChoiceItem extends Item implements  
IntMultiChoiceItem {} 

class TrueFalseItem extends Item implements  
IntTrueFalseItem {} 

Fig. 6. Example code demonstrating OWL ontology to Java code transformation 

The domain ontology, and transformations (Java and SQL) are available online, 
see http://itec.svn.sourceforge.net/ , we refer the reader to section 6 and its references 
for more elaborate information on mapping rules and transformation algorithms. 

6   Related Work and Discussion 

In this section, related work and a discussion on logic reasoning and transformation of 
OWL ontologies into application code and database schema will be presented. 
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Considering OWL and reasoning: OWL is divided into three sublanguages, OWL 
Lite, OWL DL, and OWL Full with an increasing expressivity and complexity. OWL 
DL guarantees computational completeness and decidability, but, OWL Full does not. 
OWL DL is an optimum choice, however, it has some particular shortcomings. Since, 
in general, ontologies are limited by the reasoning capabilities, integrated with the 
form of representation [45], some of which are mentioned in the following [46]. OWL 
follows Open World Assumption (OWA) and employs monotonic reasoning, while 
logic programming employs Closed World Assumption (CWA) and employs non-
monotonic reasoning. CWA considers statements, which are not known to be true, as 
false (i.e. negation as failure - NaF) while OWA, in contrast, states that statements, 
which are not known to be true, should not be considered false. OWA does not allow 
old facts to be retracted and previous information to be negated because of new in-
formation acquired. Furthermore, OWL does not allow use of higher relational  
expressivity (e.g., composite properties), higher arity relationships, and integrity con-
straints and exceptions (which are non-monotonic). Therefore, OWL is required to be 
integrated with logic programming and rules. We have realized higher arity relation-
ships through introducing intermediary concepts. Jena realizes a weak negation (i.e. 
NaF) through providing an operator only checking the existence of a given statement 
and provides an operator to remove statements. Although ontology layer of the Se-
mantic Web has reached a sufficient maturity, the logic and rule layer is still under 
progress, e.g., [46, 47].  

Considering transformations of OWL to application artifacts: on the one hand, 
there exists some fundamental semantic differences between OWL and object ori-
ented systems (OOS), database systems (DBS) etc. [48], implying that, not all ontol-
ogy constructs can (easily) be mapped into respective artifacts. On the other hand, 
there exist a compromise between decidability and expressivity during the develop-
ment of the ontology in terms of reasoning and automated code development. This is 
because, trying to model every construct related to OOS and DBS might break the 
decidability of the ontology. However, not every ontology construct is required to be 
transformed since a part of them will be only required for reasoning purposes. For 
instance, number restrictions (e.g., cardinality) cannot be defined on non-simple roles 
(e.g., transitive) [49]. There exists few works demonstrating how OWL constructs can 
be mapped into respective Java and SQL constructs thereby enabling the transforma-
tion of ontologies to Java and SQL [48, 50, 51]. In this respect, use tools and experi-
ence in mature MDD field is important. The ODM initiative of OMG (see 
http://www.omg.org/spec/ODM/1.0/) puts an important step towards integrating these 
two paradigms by allowing the development of OWL ontologies through UML.  

Considering adaptive systems and learning: on the one hand, available adaptive 
hypermedia applications [52, 53] mostly deals with adaptation techniques and do not 
present an elaborate methodology for realizing such techniques and applications from 
a software engineering point of view. On the other hand, existing work employing 
ontologies in (adaptive) learning domain, e.g., [37, 54, 55], only targets the run-time 
use of ontologies and do not report the extent they suffer from the immatureness of 
the logic layer of the Semantic Web. The work presented in this paper addresses these 
concerns in order to construct a practical methodology for development of APLEs. 
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7   Conclusion 

In this paper we introduced an interdisciplinary project targeting adaptive and perva-
sive learning environments. PerCom vision manifests an unobtrusive, anytime and 
anywhere user experience which requires expansion of the personalization era to the 
context-awareness era. Under this unitive vision, learning process should be immer-
sive and contextualized along with the computing process. Contextualization and 
immersion of  computing  require new approaches for software development and 
management. Therefore, in this paper, we argued for an ontology based approach, 
employing ontologies at development-time, in terms of automated code generation, 
and at run-time together with rules, in terms of reasoning, dynamic adaptations, and 
user involvement. Finally, we presented a demonstration based on a prototype domain 
ontology. The future work will involve ontology-driven development of an ontology-
driven APLE. 

Acknowledgments. This paper is based on research funded by the Industrial Re-
search Fund (IOF) and conducted within the IOF Knowledge platform “Harnessing 
collective intelligence in order to make e-learning environments adaptive” (IOF 
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