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ABSTRACT


The field of context-awareness is continually advancing due to the proliferating and 
 ubiquitous nature of mobile computing technologies. Such advancements are also 
 evident in the field of context-aware learning systems. Many context-aware 
 learning systems are mobile learning environments, which are used in a wide range 
 of educational settings and adapt to learners’ ever-changing environmental context.  


The works presented in this dissertation provide a glimpse into the research 
 field of context-aware learning. The development of the overview of this field 
 began with the building of a preliminary context-aware adaptive learning system. 


The challenges discovered during the creation of the preliminary system 
 demonstrated the need for a systematic, comprehensive review and analysis of all 
 of the literature in the field of context-aware learning. This resulted in the creation 
 of a literature review framework, which was then applied in order to analyse the 
 context-aware learning field from 2009 to 2015.  


The literature review analysis, in turn, led to the creation of a framework for the 
 development of context-aware learning systems. This context-aware learning 
 system framework was designed to provide structure and repeatability, two main 
 issues in the field uncovered during the literature review. The context-aware 
 learning system framework allows for the creation of any number of varied context-
 aware learning systems. The components of the framework are intended to be 
 repeatable and can be adapted to systems with a variety of learning objectives and 
 hardware and setting requirements. 


The context-aware system framework was successfully implemented in two 
prototypes: the Knowledge Inference Training Terminal (KITT) and the Pathogen 
Outbreak Prevention Instruction System  (PORPOISE). Both the KITT and the 
PORPOISE were successfully evaluated through two separate evaluation studies, 
which produced very favourable results. Both systems also received very high 
scores in terms of overall effectiveness and usability, demonstrating the 
framework’s capabilities as a valid research and programming tool. 



(10)The final section of this dissertation discusses possible directions for the field of 
 context-aware learning systems. Future directions of the field, as well as possible 
 drawbacks and constraints related to integrating cloud computing into context-
 aware learning systems, are discussed. Overall, this dissertation demonstrates not 
 only the merits of context-aware learning technologies, but also the bright future of 
 context-aware learning systems.  
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1 INTRODUCTION


This dissertation highlights the journey of discovery along a research path towards 
 a better  understanding of context-aware learning systems. It contains material 
 presented or described in a number of journal papers, book chapters and 
 manuscripts written by the author, and it summarizes their findings. 


Context-aware learning systems are mobile learning environments used in both 
 formal and non-formal educational settings that adapt based on the device’s—and, 
 thus, the learner’s—ever-changing environmental context. These context-aware 
 learning systems may be standalone devices or may involve a number of server-
 based resources, all accessible via a user interface. The creation of these context-
 aware systems involves various types of technologies. These include, but are not 
 limited to, a myriad of sensor technologies, wireless (IEEE 802.11XX) technologies, 
 and microprocessors and user interfaces. Thus, the means by which a learner’s 
 context is detected can vary greatly from system to system. 


The origins of context-aware expert systems can be traced back several decades. 


One of the precursors of context-aware expert systems was ubiquitous computing. 


As early as the 1980s, ubiquitous computing was described as computing in which 
 sensors and computational elements are embedded seamlessly into everyday 
 objects (Weiser, Gold, & Brown, 1999). Ubiquitous computing provided the 
 foundation for ubiquitous learning, an educational paradigm that focused on the 
 needs and dynamics of learning (Cope & Kalantzis, 2008). In turn, ubiquitous 
 learning led to context-aware ubiquitous learning, which can be described as a 
 means for integrating context-aware technologies and allowing them to detect and 
 adapt to the varying situations and contexts of learners in the real world (Hwang, 
 Yang, Tsai, & Yang, 2009). 


To achieve the aforementioned contextual learning, a learning system  may be 
 paired with a knowledge base and an inference engine from an expert system. An 
 expert system is a computer program designed to achieve the same results as actual 
 experts in a particular domain or field (Franklin, Carmody, Keller, Levitt, & Buteau, 
 1988). In 1989, Levi argued that one of the key benefits of expert systems is that they 
 are potentially more accurate than human experts, since they do not suffer from the 
 types of negative issues that may affect human performance. Levi (1989) further 
 suggested that, given this increased accuracy, expert systems could surpass the 
 performance of both human experts and statistical models. Yet, dealing with expert 
 systems involved certain practical problems (Kusiak, 1989). Kusiak (1989) 
 acknowledged the difficulty of formulating a model (which could be used in an 
 expert system) that relies on easily available data and that, in turn, can be easily 
 solved. 


In 1987, Kusiak defined two distinct types of expert systems: the stand-alone 
system and the tandem expert system. A large percentage of existing expert 



(22)systems can be classified as stand-alone expert systems. These systems involve 
 straightforward procedures that use problem-specific data and constraints to 
 provide solutions. The other type of expert systems, tandem expert systems, are 
 similar to stand-alone expert systems, but are linked to a database containing 
 various models and algorithms (Kusiak, 1987, 1989). Such tandem expert systems 
 can be considered adaptive; that is, they modify themselves to suit the problem 
 using various models and diagrams (Kusiak, 1987, 1989). The tandem expert system 
 was one of the predecessors of the systems found in this dissertation. 


In the early 1990s, McBryan et al. (1990) described a novel and quite 
 revolutionary implementation of an expert system that interacted with flight 
 avionic sensors to provide a link between the mission computer, the sensors and 
 the pilot. Specifically, the sensor management expert system permitted sensor data 
 and target data to be displayed to the pilot (McBryan et al., 1990).  A few years later, 
 in his work on more specific and smaller-scaled sensors, Cooper (1994) suggested 
 the application of sensors that could be linked to expert systems as a means for 
 automatic sensor data processing. Cooper (1994) believed that multiple sensors 
 could improve the overall performance of rate-responsive pacemakers by 
 developing a set of rules combining activity and minute ventilation sensor inputs 
 (Cooper, 1994). These types of rules are central to expert systems, which are based 
 on conventional reasoning methods and knowledge representation schemes (Chen, 
 1994). 


Today, mobile computing devices possess an ever-increasing set of powerful, 
 yet inexpensive embedded sensors that can aid mobile learning technologies. Tan et 
 al.  (2009) described a location-based framework for mobile learning using such 
 compact devices. Yet, for years, a common concern among researchers was that the 
 addition of the hardware necessary for a mobile application could reduce mobile 
 devices’ overall compactness (Tan et al., 2009). The current miniaturization of 
 smartphones has significantly alleviated this concern. Therefore, it seems that 
 technology is acting as a driving force in the research in this field. Ever-increasing 
 device computational power and an ever-decreasing technological footprint have 
 made advanced context adaptation and personalization in mobile computing 
 research an ever-increasing reality. It, therefore, should come as no surprise that the 
 miniaturization of sensors have made mobile devices more attractive to users 
 because of their portability, small size and computational capabilities (Stratulat & 


Popa, 2011). Indeed, the usage of sensors is becoming more and more widespread. 


In 2009, Won et al. described a system that utilized sensors to identify fastening 
 tools and bolts. The expert system used a variety of gyroscopic sensors to calculate 
 tilt angles and correctly identify bolt types (Won et al., 2009). These ubiquitous 
 sensors include accelerometers, digital compasses, gyroscopes, GPS receivers, 
 microphones and the ever-present digital camera (Lane et al., 2010). 


From combining wireless sensor networks with expert systems to improve 
bomb detection (Prabhakaran, Sharon Rosy, & Shakena Grace, 2010) to accurately 



(23)measuring pH levels in specific samples (Capel-Cuevas, Pegalajar, de Orbe-Paya, & 


Capitan-Vallvey, 2012), the technological front is moving forward. Recent 
 technological advancements are rapidly overcoming previous drawbacks, such as 
 the lack of computational power and memory (Capel-Cuevas et al., 2012). In fact, 
 the range of context-aware systems is ever-increasing, from context-aware systems 
 for natural science courses (Chu, Hwang, Tsai, & Tseng, 2010) to adaptive personal 
 fitness systems (Kranz et al., 2013). However, the context of the user is not the only 
 variable relevant to context-aware systems. For example, El-Bishouty et al. (2010) 
 proposed a system that adapted to the user’s location (context) and best-matched 
 peer helpers. Similarly, Liu and Hwang’s (2010) and Huang, Yang and Liaw’s 
 (2012) applications of context-aware learning utilized both context and additional 
 student-specific information. Such combinations of sensor and additional data are 
 performed by an inference engine: a component of the expert system. The inference 
 engine is designed to find and match rules satisfied by the current contents of the 
 data store (Singh & Karwayun, 2010). Inference engines are becoming more widely 
 used. For example, in 2014, Hwang (2014), proposed a framework for smart 
 learning environments utilizing an inference engine and learning tools. With a 
 similar focus on learning, in 2015, Huang and Chiu (2015) proposed a framework to 
 evaluate context-aware mobile learning based on meaningful learning. The research 
 presented in this dissertation takes a different focus than previous works, 
 emphasizing the need to increase technical details in order to build a framework for 
 context-aware learning systems. 


The first chapter of this manuscript introduces the rationale behind the research 
 presented in this dissertation. The second chapter discusses the main driving forces, 
 or research questions, guiding the research. The research path taken in this 
 dissertation is presented in the third chapter (Early stages: Initial development and 
 considerations). This chapter offers a brief introduction to the field of context-aware 
 learning. However, in order to proceed beyond the early stages of this research and 
 move further down the research path, as described in chapter three, it was 
 necessary to develop a better understanding of the field of context-aware learning 
 systems. The best way to gain a better understanding of any field of study is to 
 perform a comprehensive review of the current state of the research in said field: 


that is, to perform a literature review. Any literature review begins with developing 
 a suitable way to identify  appropriate journals and papers with which to catalog 
 and perform the review. The challenge uncovered when commencing the literature 
 review of context-aware learning systems, however, was the lack of a pre-defined 
 research area specific to context-aware learning systems. The solution presented in 
 chapter four outlines the development of a literature review framework for 
 selecting papers and establishing a structured and repeatable analysis of the field. 


The lack of accepted definitions and structure appears to be a common issue in 
context-aware learning systems research. Indeed, another missing component 
uncovered along the research path was a lack of a formal pre-defined scaffold on 



(24)which to design and build existing context-aware learning systems. This lack of 
 structure represented a considerable obstacle in being able to delve into the deeper 
 waters of the field. As a proposed solution, chapter five depicts the creation of a 
 framework for context-aware learning systems capable of providing much-needed 
 structure to the field. The framework was devised from both knowledge drawn 
 from the literature in the field and repeated aspects of systems uncovered during 
 the literature review. The generic framework allows for the creation of any number 
 of varied context-aware learning systems. The components of the framework are 
 intended to be repeatable and can be adapted to suit a great number of different 
 learning systems, allowing the systems to vary in terms of both intended learning 
 objectives and hardware and setting requirements. The context-aware learning 
 framework is then evaluated in chapter six via the creation of two main systems, 
 which are themselves evaluated in real-world scenarios for both their effectiveness 
 as a learning tool and their relative ease of use.  


The future direction of the research path has yet to be determined. The final 
chapter shines light on the path ahead by reviewing which road signs we have 
passed and which possible future roadmaps the research on context-aware learning 
systems may use. 
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2 RESEARCH QUESTIONS AND DESIGN


Although the point of the journey is not always to arrive, when it comes to scientific 
 research, there are objectives along the path that are worthy of notice. The research 
 path described in this dissertation has four main objectives in the form of research 
 questions, all centered around context-aware learning. These objectives provide the 
 landmarks for the research path and describe the goals of the research and the 
 direction taken. 


The first objective is to introduce an adaptive approach for learning in mobile 
 settings. This approach considers both learners’ learning style and their context 
 information to determine the most appropriate learning format for each learner. 


The second objective is to design and implement a framework for identifying trends 
 present within the published literature on context-aware mobile learning systems. 


The third objective, which builds on lessons learnt from the previous objectives, is 
 to design, implement and evaluate a framework for the creation of generic context-
 aware systems. The fourth and final objective is to present and discuss concerns 
 regarding the potential future technological directions of context-aware learning. 


Table  1  summarizes the research questions asked and answered in this 
 dissertation and discusses the various methods used to answer the questions. 


Additionally, Table 1 shows the various papers that encompass the research goals 
 and identifies the chapters in which the associated papers are located. 


Table 1. Associations between research questions, papers, methods and chapters
 Research question Addressed in 


paper(s) Methods used to answer 


research question Chapter
 Q1


How can one provide adaptiv-
 ity in a mobile setting based 
 on a learner’s particular learn-
 ing style and contextual infor-


mation?


1 Software development, 
 implementation and 


evaluation 3


Q2


How can a framework be de-
 signed and evaluated to identify 


current trends in context-aware 
 learning systems?


2 Framework develop-


ment and literature 


analysis 4


Q3


How can one design, imple-
 ment and evaluate a generic 
 framework for context-aware 


learning systems?


3,4,5


Framework develop-
 ment, followed by 
 software and hardware 


development, imple-
 mentation and evalua-


tion


5,6


Q4


What does the future hold for 
 context-aware learning sys-
 tems, and what are the possi-


ble issues?


6 Literature review on the 
 integration of new 


types of technologies 7



(26)The research work comprising this dissertation was conducted from 2014 to 
 2017 and performed in Canada. The four years of work presented herein defines a 
 path which includes the creation of frameworks, numerous prototypes and system 
 evaluations. It is also an immersion into the waters of private industry: where 
 collaborations with industry professionals are required not only to provide insight 
 into the knowledge aspects of various systems, but also to test systems in real-
 world situations. As a general rule, the entire system development process 
 incrementally built on the strengths of previously developed systems. This 
 produced a final cumulative framework for context-aware learning systems based 
 on knowledge learnt from the trials and tribulations of each successive iteration 
 (Figure 1). 


Figure 1. Development of final research questions


Research Question 1: How can one provide adaptivity in a mobile setting based on a 
 learner’s particular learning style and contextual information? 


This was the initial research question that led to the main research topic of a 
 framework for context-aware learning systems. It plays a key role in understanding 
 what processes take place and what is required to  identify the key aspects 
 necessary for the development of a context-aware framework, addressed in the next 
 research question. 


In order to properly address the first research question, a system was designed 
 and evaluated which considered two aspects of the learner: 


1. The learner’s learning style, as defined by the Felder-Silverman learning 
 style model (FSLSM) (Felder & Silverman, 1988).   


2. The context of the learner in terms of environmental context parameters. 


For the purposes of this research question, a system was developed on a 
platform built from standard off-the-shelf mobile iOS hardware. The system’s 
software comprised a series of components, including an adaptive engine, an 
account manager and a learning style model questionnaire. 



(27)A course on astronomy was developed and recorded in a number of formats (e.g. 


audio, video, text) in order to test the effectiveness of the adaptive system. The final 
 evaluation of the system demonstrated that the application improved participants’ 


subject matter comprehension by 23%. 


Research Question 2: How can a framework be designed and evaluated to identify current 
 trends in context-aware learning systems? 


Given the many gaps in the extant research uncovered while answering the 
 first research question, a systemic analysis of the state of context-aware research 
 was required to better understand the field. The rationale behind this second 
 research question is twofold. First, answering this question provides an over-
 view—and, thus, a solid definition—of the domain of context-aware learning 
 systems between 2009 and 2015 (inclusive). This gives the reader a solid foundation 
 from which to view the entire domain and, thus, the work presented in this 
 dissertation. The second rationale for answering the second research question is 
 that the creation of a framework to identify current trends in context-aware 
 learning systems will allow future researchers to apply similar methods and 
 analyses. Such a framework will permit researchers to investigate trends beyond 
 the publication of this manuscript and provide a foundation on which to base 
 future literature reviews. 


Paper II details the literature review framework and applies the framework to 
 the top 20 journals in education technology and context awareness. Paper II then 
 presents  and analyses the findings of the framework. Additionally, although not 
 included in the published paper due to length restrictions, this dissertation will 
 include the rationale and methods to select journals and papers prior to the 
 application of the framework.  


Research Question 3: How can one design, implement and evaluate a generic framework for 
 context-aware learning systems? 


Once the systemic literature review was completed, the resulting analysis 
indicated a need for a system framework capable of providing technical details on 
the creation and layout of context-aware learning systems. This, then, set the stage 
for not only the creation of the framework, but also the application of the 
framework in two systems. The first system, which was designed primarily to 
prove the concept of the framework, was called the Knowledge Inference Training 
Terminal (KITT). KITT was created to provide real-time driver advice and training 
based on the inputs of numerous sensors both inside and outside a travelling 
automobile. The onboard system would then advise the driver of potential safety 
issues or hazards on the road ahead. 



(28)The second and much more in-depth context-aware learning system was the 
 PORPOISE, or Pathogen Outbreak Prevention Instruction System. PORPOISE 
 provided real-time information about the potential risks and contaminations of 
 pathogens, given the context of the learner’s proximate medical environment 
 (primarily long-term care facilities). Therefore, the PORPOISE system was designed 
 as a live training tool to not only train, but also refresh already knowledgeable staff 
 within long-term care facilities. A detailed description of both the framework and 
 the two implementations can be found in Papers III, IV and V. 


Research Question 4: What does the future hold for context-aware learning systems, and 
 what are the possible issues? 


With the culmination of the context-aware framework and the successful 
 publishing of the paper, the next logical step was to determine which direction the 
 framework and the technology may take. This led to an investigation of the 
 potential drawbacks of stand-alone systems in terms of both storage capacity and 
 computational capabilities. Therefore, the final research question represents a 
 question asked in most academic papers: What is  the future direction of the 
 research? This directed the investigation toward the possibility of implementing 
 cloud computing within the educational domain and, thus, context-aware learning. 


It also led to an exploration of the possible challenges in this field. The potential of 
 this field is indeed great, with the tantalizing possibility of limitless computing 
 power for processing more and more complex sensor data. However, there are also 
 several drawbacks, which are covered in the final paper (paper VI) of this 
 dissertation.   


   



(29)
3 EARLY STAGES: INITIAL DEVELOPMENT


The path towards a framework for the development of context-aware learning 
 systems started with the integration of two fields: context awareness and mobile 
 adaptive learning. 


Paper I described an iOS-based system designed to evaluate an adaptive 
 approach for learning in mobile settings. The adaptive system considers learners’ 


learning styles and context information in order to determine the most appropriate 
 learning format to present to each learner. Compared to the ultimate end goal of 
 this research, the system itself was relatively simplistic; however, it proved very 
 valuable in determining the potential and possible future applications of the 
 technology. 


The developed system taught a lesson (specifically created for this research) in 
 astronomy, which was presented to the learner in a way that best suited both the 
 learner’s context and his/her learning style. At first, the learner was presented with 
 a standard Index of Learning Style (ILS) questionnaire (Felder, 1997) comprising a 
 series of 44 questions created by Felder and Soloman (1988) to identify users’ 


learning styles based on the Felder-Silverman learning style model (FSLSM). These 
 questions yielded a score representing a learner’s preference for one of the eight 
 learning styles. 


Then, the adaptive engine assumed control, using the aforementioned ILS score 
 and sensor data from a small number of built-in iOS device sensors to provide the 
 course material in an appropriate format. There were three basic formats: audio, 
 video and text-based. The format was initially presented based on a learner’s ILS 
 score; however, the presented learning format would then switch depending on the 
 presented context. The context comprised the user’s movement, the user’s location 
 and the ambient light conditions. 


Although quite simple in terms of actual context, the system was quite effective 
 at adapting the lesson to a learner’s changing context. To determine the context, the 
 system used the GPS, movement and light sensors already present within the iOS 
 device. The adaptive engine merged the values of the ILS with the preferences 
 provided by the content to display the optimal lesson format to the learner. 



3.1 EVALUATION


Although a single prototype of the device was successfully created, due to the 
necessity to test numerous learners, an alternative was needed to obtain and 
distribute 45 mobile devices. It was decided to utilize the iOS simulator on the OSX 
platform in order to evaluate the adaptive learning portion of the system based on 
the ILS questionnaire.  



(30)For testing, 45 senior high school students participated in the study as part of 
 their non-graded computer science classwork. The students were tested before 
 using the adaptive lesson system and then re-evaluated after using the system. The 
 pre-test and post-test quizzes comprised the same set of 20 questions on basic 
 astronomical principles, listed in a different order. All of the questions posed in the 
 quizzes were covered as content within the course. After the pre-test, the students 
 did not receive feedback on whether their answers were correct or not. Therefore, it 
 is possible that the students’ post-test scores were equal to or even lower than their 
 pre-test scores. 


For the pre-test, the mean and median score for all 45 students participating in 
 the study were both 13 (out of 20), with a standard deviation of 3. For the post-test, 
 the mean score was 16 (out of 20) with a standard deviation of 3, and the median 
 was 17 (out of 20). Since the average score obtained in the pre-test was 13 (out of 20) 
 and the average score obtained in the post-test was 16 (out of 20), the average 
 improvement was 3 marks out of 20. These three marks represent an improvement 
 of approximately 23% of the pre-test quiz score. 


The creation and evaluation of the prototype provided the means of answering 
 the first research question (Table 1): How can one provide adaptivity in a mobile 
 setting based on a learner’s particular learning style and contextual information? As 
 demonstrated by the results, in this study, the learners’ particular learning styles 
 were evaluated, and the created system successfully adapted to each learner by 
 implementing the ILS questionnaire. The prototype was further able to adapt to the 
 learners’ ever-changing contexts via the device’s onboard sensors. 


Although this research found very positive results in terms of system viability, 
 it also uncovered a lack of any accepted framework for developing context-aware 
 learning systems. This finding set the stage for the remainder of the research 
 presented within this dissertation. Specifically, the first step was to research all 
 existing findings concerning context-aware learning systems. This research became 
 the basis for Paper II: A Classification Framework for Context-aware Mobile 
 Learning Systems. 


   



(31)
4 BACKGROUND: LITERATURE REVIEW  FRAMEWORK 


As was uncovered during the research conducted in Paper I, there seemed to be a 
 lack of any accepted means of identifying papers pertaining exclusively to (or, at 
 the very least, involving) context-aware learning systems. A thorough 
 understanding of the current state of research is necessary to understand and 
 potentially advance any field. Thus, to adequately set the stage and the background 
 for the research, a suitable overview of the current literature in the research field 
 was required, and concise and repeatable method for correctly evaluating the 
 current state of the research on context-aware learning systems was needed. The 
 identified lack of any such method gave rise to the second research question 
 (shown in Table 1): How can a framework be designed and evaluated to identify 
 current trends in context-aware learning systems? This question was the genesis 
 and reasoning behind the research and developments in Paper II. The resulting 
 literature overview was used to determine what and how the research presented 
 within this dissertation adds to the current body of knowledge on the subject 
 matter. 


With quite literally hundreds of thousands of potential papers to review on the 
 subject of context-aware learning systems, it was necessary to devise a method that 
 would allow for the suitable distillation of the current research field into a 
 condensed form. This condensed form would ultimately serve as the foundation for 
 a framework that could be used to describe the previous and current trends within 
 the context-aware learning field. 


It was therefore necessary to develop a suitable process for obtaining papers 
 that would represent a comprehensive overview of the field. The following section 
 describes the process that was ultimately developed and used to select papers 
 suitable for the framework’s analysis. 



4.1 PAPER REVIEW PROCESS


The paper review process had two stages: a journal selection process and a paper 
 selection process. The journal selection process involved the selection of 
 appropriate journals for the study. Similarly, the paper selection process involved 
 the selection of appropriate papers from the selected journals using suitable criteria. 


4.1.1 Journal selection process


To ensure the proper identification of trends in context-aware mobile learning, it 
was necessary to compile a list of journals suitable for performing a search for 



(32)papers pertaining to the subject matter. Since there is no specific research field that 
 directly covers context-aware mobile learning in computing science, two parent 
 research fields whose common elements adequately incorporated the targeted field 
 were identified. These two research fields, which were selected because their 
 merger encompasses the field of context-aware mobile learning, are context 
 awareness and educational technology (Figure 2). 


Figure 2. Merger of Two Research Fields


The inclusion of the context awareness field in the search allowed for the 
 inclusion and incorporation of context-aware systems. The inclusion of the 
 educational technology field in the search facilitated the incorporation of learning 
 systems.  


Although an overall definition of educational technology may be generally 
 accepted or intrinsically known, the same cannot be said for context awareness. 


Therefore, in order to develop a proper understanding of context awareness, this 
 study adopted the following definition of context-aware systems: 


Context-aware systems are able to adapt their operations to the current context 
 without explicit user intervention and thus aim at increasing usability and 
 effectiveness by taking environmental context into account. Particularly when it 
 comes to using mobile devices, it is desirable that programs and services react 
 specifically to their current location, time and other environment attributes and 
 adapt their behaviour according to the changing circumstances as context data may 
 change rapidly. The needed context information may be retrieved in a variety of 
 ways, such as applying sensors, network information, device status, browsing user 
 profiles and using other sources. (Baldauf, Dustdar, & Rosenberg, 2007) 


This definition by Baldauf et al. (2007) was selected because of its preciseness in 
 defining a context-aware system. In addition, this definition is widely cited within 
 the field, including in existing surveys on context-aware systems (Hong, Suh, & 


Kim, 2009; Perera, Zaslavsky, Christen, & Georgakopoulos, 2014). 



(33)After identifying context awareness and educational technology as the two 
 main parent research fields, a list of journals from these fields in which papers 
 relating to context-aware mobile learning systems could be found was assembled. 


Google Scholar was used to select the top 10 journals using the journals’ 2014 h5-
 index scores. The next step in the process was to find appropriate papers relevant to 
 the subject matter of context-aware mobile learning systems in each of the journals. 


4.1.2 Paper selection process: Three phases


With the journals selected, the next task was to search for all papers that pertained 
 to the subject matter of context-aware mobile learning. The methodology 
 implemented to search for such papers consisted of three phases, each of which 
 narrowed the findings of the previous phase, with the final phase resulting in the 
 papers described in this manuscript. The initial phase involved selecting the 
 keywords for the search criteria and the preliminary search for potential papers. 


The secondary phase involved a manual check to remove erroneous and duplicate 
 entries. The tertiary and final phase involved reading each of the identified papers’ 


abstracts and, when necessary, entire texts in order to determine each paper’s pos-
 sible inclusion in the literature review. 


4.1.3 Initial phase 


The first part of the initial phase of the search involved the process of selecting 
 keywords covering the two selected fields of educational technology and context 
 awareness. This sub-section discusses and examines the search criteria used to 
 select papers utilizing the keywords. 


Two distinct groups of keywords 


Journal websites generally include search functions that allow visitors to search 
 their publications by specifying varying search parameters. Thus, since one may 
 search for articles by entering an appropriate search query, a listing of suitable 
 search query criteria was needed. Several methods for searching for journal articles, 
 such as electronic databases and internet search engines, were available. However, 
 despite the wide variety of web-based search engines, in order to ensure that no 
 critical papers were missed, a decision was made to use specific journals’ own 
 search engines in order. 


With regard to date, the search incorporated all papers published from 2009 to 
2015 (inclusive). A series of keywords to populate the paper search query was 
devised for each of the parent fields. These keywords (shown in Table 2) represent 
common words found in each of the two fields.  



(34)Table 2. Keyword Selection (Paper II)
 Educational Technology


Keywords Context Awareness


Keywords
 School


Teach Context


Education Location


Learn Mobile


Instruction Pervasive


Training Position


Curriculum Sensors


Academic Ubiquitous


Student


The rationale behind the keyword selection process was to identify a list of 
 keywords that adequately and suitably represented the research field of context-
 aware mobile learning. Terms that fit both parental fields were included in only one 
 of the keyword lists. This ensured that the elements of each keyword list were as 
 unique as possible and prevented false positives during the search for papers. 


Searching criteria 


Once the keywords were selected, a search criterion incorporating the keywords 
 was created to support the selection of suitable articles. Since both parent fields (i.e. 


education technology and context awareness) were required for an article to be 
 relevant, it was decided that one or more keywords from each column must be 
 present in the title or abstract of a paper for the paper to make it to the next phase 
 of the selection process. In other words: 


Given that X = a keyword from the Education Technology Keywords column in Table 2 
 Given that Y = a keyword from the Context Awareness Keywords column in Table 2 
 Given that n = a number from 1 to 9 


Given that m = a number from 1 to 7 
 A suitable paper would have: 


Xn AND Ym    (Eq1) 



(35)within the title and/or the abstract. The method of applying (Eq1) to each journal’s 
 search engine was typically unique, since each search engine constructed the search 
 query in a different way. Thus, it was often necessary to re-write the database query 
 directly at the URL level. 


Applying (Eq1) to the keywords in Table  2  yielded searches that returned a 
 positive hit whenever they detected any possible combination of a keyword from 
 the educational technology field and a keyword from the context awareness field. 


Although there are 63 possible permutations, some examples of searches are: 


• Learn AND Mobile 


• Training AND Position 


• School AND Sensors 


• Academic AND Context 


Following the first round of searches, the initial phase yielded a total of 2968 
 hits. These were not necessarily unique hits, as the searches often returned a paper 
 twice: once when run against the title and once when run against the abstract. 


Therefore, papers for which both the title and the abstract contained relevant 
 information and keywords were often listed twice. In addition, the search results 
 included papers that, due to the limitations of some of the search engines used, 
 contained information that  satisfied (Eq1) within the paper body. These papers 
 were deemed false positives or duplicate entries. 


4.1.4 Second and tertiary phases


The secondary phase involved a manual review of all of the papers identified in the 
 first phase in order to duplicate entries due to (Eq1) being satisfied by either the 
 title and/or the abstract. Finally, the tertiary phase of the paper selection process 
 was the most laborious and intensive of the three phases. The abstracts of all 2137 
 papers were read to determine each paper’s suitability for inclusion in the research 
 study. Specifically, the papers’ abstracts (and, when necessary, the full texts) were 
 manually reviewed to determine whether: 


1. the paper described a context-aware system; 


2. the paper described the occurrence of some type of automatic adaptivity 
 based on context; or 


3. the paper involved some type of learning. 


For the first check, each paper was compared to the previously mentioned 
definition of a context-aware system to ensure that the definition applied. For the 
second check, the adaptivity of the paper’s system was reviewed. If there was no 
adaptivity based on context, then the paper was discarded. It must be noted that 
adaptivity had to be done automatically by the system; there could be no direct 
user intervention. In other words, the device itself had to inherently adapt to the 
context without the user being either aware of the adaptation or needed to assist or 
participate in the adaptation in any direct way. This second review point (i.e. 



(36)concerning automatic adaptivity) was included to satisfy the selected definition of a 
 context-aware system, as described by Baldauf et al. (2007). Finally, for the third 
 and final check, each paper was reviewed to ensure that it involved some type of 
 learning. Learning could include formal learning, informal learning or training. 


These three phases yielded 41 papers that not only satisfied the initial paper 
 selection process, but also successfully passed all three checks for context-aware 
 mobile learning. 



4.2 CLASSIFICATION FRAMEWORK


A classification framework was required to provide a repeatable and standard 
 method of reviewing the classifications and trends within the field. Therefore, a 
 framework comprising three layers, each subdivided into classification categories, 
 was developed (Table 3). 


Table 3. The classification framework (Paper II)
 Layer Classification Category
 Hardware 


Architecture 
 Layer


Device used


• PDA


• Smartphone/mobile


• Tablet


• Handheld


System infra-
 structure


• Standalone


• Server based


Connection 


• Wireless (Wi-Fi)type


• Mobile /


• Cellular


Context 
 Determi-
 nation 
 Layer


Type of context


• Ambient: temp, 
 humidity


• Location 
 o Movement of 


device


o Movement of user


• Temporal


Type of 
 sensor


• Accelerometer


• Global 
 positioning 
 system (GPS)


• Radio frequency 
 identification 
 (RFID)


Evaluation 
 Layer


System evalua-


• Survey / tion
 Questionnaire


• Pre-post tests


• Interview


• Other


Duration of test-


• Full daying 


• Full week


• Part day


• Part week


• Part month


Participant


• Number of
 participants


• Participant age


Subject 
 matter


• Learning 


• Disciplinetype


There were several reasons for including each layer of the framework. Since the 
purpose of the framework was to classify and evaluate trends related to the context 
awareness field of context-aware mobile learning, the means by which the system 
adapted to context needed to be investigated. This need led to the context determi-
nation layer, which reviewed both the type of context and the sensor used to 
determine the context.  



(37)Another key part of context determination is the system hardware, which was 
 documented by the hardware architecture layer. This layer reviewed the type of 
 device being used, the system infrastructure and the connection types used by the 
 various systems.  


Lastly, since the field of context-aware mobile learning includes the field of 
 educational technology, an evaluation layer was incorporated into the framework. 


This layer addressed the educational aspects of the various systems being reviewed. 


Specific points of review included the means by which the system was evaluated 
 during the study, the duration of the testing, the participants’ age and number and 
 the subject matter being taught. 


This section has discussed the framework presented in Table 2 and the above-
 described layers, which were designed to classify and summarize trends within the 
 context-aware mobile learning field. The following sub-sections will present an 
 overview of the findings of the framework’s application to the field of context-
 aware mobile learning and some of the potential implications of this application. 


4.2.1 Literature framework findings


The contents of Paper II present the framework and its application to the field of 
 context-aware mobile learning. Although the specific details are too involved to 
 present here and can be read in full within the paper, this manuscript will provide 
 an overview of the major findings and the direction of the research field. 


Figure 3. Type of Device Being Used (Number of Papers)


As can be seen in Figure 3 the predominant type of mobile device used was the 
 PDA. Although the popularity of the PDA was certainly in decline prior to the 2009 
 start date of the literature review, the reason for its continued use may be twofold: 


cost and functionality. Although one may expect smartphones to be the dominant 



(38)devices uncovered by the study, the PDA certainly held its own in terms of both 
 cost per unit (as 


PDAs are considerably less expensive than smartphones) and functionality. 


PDAs also have greater expandability (via the rather ubiquitous PCMCIA slot) than 
 smartphones. As can be seen in Figure 4 the vast majority of papers used location as 
 the context to which their systems adapted. 


Figure 4. Context Type (Number of Papers)
   


Location contexts were determined using two types of sensors: GPS and RFID 
 Figure 5. GPS was used in 16 of the 41 papers, and RFID was used in 23. Since RFID 
 transceivers are not included in either the smartphone or the PDA hardware suite, 
 RFID hardware had to be added to the used devices. The expandability of the PDA 
 via the PCMCIA slot was, therefore, invaluable in providing a suitable interface for 
 the end user.  


Figure 5. Type of Sensor (Number of Papers)



(39)  


Overall, the various systems were well adopted by learners, with a special focus on 
 the K–12 age group for formal learning (Figure 6). 


Figure 6. Subject Matter Learning Type (Number of Papers)


However, the future of the research and the direction it may take were difficult 
 to determine using current trends. It was evident that the era of the PDA had come 
 to an end; however, was the smartphone able to “pick up the slack”, as it were, and 
 continue on? The biggest hurdle seemed to be the reliance on and relative sim-
 plicity of using and focusing on spatial location (Figure  4), since spatial location 
 offers only a limited amount of context. Therefore, it seemed that the field required 
 more elaborate sensors and, thus, more elaborate hardware to adequately address 
 context-aware mobile learning. This need for more information served as the 
 foundation for the development of the hardware framework discussed in the next 
 section.   


   



(40)
(41)
5 FRAMEWORK DEVELOPMENT


Once the current status of the field was determined, the lack of a standardized 
 framework for the development of context-aware learning systems became 
 apparent. In much of the current literature on the subject of context-aware learning, 
 systems are designed individually, as one-off projects coded from scratch for the 
 sole purpose or task at hand. These systems tend to have commonalities in terms of 
 an overarching concept; however, they did not appear to stem from a single 
 generalized framework. 


Therefore, it was decided that, in order to support the advancement of the field, 
 a framework capable of providing both direction and methods for creating context-
 aware learning systems would need to be developed. This objective became the 
 driving force being the third research question (shown in  Table  1): How can one 
 design, implement and evaluate a generic framework for context-aware learning 
 systems? This question, in turn, became the core of this dissertation and is 
 discussed in the next two chapters of this manuscript. 


This framework addresses the relationship between sensor data and the 
 learning system by explicitly defining the actions and rules governing context 
 adaptation. The following sections describe the framework and the prototype 
 system created using the framework in further detail. 



5.1 EARLY STAGES OF THE FRAMEWORK


The generation of any kind of framework is bound to involve several iterations 
along the path to completion. The creation of the framework for developing 
context-aware learning systems was no different. The original idea behind the 
framework (Paper III) was to develop a generic platform, rather than a framework 
in the conventional sense. The resulting platform comprised several aspects that 
were eventually utilized in the final version. The workflow of these aspects is 
shown in Figure 7. 



(42)Figure 7. Early Stages of Framework Development: Workflow (Paper III)
   


Initially, the goal was to create a generic platform/system that could be 
 modified to produce as many varied context-aware learning systems as desired. 


The resulting platform was expected to be a ready-made software tool that would 
 allow developers to select sensors via a drop-down menu (or the like) and enter 
 rules and actions to create a ready-made context-aware system in hours instead of 
 months. However, in the attempt to realize this ambition, several technical issues 
 were uncovered. Some of these are addressed in the following. 


The first issue was that of language: In which programming language should 
 the code be written? The chosen language needed to support the most devices. 


Additionally, it was necessary to consider the variants of the chosen programming 
 language and determine which was best. The question of programming language 
 longevity that seemed to be unanswerable, since many programming languages 
 have come and gone, and few have stood the test of time against the persistent 
 advancement of technology. 


There was also, of course, the question of platform support. Selecting a 
 particular language/platform (e.g. iOS vs Android) would alienate a large 
 percentage of potential global devices from the beginning of the development. 


Additionally, the need to manually code all available sensors for the generic system 
 made this an insurmountable and infeasible task.  


Finally, there were several other relevant factors that influenced the creation of 
the desired generic platform. For example, it was necessary to consider which data 
structures would work best for any given number of sensors and systems. 



(43)However, compared to the two considerations listed above, these challenges were 
 relatively trivial. 


Given these many questions and the lack of a clear answer for any of them, it 
 was decided to abandon the platform idea. However, the basic layout of the generic 
 platform laid the groundwork for the creation and development of the final 
 framework. 



5.2 REBIRTH: FRAMEWORK CREATION AND INTERNAL STRUCTURE


After carefully considering and reformulating the direction of the research from a 
 generic platform to a more all-encompassing framework, everything seemed to 
 finally be in place. As mentioned, several aspects of the original platform were kept; 


however, even these were reformulated to ensure maximum possible compatibility 
 with any and all hardware and software systems. In sum, the framework was 
 written in the hopes that the tenets would still be valid and the framework could be 
 used with any possible future system. 


In terms of layout, the structure changed from a platform to a framework. The 
 final framework comprises three main sections: System Setup, Decision Mechanism 
 and Sensor Input and User Output. Furthermore, each section comprises several 
 components (Figure 8).  


Figure 8. Context-Aware Learning System Framework (Paper IV)



(44)These components are discussed in detail in the following few sub-sections. 


This division by section allows for both a high-level, overall view of the setup and a 
 detailed understand of how to split up any context-aware system in terms of both 
 functionality and of programming. 


5.2.1 System setup—Component I: Sensor data acquisition


This component is responsible for determining which sensors are available to the 
 system and which attributes are or can be measured by the system. As such, this 
 component is further divided into two sub-parts: 


•  Part A – Sensor determination 


•  Part B – Attribute determination 
 Part A—Sensor determination 


This part represents an inventory of each sensor present or available to the system. 


Each sensor is given a name (S1, S2, …, Sn ), which is then utilized in component II 
 of the framework. 


Part B—Attribute Determination 


The attributes to which the system is adapting must also be identified and stated. 


These attributes (A1, A2, …, An) are key to the framework, as they directly represent 
 the contexts of the user and the system. They are, therefore, the means by which the 
 framework determines how to adapt for each user. 


Once both of the available sensors are collected and listed and the desired 
 attributes are understood, it is necessary to understand the relation between the 
 two. Component II of the framework ensures an adequate correlation between the 
 desired attribute and the available sensors. 


5.2.2 System setup—Component II: Attribute assignment verification


In order to properly lay the foundation for the context-aware system, it is necessary 
 to define which sensor represents which desired context data and, thus, to ensure 
 that the attributes (A1, A2, …, An) are assigned to corresponding sensors (S1, S2, …, 
 Sn). Therefore, it is necessary to ensure that: 


every Ax correctly correlates to Sx  (1) 
alternatively: 



(45)Component I Part B corresponds to Component I Part A (Ax → Sx)  (2) 
 As an example of this, can an attribute A1, representing current air temperature, be 
 obtained/measured with a particular Sn? If Sn is a thermistor, then the answer is 
 yes. Then, A1 → S1, or temperature → thermistor. 


So, the rules governing the system (which are found in Component III) can be 
 written; if not, then additional sensors must be added to Component I in order to 
 fulfill the needs of the system. This verification is of key importance, since one may 
 desire a particular attribute but lack the sensor necessary to provide information 
 about the attribute. 


It is important to note that attributes may, in fact, have multiple complex 
 relationships with several sensors: 


Ax → Sx + Sy + Sz     (3) 


Compound attributes, such as the one described above, are possible; however, they 
 are not recommended, since this type of processing is best left to the realm of the 
 inference engine rules described in the next section. 


5.2.3 Decision mechanism—Component III: Inference engine rules


Once the sensors and attributes have been correlated, the logic or programming of 
 the inference engine can begin. In component III, the interference engine rules, the 
 various rules and logics governing the system’s inference engine are described. 


Once again, there are two aspects to this component. Part A of component III 
 covers the possible need to translate the raw sensor data (RSD) obtained from 
 sensor (S) into specific desired attribute data (DAD). Part B of the component 
 describes the specific inference engine rules developed based on the DAD and the 
 querying threshold (QT). 


Part A—Correlate RSD to DAD 


Frequently, analog sensors do not provide the RSD for an attribute  in a useful 
 manner. It may be necessary for the RSD to be adjusted or correlated in order to 
 reflect the DAD. In such cases, the DAD become a function of the RSD.  


DADx = f(RSDx)  (4) 


For instance, in the aforementioned temperature example, the sensor may provide 
 temperature as a resistance rather than a straightforward temperature reading. 


With this is mind, and given the example of a standard thermistor, the possible 
correlation function may be: 
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