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Abstract—In this article we present a review of selected

literature of context-aware pervasive computing wHe
integrating theory and practice from various discigines in
order to construct a theoretical grounding and a tehnical

follow-up path for our future research. This pape is not

meant to provide an extensive review of the literatre, but

rather to integrate and extend fundamental and pranising

theoretical and technical aspects found in the litature. Our

purpose is to use the constructed theory and prac in
order to enable anywhere and anytime adaptive e-leaing

environments. We particularly elaborate on context,
adaptivity, context-aware systems, ontologies andfware

development issues. Furthermore, we represent ouriew
point for context-aware pervasive application develpment
particularly based on higher abstraction where onttogies
and semantic web activities, also web itself, ard orucial.

Index Terms— pervasive computing, context, context-

awareness, adaptivity, semantic web, ontologies, famare
engineering.

l. INTRODUCTION

considering the advancements in the networking
technologies, computing power, miniaturization, rgge
consumption, materials, sensors etc. [4]. Howeveave
still far from the complete puzzle, pervasive cotmyis
not just about developing such small computingdesis
for the real life, variety of applications exploij such
extended hardware infrastructure are the other clidiee
coin. Spreading computing all over life imposes new
challenges which were already foreseen in thisomisi
Anywhere and anytime computing needs to cope with
computing devices which are mobile, users which are
mobile and software applications which are mobjid.
partly referred to this mobility ascbnstantly changing
execution environmeht we rather call it tonstantly
changing computing settifigvhich refers to mobility and
dynamism of both related parties. Furthermore,
heterogeneity of such environments hardens the
challenges of such vision since software and hamglwa
markets have already been populated with variety of
applications and tools coming from different versdor

Does this increasing digitization of life requireora

Machines that fit the human environment instead ottention of people? This question, which origisadtem
forcing humans to enter theirs will make using amobility and dynamism, requires achievement of the

computer as refreshing as taking a walk in the vedqad
2].

following approach:
The most profound technologies are those that

Computing has already dispersed from dedicated ardisappear. They weave themselves into the fabric of

stationary computing units into the user environnserd
presently we are surrounded with mobile, multimaatad

everyday life until they are undistinguishable frirfi].
In other words seamless integration of computing in

multiuser computing devices. [3] notes that pemasi people’s life is a must of the pervasive computirgjon.

computing (a.k.a. ubiquitous computing,

ambientlf we don’t want people to bother about the commmiti
intelligence) takes advantage of distributed commgut

devices and the applications surrounding them, avnhil

and mobile computing while inheriting problems (e.g they are making use of them, we need to make cdmgput
remote access, high availability, power managementlevices and applications to bother about peopléizidy

mobile information access) in these fields increglyi
Apart from these problems, since they have beeatiesiu
under related domains effectively, it is reasondblsay
that we already achieved a lot as a part of Weisdgsion

all these physical resources and synchronizingouari
applications available through this extended dymami
infrastructure for the benefit of the users regsian
“intelligencé behind. This implies that computing

in the sense of hardware and network technologies bsystems need to reach a level of understandinchef t

This article is based on “Context and AdaptivityGontextAware
Pervasive Computing Environments”, Soylu A.e @ausmaecker
Desmet P., 2009 Symposia and Workshops oiguitious, Autonomi
and Trusted Computing, 7-9 July 2009, Brisbanestralia © 200¢
IEEE.
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settings in which they are being used, and the ¢texnp
relations between the various elements of thedmgst
This ability is called Perceptiori, however this is one
side of the coin. On the other hand computer system
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need to be able to exploit this understanding taptidg  standards in the core of the development and refseerd
their behaviors accordingly (i.e. that is to respon to extend them when required is our guiding man(i@d)
properly according to perceived context), whicltadled generalness(3) applicability, (4) simplicity, (5) ease of
“Adaptivity. These two interrelated challenges makedevelopment(6) extensibility and (7)scalability.

pervasive computing diverge from mobile computing a The remainder of this paper is structured as faitow
distributed computing since the challenges needed tsection 1, we introduce methodology and domain
cope with are not strictly bound with these fielBssides specific motivation of our research. We elaboraiethe
they are rather new and their theoretical groundéngot notion of context and its relation with adaptivity

yet sufficiently mature. Moreover autonomoussection Ill, we further refer to characteristicsdan
applications in such environments need to operateategorization of context in respective subsectidns
collectively in order to achieve maximum utilityt (@ast  section IV, categorization of context-aware systdms

to ensure a conflict free execution), however theriefly referred while context management is elaived
heterogeneity of the pervasive environments hinders section V. We further investigate some key peofs
seamless integration of different applications andind basic solution approaches in section VI. Irtieec
devices, that is, interoperability. Standard coempde is VII, we introduce our view point for context-aware
of prominent importance for such a requirement esinc application development based on model driven and
standards help to ensure interoperability and tteer  ontology driven approaches by referring relatestditure,
important abilities:; (1)ye-usability, (2) manageability(3) we also emphasize use of World Wide Web as an
accessibility (4) durability [6]. All in all, we define information source for pervasive environments. Fjna

pervasive computing environments as follows: we conclude this paper in section VIII.
...intelligent digital ecosystems which are seasties
situated in user's physical environment. Such ystem Il. MOTIVATION AND METHODOLOGY

is defined as a collection of seamlessly integrated Challenges which are based on natural charactavisti
mobile/stationary and  autonomous/non-autonomousf pervasive computing systems (i.e. mobility, dyiigm
devices and applications, where higher mobility andand heterogeneity) can be evaluated from a moreagiom
autonomy is of crucial. Intelligence for such systeis specific perspective, that is, e-learning in ousecakE-
defined as capability of being able to perceivergliag learning refers learning which uses variety of
computing context and to response collectivelyain technologies such as internet, television etc. maaner
proper manner (i.e. to adapt) for maximum useritytil pointed out by [7]:

Accordingly, we consider perception, adaptivity, ...e-enhancements of models of learning. That iayo s
interoperability and standard compliance as keylkema that; using technology to achieve better learning
of pervasive computing apart from other technicalbutcomes, or a more effective assessment of these
challenges, inherited from aforementioned fieldad a outcomes, or a more cost-efficient way of bringing
social challenges (i.e. privacy, trust and seguriOur  learning environment to the learngfig.
main research is about enabling any-where and iargy-t E-learning evolved a lot by the emergence of
adaptive learning environments which is highlycomputers and later internet, and continues iteraiith
dependent on pervasive computing vision. Despite ththe advancements in network and mobile services and
fact that this paper is based on a domain speiéce- software market which offers variety of advanced
learning) perspective in order to enable pervasive learning environments, tools and adaptive techrietog
learning, the solutions and approaches we do aim tApart from technological advancements, e-learnilsp a
follow and propose are rather generic. In this papmur  faced with some important pedagogical movements
contribution can be grouped under two categorié}: ( particularly learner centric and self directed aBmhes
theoretical (2) technical From theoretical point of view, which are based on constructivist learning theofié®se
we do extract and extend theoretical aspects faurtlkde  approaches consider learners as active participsrttse
existing literature, and we work toward to intdgrthese learning instead of passive consumers and chaegekh
ideas into a common understanding for the futuref teachers as facilitators who assist learnerslaoify
pervasive computing systems. Regarding technicait po their goals and enable them to be capable of phanni
of view, we review the related literature with gherpose executing and evaluating their learning progressl an
of integrating and extending existing technicalrkvo outcomes collaboratively, without taking a partamul
which are generic, standard-based, and compliattft wi position in the discussions, rather than being pagrce
the overall understanding which we synthesizeddBea of information [8, 9]. [10] notes that providing tae,
should bear in mind that our purpose is not to give stimulating, authentic learning experiences thatpsut
exhaustive review of the literature, but merelyptovide learner collaboration, construction and reflectiomajor
a selective and integrative review of comparativelychallenge for success of e-learning. Such appre@ache
important and promising approaches found in theriggered the creation of learner-centric, sociald a
literature. Our selection criteria is particulatbgased on collaborative learning environments. Today embegldin
following parameters: (13tandard-compliancéalthough  social networking and collaboration into learning
limitations of the available standards might hinger progress is considered as driving force for leasner
efforts, since available standards are based on thmotivation and activity [11]. Moreover social soéve
characteristics of traditional computing, keepingible  (e.g. blogs, wikis etc.) gained an important plémee-
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learning thus the mine of data, World Wide Web,duse able to configure such environments such as
of Web 2.0’s great collaborative potential, Wisdafh composing/decomposing data and applications, (4)
Crowds, and simple find-remix and share rule. As aollective operation applications in such environments
consequence, e-learning market has already been ovmust be able to collectively operate for the bdnefi
populated with such tools and platforms to supportisers in a seamless manner. Adaptivity is longistud
different types of learning communities with leamgpi  both in adaptive web systems and adaptive e-legrnin
management, content management and communicati@ystems [16], and in such systems adaptivity isgmly
tools [9]. Learners are not bound to neither indiiel  considered as an aspect between user and appiicatio
learning environments, as closed box of pure infdiom,  based on user profiles and models. However, althovey

nor to classical in-class learning environmentsnaone. do follow a user-centric approach, other requiretsien
Instead by the guidance of the constructivist tlesothey (1,2 and 4) make it necessary to broaden the mitgpt
are facing with variety of tools including theirrgaular  from learners to the whole environment in whichruse
learning environments which enables them to collatep  engaged in order to be able to mediate betweeferelift

to reach endless amount of information of web, tmd independent entities of such settings. Althoughdeeaot
remix-share it, thus also to create social networksclaim to propose solutions for all the challengds o
Depending on the case, these tools are being use@rvasive computing or pervasive learning, the
individually by learners, or by means of mash-upsas approaches which we propose are common enough to be
heterogeneous systems which involve several toots a employed within generic pervasive environments.tiia
might be centered around a particular learningesyst only possible by first providing a generic undenstag
[12]. Furthermore, with the emergence of pervasivdi.e. theory).

computing vision learners and the learning procdss Briefly our research question can be formulated as
goes for time, place and device independence, ithat follows:
learn anywhere-anytime. How to enable adaptivity (in broader sense) in

Pervasive learning goes hand-in-hand with the wfea Pervasive Learning Environments through applying
“always ofi education and extends concepts ofavailable contextinformation?
collaborative learning, cooperative learning, Accordingly, our main approach is to integrate and
constructivism, information rich learning environm&  extend available technical and theoretic approadhes
self-organized learning, adaptive learning, muliilmlo pervasive computing, context-aware computing and
learning, and a myriad of other learning theorifk3].  adaptive systems literature into e-learning. Irs thiage
Growing tool and device landscape and the pervasivwe mainly focus on constructing a theory which
computing vision, forces e-learning domain to atljusrepresents overall framework of our understandimd) ta
itself within this new landscape appropriately. fidiere  which our future practice should comply with. Thedry
there is also a line of research towards pervdsieing that we focus on is broad while the practice idtkihin
(a.k.a. ubiquitous learning) where a pervasiveagdimg the scope (i.e. e-learning) which is based on coctstd
environment might be defined as a setting in whichtheory. Therefore many of the challenges introduiced
students can become totally immersed in the legrninthis paper are either in our long term agenda orelye
process [14]. Pervasive computing takes part in amentioned for the attention of other researchers.
experience of immersion as a mediator between th€hallenges specific to our main research is subject
learner's mental (e.g. needs, preferences, pricanother publication. The overall approach is depidn
knowledge), physical (e.g. objects, other learrdose  Fig. 1, the lower domains are much more generic and
by) and virtual (e.g. content accessible with mmbil theory intensive in order to constitute overalhfi@of our
devices, artifacts) contexts [15]. We work towardsresearch. The upper domains are more specific and
enabling different applications in such learningdependent on lower domains, innovative aspecthef t
environments to be seamlessly integrated (i.e. é¢o bresearch increases towards specific domains while
interoperable) and to be aware of the setting wilgly integrative aspects are higher in more generic dwsnén
are used and to collectively adapt their behaviorshis stage of our work, we mostly focus on the tkéoal
according to the available context information. Bty  and technical aspects of context-aware pervasive
computing settings where capabilities, requiremamd  computing and adaptivity (in a generic sense) iohsu
characteristic of entities are known to each otheenvironments, thatis, first two levels of our rmash pie.
decouples these entities, that is, independencehwisi

required for mediation process, that is adaptatitence, [ e-Learning ] 4 nnovate
we particularly list following basic interrelated Practice
requirements for such pervasive learning envirorimen [ Adaptivity ]

(1) device independencapplications and data should be

always accessible without any device dependence, (2 Context-aware computing

application independence data should be always . : Theory

. . L. Pervasive Computing
accessible without any application dependence, (3) [ ] Integrate

adaptivity and adaptability learning environment and _ » _ _ _
Figure 1. Fitting Boxes — uLearning Research Pie: abstrast \of

EIGmentS of this environment should dynamically pada the research required for enabling anywhere andiraey adaptive
according to context of learner(s) and users shd@d earning environments - innovation through intéigra
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Adaptivity (in a more specific sense) and e-leagnim
subject to another in depth research where spsdafithe
domain and existing work (i.e. e-learning, adaptere
learning) need to be elaborated based on the thauty
practice introduced in this paper.

I1l.  CONTEXT AND ADAPTIVITY

995

inputs of applications as context information? @Gowd
we only consider context as the information whishot
primary input of the application but which charaize
the situation? Here is another example: considenal
predictor application for speaking-impaired peofd&].
This application can use previous user inputs tdiot
the word which the user presently tries to typereHe

The notion of context is of crucial for pervasive primary input of a previous context turns out to be

computing systems, it is a central notion for catite

another context dimension. Indeed every application

aware pervasive computing environments as we ajreadvhether we consider it context aware or not, iSgesl

mentioned in section I. Indeed, according to thewvi
represented previously, pervasiveness, contextengas

for a specific and restricted context of use. Tforee
these applications provide a particular set of bigha for

and adaptivity are bound to each other, that i ona fixed context of use. Hence, we are lead to cmiel

implies the other one. The notion of context hasgro
time, been extensively discussed in the literaflive 18,

that context awareness is ultimately related with
adaptivity. It is based on exploiting recruited teo

19, 20, 21, 22]. [23] reviews related work and mafte information and to adapt its behavior accordingly.

briefly criticizing the concept, author gives theellv
known definition of context:

Context is any information that can be used
characterize the situation of an entity. An entisya
person, place, or object that is considered relévtarthe
interaction between the user and application, idahg
the user and applications themsely23].

Previous definitions of context in the literaturgually
refer to context as location, identity of usersy aearby
people. Intuitively it is reasonable to accept toog
identity, activity and time [18, 23] as importaiéments
of context. However these elements are not suffibjie
broad to cover the notion. The definition given23] is

order to consider a piece of information to be eaftit
has to be ensured that this piece of informatioabtas

tothe corresponding application to modify its behawio
with respect to this piece of information and idation
with other context dimensions. [28] states:

[...] something is context because of the way iided
in interpretation, not due to its inherent propedi The
voltage on the power lines is a context if theresasne
action by the user and/or computer whose intergiata
is dependent on it, but otherwise is just part bé t
environmen{28].

The mostly used context dimension is location,
however it is a known fact that context is not tei to

more generic and open-ended and covers context astte location and physical objects in the environmen

whole. The reason why it is not possible to givmare

specific definition is the openness of the notioh ohas been done to define user models (e.g.

context; a particular knowledge is considered to
context information in one setting while it is nuart of
context in another setting. [24] points out thatsitnot
always possible to enumerate a priori a limited cfet
context that matches the real world context and §2%o
refers to the same issue by pointing out that iha$
possible to enumerate all important aspects ofuatsbn.
Therefore, by following the definition of [23], vare lead
to conclude that defining the scope for contextustho
leave an important role for context-aware applarati
development rather
definition of context.
Since it is not possible to predefine all the disiens

Consider the field of the Adaptive Web [16]. Muclonk

user

bd&nowledge, goals etc.) and user profiles (e.g. user
interests etc.) in order to enable web applicatimnact
accordingly. Such adaptivity includes adaptive
presentation, adaptive information filtering ettJser
profiles and user models are also type of contdxthv
are abstracted to a higher level mainly from lods o
applications with which users interact. This impligat
context information does not necessarily requirebéo
gathered by sensors. Finger prints of users (i.e.
application logs, web logs etc.) collected by amtions

than providing an exhaustivean also be exploited to reach high level context

information. Adaptive web applications belong tce th
field of Adaptive Systems and indeed they evernyuale

of context, then how can we decide whether a pafce useful in the field of context-aware and pervasive
information can be counted as context or not? [26¢omputing systems. This relation implies that naighe

remarks that context of use will have a substantiplact
on the appropriate behavior of applications, withmeing
a primary input source. Well, then imagine an auttien
door which uses a sensor to detect presence akarpm
front for switching between its states (i.e. closeopen).
Location of the user is indeed primary input foisth
particular system, and obviously the application tfus
system is primarily designed to sense the situafien

practice and knowledge constructed in this fieldyrba
applied to the context-aware systems. Eventualiy the
application which needs to adapt. Applications aiify
need to adapt to the user, however the environiingt
the user lives in and the devices that are in abmdth
the user in turn influence the user. Applicatiodszt to
the user as wells as to the environment, the de\acel
the complex relationships among each other. Thikds

presence of a person) and to act accordingly. @kverresult of mobility and dynamism of aforementioned

example applications can be
information is used to adapt application behavigheut
being primary input of the application in contréstthe
previous example. Then, should we also considenagm

© 2009 ACADEMY PUBLISHER
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own characteristics and resources like screen §iPd)
power, memory size, available input and output cievi
etc., applications need to adapt according to taext
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of the devices (i.e. resource awareness) to begtee the present time. Perception is not just about readizin
users [29, 30]. Adaptivity should not be understasda concepts but also about understanding relationsemest
one-to-one relation between user and applicationai these concepts which are necessary to interprettisins
pervasive computing setting, rather it should beand behaviors. Relationships between context dimess
considered as a relation between application ahérot thus hold an important place for both context
elements of such settings (e.g. devices, physicakpresentation and interpretation.
environment, users etc.). Pervasive computing densd [35] points out that computational systems are gaid
to be the third wave in the computing where firsiveris  gathering and aggregating data and humans are apood
main frame computing — one computer for many usersfecognizing contexts and determining what is appate.
second wave is personal computing — one computer p&dhe computer system level of understanding and
user -, and third wave is the one where many coenput recognition is limited, hence computer systems fare
available for one user. Indeed the later wave (i.efrom recognizing situations properly. Besides, st a
pervasive computing) should be considered moredlypa known fact that even human beings sometimes areleina
that is, many computers for many users. That make® understand/evaluate the exact situation. Thathat
computing much more sophisticated from applicationve call misunderstanding. Hence even for a givell we
development point of view, since applications am n modeled closed domain (i.e. a closed set of realdwo
only required to accommodate needs of only one lmser data), a computer system might lack proper peroepti
of many users, that is, to adapt masses. This is related to imperfection of context inforiat
As a conclusion, context is an open concept singe i that is, context is ifperfect. ambiguity, irrelevance,
not limited with one’s imagination. Any system thatimpreciseness and incompleteness of context dimessi
exploits available context information needs tamkethe [33, 34, 36]. Consider the context information doegl
scope for the context. Adaptivity is the primaryat®n  via sensors. It is a known fact that sensors dgprmtide
between computing and context, and to count anfundred percent of accuracy. Besides, multiple @gsns
information as context we need such a relation. Anynight provide different readings for the same crinte
system can focus on any context category (in pdaiido  value. How can one really judge a student’s knogéed
the user(s)). However, we need to be aware ofttiet based on his answers to a multiple choice exam?o@an
application needs to adapt to various context deiwers  logically decide that it is night by simply consiahg the
although it also has its own context dimensions. light level?

A) Characteristics of the Context B) Categorization of the Context

In the previous section instead of focusing on the It is possible to categorize context in various svay
definition of context, we rather tried to commem o considering different characteristics of the contd&kese
context from different perspectives to give a deepecategorizations are useful both for application
insight into the notion. We now investigate somecsfic ~ development and for understanding of the conte3d] [
characteristics. notes that classifying context is useful for manggi

First of all, context is dynami¢ [24, 31, 32, 33]. quality of context, for instance dynamic contexreénts
Although some context dimensions are static like thare prone to noise. Moreover such classificatiorsagso
name of a user, most of the context dimensiongigtdy  useful for context modeling, in early conceptuahgds
dynamic like the location of a user. Furthermomne and later, and they are required to define someifipse
context dimensions change more frequently thanrsthe of adaptivity and context management (e.g. abstnalct
One dimension may change its state every seconkg whi Acquired raw context information usually requires a
another dimension only changes its state every, ybimr certain level of abstraction which will be discusse
also implies that context is temporal [33, 34]. Wim briefly in section V. However, for a short insight,
more important to see is the evolving nature oftextp  consider the example of location: a sensor mighsese
i.e. it is “dynamically constructéd[32]. Consider user location as coordinates whereas the applicationhimig
knowledge: it evolves dynamically over time, i.eiser require this information in a more abstract waye lithe
adds new knowledge pieces to his knowledge or somsame of the city. Therefore location informatiors&d on
knowledge is forgotten. These changes in state @to ncoordinates requires to be abstracted in order éo b
require destruction of previous states, but thaesta comfortable with the application. Hence it is pbisito
evolve. Therefore [32] suggests not to supportréiquéar  categorize context from the application point ewi[37]
context but to support the evaluation of context: into (1) low level -context information (a.k.a.

[...] not to use of predefined context within ubtqus  implementation context) and (2high level context
computing system, but rather how can ubiquitousnformation (a.k.a. application context). Low level
computing support the process by which context isontext information is usually sensed by sensors or
continually manifest, defined, negotiated, and edar collected by means of application logs. [33] coasid
[32]. low level context information as environmental atom

It is intuitively evident that several context dinsgons facts. High level context information is derivedin low
are somehow interrelated [32, 33], that is, contiext level context information. However these are implic
“relational’. For instance, there are different kinds of means of collecting low level context informatidb.is
relations between people in your home and in yobr j also possible to gather context information explicie.g.
Your being at home or in office is normally relat@ih  asking the user to provide context information clise
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[33] suggests that the ideal case is placing feleenands digital — e.g. network -), (6)ime context (7) historical
on user attention (i.e. less direct user interagtio context (8) relational context It is important to know
Context can also be categorized from the collectionvhat application is in use in which device, in whic
point of view [38] which is indeed related with thbove environmental setting, and at what time by whiclerus
categorization: (1)irect (sensed or defined), ()direct  etc.. Therefore context varies as a product of deimns
(by means of inferring from direct context). Direct under disclosure of these context categories. timatiext
context refers to the collection of context infotrma  splits into ‘external user contektand ‘internal user
without realizing any extra processing of the gedde context. External user context is easier to sense (e.g.
information. If the information is gathered imptlgiby  name, gender, height, and weight etc.) while irgkuser
means of sensors, it is calledehsed conteéxtlIf the  context is harder to sense [40] (e.g. user feelingsite,
information is gathered explicitly, it is calledléfined love etc. -). Internal context might be derived by
context. We already mentioned that sensors are not thaterpreting diverse low level context informatisach as
only means of collecting context information, apption  blood pressure, hormone levels etc. Considerirgy th
logging is just another way to do so. Therefore weadevice context, we distinguistindrd device contekiand
propose to further categorize sensed contextsagsbr “soft device contekwhere hard device context refers to
based and “application based Direct context refers to the physical properties of the device (e.g. CPUmnory
low level context and indirect context refers tgthievel etc.) and soft device context refers to the avhlab
context information according to the previoussoftware components in the device etc.. Application
categorization. context refers to capabilities and requirementsanf
Context information can be categorized from aapplication, e.g. target platform, memory requiratae
temporal point of view into two categories: (&jatic  etc.. Concerning environmental context, we distisigu
context and (2)dynamic contextStatic context does not “physical environment contéxand “digital environment
change by time like gender or name of a personabyo  context. Physical environment context covers the real
context keeps changing in different frequenciesvorld entties and their characteristics such aarime
depending on the context dimension like your laratr  objects and their identities while digital contegfers to
age. This implies that for a dynamic context dimems the digital entities such as network capabilities.
various values might be available. Hence, manageofen Information resides in digital space together with
temporal character of context information is of cgall  applications, context adaptive access of infornmaisoof
either in the sense of historical context or in $k@se of crucial part of computing, particularly for the web
validity of contextual information available. environment. Hence information context refers to
Apart from categorizing context based onproperties of meaningful information pieces avdéaim
characteristics of the context, [5] categorizestexin different formats (e.g. text, image etc.), it ispising to
based on grouping similar context dimensions iffig: see that information has not been considered as an
computing context(2) user context and (3) physical independent entity either in available context
context Later [39] extends this categorization with (4) categorizations or various context models in ttexditure
time context [40] provides a similar context (to the best of authors knowledge). Time usuadfens to
categorization; (1)physical context(2) social context time of situation, time zone, part of the day etc..
and (3) internal context [41] provides another Historical context refers to situations that ocedrbefore
categorization which includes (Infrastructure context based on the temporal characteristic of context.
(2) system contex{3) domain contextand (4)physical Relational context refers to relationships betwdba
context These categorizations are usually at highedifferent context dimensions, that is, it aggregasad
granularity, hence they do not reveal enough infdrom  represents different types of relations between the
about themselves, and this might limit their usedgk for elements of a particular context-aware settinghagh,
development of context-aware systems. Moreover somelations have been used in context conceptualizati
of them are more application oriented, hence thé¢hey have not be considered as a context entitijoitp
categorizations are not well balanced. We propdglet e we advocate that it is worth to consider relatiassan
categories for context aware settings where we w@nt contextual information since they also charactetize
achieve an optimal granularity and want to represersituation of an entity. Historical context elermserand
main actors (i.e. entities) of a typical pervasiverelationships among context elements (this is imiat
computing setting in a more real-world oriented m&n context) are important for interpreting the sitaa. We
This categorization provides a clear layering fontext-  previously mentioned that proposed categorizatiay m
aware system development and may serve as anl initiserve as a generic conceptualization (i.e. uppaiagy)
step toward a generic conceptualization. We argueaf for our future context model. In Fig. 2 and Figa 8ough
layered categorization of context without considgrany  conceptualization is depicted with some possible
taxonomical relation: (1)ser contex{internal, external), immediate sub-entities.
(2) device contexthard, soft), (3ppplication context(4)
information context(5) environmental contexjphysical,
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User
hasState hasState
isPartOf
A 4 A 4
External State Internal State » Enviroment
A
isa isa
Knowledge Goal

Figure 2. First part of the proposed upper context concejaaifdn, external state and internal state concepssbeen shown as a part of user
concept where user concept is part of environment.

[42] notes that generic uniform context models aréhas been omitted in previous conceptualizations and
more useful. Although there are already some @also categorizations, importance of such approach iaildeit
for a generic context models in the literature (seetion in section VII. This initial conceptualization ontiefines
V.), our rough proposal provides clear advancementthe borders of our understanding of context, a more
similar to previously mentioned context categoitmed  elaborate formalized conceptualization (i.e. orgglois
such as optimal granularity and balanced repreSenta to be developed where previous context models and
of actors. Secondly information has been shownras sstandardized vocabularies are to be re-used.
independent entity, and as a main actor of contdmth

hasTime haslLocation
Time < Enviroment —> Location
composedOf composedOf
A 4 isPartOf A 4
Digital Env. PhysicalEnv.
isPartof + isPartof ‘
isPartOf
Application Information
i Device <
composedOf composedOf

Figure 3. Second part of proposed upper context concepttializaenvironment concept is composed of digitalimmment and physical
environment concepts.

We can further group aforementioned contextnon-technical context categories are mainly domain
categories into technical and non-technical corfimxtne  specific and require to be identified by domain exxg,
sake of separation of concerns. Non-technical contee.g. for pervasive learning environments, an expert
includes context categories which are not relatéd the  required to identify context categories or indivadiu
technical aspects such as internal user contexte wlie  context dimensions related with learning aspects.
technical context involves context categories eslatith
the technical aspects of context such as devicéexpn IV." CONTEXT AWARE SYSTEMS
and digital environment context. Although therenis In previous sections, context in pervasive comgutin
straightforward way to distribute previous contexthas been reviewed. In what follows we elaboratethen
categories into technical and non-technical confelts,  definition of context-aware computing as it has rbee
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discussed in e.g. [17, 22, 23, 40, 43]. Earlidmiteons  An example is given in [46] where a user walks tigio
usually involve a loose enumeration of contextthe building and submits a printing request, theded
dimensions (e.g. location, nearby people etc.), #ied printer should not depend on the user’'s currerdtion
later ones often concatenate on the relation betweéout rather to his final destination. According to
computing, context and user. It is clear that cximeeds presented categorizations and elaborations, wenéxte
to be employed to better serve the users, sucht [®in previous definition of context-aware systems akovas:
already commonly noted in definitions like: Context aware computing aims to enable better servi

[... context aware computing] aims to enable device tdelivery  through proactively adapting use, access,
provide better service for people through applyingstructure and behavior of information, services,
available context informatiof40]. applications and physical resources with respect to

Above a generic definition of context aware compgti available context information.
is given, which emphasizes the relation betweerm,use Above categorization also stresses the applicghifit
context and computing, but how do we apply avadlabl several techniques and methods in the field of the
context information? Although various categorizato adaptive web as we already mentioned previousligeOt
for context-aware systems are already given [5,433, interesting examples might be applications of
we prefer to re-interpret these categorizationsedasn collaborative filtering, mass adaptivity, case lthse
adaptive systems, particularly according to adaptieb  adaptivity etc. in context aware systems. Collathosa
systems. This is because we defined adaptivity keya filtering is the process of filtering or evaluatingms
factor of intelligence and as a key relation betwee using the opinions of other people [16]. Sincevpsive
context and computing for context-aware computingcomputing systems are able to interact with difiere
systems. Therefore by referring to [5, 23, 43] dhd people in different context settings, they can ceatured
field of adaptive web [16] for categorization ofntext- information for collaborative filtering, case based
aware computing applications, we propose belowecommendation, and these systems can employ
categorization: (1) context based filtering and adaptivity for masses which are sharing common
recommendation of information and servicexamples characteristics (e.g. understandings, behaviors) détc
might include finding the nearest printer, accegdile = common pervasive computing settings. [47] is an
history of a nearby object etc.,, (Qontext based example which provides recommendations by comparing
presentation and access of information and servieas  users with other users in pervasive computing syste
selecting voice when screen displays are not aaila Furthermore, a case based reasoning example igdptbv
(multimodal information  presentation and userby [48], proposed methodology is to abstract rawtext
interfaces), dynamic user interfaces etc., (®ntext to user situation, to generate current user's case,to
based information and service searchirgyg. location provide adaptive behaviors by semantically commarin
aware query rewriting for a search for availableuser’s current case with other previously storesksaand
restaurants (query rewriting is a technique used igorresponding behaviors of the system.
adaptive web systems for information filtering by As a final remark, pervasive computing environments
rewriting a user query according to the user pesfiletc., do not necessarily fully automate their behaviorene
(4) context adaptive navigation and task sequencingsuch behaviors can be in varying granularity asvshim
adaptive navigation is a technique employed in fidap Fig. 4 [49].
web systems. We can extend this idea in pervasive
computing since a user’s interaction might consikt Degreaof

. . . . Customizability
several related sub-tasks in relation with his gceahd
might lead to context aware task sequencingc@ext
based service and application modification/confagion
: this need mainly arises from different deviceaikmble
in the environment, e.g. disabling particular featu
depending on the capabilities of target device,c@htext
based actions [44] proposes three levels of context
dependent automatic actions: manual, semi-automatic
and automatic. [45] notes that fully automatic @t
based on context are rarely useful, and incorretidrzs Time
can be frustrating, (7gontext based resource allocation &
this might include allocating physical recoursesg.(e Kind of Context
memory, even non-hardware physical resources)lfer t g e 4. space
use of other entities in the setting (e.g. applices, users  customization [49].
etc.).

It is worth to note that, adaptive behaviors of teatx Such environments should also allow users to
aware systems are not necessarily need to depettteon customize structure and behaviors of their enviremm
current context, rather such systems should alsabbe (i.e. user control). Pervasive systems might fiati such
to adapt proactively by making use of current ceinte  customization by means of adaptive guidance where
historical context to predict future context of thetting.  environment does not automatically act or forcer use

Dynamic

Granularity of

Macro Adaptation

representation of context based Adaptation-
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one action but rather provides users with the regui higher level context information. Context dissentim@
contextual information and recommendations. That isis strictly related with the architecture of thentext-
adaptive behaviors do not necessarily need to trésul aware application. Context information might beretbin
“must’s or “have-to”s but in many cases also incentral context brokers/blackboards, e.g. [42,%8, or
“should”s and “might”s to give users a degree afitcol every application might hold its own contextual
with the possible directions and their reasoninigife In information, that is, context information might be
other words, in the scale of dynamic and statidesys distributed, e.g. [55, 56, 57] . Furthermore a Igbr
adaptation, enabling users to control the envirartme approach might be possible where common contextual
does not imply that contextual information is ussléor information is centralized and every applicationdisaits
such a case. Rather, system can extend the liniits epecific contextual information. In all cases it is
contextual information perceivable by the user'ggital reasonable to call own-managed context informa#ien
capabilities by serving contextual information gatd “local context, context information managed by other
by sensors to the users rather than automaticddpting entities as femote conteXt and context information
itself. An up-to-date and specific example is a dasm managed by central brokers asefitral context by
social networking website, Facebook. This webextending the understanding presented in [58]. Mbst
application provides users with the contextualcommonly used methods for context dissemination are
information of their network (by means of notifimats)  push and pull mechanism [54, 59, 60, 61, 62]. In push
like who watches, reads what or who becomes frienchechanism applications register themselves to remot
with whom. In this way users can identify peopleghwi context entities or the central context brokersrider to
similar likes and arrange their own environmentbe updated whenever a context of interest changés o
accordingly. Such case is also of use in the dommgigr  added. In pull mechanism, applications activelylpghe
learning, a system can provide users with the ctom® remote and central context entities to check aliiia of
information of the environment and other learnékg | context of interest, this might be possible by sitting
who read what, who knows what, who takes the samgynchronous or asynchronous query requests to the
courses or who works on the same problem, so lesrneremote or central context entities. Within the sam
can find appropriate mentors or construct a legrpiath  application, similar mechanisms can be employetieei
for themselves. Such approach might be called dsy registered context listeners, e.g. [63], whidggers
“environment awarenesdor users which is counterpart actions or asserts new contextual information, prah

of context-awareness for machines. ad-hoc manner where application itself checks thte of
particular context information according to active
execution stage.

We identify following groups of components for Although distributed context management is
context management infrastructure by adopting fil]  researched by several users in the literature [853.56,
[51] as shown in Fig. 5 which are required for izlon  57], complexity and low efficiency of such approash
of context-aware adaptation: (Epntext modeling and for the real-time systems do not seem to be promigét.
representation (2) context capturing (sensing), (3) Resource-limited devices can hold their own comnigixt
context abstraction and reasoningand (4) context information, however even for limited amount corte
disseminatior(access and querying). information reasoning can be time consuming forhsuc

devices (see section VI) or even not possible aliagrto

V.  CONTEXT MANAGEMENT

f ) available resources. Considering e-learning, eilegr
Context Dissemination environments are complex, and variety of contextual
> < information might be of use, hence presently we ldiou
Context Reasoning prefer to use context broker architecture whersaeiag,
L ) privacy and security, dissemination of contextual
f ) information are handled by such central architesstuA
Context Capturing promising example is given in [53]. Such approechf
> < great use for the real-time, reasoning intensive
Context Modeling applications. Scalability issues might arise in hsuc
L ) architecture, for such a case using several powerfu
. . context-brokers can be of immediate solution.
Figure 5. Components of context management infrastructureteso . .
modeling, context capturing, context reasoning, amdntext In the following sub sections we do elaborate o th
dissemination. context modeling and representation, and context

abstraction and reasoning respectively.
Context capturing is handled by applications and

physical sensors. [52] classifies sensors intoofdlig A Context Modeling and Rrepresentation

categories: (1)physical sensorswhich are hardware Applications become perceptive when they maintain
sensors available through physical environmeneliver  the model of its occupants and activities and isenly
physical measurements, (2jrtual sensorswhich are Wwilling to accept an intelligent environment offegs
based on information and logs captured by the useservices implicitly if he understands and foreséss
applications and, (3)pgical sensorswvhich are based on decisions [64]. Furthermore, [65] notes that ihé&sd to
reasoning various contextual information to producee-use and change context information embedded into
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functional modules. Today's traditional intelligent semantic web. OWL is capable of representing main
computing is based on either ad-hoc Al techniqeeg.( components of an ontology like classes (i.e. cotsep
data-mining, machine learning etc.), or based amd-h relations, instances and attributes. Since OWLnisray
coded enumeration of possible contexts of use. Mewe the Al based techniques, it is suitable for highele
pervasive computing opens up infinite context spacentologies. It can express complex relations betwee
where it becomes hard to manage bindings betweeatoncepts, it is capable of acquiring dynamic infation.
infinite context and behavior spaces (i.e. adaptivé-urthermore strong reasoning techniques and tasdsd
behaviors). Hence in order to enable computeretidé on OWL provide a mean to deal with ambiguity in
on (i.e. reason) adaptive actions (i.e. automatémi- context. Hence it is reasonable to state thatdaable of
automatic, manual) through automated reasoningoand/capturing characteristics of context and criteiséet by
mediation processes - which requires to construct F0]. There are already various works in the &tare
bridge between humans and computers by enablimg thewhich employs ontologies, examples include [40,443,
to share a common world model - computing systems1 order to maintain a context model and to apply
need to maintain a formal model of the settingsviich  reasoning over this model.
they are being used and the complex relations lestwe There are various tools and standards in the domain
the various elements of these settings. which supports ontology development and use based o
Several machine learning techniques (e.g. Bayesia@WL. We refer to prominent ones in what follows.
networks, fuzzy logic etc. [50, 66]), statisticaktinods Protégé provides a graphical interface to devel®gLO
[67], and ontolgies as an Al paradigm can be uged tbased ontologies, JENA provides a semantic web
model contextual information.  [36] analyses saler framework where different ontology querying langesg
approaches in the literature according to data rmehe such as SPARQL and RDQL, and reasoning support are
used and concludes that ontologies are promisimg faavailable. Semantic web rule languages such asMRule
context modeling. They represent explicit, formaé.( and SWRL are already available and supported by
machine understandable) and shared conceptuatizatio various tools, which are used to describe logiesul
real world aspects [68]. [69] refers to severakoes in . :
order to usg ontc[)Iog:]ie[s ]for context modeling: (1)B) Context Abstraction and Reasoning
knowledge sharing(2) logic inference(3) knowledge re- We previously mentioned that context information is
use Considering context representation based ofategorized as low level (i.e. implementation Iwetd
ontologies, [70] lists the following requirementsrf high level (i.e. application level) context infortiza.
context representation: (1) Structured (2) Low level Context informat-ion is Usua”y.sensed by
interchangeable (3) composable / decomposaplgs) — Sensors or mlght_ be acquired from appllcanc_)n logs.
uniform (5) extensib|e (6) standardized There are AfterWar.dS it reqUIreS to be-abstracted tO the H@El
several techniques to represent ontologies. We tadopontext information. According to [37] this happeims
categorization provided in [71] into: (1)l based (2) three ways: (1pne—to—one one low !evel context value
software engineeringe.g. UML), e.g. [33], (3Hatabase ma'tches one high level context dimension, Qﬁhtext.
engineering(e.g. ER, EER), and (4)pplication oriented fusion several low level context values match one high
techniques(e.g. key-value pairs), e.g. [31]. Software level context dimension, (pntext fissionone low level
engineering techniques and database engineerif@ntext value matches several high level context
techniques are limited in expressivity, i.e. theg aot dimensions. Accordingly, we prefer to define comtex
capable of expressing heavyweight ontologies (i'egbstract[on as process wh|qh asserts new _contextual
ontologies which model a domain with more constsain information by processing available context infotio.
and expressiveness) but rather capable of modeling We refer to [S55] for an analytical understanding of
lightweight ontologies (i.e. ontologies which model context abstraction. We_ incorporate low _Ievel_c&hte
domain in a less expressive way and with lesdligh level context mapping approaches given in @7
constraints). Indeed software engineering and datab [55] (see Fig. 6). [55] definespplication spack(i.e. or
engineering are highly related with abstracting andn broader sense: context space, C) as the universe
applications for a restricted context of use. Thisan application and defines subspaces which refreet
restriction causes software engineering and dagabaéeal life situations within application spaces, ethiare,
engineering techniques to fall short when modeling Situation spaces(S). Authors further define context
generic context information. However it is not sising state as co_llect|0n of context attrll_autes’ _(|.e. diménss)
to see that several software methodologies aresuigtd ~ Values at time t. Each context dimension havesalue
for ontology development (e.g. ontology re-engiiveser spacé (Vn)' where value spaces'repre.sent range of values
and software re-engineering [71]). Al based teches that a particular context dimension might have.(e.lgto
are capable of representing high level ontologieslOO for age of a user). These value spaces migre ha
techniques based on frames and first order loge ardiscreet number of qualitative or quantitative edeis or
mainly used. OWL (Web Ontology Language) [72]’m|gh_t represent a continuous range (d|§cret|z§1t|on
which provides a syntax and knowledge represemtatiorequired). According to [55], some context dimensio
ontology, appeared as a prominent ontology forratitn might have greater importance than other context

(i.e. representation) language with the advent rof t dimensions for a specific situation, therefore agheis
needed to be defined for each context dimensiceaah
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particular situation. Furthermore, authors notd fbaa  stores terminological knowledge (in d@-boX e.g.
particular situation, every context dimension camlyo concepts, properties etc., and assertional knowlgdy
match to some accepted values in its value spawk, aan A-box, e.g. individuals. Subsumption determines
each accepted value in this set might have a difter subconcept-superconcept relationships of concepts
level of importance for this particular situation. occurring in a T-box where realization computeschia
Therefore every accepted value for a particulartexdn  given individual necessarily belongs to [73]. Re®so
dimension in a particular situation should haveéffeent  holds context transformation rules in order to edustiow
weight assigned (e.g. number of people in a rootn: 4level context information, and context-behavior diirg
people should add greater contribution than 10 lgeoprules which binds context dimension(s) into a palttr
would add for the situation of having a party, forapplication behavior [37, 73].

example, where number of people in a room mighy var

from 10 to 50 for the situation of having a party). v,
Moreover, some situations in situation space ctssié @,
combination of other situations (i.e. sub-situasipnin a, |
order to have a consistent terminology we advotate

following understanding by re-interpreting [55]. i@ext : \ S
~ g >

information which maps to an adaptive behavior is a a;
situation where a situation might be abstractedthftow
and high level context information and from other

situations. A single atomic context dimension is level ¥ £ 4 G < 'L‘S
context information where high level context istahsted

from low level context information and from otheiglh A L+ #&
level context information. High level context infoation \

does not map to any adaptive behavior but to the
situations. Adaptive behavior represents both astio
(manual, automatic etc.) and the change in appicat ¥
normal flow and structure (e.g. adaptive preseonati
recommendation etc.) based on the context. Accghgin
we prefer to define context reasoning as a funaotibith
maps situations to adaptive behaviors. It is weotinote
that abstraction can also considered to be a resgson
process, however for the sake of simplicity and
consistency we prefer such distinction. Figure 6. Context abstraction based on one-to-one, fusiod,figsion
According to Fig. 6, situation;3s abstracted by one to approach. V sets represents value spaces for ¢odigensions, C
one match of context dimensiop, @and $ is abstracted represents context space while S represents situspace.
by fusion of ¢ and g. ¢, affects several situations (i.e, S
and S), that is, fission. Furthermore, some situatioms i
situation space consists of combination of otherasions
(i.e. sub-situations). For instance, & and § are sub-
situations of § since context dimensions of su
situations are totally covered by.SHowever this also
requires that situationsSand its sub-situations need to
have same accepted values of their context dimegasio
Welghtlng approach allows us to calculate confidenc VI. KEY PROBLEMS AND BASIC APPROACHES
values for inferred situations. That means providegy
to deal with ambiguity of context information.
Projecting low level context information to the hig
level context information and mapping situation cp#o
behavior space, that is building the relation betwéhe
context and adaptive behavior, are not usually\) Dealing with Imperfectness

straightforward. It is hard to handle these mappifey Imperfection of context has been studied by several
systems having huge application and behavior spacegsearchers in the literature. Since basing aufomat
The difficulty c:;l_lso arlsgs Lrofm the main cha_Lra(smz of  actions on imperfect context information is probiic,
context as discussed before: context Is a dynamiGgearchers usually refer to user involvement tidgeon

cgnstruc_t, I dIS relat!onakl) andd |mperf|ect_. (_:(?meXtcorrectness of the context or actions (i.e. meahdfito
abstraction and reasoning based on ontologies I8lyna  yoiact inconsistencies or evaluate correctnesshef t

handled by rule sets (i.e. pre-defined or usemeefii48])  .,next hased on artificial intelligence techniquesy.
and ontological reasoning, i.esubsumption and [27, 35, 44, 45, 75, 76].

realization [71, 73]. A typical system usually includes a
knowledge base and a context reasoner. Knowledge baq

Considering adaptive behavior; rules which maps
application space to behavior space (i.e. to thenaatic
behaviors) are usually pre-defined or user defiresl,
b- previously mentioned, that is called first ordeapigtion
[74]. On the other hand if such rules are learntthny
system (i.e. through machine learning techniqudsy, is
called as second order adaptation [74].

In this section, we will briefly refer to some kpgoblems
and basic solution approaches. Scope of this sedio
mainly limited with ontology based approaches, leenc
problems and solutions also are.

Considering other approaches in the literatureis it
uite common to employ a metadata approach [77] to
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annotate acquired and derived context informatiith  actions and user mediation which should of course
quality parameters. RDF reification is a common wéy optimized based on priorities and importance of the
annotating ontologies based on OWL and RDF withsituations.
quality parameters. However [78] notes that suc . .
approaches are not expressive enough to captune ri%) Reasoning Performance and Managebility
types of context information and to support re&rspn Ontologies might grow up into huge knowledge bases
[79] list several metadata parameters for the gualf  Which is problematic along with the heavy reasoriozgl
context: (1)precision (2) confidence (3) trust leve] (4) for resource constrained devices in a pervasive
certainty, (5) granularity and (6) Uptodatenesswhile ~ environment [82, 83]. Through experiments [69]
[38] uses following similar quality measurementgl)  concludes that reasoning is time expensive, bilitgstod
accuracy (2) resolution (3) certainty and (4)freshness for non-real-time applications. Authors identifyrek
Uptodateness or freshness usually associated with &nain performance factors: CPU speed, complexity of
aging function based on a life cycle managemeniodic rules and size of context information.
approach where this aging parameter also affeas th In [69], authors suggest separating context use and
value of other quality elements like decreasing€@soning where reasoning is done by resource rich
confidence or accuracy level depending on the fresq devices and complexity of rule set need to be otistt.
of the context information [57, 80, 81]. [78] notdmt I @ knowledge base there is a T-box which holdegs
related approaches in the literature for reasomibgut —concepts, their properties etc., and an A-box whicks
uncertainty with various metadata terms such alﬂqdiVidual SpeCifiC information (le instanCES)bdk is
confidence and accuracy are not expressive enonigh ¥sually static and classification and loading imeli
capture rich types of context information and suppo consuming in T-box [84, 85], hence it is usuallpded
reasoning mechanism. Therefore authors decide forgo and classified offline [85]. There are numerousmits
an integrated solution by combining Bayesian nekwor in the literature to cope with this challenge ligartial
and ontologies, since ontologies are good at reptesy ~ Ontology fetching and evaluation, ontology encoding
structural contextual information where BayesianSynchronization and replication of ontologies €36, 83,
networks are good at representing probabilistitexdnal ~ 86]. The most basic approach is to create plug-g (
information. Such approach combines probabilisticnodular) ontologies, it is also beneficial ~ from
models for uncertainty and ontologies for knowledgeManagement point of view. [87] notes that moduaist
reuse and sharing. Authors achieved their aim tjingd  the key requirement for large ontologies in order t
new language elements to OWL and by creating achieve re-use, manageability and evolution. Usguall
mapping through OWL model to Bayesian model. there is an upper ontology (generic ontology) and a
Approach presented in [55], which has been intreduc domain ontology (lower ontology, or plug-in ontojdg
in section V, can be considered amongst more gener[33. 62, 69, 88, 89], this approach enables comeding
solutions. The introduced weighting approach allaygs domain ontologies to be plugged into a generic logio
to calculate confidence values for inferred sitragisince based on the application domain. We further adeocat
every context dimension and every acceptable viaiua ~ that a domain ontology alone also might include
contextual dimension is associated with a weightieza considerable amount of irrelevant contextual infation
That means it provides a way to deal with ambigoity hence it needs to be further partitioned, it isoz@ble to
context information. Authors also enable agentmésge ~ Call these sub-partitions as task ontologies witezeroot
or partition different perspectives of context whiare element of such ontologies are called as activenaster
managed by different agents in order to providecontext element. An example might be as followsmart
increasing level of accuracy. Another approacthome domain ontology can be partitioned as bed-room
represented in [73] introduces means to handléeiramt ~ Ontology, kitchen ontology etc., where master ceinte
context dimensions where OWL ontologies are usea aselements are “being in the bed-room”, and “beimghie
representation formalism. It uses a context filkkrere ~ kitchen” respectively. It is reasonable to say that
authors define situation-action mapping as a polidye  identifying such active context spaces might beduse
more a policy is used, the more important it isthaus ~ control size of T-box and logic reasoning. A poksib
use a weight recorder to record usage of policiserey @pproach might be using basic data-mining techisique
they eliminate irrelevant contextual information Over the condition set of the inference rules ideorto
according to usage records of policies. partition context space. A similar approach is pnésd in
Since it is not possible to clean all the ambigoitghe  [90], since only one context is active at any pamtime
context information based on artificial intelligenc the number of rules that have to be evaluatediaieet!.
techniques, metadata approaches or many otheis, it [61] remarks that A-box increase causes exponential
reasonable to use artificial intelligence techeijand increase in reasoning process time, hence onlyerela
others to some extent, and to employ a user mediati items need to be collected at the time of reasof8ag
mechanism [27] for crucial situations, examplediide  [61] notes that subscribe (PUSH) method allows as t
[27, 75]. [76] emphasizes user involvement becaisge  know what we need in A-box beforehand for Pre-
knows more, without user involvement system canno$election. Approach presented in previous sub<ecti
evolve and system can lead wrong operations. Thtema which focuses on eliminating irrelevant context
is enabling right level of balance between automatiinformation based on policy recorders [73] alsozemtes
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reasoning process according to the view presentéldis  purposes, applications and users might also need to
section. manipulate such information. For example, imagigieo$
Performance of reasoning engines is also of cruciabuestions (i.e. items) and answers which are givgn
[91] lists two types of inference engines which arestudents to these questions. They are stored iB,até@m
database (DB) based and main memory (MEM) based. Wifficulties can be considered as contextual infation.
main memory systems reasoning is done when theyquein order to abstract item difficulties from set arfiswers
is requested. They are more efficient but they laclgiven, a computational process is required which is
scalability because of memory needs. DBMS basedifficult to apply through ontological representati of
engines are slower but good choice when large anthe data. [93] uses a hybrid approach based orgusin
complicated knowledge is required, and they artabtea  knowledge bases and databases however authorsimit
[91] evaluates performance of following inferenceof databases for static contextual information. We
engines Minevra (DB), Hawk (DB), Pellet (MEM), Jenaadvocate that scalability and manageability of bases
(MEM) based on a set of criteria, e.g. load timeeny  and reasoning support of knowledge bases need to be
response time, query soundness and completeness etamployed together. Therefore we propose following
Experiments lead authors to conclude that all theough model which is inspired from SQI [94] which
mentioned inference engines are far from beingnight be of use. Overall approach is depicted m Fi
commercialized although Jena presents a bettekccording to proposed model, contextual information
performance overall. Although research on enhancinghould be kept in databases, and only requirecegturl
performance of reasoners is challenging, onlinformation need to be loaded to knowledge base for
encountered example is [85] which employs primeeasoning purposes. A query interface enables w&rio
numbers to encode concepts in an ontology for erihgn applications and agents to submit queries in differ
ontological reasoning (e.g. subsumption). query formats (e.g. SQL, SPARQL, RDQL etc.) whish i
We refer to scalability and manageability issuessubject to arrangement between the applicationthad
briefly, prominently based on a database approg@8] query interface. Query is mapped to local querglmye
notes that database style management is much mooé the database or knowledge base and query remgts
scalable then ontologies however it is not standadd returned back in a common format (RDF, XML etc.)
Reasoning engines usually hold individuals and eptec  which is also subject to arrangement. Applicatidso a
in a specific format (e.g. RDF triples) which isualy can send a command to load related contextual
not subject to be accessed directly by other users information from database to knowledge base. Ireotd
applications, even this is possible, it is hardrtanage. enable such approach, a wrapper need to maintain a
However database style of management allows othenapping between knowledge base and database.
users and applications to access and manipulade idsa ~ Automation of such mapping is possible, we refaders
easy way (e.g. various views, query engines etc.}o section VII for details of such automation and
Contextual information is not only required for seaing  mapping.

Knowledge Base v Common Query Language
- )
Q
e
r
y
Local o
Query / | Applications/Agents
Result p N
t
e
Wrapper r
f
Local a
Query / c
Result e

;A_/
Database Results in Common Format

Figure 7. Merging relational databases and knowledge basesdier to enable scalable and efficient contexsaring and context management,
only relevant contextual information is loaded feasoning.
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considered from development time and run time pofnt
VIl TOWARDS A GENERIC APPROACH view. It is a known fact that maintaining knowledge
[95] reports that context-aware applications areyed  the application is essential since software devekmq is
come into market because of high developmensubject to various changes. [100] refers to four
overheads, social barriers such as privacy andrisgcu fundamental forms of change:personnel (e.g.
and an imperfect understanding of truly compellirsgs programmers, designers etcdevelopment platforms
of context-awareness. Furthermore several reseaarchaleployment platforms and requirements Hence, in
remarks that context-aware computing lacks otraditional application development, practicallyhat
appropriate infrastructure and middleware suppery. expert knowledge is lost; more accurately, that
[38, 96, 97]. Hence, several research initiativesuéed knowledge is embedded in code ready for architattur
on developing such frameworks or middlewarearchaeology by someone who probably wouldn’'t have
infrastructures based on various available softwardone in that way [101]! Therefore, a properly mashg
architectures, methods, techniques etc. , e.g.98357, application knowledge ensures sustainability of the
65, 98, 99]. application by absorbing such changes. On the cilder
Almost none of these developments or frameworks hagervasive computing requires computing entitiesuoh
been really considered as a killer applicationythee environments to be aware of each other’s charatiesi
usually based on context models and encapsulatethd functionalities and to be able to communicaid a
common functionalities in one way or another wayg, e share information in order to ensure collectivityhat is,
agent based [98, 99], service oriented [57, 65htrak  assumptions done at the development time should be
brokers [53, 54] etc.. However approaches predeinte minimal and applications should be able to adjust
the current literature of pervasive computing didt n themselves according to the various run time ggstin
really manage to go beyond the borders of tradifion which might differ from each other in the sense of
computing and software engineering, although use afinderlying technology, capabilities, requirements..e
context models, particularly based on ontologiesy be  Approach presented in [102] reflects our understand
considered as an important movement. Availableistud for context-aware pervasive application development
employ ontologies for modeling and reasoning ovefe.g. application context, hard device contextt defice
context information, however we advocate that ube ocontext etc.). [102] simply considers devices agagh®
ontologies should be employed in every phase oépplications as tasks, physical surroundings agpoting
software development, that is, both for separatingnvironments. Based on this vision, authors divide
reasoning logic and designing and specifying saftwa application life-cycle into three parts: design<imoad
artifacts. In other words we consider shift towardstime and run time. Authors define criteria and msder
approaches based on higher abstraction as a kepch part. Considering design time, it is suggested
challenge in order to cope with increasing complerf  applications and application front-ends should bet
pervasive computing environments. Secondly, aviglab written with a specific device in mind. Besides
approaches greatly undermine the place of Worldewidapplications should not have assumptions aboutadlai
Web (WWW) for tomorrow’s pervasive computing services, therefore abstract user interfaces arstrza
environments. WWW is the biggest available digiagler ~ services need to be described. The structure of the
of today and it is reasonable to claim that it widntinue  program needs to be described in terms of tasksabd
to be so tomorrow. Therefore, it is a fact thatiziig  tasks instead of simply decomposing user interactio
such a huge information source for pervasive comgut Considering load time it is suggested that appbost
environments are of great challenge. Fortunatelymust be defined in terms of requirements and tivicds
semantic web approaches which are already beind usenust be described in terms of capabilities. Comside
for context modeling and reasoning will be of grealp.  run-time, it is noted that it must monitor the restes,
In subsection A and subsection B, proposed appesachadapt applications to those resources and respond t
are elaborated respectively. changes. Such approach is based on higher alstsct
All in all, researchers should re-construct andusdj of entities, including applications themselves.ded, that
software engineering approaches and use of WWW fds how programming evolved from machine code
pervasive computing environments which is tomorsow’ assemblers to data structures, to object orieategliages
computing indeed. In the following sub-sections weand to the compilers in order to cope with incregsi
introduce our approach for these two mentioneccomplexity. High-level languages replaced assembly
challenges. Bear in mind that although the appreswete  language, libraries and frameworks are replaciotpied
are going to mention are not purely novel sinceythee code segments in reuse, and design patterns daeirgp
studied in their corresponding domains, our contidn  project-specific code [103]. The next cycle of the
is mainly based on synthesis and integration ofhsucabstraction, compelled by pervasive computing eeads
promising approaches based on a pervasive computiig reduce semantic gap between problem domain and
perspective. representation domain based on higher abstraotibtise
— business logic, application itself, and the reaspiogic
A) Application Development based on contextual information. Conceptualizing th
Apart from introducing new challenges pervasiveproblem domain which is based on encapsulatedaatbstr

computing also greatly catalyzes the problems iteto  representations  of  entities, their  capabilities,
the software development. Such challenges can be

© 2009 ACADEMY PUBLISHER



1006 JOURNAL OF SOFTWARE, VOL. 4, NO. 9, NOVEMBER 2009

requirements, available functionalities and the plex  entities share the same conceptual understandirigeof
relations between these entities and their chaiaits  setting. Furthermore, [112] points out that ont@sgcan
will greatly reduce semantic gap with the represéoim  be used for software engineering either at ruretom at
domain and will isolate developers from the lowdkev development time. Having a knowledge base which is
technical aspects of development. Ontologies might external to application for reasoning purposesxanle
considered as solution for such a higher level obf use of ontologies at run time (i.e. computationa
complexity. [104] notes that it will be importanb t inference). Considering development time, a systam
integrate ontologies with the software generationd a be specified and designed by the use of ontologies
management, perhaps using ontologies to semeomputing independent way, then designed ontolagy c
automatically generate interfaces. We further adimc be used to automatically generate application codée
using a top level of abstraction to automaticalride  skeletons (i.e. skeletal code) and other softwatiéaets
required software artifacts ranging from applicatamde such as database schema, UML diagrams etc.. Mareove
to specification, that is, letting programmers cdfye constructed knowledge is preserved and is readhg tee-
what programs should do rather how it should d89].  used or to be shared. Development time use of agitd
Moreover, ontologies can be used to automaticallyfyy  is highly undermined by previous approaches foitexta
applications [105] before creating the code by mseaf aware pervasive computing. Indeed a typical context
using ontological reasoning process. ontology, by the nature of context, involves coesable
Early examples of context-aware pervasiveamount of application knowledge. Therefore consédic
applications are rather ad hoc, and are not basedhigh  knowledge should be used for automated code gémerat
level context models, hence reasoning support is noather then re-modeling, re-defining and manually
available, limited or hard coded. Examples incli8&,  generating application.
106, 107], although these systems did progresaiiows Hence, we refer to related literature briefly for
aspects of pervasive computing they are weak iontology driven development which can be employed f
supporting knowledge sharing and reasoning becausmntext-aware pervasive application developmerit3]1
lack of a common ontology [53]. Pervasive computingproposes a development method called “ontology
vision has opened up infinite context space whigh ioriented programming”, where the problem domain is
required to be bind over infinite behavior spacenék, it expressed in the form of an ontology and such ogtols
is hard to manage model of a setting and increasingsed to generate object oriented application codes is
number of rules in an ad hoc way, besides it iglhar programming paradigm is of a higher abstractiorellev
share or reuse constructed knowledge which isciljre than object-oriented programming (concepts versus
hard coded into the application. Accordingly, latte objects), but which finally, through the indicated
applications are based on high level context model£ompiler, makes it possible to generate objectrbeied
particularly based on ontologies represented by QWLcode [113]. Although [114] sufficiently addresséw
RDF, UML etc., examples include [33, 62, 69, 70, 99related literature for ontology-driven development,
108]. However existing work in the literature isimg  particularly at development time, Model Driven
based on using traditional software engineering an@®evelopment (MDD) [100, 101, 105] approach whish i
computing paradigms in one or another way (i.eiovsr based on the same idea of automatically generating
software architectures, encapsulating contexapplication code from models seems to be more matur
management functionalities in various ways etalj,far  This is because of the experience, tools and stdada
away from being revolutionary, and the novelty ofavailable for this approach are more standardizedl a
contribution is almost limited with separating reaisg advanced. Prominently, Model Driven Architecture
logic from application code. However, accordingotar  (MDA) [115], which is initiated by OMG consortium,
perspective, ontologies need to be employed inygrart  holds an important place for MDD. MDA initiativefefs
of context-aware pervasive application development a conceptual framework for defining a set of stadslan
order to enable higher abstraction. [109] notest th support of MDD [104]. MDA software development life
ontologies can be of use for (8)mmunication between cycle includes a five step process [103]: (1) captu
computer-computer, between human-human, betweeaquirements in £&omputing Independent ModéLIM),
human and computer(2) computational inferenge(3) (2) create aPlatform Independent Mode{PIM), (3)
knowledge re-use and organizatiofCommunication transform the PIM to one or morelatform Specific
between computer and computer addresses thdodels(PSM) by adding platform specific rules and code
interoperability  problems, where  human-humanthat the transformation did not provide, (4) tramsf
communication addresses the terminological amhiguitPSM to code, (5) deploy the system in a specific
between developers and leads to a consistent frarkew environment. UML standard which uses UML meta-
for unification [110, 111]. One of the benefits w§ing model [101] is in the core of MDA for modeling. We
ontologies is that they aid interaction betweerrsissaad  previously mentioned that UML is considered to be a
the environment since they concisely describe thsoftware engineering paradigm which can be used for
properties of the environment and the various cpisce representing ontologies, however it is only limiteal
used in the environment [104]. Particularly, enadpli represent lightweight ontologies. Therefore, UML
higher level of user-computer communication is efph approach in MDA might not be a proper choice to etod
for user mediation which is only possible when bothboth reasoning logic, application logic and contexkt
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entities. Hence use of OWL and OWL knowledgefacilitate it, so OWL should also come closer to
representation ontology (i.e. ontology to represant development layer [115]. This is possible by dep#lg
ontology, corresponds to UML meta-model ) instedd oeasy-to use visual development environments ants.too
UML and UML meta-model might satisfy our purposes.Accordingly, MDA process can be adopted to such
People use UML or object oriented languages becausmtology based approach as shown in Fig. 8 [117].

they are more close to development layer and might

Platform Platform Specific .
Independent > Application 5| Paltform Specific
Application Model Model(s) Code
A
Artifact Dependent e.g. Database
Model(s) > Schema
Computing Context Ontology Othgr Software
Independent ,|  for Reasoning ,| Artifacts (e.g.
Domain Ontology UML, _
Documentation)

Figure 8. An integrated abstract software development apprbased on Model Driven and Ontology Driven Develept where models are used
both for automatic software artifact generatiore.(idevelopment time) and for creating external aemg logic (i.e. run time) [117].

In this approach, first a domain ontology need & b schema, higher expressivity of ontologies enaliiemtto
created, probably by applying one of the techniqiés be mapped less expressive representations. Coryptexi
118] for ontology development (omitted in the figdor  pervasive spaces requires availability of different
the sake of brevity). Later, part of such ontologed to  viewpoints of a model (e.g. a UML diagram might be
be employed for reasoning purposes, this is becaose more proper for documentation purposes, since it
every element of this ontology need to be part oprovides higher visual expressivity).
reasoning logic but rather part of application togi In this stage, it is required to have a brief loak
Therefore, aPlatform Independent Application Model available work in the literature which focus on alogy
(PIAM) is to be subtracted from the Domain Ontology based automatic software artifact generation, @adily
Platform Specific Application Model§PSAM) - e.g. application code and database schema. [119] shows h
JAVA, .NET etc. - andArtifact Dependent Models to convert RDF schema and RuleML sources into Java
(ADM) need to be derived from PIAM. Finally, platfa  classes, and [120] presents how to create a séaaf
specific code, and various software artifacts neethe interfaces and classes from OWL ontology such #mat
created by using PSAM(s) and ADM(s) respectively.nstance of Java class represents an instancesifgée
Furthermore it might be required to fine-tune thmle class of the ontology with the most of its propesticlass
itself or to complete skeletal application codeselriing relationships and restriction-definitions maintairj@20].
handwritten code in MDA is especially important in Similarly in [121], authors show how an OWL/RDF
MDA, because the process is both model-driven andnowledge base can be integrated with conventional
iterative. That means that MDA tools are contingall domain-centric data models (Enterprise Java Beand)
generating code [103]. Use of ontologies as a éwell object-relational mapping tools (e.g. Hibernate).
abstraction and to map it to different purpose-djgec Considering relational databases, [122] presents a
representations is supposed to enable rapid, sablai mapping technique from ontologies to relational
application development which is quite suitabletihe databases in order to facilitate rapid operatioag.(
nature of application development for context-awaresearch, retrieval etc.) and to utilize benefityelational
pervasive settings. An interesting example is preegkin  management systems (e.g. transaction management,
[78] where authors derive a Bayesian model from asecurity etc.)
ontology, that is, to merge Bayesian models and [97] points out that middleware must enable
ontologies, for better reasoning in the sense ofteod programmers to develop applications dynamically
quality. Such example clarifies what we do readifer by  without having to interact with the physical wortsf
saying “purpose specific representation”, it does n sensors, actuators, and devices. In other wordsieed a
necessarily need to be application code, or databasniddleware that can decouple programming and
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application  development from physical spaceimportance. The semantic Web components such as
construction and integration. We further advocdtat XML, RDF, OWL etc. allows machine understandability
ontologies also have potential to enable usersdagram  of information however in explicit means. They are
their own environment by means of synchronizingy.(e. useful for system level aspects such as contexetimay
sequencing, conditioning etc.) accessible servigigen or service messaging etc. and they aim at machine
by various entities (e.g. Outlook, TV, refrigeratdc.) of readability. However, RDFa [126], eRDF [128] and
the environment. This is more than just being mlbop  Microformats [129], embedded semantics, enables
by means of meditation. We refer to such approach amplicit annotation of information in web pages bsing
“environment programmingivhich is only possible by class attributes of (X)HTML elements which both
enabling users and computers to share same coateptprovides human and machine readability of inforomati
understanding and enabling different entities to be\ccordingly, four layers of abstraction for infortizn
plugged in the environment in a plug and play mamme (including contextual information) can be identifiésee
order to advertise their available services. Fig. 9) which is adopted from three layer of &bsion

. proposed by [34]: (1¥torage layer (2) exchange layer
B) Semantic Web (3) conceptual layer and (4) representation layer
Pervasive computing enlarged traditional computindRepresentation layer, particularly embedded seosnt

setting into the human layer of the earth. Worldd@/i constitutes the missing link in current approaches.
Web is the biggest digital information layer, hericés

unavoidable to stretch and integrate such an irdtion

layer over this new enlarged computing setting [123 Representation Layer (e.g. HTML,\
Two different approaches can be listed to merdge avel RDFa, eRDF, Microformats)

pervasive computing environments, the first onéas J
application point of view where researchers use ashn f )

S L . .. Conceptual Layer (e.g. OWL,
application and communication space, that is, naps RDF, UML etc. )

from real world to web as presented in [124] wheral y
life objects have web presences. Second approdoimis Exchange Layer (e.g. XML JSON\
information point of view [123] where mapping i®fn cVS e.tc-.) ' '
web to real world which is our focus in this paper.

N/

. . . . G J
Various researches in the literature use intersetia s N
information source, and for many others use afrimt Storage Layer (€.g. tupples)
might greatly advance their work (e.g. schedule L y,

information for smart spaces etc.), example_s im;lpﬁi’ Figure 9. Four layers of abstraction for contextual inforroatiand
99, 125]. Particularly, challenge can be identifiad information itself.: Storage Layer, Exchange Lay@onceptual Layer,

follows [123]: and Representation Layer.
...to enable variety of devices in pervasive comgulti ) . .
environments to be able to extract and use valualgh With respect to the partial context model depidted

resources by semantically structuring commonhyfig- 10 (b), such approach particularly focusestiom

published information chunks (e.g. events, usefilpg Information which is part of the digital environnen
etc.) and annotating various web documents wit{o9ether with the applications. This approach &oah
contextual information (e.g. size, format, requiesis line with the idea we mentioned in section Ill; text for

etc.) in order to enable adaptive retrieval and informat_ion (i.e. information as an indepqndentitg}mt
presentation of such documents. Annotating web documents by contextual information

Semantic web standards (e.g. OWL) have been us&fructuring commonly published information chunks b
for varying challenges of pervasive computing syste USing proper and standard meta-data elements and
such as context modeling as previously mentioned{ocabularles will enable context aware applicatitns
However apart from its constructive existence infiltef» search and recommend and present these
pervasive computing environments, semantic wefnformation pieces to users depending on the maich
activities, particularly embedded semantics [12850 between user context.and mfprmaﬂpn charactes@tle.
have a crucial role for enabling pervasive commutin CONtext). An example is learning objects [12]; eaught
environments to exploit web information. Different Nave different competence levels, media format thiat
devices in pervasive environments connected to eadﬁ_lght.lnterest devices with different capabilitesusers
other in various means such as wired and wireles&ith different competence levels.

networks, infrared connections, Bluetooth etc. Afram Structuring meaningful information chunks residing
these local ties, pervasive computing environmemes the web environment and annotating various docusnent

also mostly connected with World Wide Wep With their respective contextual information enables to

environment as shown in Figure 10 (a). Web enviremm identify and retrieve information of interest egshby
is a huge information source, hence enabling pemas leaving out unnecessary content. Since informat®n
computing environments to exploit valuable inforimat d€coupled from presentation, such approach alsblesia

in the web environment without imposing any extralS 10 present retrieved information by making use o
burden is a challenging task which is of prominen@Pstract user interfaces and multimodality.
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Fervasive Compufing Enviroments

World Wide
Weh

= B S—
Metworks

conpased F

{al )

Figure 10.(a) Top level view of pervasive computing enviromtseand World Wide Web, (b) partial view of our gen conceptualization.

ubiquitous learning) for our case. Our basic stepsie

Vil practically, will involve development of a generand

Available research on context-aware pervasivelomain specific ontology for e-learning, and sejtup
computing lacks of a general understanding and #gequired infrastructures and software components i
concrete methodology although required knowledgs anorder to make use of ontological reasoning and web

CONCLUSIONS

vision are already distributed over respectiverditere.

information in such pervasive learning environments

Particularly software engineering requires to bésed in
order to cope with complexity which is introduceg b
pervasive computing. Proper understanding of ctnte
and its relation with adaptivity is of crucial imder to
construct a new understanding for context-awarevsoé
development for pervasive computing environments,
Role of the user in such environments need to &arlgl
understood in order to decide on right level ofruse
control and automatic system behavior as well as fo
involving users for the mediation purposes. Morgpve
pervasive computing expands the physical infrafiirec
of the digital environment which requires WWW to be
properly coupled with such physical infrastructase an
ultimate information source.

Accordingly we first introduced our general
understanding and methodology both in generic an&S]
domain specific sense (i.e. e-learning). Througls th
paper, we spend an effort towards integrating, anfi4]
extending available theory and basic practice iato
common understanding and into a conceptual framkewor
which will lead us during both our long term ancbih
term research. We elaborated on context and adaptiv
by creating links with the application developmisues. [5]
We referred a combined use of ontology driven and
model driven approaches both at run time an%]
development time where current practice is onlyitéoh
with run-time use of ontologies. Such combined apph
which is based on increasing level of abstractidghitn
greatly facilitate rapid and sustainable applicatio [7]
development. We further pointed out the semantib we
approaches and web itself within the perspective of
context-aware pervasive computing and indentified
comparatively important challenges. (8]

Our future work will be more focused on specifids o
anywhere and anytime adaptive e-learning envirarnige
in compliance with general understanding and fraotew [g)
introduced in this paper. Consecutive complementary
studies are expected to complete theoretical astthieal
framework constructed in this paper, that is, finsb
levels of our research pie depicted in Fig. 1. kentwvork
will be based on specifics of adaptivity and cohtex e-
learning domain which is indeed uLearning (i.e.

(1]
(2]
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