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ABSTRACT

Life cycle management plays an essential role in context-
aware systems, it needs to aware surrounding contexts and
adapt to changing contexts in highly dynamic environments.
Consequently, context management is different from tradi-
tional approaches due to the characteristics of contextual in-
formation are dynamic, transient, and fallible. Understand-
ing the life cycle of a context is the key issue to maintain
consistent contextual information. Accordingly, we propose
an ontology-based model for representing, deducing, and
managing consistent contextual information. In addition,
an agent-based architecture supports the process of context
life cycle management.

Categories and Subject Descriptors

K.6.3 [Management of Computing and Information
Systems]: Software Management—Software process; 1.2.11
[Artificial Intelligence]: Distributed Artificial Intelligence
—Intelligent agents, Multiagent systems; H.1 [Models and
Principles|: Miscellaneous

General Terms

Management, Design

Keywords

Context-aware systems, Context management, Ontology, multi-

agent architecture

1. INTRODUCTION

Researches on smart spaces, such as Aware Home|[1], Place
Lab[17], Smart Meeting Room([8], and Smart Vehicles[18],
provide intelligent and adaptive services for assisting users
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to concentrate on their specific tasks. In these smart space
environments, contextual information can be sensed in richly
equipped and networked environments. Moreover, users are
not necessary to carry any extra device because services will
be delivered to vicinity of them.

Context-awareness is the essential characteristic for build-
ing smart space environments. Software architecture for
context-aware systems must have abilities to perceive the
change of external environment or internal state, understand
the current context, and provide services to right place at
right time. Consequently, support of various devices deploy-
ment, manipulation of contextual information, and discovery
of services, are basic considerations while design a context-
aware system.

A multi-agent system is composed of multiple interact-
ing intelligent agents. Each agent has several important
attributes, includes the ability to perceive and react to the
near environment, the possession to achieve individual goals,
the facility to communicate with other agents, the capabil-
ity to perform actions with some level of autonomy, and the
capacity to provide services. These attributes make agent
paradigms suitable for building context-aware applications.
Different agent supports for different entities and each agent
concerns itself with simple task, that is, some agents carry
out contextual information from the vicinity of the user;
some agents manipulate contexts; and some agents deliver
services.

Many challenges have been encountered while building a
context-aware system. We address three issues in our re-
search. The first one is information representation. In a
smart space, raw contexts are gathered from various de-
vices, and consequently a context-aware system needs to un-
derstand the meaning of a context. Therefore, a model to
represent contextual information is the first issue of devel-
oping context-aware systems. Second, high-level contexts,
such as environmental situations and users’ states, cannot
directly be acquired from sensors. Accordingly, the capabil-
ity to entail high-level contexts from the existing knowledge
is required in context-aware systems. Third, inconsistent
contexts may appear due to the rapid change of contextual
information that will cause a context-aware system fail to
deliver correct services. Therefore, a mechanism to main-
tain consistent knowledge bases is an import issue.

In this research, we leverage semantic web technologies
that provide means to express context and use abstract rep-
resentations to derive usable context for proactively deliver-
ing context-aware service to users. We propose an ontology-
base model for supporting context management which can



provide high-level context reasoning and detect the knowl-
edge inconsistency.

2. RELATED WORK

Gu et al.[15] propose CONON context model, which as-
signs different temporal characteristics to different contexts.
For example, the sensed contextual information has its life-
time with persistence of seconds to hours. Chen et al.[9]
introduce COBRA architecture that utilizes the predefined
schedule to handle the context consistency problem. Ac-
cording to the scheduled time of a user, system assumes the
user is stay in a specific place. Using an abductive reasoning
mechanism, COBRA maintains its belief of user’s location,
even though the sensor perceives the movement of a user.
However, the demonstration domains of these researches are
limited and the rules are tightly defined the specific relation-
ship among user’s intentions, activities, and services.

In the past decade, the services offered to users are inter-
ested in context information related to the users’ current po-
sition. Nowadays, the design principles in context-aware sys-
tems are mainly focus on addressing special requirements of
isolated areas (e.g. smart homes[1], offices artifacts[23], etc.)
in an ad-hoc manner. Meyer and Rakotonirainy[20] make an
exhaustive survey on context-aware homes. Department of
Architecture research group at Massachusetts Institute of
Technology proposes the House_n' research, which includes
a “living laboratory” residential home research facility called
the PlaceLab[17]. Hundreds of sensing components are in-
stalled in nearly every part of the house. Interior conditions
of the house can be captured by using these sensors, such
as temperature, light, humidity, pressure, electrical current,
water flow, and gas flow sensors. Eighty wired switches can
detect the opening of the refrigerator, the shutting of the
linen closet, or the lighting of a stovetop burner events.
Cameras and microphones are embedded in the house for
recording the resident’s movement. Twenty computers col-
lects all the data streams from these devices and sensors to
provide multi-disciplinary research, for example, monitor-
ing the resident’s behavior, activity recognition, and dietary
status.

3. TECHNOLOGY OVERVIEW

An overview of the context models, context reasoning, and
ontology are introduced in this section.

3.1 Context Models

A context model is needed to define and store contextual
information, which includes temporal relations, geo-spatial
entities and relations, user profiles, personal schedule, and
actions taken by the people. Develop a model to represent
the wide range of contexts is a challenging task. Strang and
Linnhoff-Popien[22] summarized the most influential con-
text modeling approaches according to their data structures.
Chen and Kotz[5] classified context models into four typi-
cal categories, which are key-value, markup scheme, object-
oriented, and logic-based models.

Many context-aware systems concentrate on location aware
services. Ye et al.[24] use lattice model to represent spatial
structure, which can deal with syntactic and semantic la-
bels. This general spatial model provides both absolute and

http://architecture.mit.edu/house_n/

relative references for geographic positions, both the con-
tainment and connection relationships can be determined as
well. MINDSWAP Group geoStuff® to express basic geo-
graphic features such as countries, cities, and relationships
between these spatial descriptors.

There are two basic temporal models, the point-based and
interval-based time models. A time point can be considered
as an instant of time. In contrast to that, a time interval
is a temporal primitive with an extent. It can be specified
by two time points or by a time point plus a duration. Tra-
ditional time structure is based on a set of points, Bry et
al.[3] introduce CaTTs and treat the cultural calendars as
interval-based time. Ma and Hayes[19] analyze the tempo-
ral interval-based models in a recent literature report. The
OWL-Time® and ISO 8601 define the time structure and
standard.

The RFC 2445* provides the definition of iCalendar for ex-
changing calendaring and scheduling information across the
Internet. Google Calendar® is a popular web-based calendar
which supports iCalendar standard and users can share their
own personal activities with others. These human activities
are related to people, time, and location. Consequently, the
contents of persons’ schedules can help us to derive their
location at a given time.

3.2 Ontology

The term ontology has its origin in philosophy, and has
been applied in many different ways. The core meaning
within computer science is a model for describing the world
that consists of a set of types, properties, and relationship
types. In the knowledge engineering model, ontology is ap-
plied to model declarative knowledge. Strang and Linnhoff-
popien[22] concluded that the ontologies are the most ex-
pressive models. Gruber[14] defines ontology as an “explicit
specification of a conceptualization”. Ontology is developed
to capture the conceptual understanding of the domain in
a generic way and provide a semantic basis for grounding
the fine-grained knowledge. The COBRA-ONT|7] provides
the key requirements for modeling context in a smart meet-
ing application. It defines concepts and relations of physi-
cal locations, time, people, software agents, mobile devices,
and meeting events. The SOUPA[10] (Standard Ontology
for Ubiquitous and Pervasive Applications) is proposed for
supporting pervasive computing applications. SOUPA uses
some other standard domain ontologies, such as FOAF®
(Friend of A Friend), OpenGIS, the spatial relations in Open-
Cyc”, ISO 8601 date and time formats®, and time ontol-

ogy|[16].

3.3 Context reasoning

The processes of context reasoning can infer new con-
texts from the existing contexts. In a smart space, if sys-
tems are unable to reason and share context, the intelligence
of context-aware systems will be limited and cannot meet
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users’ requirements, which will cause the user abandon the
system.

Design and implementation of context reasoning can vary
depending on the types of contextual information involved.
The early context-aware systems|[4]are tightly coded the log-
ics of context reasoning into the behavior of the systems. Im-
plementation for understanding the contextual information
is bound into the programs for guiding the context-aware
behavior of the systems, therefore, the developed applica-
tions often have rigid implementations and are difficult to
maintain.

Rule-based logical inference can help to develop flexible
context-aware systems by separating high-level context rea-
soning from low-level system behaviors. Context modeling
languages are used to represent contextual information and
the rule languages are used to enable context reasoning. In
most cases, these two types of languages have different syn-
tax and semantic representations; it is a challenge to ef-
fectively integrates these distinctive languages to support
context-aware systems. A mechanism to convert between
contextual modeling and reasoning languages is one of the
solutions for this challenge. Gandon and Sadeh[12, 13] pro-
pose e-Wallet that implements ontologies as context repos-
itories and uses a rule engine Jess[11] to invoke the corre-
sponding access control rules. The e-Wallet using RDF®
triples to represent contextual information and OWL' to
define context ontology. Contextual information is loaded
into the e-Wallet by using a set of XSLT!! stylesheets to
translate OWL input files into Jess assertions and rules.

Ontology models can represent contextual information and
specify concepts, subconcepts, relations, properties, and facts
in a smart space. Moreover, ontologies reasoning can use
these relations to infer the facts that are not explicitly stated
in the knowledge base. Ranganathanet al.[21] propose that
ontologies can make it easier to develop programs for rea-
soning about context. Chen[6] proposes that the OWL lan-
guage can provide a uniformed solution for context rep-
resentation and reasoning, knowledge sharing, and meta-
language definitions. Anagnostopoulos et al.[2] adopt the
Description Logicfor expressing and reasoning contextual
knowledge. The OWL DL was designed to support the
existing Description Logic business segment and has desir-
able computational properties for reasoning systems. Typ-
ical ontology-based context-aware application is EasyMeet-
ing that uses OWL to define the SOUPA ontology and OWL
DL to support context reasoning. Gu et al.[15] propose an
OWL encoded context ontology CONON in Service Orien-
tated Context Aware Middleware (SOCAM). CONON con-
sists two layers of ontologies, an upper ontology that focuses
on capturing general concepts and a domain specific ontol-
ogy. EasyMeeting and SOCAM both use an OWL DL rea-
soning engine to check the consistency of contextual infor-
mation and provide further reasoning over low-level context
to derive high-level context.

4. AGENT-BASED ARCHITECTURE

Figure 1 shows the sequence diagram of our agent-based
architecture for supporting context-aware service. In a smart
space environment, equipped devices and applications can

“http://www.w3.org/TR/rdf-concepts/
Ohttp://wuw.wl.org/TR/owl-features/
Yhttp://www.w3.org/TR/xslt
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Figure 1: Sequence Flow Diagram

provide contextual information and deliver context-aware
services. Context Aggregator collects raw sensing data from
these context sources of the smart space. According to the
definition of context ontology, Ontology Agent interprets the
context into a semantic representation. Inference Agent will
continuously infer high-level contexts and may derive the
service goal for the user.

5. CONTEXT PROCESSING

A context-aware system must have the capability to pre-
cede continuously changing contexts and proactively pro-
vides services to the user. Figure 2 shows procedures of
processing contextual information. The detailed procedures

Collect
Raw Context

Updat
pdate
Context Repository Rg::;iet)ét

Reason Ontologies

Context Ontology j‘ﬁ k

Infer Infer
High-level Context Context-aware Service

Resolve

Context Inconsistency EEREAEEE

start transition action
end dependency fork

Figure 2: Context Activity Diagram

of every action are described as follows:

(1) Collect Raw Context
Context Aggregator captures raw sensing data from
context sources in the smart space environment. A
context source can be either provided by hardware or
software, such as RFID reader, GPS, RSS feed, per-
sonal calendar, weather forecasts, food preference, etc.

(2) Update Context Repository
Contexts are stored in Context Repository and will



be dynamically updated for reflecting changes of con-
texts. There are two types of context: the raw context
and the high-level context. A raw context refers to
the sensing data that directly obtained from a con-
text source. High-level contexts are deriving from a
rule-based approach, which matches facts and contexts
with horn clause rules.

Reason Context Ontology

Ontology Agent loads the OWL context ontology and
parses the contents into RDF triples, which makes
other agents able to represent and share context in
the system. Context ontology defines structures and
relationships between contexts. These relationships
can support the ontology reasoner to deduce high-level
contexts. Moreover, utilizing the ontology structures,
a subsumption reasoning approach is applied for derive
the hierarchical concept of a raw context. For exam-
ple, to deduce the superclasses of a specified class and
to decide whether one class subsumes another, e.g., a
building may spatially subsume a room.

Fork actions

Two operations of rule-based inference are occurring
at the same time. Both of them use the rules to infer
results. One is for deducing high-level contexts and
the other one is for deriving context-aware service.

(a) Infer High-level Context
Rules for a rule-based system serve as IF-THEN
statements. For example, a rule for detecting the
user’s location can be shown as follows:

[Person_Location:
(7cellphone isBelongTo ?person)
(7cellphone isMovingTo 7place)
->
(7person isLocatedIn ?place)

]

Patterns before -> are conditions matching by a
specific rule, called left hand side (LHS) of the
rule. On the other hand, patterns after -> are
statements that may be fired, and it is called right
hand side (RHS) of the rule. If all the LHS con-
ditions are matched, patterns in RHS will be as-
serted.

The rule Person_Location can infer the user’s
location. If a person 7person has a cell phone
?cellphone and the mobile phone tracking sys-
tem can transmit its location 7place, we can
deduce that ?person is located in ?place.

(b) Infer Context-aware Service
RHS statements can also be the goal of a service
request.

[Find_Nearby_Restaurant:
(?person isLocatedIn 7place)
(?person like 7food)
(?restaurant styleOfFood ?7food)
(?restaurant hasAddress 7address)
(?place isNearby ?7address)

(?restaurant isRecommendedFor ?7person) ]

Rule Find_Nearby_Restaurant can deduce nearby
restaurants for a food recommend system. For
example, if Henry is located in downtown and
he likes Chinese food, this rule will find all the
nearby Chinese food restaurants.

(5) Resolve Context Inconsistency

6.

‘We must ensure that incorrect or outdated contexts are
not existed in Context Repository. If a raw context
is changed, some of inferred high-level contexts may
also be changed. For example, if Henry moves from
the library to a restaurant, high-level context asserts
by rule Person_Location will be changed from (Henry
isLocatedIn library) to (Henry isLocatedIn res-
taurant). For one given time, a person is appeared
at one location. Therefore, we define the property of a
person’s location isLocatedIn is one-to-one relationship;
that is, the system will replace the location context of
Peter. Therefore, we need to maintain consistency of
current contexts so that the system can deduce correct
high-level contexts and derive the right service for the
user.

Because high-level contexts are deduced from raw con-
texts, if we keep a consistent raw contextual informa-
tion, we can also maintain the consistency of high-
level contexts and achieve the context consistency. We
use RDF-tripe to represent contextual information and
utilize the property of predicate to decide whether the
raw context should be kept or not. If the predicate
of a raw context is a functional property, the new one
will replace the original context. Otherwise, the new
raw context will be added into Context Repository.
An OWL DL reasoner performs the consistency check-
ing, which ensures that ontology does not contain any
contradictory facts. If there exist inconsistency, this
means some outdated raw contexts existed and they
should be removed.

Deliver Service
When a service request has been inferred, the corre-
sponding service will be triggered.

CONTEXT MODEL

Context-aware applications need a unified context model
that is flexible, extendible, and expressive to adapt the va-
riety of context features and dependency relations. The on-
tology models can fulfill these requirements. Therefore, we
deploy an ontology context model to represent contextual
information in smart space environment.

6.1

Context Repository

Context Repository stores a set of consistent context, which
including location, person, and activity information. Classes
of contexts and relationships between instances of context
objects are defined by context ontology. A RDF-triple con-
tains a subject, a predicate, and an object. The subject is
a resource named by a URI with an optional anchor iden-

tity.

The predicate is a property of a resource. The object

is the value of a property for a resource. For example, the
following triple represents “Peter is sleeping”.



<http://...#Henry>
<http://...#isLocatedIn>
<http://...#restaurant>

Where Henry represents a subject, isLocatedIn is a predi-
cate, and the location restaurant is an object. We use sub-
ject and predicate as the compound key of Context Repos-
itory. When a context has been updated, the associated
timestamp will be changed accordingly.

6.2 Context Life Cycle

In a smart space environment, many contexts may appear
at the same time and some contexts may suspend or disap-
pear according to the environment change. Therefore, it is
important to manage the life cycle of contextual information
to provide timely and accurate contexts. The life cycle of a
context can help context-aware systems to maintain context
consistency. Moreover, it can be used for providing context-
aware services.

The contextual information may appear and vanish at
anytime. The life of a context can be either a time point
or a time interval. For example, “Henry enters a restaurant
at 12:00PM” is a time point event. On the contrary, some
contexts can be created and endure for a time period, such
as “Henry is eating”. We define every context has its life
cycle which is the duration of validity.

Figure 3 is the diagram of the context state transition.
We classify states of a context into three states: Active,

update
start of life Active -
terminate
resume pause Terminated
start
end terminate )
state Suspended end of life
transition

Figure 3: Context State Transition
Suspended, and Terminated.

Active.

Every context is starting from the entry point to the ac-
tive state. A context becomes active as soon as the system
receives new contextual information. For example, when
Henry is eating in a restaurant, “Henry is eating” and “Henry
is in a restaurant” are the contexts in active state. A con-
text remains in active state when the user is still performing
the same activity. Therefore, it only needs to update the
duration of context. When the activity is stop, the state of
context transfers from active to terminated.

Suspended.

If the activity that the user currently performed has been
disturbed, the state of the context will change to suspended.
For example, when Henry is eating and the phone is ringing,
a new context of “Henry answers the phone” is active and
the context “Henry is eating” changes to suspended state. If
the previous activity has been resumed, the corresponding
context changes from suspended to active state.

Terminated.

A context is in a terminated state when it is not valid
anymore. When an activity has been terminated, the corre-
sponding context changes its state to ‘terminated’ as well.

7. CONTEXT MANAGEMENT

Changes of environmental contexts are transient in the
sense of that any context may appear and vanish at any-
time. Algorithm 1 shows how to manage the contextual
information in Context Repository.

Algorithm 1 Maintaining Context Repository

: Input: cis the new context
C': Context Repository
rdf;: RDF-triple (s;,pi,0;) of a context 4
keyi: key of context ¢ in Context Repository
for alli € C do

if isOutdated(i) then

delete(7)

end if
end for
10: if 35 € C s.t. key; = key. and isFunctional(p;) then
11:  update(keye,c)
12: else
13:  insert(keye,c)
14: end if

We use RDF-triple rdf; to represent a context i. The
(si, pi, 0;) represents subject s;, predicate p;, and object o;.
In Context Repository, the key key; of a context ¢ comprises
the subject s; and predicate p;. When a new context c is
arrival, we use the key key. to query Context Repository.
Given a context i, the property of the predicate p; is used
to decide whether the new context should be kept or not.
Consequently, if the predicate p; is a functional property,
function isFunctional(p;) returns true, otherwise, returns
false. If a context 7 in Context Repository and its asso-
ciated predicate p; represents one-to-one relationship, the
new context will replace the old one. Otherwise, the new
context will be inserted into Context Repository. Functions
update(key., c) and insert(key.,c) perform the context re-
placement and insertion, respectively. When a context ¢ is
vanished, it should be removed. function delete(i) can re-
move the specified context from Context Repository. We
use a decay function to determine the existence of a con-
text. Different context is associated with a different decay
function. This function can either be an objective function
for predicating a specified activity or simply be a constant
function. The function isOutdated(i) applies the context
decay function to decide whether the context is existed or
not.

8. CONCLUSION AND FUTURE WORK

This research presents a context management mechanism
in a smart space. We integrate context-aware technolo-
gies, semantic web, and logical reasoning to provide context-
aware services. An ontology-based model provides context
reasoning, which can deduce high-level contexts and detect
context consistency. Each contextual information is associ-
ated with a state of life cycle for maintaining the context
consistency and supporting the context-aware services.
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