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TOPICS IN SITUATION MANAGEMENT

A Context Management Architecture for
Large-Scale Smart Environments

Yoosoo Oh, Jonghyun Han, and Woontack Woo, Gwangju Institute of Science and Technology

ABSTRACT

Context-aware architecture collects various
context data from heterogeneous sensors and
provides an intelligent service by exploiting the
collected data. In this article we explain the gen-
eralized context-aware software architecture for
heterogeneous smart environments. The pro-
posed architecture integrates large-scale contexts
from multiple heterogeneous sensors, and makes
a semantic decision by fusing and reasoning
about the collected contexts. Moreover, we dis-
cuss a designed architecture that manages com-
munities between large numbers of
heterogeneous information entities and enhances
intelligence abilities.

INTRODUCTION

A context-aware architecture has the capability
to manage large numbers of distributed hetero-
geneous information sources in large-scale
smart environments. In particular, context-
aware architecture collects various contexts
from heterogeneous information sources and
makes a decision to provide an intelligent ser-
vice. Large-scale heterogeneous environments
are human beings (e.g., wearable/physioclogical
sensing environments), real environments (e.g.,
smart home foffice/car), and virtual environ-
ments (e.g., Second Life and Google Earth). To
ensure a seamless connection between those dis-
tributed environments, we need to have a gener-
alized architecture that manages dynamic
situations in large-scale smart environments. In
this article we use the widely accepted definition
of context in the area of context-aware comput-
ing [1], and we explain the context that describes
and interprets the situation as it is perceived by
the system [2].

There is much prior work related to context-
aware architecture/middleware [3-5]. In addition
to these architectures, there are many tools [1,
6]. However, developing a generalized context-
aware architecture that is applicable to large-
scale smart environments is still an issue to be
addressed. Actually, related research did not
simultaneously use human, real, and virtual envi-
ronments; they should reconsider the connec-
tions among domain-free entities in
he terogeneous large-scale environments. There-
fore, there is a need for a versatile, generally

context-aware architecture that can be applied to

the full lifecycle in large-scale smart environ-

ments.

Through analysis of the literature, we found
the following requirements to be necessary in a
generalized context-aware architecture:

» Context flow in architecture should be clear
and of minimal complexity in order to effi-
ciently manage a system.

» A seamless relationship/network among het-
erogeneous context sources (sensors/ser-
vices) should be formed.

» Architecture should support full lifecycle
management of a system, such as adding,
deleting, modifying, or varying functionali-
ty, capacity, or platform in runtime.

» Contextual data that is used in various con-
text-aware systems should be synchronized.

» Architecture should be easy to use across a
wide range of applications.

» Architecture should have social intelligence
to manage multiple users’ behaviors.

In order to achieve these requirements, we
need a generic solution that provides for seam-
less connection of domain-free entities among
users and real/virtual environments. Also, we
need to resolve issues concerning how to
improve useful intelligence ability in a context-
aware architecture. In a large -scale environ-
ment, issues such as extracting multiple users’
attention or intention and providing personal-
ized services to each individual user in large
crowds should be discussed by designing a hier-
archical context-aware architecture. Therefore,
we should consider how to build such a context-
aware architecture for heterogeneous large-
scale environments.

In this article we explain a generalized
context-aware software architecture for het-
erogeneous smart environments and their ser-
vices. The proposed architecture is a
hierarchical architecture that collects large-
scale contexts from multiple heterogeneous
sensors and makes a semantic decision by fus-
ing and reasoning about the collected con-
texts. Moreover, we develop user-centric
community composition and management
methods, and we design an architecture that
enhances intelligence abilities. Finally, we
suggest a service provisioning method that
enables easy and rapid development of con-
text-aware services.
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Table 1. Functional comparison, env: envizonment.

ARCHITECTURES FOR CONTEXT-
AWARE APPLICATION PLATFORMS

A context-aware architecture is an important
research issue in the ubiquitous computing field.
The architecture- or middleware-related research
is as follows: Context-Toolkit [1], SOCAM [3],
JCAF middleware [4], CAMidO [5], TEA con-
text acquisition architecture [6], and ubi-UCAM
1.0 [7]. This article describes the recent research
activities among these tools.

SOCAM [3] is based on OWL, and its con-
text interpreter provides logical reasoning ser-
vices and fuses multiple low-level contexts into
high-level contexts. Furthermore, it manages
context reasoning and knowledge base consisten-
cy; for instance, it controls home appliances and
reasons about the family member’s activity.
JCAF [4] is a framework that supports the devel-
opment of context-aware applications. It is a dis-
tributed service-oriented Java framework for
public use; it reacts to changes in contextual
information and manages changes in context
events. For example, JCAF reacts to changes in
actuators and deals with environment monitor-
ing. CAMidO [5] is an extension of component-
based middleware that has context-aware
functions. It collects and analyzes contexts by
communicating with sensors and behaves based
on the collected contexts. These activities pro-
vide context-aware applications based on their
context-aware architecture: smart home, health-
care, and shopping applications. To make those
applications understandable, it is important to
provide information about why the decision is
made and what input factors are responsible for
the decision. A context-aware architecture
should manage comprehensible system decisions.

Table 1 is a functional comparison of the pro-
posed architecture and other related tools con-
cerning the requirements of context-aware
architectures stated in the introduction. The

related research studies were not designed for
large-scale heterogeneous environments; previ-
ous activities needed to connect domain-free
entities in heterogeneous large-scale environ-
ments under unpredictable dynamic situations.
Therefore, we should design a generalized con-
text-aware architecture that can be applied to
full lifecycle management systems. Moreover, we
should improve social intelligence by exploiting a
community approach based on semantic repre-
sentation, interpretation, fusion, and the reason-
ing of contexts.

AN APPROACH FOR A UCAM

In this section we present the proposed context-
aware architecture, Unified Context-Aware
Application Model (UCAM), and explain its
definition, features, composition, and functional-
ities.

OVERVIEW

UCAM is a generalized context-aware architec-
ture for seamless human, content, and environ-
ment interaction in large-scale ubiquitous
computing environments. It seamlessly connects
various entities among user, real, and virtual
environments. Actually, we modified previous
versions of UCAM [7]; our proposed UCAM
particularly supports intelligence such as context
reasoning, interpretation, and community man-
agement. The proposed UCAM architecture
uses a context model that describes context in
the form of SWIH (who, what, where, when, why,
and sow) [2]. The SW1H context model repre-
sents contexts according to each individual user.
This context model maintains context history in
a context repository. More precisely, the UCAM
architecture has a context memory, and the
UCAM makes a decision by using the current
collected contexts and recorded contexts ateach
decision interval. The proposed architecture
increases the intelligence level of contexts
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Figure 1. CAM architecture.
because it can interpret and reason about them. while the UCAM service is a context processing

The architecture can connect any tool used for unit that integrates and manages contexts. The
the awareness ability as an add-on feature and goal of UCAM is to increase context richness,
manages communities among users, sensors, and which it accomplishes by introducing new capa-

services. bilities such as community management, and
A context-aware architecture should have a using richer semantic models in context repre-
context representation method that fully sup- sentation and processing. This intelligence is
ports contextual information from sensors and improved by semantic representation, interpreta-
services. In other words, a unified context repre- tion, integration, and reasoning of contexts.
sentation method that adopts changes in an The UCAM sensor has a hierarchy that fea-
environment should be designed. Context fusion tures step-like signal processing, feature

and reasoning mean the integration of contexts extraction, and preliminary context generation.
in various domains and the enhance ment of The signal processing module, meanwhile, sup-

intelligence ability by extracting high-level con- ports basic signal processing functions such as
texts. In order to manage complex or heteroge- peak extraction and filtering functions (e.g.,
neous environme nts, methods of community Hann, Hamming, rectangular, Bartlett, and
composition and configuration should be consid- Blackman windows). The filtered signal is sent
ered at an architectural level The service provi- to the feature extractor module, where compu-
sioning in the architecture enables easy and tation of mathematical features such as mean,
rapid development of context-aware services. standard deviation, first and second order dif-

Figure 1 illustrates the UCAM architecture. ferences, and minimum and maximum intensi-

It is a distributed architecture, which consists of ty, as well as structural features such as time
UCAM sensors and UCAM services. An appli- interval of peak to peak and frequency ratio,

cation connects to one or many UCAM services, are provided as basic functions. Finally, the
and a UCAM service is connected to many extracted features are converted to the prelim-
UCAM sensors. The UCAM sensor is a logical inary context in the preliminary context gener-
sensor that interfaces with a physical sensor, ator module. To achieve this, the UCAM
120 IEEE Communications Magazine « March 2010
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sensor refers to sensory profile information
described in XML. Each XML field has an 1D,
which represents an identical naming of each
sensor device.

The UCAM service exploits users’ intentions,
which are extracted by the collected contexts. As
shown in Fig. 1, the communicator manages and
configures communities for efficient manage -
ment of heterogeneous entities. Only necessary
contexts are collected by the communicator. The
context integrator, context manager, and inter-
preter perform the intelligent behavior of a con-
text-aware service by using a unified context
representation model. Moreover, those modules
support semantic intelligence for community
management. The service provider manages a
service profile to support various applications.
The proposed UCAM can easily utilize various
artificial intelligence algorithms as add-on func-
tions. The proposed architecture is thus an open
source policy, and connects any context-aware
service through a simple service profile in XML
format.

CONTEXT MODEL AND PROCESSING

UCAM supports the full lifecycle (adding, delet-
ing, replacing, modifying, and debugging enti-
ties) for context-aware applications in large-scale
smart environments.

Context Representation — Context represen-
tation has the crucial role of communicating
between the heterogeneous sensors and services
distributed in a smart environment. The pro-
posed architecture uses the SWI1H context
model as its basis, and this model consists of
context element (structured format), context
{data), and context memory (repository) [2].
The SW1H context is a structured format in
which the context is expressed in terms of its
components: WHO, WHAT, WHERE, WHEN,
WHY, and HOW. The 5W1H context model is
defined by a set of ontologies, which are an
explicit specification of user context reasoning.
The WHO context field consists of personal pro-
file information such as social identity number,
gender, age, social relationship, activity history,
and so on. The WHAT context field represents
profiles (device or property information) of sen-
sorfservice (identity, device information, etc.).
The WHERE context field is filled with informa-
tion such as the location and orientation of the
user. In terms of the WHEN context field, it
includes absolute time, as well as day informa-
tion or relative time information, such as two
hours after having a meal. The HOW context
field represents the status of user — physiologi-
cal condition, gestures, activity, and so on.
Finally, the results of the high-level analysis
after the processing of the reasoning module are
stored in the WHY context field. Using the six
questions and the structuring information gath-
ered by the sensors allows vs to accurately rep-
resent the vser’s sitnation as it can be observed
by the sensors. We use this representation to
provide a user-centric view of context that is
appropriate for the anticipated systems we want
to support with the architecture [2].

Our context representation has a variety of
context usages:

* Preliminary context (p-context): Context that
expresses the feature information and sen-
sor description

Integrated context (i-context): Context that
forms the complete SW1H

» User conditional context (uc-context): Con-
text that expresses user-defined conditions
for service execution as reconfigurable rules
Service conditional context (sc-context):
Context that expresses developer-defined
conditions for service execution

Final context (f-context): Context that con-
tains control commands and the state of a
service

Context Reasoning — Context fusion and rea-
soning in UCAM is a logical process that extracts
a high-level (implicit) context from a low-level
{explicit) context and maintains context consis-
tency. Low-level and high-level contexts are clas-
sified by the level of intelligence (interpretation
or reasoning). For example, a high-level context,
such as when a user is watching a movie, can be
extracted from a low-level context, such as iden-
tity, location, sound level, and device status
information. Context fusion and reasoning are
mainly performed in the context integrator. Con-
text fusion contains information, such as a user’s
identity, location, activities, behavior, patterns,
and intention. Originally, the context integrator
was designed to provide information fusion on
different levels and support the fusion of sensory
data from various sources, which results in a sys-
tem that accomplishes symbolic context fusion.
Fusion on a raw data level is considered part of
the sensor internals. By classifying and fusing
according to vser characteristics, user-centric
context integration is supported. The reasoning
is used to predict a user’s behavior, attention, or
intention by reusing context (context history)
and adopting reconfigurable rules to the diverse
environment. The rules are based on the Rete
algorithm and are specified in the syntax of the
LISP language. Context reasoning is implement-
ed on top of the Java Expert System Shell (JESS)
or the C Language Integrated Production Sys-
tem (CLIPS) according to the development envi-
ronment. Our implemented reasoning simplifies
reconfiguration in terms of rules structured in
XML and executed by the user’s explicit (i.e.,
direct control) or implicit (ie., intention) input.
For example, if the UCAM collects and fuses
contexts such as identity, location, activity, and
schedule data, it decides semantic information
by executing the activity rule: “Yoosoo is attend-
ing a meeting while sitting in room A.” The gener-
ic behavior and functionality of a specific
context-aware system are specified by the rules.
Changes and reconfigurations of the system by a
developer or maintainer are performed by
adding, deleting, and modifying the rules in real
time.

Community Management — In UCAM the
concept of community computing is applied [3].
In this architecture we define community as a
collection of UCAM entities sharing their con-
text information to achieve common goals in
dealing with services for users. Users, UCAM
sensors, and UCAM services can all be members
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Figure 2. UCAM application users' activity in a context-aware media application.

of the UCAM community. For example, when a
person uses a photo sharing system, a user,
photo sharing service, and several sensors recog-
nizing the user’s activity and environmental
changes are members of the photo sharing sys-
tem. In addition to these members, other users
who want to share photos and are connected
with a main user can also be members of the
community. Users are the subjects of the UCAM
systems. UCAM sensors recognize a change in
vsers and the environment, and UCAM services
{actuators) affect them. When these entities
have a common goal, they are members of the
UCAM community. The communicator in
UCAM manages communities, and it also takes
charge of configuring the network and exchang-
ing messages, including contexts among commu-
nity members. The communicator finds
community members located in the same envi-
ronment and having a common goal, at which
point the communicator senses various commu-
nity members’ changes in runtime by virtue of
context exchange and transmits context informa-
tion to community members. Through the rela-
tionship between community members, the level
of contextual information delivered in heteroge-
necus environments is determined. The commu-
nicator selectively receives contexts from the
UCAM entities related to the current service by
using the determined context level.

Service Provisioning Management — Service
provisioning management in UCAM describes a
specific service and then executes the service as
a response. In UCAM a profile described in
XML is loaded from a file; thus, all information
related to the service is determined in order to
define the properties and behaviors available.
The service profile includes the type of service,
its location, its default conditional context, and a
set of functions as actions. The default context is
also delivered to the context manager to allow it

to trigger the default response of the service. In
runtime the profiled service is managed with the
context delivered from the context manager. The
context concerns an action to be executed and
the user information. Therefore, the status of
the service is also changed after executing the
action, and the updated status is delivered to the
context management area to notify it of the exe-
cution result. Through the service profile, any
service developer can extract the common fune-
tions of UCAM, and then (s)he can inherit these
basic functions and easily set the parameters of
each. In short, any developer can utilize the con-
text information in the network without having
real hardware types, features, and interfaces.

uBlHOME DEMONSTRATION oF UCAM

To evaluate a realistic context-aware applica-
tion, it is a good idea to consider sensing tech-
nology and techniques to monitor a user’s
activity from various sensors. Such technologies
can serve as an example of the UCAM archi-
tecture. For a smart environment, we utilized
our smart home testbed, ubiHome [9]. As
shown in Fig. 2, various kinds of real UCAM
sensors and UCAM services have been embed-
ded in ubiHome. Thus, we implemented a con-
text-aware media application for multiple users
that is based on the UCAM architecture for the
purpose of interacting with various UCAM sen-
sors and UCAM services in ubiHome. This
media application provides services that recom-
mend media contents to a user according to the
user’s profile; this includes recommending con-
tent preferences by using real sensors embed-
ded in a smart home. Figure 2 shows examples
of the UCAM application, and presents imple-
mented sensors and services with context repre-
sentation in ubiHome.

This media application recognizes each user’s
location using the location tracking sensor and
grasps multiple users’ activities simultanecusly.
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Figure 3. UCAM application: implermented context and its flow in implemented sensors.
As shown in Fig. 2, the activity of users is tracked also shows the context reasoning process, which
by the UCAM. In this example the SW1H con- obtains everything from raw data (in heteroge-
text contains the activity information: who necus sensors) to high-level context (in service).
{mother, father, son), what (couch), where (in ~ Thus, the user can evaluate the usefulness of the
the living room/testbed), when (in the evening), context reasoning. Through the relationship
why (not decided), and how (sitting down). The among family members, a developer can analyze
location sensor is based on the UCAM sensor, in advance the users’ experiences in a smart
as shown in Fig. 1, and generates a p-context, home.
including a user’s location. The generated p-con-
text is de!lvered to the UCAM service thfough EVALUATION
communicators. The context integrator in the
media application infers users’ explicit intentions We evaluated the proposed architecture with
based on their activities by integrating multiple several UCAM sensors and UCAM services in
context inputs from a set of sensors, and creates ubiHome [9]. The evaluation was conducted as
an i-context. To reason out the intention, the we- follows. For the experimental setup, we vsed a
context from the interpreter is referred to as the desktop computer (Intel Xeon 2.4 GHz, 2
rules. The media application then recommends Gbytes RAM), a real lamp (UCAM service),
appropriate services (TV, movie, music, web, and several realfvirtual sensors (UCAM sensor).
album, etc.) to users by managing contexts (f- We first investigated the context collection to
context) in the context manager. An application collect the p-context and decide the foontext. We
developer simply interfaces with the service used a real lamp service, four virtual UCAM
provider to execute this application. sensors, and several real UCAM sensors (four
Figures 3 and 4 represent how the media sets of wearable sensors [activity, acceleration,
application works in practice; the implemented and profile] and environmental sensors [ambient
functions, modules, contexts, and context ele- light, outdoor noise, te mperature, press, and
ments are described. The SW1H context can be location]: a total of 32 real sensors). Every sen-
categorized by multiple subcontexts according to sor generated different contexts every 500 ms.
each characteristic, as shown in Fig. 3. Figure 4 Actually, every sensor generated 1900 contexts:
IEEE Communications Magazine + March 2010 123
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Figure 4. UCAM application: implemented context and its flow in the implemented service.

200 virtual sensor inputs, 200 activities, 300
accelerations, 100 ambient lights, 100 outdoor
noises, 100 temperatures, 300 presses, 200 loca-
tions, and 400 profiles. We assumed that con-
texts from sensors had no errors. The
implemented UCAM service collected contexts
according to each individual user in real time,
and it made a decision every 1000 ms. Moreover,
the UCAM service made a decision by using the
current collected contexts and recorded contexts

{context history) at each decision interval. The
experiment measured four cases: time to collect
contexts [Time(collection)], time to decide
[Time(decision)], number of contexts in collect-
ing contexts [no.(collection)], and number of
contexts in decision [no.(decision)]. In Fig. 5 the
X axis represents the sequence of events in pro-
cessing a context in UCAM, which includes
input (p-context), processing, and output (f-con-
text). The UCAM operated 500 cycles for about
1900 context inputs. We measured the changes
of the collection and decision at each processing

80,000 _ _ 2000 cycle. : .
Time(collection) In Fig. 5 we can see that Time (decision) is
70,000 4 tﬂﬂ?ﬁfﬁflﬁﬁggtmm 1800 slightly higher than Time(collection), and Num-
—e Number{decision) — 1600 ber{decision) is smaller than Number(collec-
60,0004 1400 o tion). This is due to the fact that making a
= Average timelcollection): 37,7 26 ms i 5 decision needed the context processing time for
g 50,000 pverage time{decision): 37,506 ms 1200 £ context manage ment. However, the average dif-
S 40,0004 1000 = ference (80 ms) between collection and deci-

=] ‘ < :

3 o sion was not much larger. As
2 30,0004 [800 2 Number(collection) increased, Number(deci-
A G002 sion) also increased. The number of contexts
20,000 was due to the fact that the decision generated
400 a few contexts (436) by fusing and reasoning
Iz -200 about the large number of collected contexts
| | | | | | | | n (1900). The UCAM reduced unnecessary con-

51 101 151 201 251 301 351 401 451 500 texts and generated high-level contexts, because
Context processing cycle (total: 500) the decision-to-collection ratio (Number(deci-
sion)/Number(collection)) decreased so that it

Figure 5. The measurernent results of collection and decision. steadily converged as the processing cycle
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context delivery to evaluate the community man-

05 - .,f ]
044 "",‘ b
0.3 4 aall g

Aocuracy of received contexts

agement in the proposed architecture. We 034 x"“‘ |
assumed that there were transmission errors (3 ' &
percent of transmissions). The relation between 0.1 5 *N"" i
UCAM sensors and a UCAM service was ran- S T T T T B
domly determined with uniform distribution, and O WNUWNT IO TTONDW T NOO 0D
. - - SO - coNNMM ST E SBROmm® 0K S S
the relation ranged from 0 to 1. For this experi- cococ occoo oocoooc ocooocoCoOOO
R

ment, we used 100 virtual UCAM sensors that elation between multiple sensors and a service
had relations with a service. Bach UCAM sensor (a)

generated 1000 contexts (100,000 contexts in 2000
total) and then sent them to the network. For
the experiment, we measured the number of
received contexts and the number of appropriate
contexts. The accuracy of received contexts was
defined as the probability that calculated the
ratio of the number of appropriate contexts to
the number of received contexts. We also count-
ed the number of inappropriate context trans-
missions. Thus, we compared the number of
inappropriate context deliveries with community
management to the number of inappropriate

—=—=Without community management
—-&-With community managemeant

a5
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L
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5000 - 1
4000 - : 1
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2000 —‘ 1

P

Mumber of inapproprate transmissions

context deliveries without community manage- - v _
ment. \
In Flg'6we ?ansee that the levelSOfa_ocqra_ 0__ Al e
cy of both received contexts were very similar
and that the proposed case decreased the num- = =T = P R S e s o e =
L] L] L] L] L] L] L] L] L] L]

ber of Inappropriate transmissions. This means Relation betweaen multiple sensors and a service

that the proposed architecture maintained the
accuracy of received contexts, although many
contexts from multiple UCAM sensors were
sent to a UCAM service. When all of the
UCAM sensors and a UCAM service are strong-
ly connected (i.e., it is likely that they have a
common goal), the number of inappropriate
context transmissions approaches zero, whether
or not the communicator works. However, if
they are not connected with each other because
they do not have a common goal, the result is
improved by the communicator. When they are
loosely connected, the number of unnecessary
context deliveries decreases because the com-
municator sends contexts to community mem-
bers only. Thus, we can conclude that the
proposed architecture reduces unnecessary traf-
fic by recognizing communities of multiple
information sources in large -scale heteroge-
neous environments.

CONCLUSION

In this article we explain a context manage ment
architecture, which is a generalized context-
aware architecture for heterogeneous smart
environments. We designed and developed a
hierarchical architecture that collected large -
scale contexts from multiple heterogeneous sen-
sors, added enhanced intelligence abilities to the
proposed architecture, and developed the com-
munity management method for social aware-
ness. Moreover, we suggested a service

()

Figure 6. The measurernent results of community managements: a) the mea-

surementt of the accuracy of received contexts; b) the measurement of inappro-

priate (FansSIsSSIons..

provisioning method that enables easy and rapid
development of context-aware services. The pro-
posed architecture can be extended to diverse
application domains for large-scale smart envi-
ronments. Also, the architecture is generalized
as a library in order to easily be used by applica-
tion developers.

In future work we will improve the prediction
of users’ behavior, even though the proposed
architecture supports the reasoning aspect. Fur-
thermore, we will evaluate the proposed archi-
tecture with evaluation methods used in the HCI
field. Some evaluation factors such as architec-
ture structure, scalability, accountability, recon-
figuration, reusability, debugging, openness, and
flexibility can be useful for the general approach
and intelligence ability of the proposed architec-
ture.
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