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Abstract

This paper presents our ongoing project to develop
software infrastructure for building large-scaled smart en-
vironments. In the future, our life will be augmented by
embedding computers in our daily artefacts. However,
without proper software infrastructure, it is very diffi-
cult to implement applications programs for the environ-
ments. Our software infrastructure provides a framework
to build applications for augmenting our environments in
an easy way. We describe an overview of our software
infrastructure, and the current status of our project.

1 Introduction

Our daily life will be enhanced by embedding comput-
ers in our environments. Qur environments will become
smarter and more intelligent to help our dairy behavior,
and our physical world is enhanced by using mformatlon
in a cyber space. These environments are called ubiqui-
tous computing environments[38, 24], and now there are
many researches and commercial projects to try to realize
the vision.

There are a lot of researches to develop user inter-
face and applications to show the effectiveness of ubiq-
uitous computing environments, but we found that it
is not easy to develop applications for ubiquitous com-
puting environments. Also, it 1s difficult to use various
user interface devices in a seamless way for respective
situations. Qur experiences with build home computing
systems|[23, 26, 25, 36] show that providing high level ab-
straction i1s a key issue to build ubiquitous computing
environments with a reasonable effort.

In this paper, we describe our ongoing project to de-
velop software infrastructure for building large scaled
smart environments. Our software infrastructure pro-
vides high level abstraction that is suitable for developing
applications for smart environments. It supports to allow
various services to be activated in a dynamic and context-
aware way. Also, it provides various attractive features
such as mtegratmg physical spaces and cyber spaces, and
processing continuous media for supporting augmented
reality. On the top of the basic services, our software
infrastructure enables us to manage various information

from traditional documents to context information in a
uniform way.

The remainder of this paper is structured as follows. In
Section 2, we describe an overview of Internet-scale ubig-
uitous computing. Section 3 presents why middleware is
important to build smart environments. In Section 4, we
describe our middleware for building smart environments,
and Section b shows the current status of our project.
Section 6 presents related work. Finally, we conclude the
paper in Section 7.

2 Internet-Scale Ubiquitous Computing

The location “ubiquitous computing” was introduced
by Weiser [38] to describe a scenario in which, literally,
computing is everywhere. This should not be taken in the
narrow-minded sense of “a computer on every desk”, but
in the rather subtler one of computers becoming em bed-
ded in everyday objects and augmenting them with in-
formation processing capabilities. This em bedding would
be discreet and unobtrusive: the computers would disap-
pear from our perception, leaving us free to concentrate
on the task at hand—unlike today, when a majority of
users perceives computers as getting in the way of their
work.

Part of this vision is already becoming a reality, in so
far as most of us have already lost count of the number
of gadgets we own that contain a microprocessor. Other
parts of the vision, though, such as usability and universal
interoperability, are still far away. Further developments
are also envisaged: in the decade since the publication
of W eiser’s visionary article, the popularity of the W orld
Wide Web has exploded, and it 1s easy to forecast that
any ubiquitous computing infrastructure we will build in
the future will perforce include global Internet connectiv-
ity. Moreover, the ongoing miniaturization of electronics,
together with advances in power saving and wireless com-
munication systems, has brought us to the stage where
most of us are happy to carry computing and communi-
cation devices all the time. The most popular item for
the general public is by far the cellular phone, but many
also enjoy PDAs and digital music players. Mobility is
now another important aspect of the ubiquitous comput-
ing scenario, and will be so even more as we evolve from
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gadgets we carry to gadgets we wear.

The next generation of home appliances is also going
to be enhanced with communication and sensing capabil-
ities. You can already buy CD players that connect to
the Internet to look up the artist name and track titles
for any CD you feed them; but this style of interaction
will soon extend to non-electronic goods. The refriger-
ator will know that you are running out of milk and it
will send a message to your phone when you are on the
way to the shops—or it might reorder it directly by con-
tacting the supplier through the Internet. The packaged
food you wish to reheat will transmit the correct time and
power settings to the microwave oven. And the washing
machine will ask for confirmation before proceeding if 1t
spots a white lace garment in a load of blue jeans.

There will be ubicomp-enhanced appliances not only
in our homes but also in shared spaces such as offices,
shops, restaurants and public transport vehicles such as
trains. They will be connected to the Internet and might
act as gateways (as well as direct interlocutors) for our
mobile and wearable devices. We will be able to share
and retrieve information wherever we are.

Devices and applications will become more responsive
and friendly by personalizing their behaviour according
to the preferences of the person who is using them. The
capability of these systems to sense some aspects of their
environment will make them adapt to the current situa-
tion. Location and environmental information, user iden-
tity, even user mood are some of the possible inputs to
such systems [1, 29] that will allow applications to change
their behaviour to fit the circumstances. New interaction
techniques will become possible [32, 34, 18, 17, 13]; a va-
riety of sensors will monitor our behav1or and improved
models of the real world will provide better awareness of
the context for the computing systems [14, 5, 7, 30, 4, 15].

In this paper we define Internet-scale ublqultous com-
puting as environments which embed computing, com-
munication and sensing facilities and that are intercon-
nected on a global scale, as shown in Figure 1. Any phys-
ical space can be augmented by embedding computers
in it. Examples include the personal space (for body-
worn devices), home spaces, vehicle spaces, office spaces,
and university campus spaces. Public spaces such as air-
ports, stations, bus stops, and public transport will also
be globally connected, and different spaces will have dif-
ferent characteristics. For example, a personal space may
contain a cellular phone, a PDA and an MP3 player that
are connected by body networks. (Later these may be
complemented by smart clothing.) Usually, appliances
used in the personal space are small, battery-powered and
wireless. On the other hand, in a home space, audio and
video appliances are connected by wired high speed net-
works and are endowed with generous resources in terms
of CPU, memory and energy.

In our projects, we are currently working on develop-
ping middleware for ubiquitous computing environments.
W e believe that our middlevare will support various fu-
ture ubiquitous computing applications such as smart
space applications, entertainment applications such as
robotics and game, and ad-hoc interpersonal comm unica-
tion applications. If there is no right middleware support,
it 1s very hard to implemen t these applications.

We are currently organizing the following four projects:

Office
Network

Town Area
Network

Personal Area
Network

Automobile
Network

Enterprise
Network

Home
Network

Figure 1: Internet-Scale Ubiquitous Computing

Autonomic Components, Pervasive Servers, Unwersal In-
teraction, and Smart Materials. The autonomic compo-
nent project provides a component framework for ultra
heterogeneous environments for building ultra portable
applications. The framework makes it possible to adapt
a component according to application requirements, plat-
form requirements and environment requirements by sup-
porting dependencies among components and assump-
tions of each component explicitly. In the pervasive server
project, a large number of servers are embedded in our
emvironments. Some serwers contain sensors to provide
information about the real world, and other servers allow
us to control actual objects from programs. A mobile
server that is wearable by each person integrates several
pervasive servers near from the mobile server in an ad-
hoc way. We are developping several applications on a
mobile server to show the effecitiveness of our approach
The universal interaction project allows us to use any in-
teraction devices to access various services. For example,
a control panel can be shown at the nearest display from
a user, and the panel can be navigated by various input
devices such as a PDA, a cellular phone, and a game con-
sole. Also, the structure of the presentation is changed
according to a user’s situation. If a user can use both a
large display and a small display, a video will be shown
on the large display, but a control panel is appeared on
the small display. Also, in the project, we are working on
how several services are composed without noticing mul-
tiple services from a user. In the smart marial project,
a world model is created by using various sensor tech-
nologies. Also, the project i1s developping a framework
to accessing the world model. In the future, various sen-
sors are contained in everyday materials. The goal of the
project is to extract various information from everyday
objects without a great effort.

3 Importance of Middleware

For building complex systems, abstraction is a very
powerful tool to deal with the complexities. There are
a lot of places where using abstraction is effective. For
example, home computing applications require to access
various home appliances such as televisions and video cas-
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sette recorders. The applications require to access these
appliances without taking into account the differences

among implemen tations to build portable applications.

Also, ubiquitous computing applications require various
new techniques such as service integration and context
awareness. These techniques require good abstraction to
build well structured applications.

Also, complex software usually adopts various tech-
niques such as optimization and adaptation. Ad-hoc uses
of the techniques make the structure of programs very un-
clear. For example, by inserting a lot of “if” statements to
check the current situation, we can build context-aware
applications. However, the program is very difficult to
modify when the program needs to consider another sit-
uation. We need good abstraction to support adaptie
context-aware applications. Similarly, adopting aggres-
sive optimization mak es programs less portable since the
optimization may not be effective in another situation.
W e beliew that using better abstraction makes it possi-
ble to deal with optimization in a portable way.

Traditional system software provides low-level abstrac-
tion to control physical resources such as CPU, memory
and devices. However, in smart environments, applica-
tions need to access various sensors devices and services.
Also, 1t 18 important to abstract information from sen-
sors and to support the composition of various services
to build practical smart environments in an easy way.
Therefore, middleware to support high level abstraction
1s necessary. Also, the middleware enables us to use var-
ious operating systems without modifying applications.

monitor various events in the real world, or to control ev-
eryday artefacts. The second type is a continuous media
component that processes continuous media such as audio
and video. The component is used to build augmented
reality applications.

The content management infrastructure manages vari-
ous types of information such as Web documents, context
information, and information about components. The
most important characteristic of the content management
infrastructure is that information in cyber spaces can be
enhanced by using various real world information cap-
tured by sensors. Lastly, applications provide a way to
interact with users. Also, the content management in-
frastructure plays a role of a directory service for looking
for a target component.

In our project, we are considering several types of ap-
plications. We are especially interested in smart space ap-
plications, entertainment applications such as games, and
robotic applications. Our middleware integrates these ap-
plications to be cooperated in a seamless way.

4.2 Operating System Infrastructure

Complexity is a very serious problem to build ubiqui-
tous computing environments. It is necessary to reduce
the development cost because it is not realistic if every-
thing should be implemen ted from scratdi. We believe
that using commodity software is very important to re-
duce the development cost because commodity software
increases the portability of software.

Now, Linux can be used to build embedded systems,
and a lot of software are available to build smart space ap-

4 Middlew are for Building Smart En Vlplications in an easy way. Also, Java decreases the devel-

ronments

The section describes the design of our middleware
for building smart environments. The middleware is as-
sumed to run on commodit y software such as Java and
Linux. We describe how commodity software is used in
our project after presenting an overview of our middle-
ware. Then, we present two components in our middle-
ware.

4.1 Overview of Our Arc hitecture

Our middleware uses commodity software to enhance
its portability as much as possible. We have adopted
CORBA as a comm unication infrastructure, and Java as
an execution infrastructure. Also, we have adopted Linux
as a underlying operating system.

Figure 2 shows the architecture of our system. Our
middleware consists of the distributed component in-
frastructure and the content management infrastructure.
The distributed component infrastructure is based on
CORBA, and it allows us to comm unicate among compo-
nents without taking into account the differences among
operating systems and programming languages. On the
distributed component infrastructure, we provides two
types of components. The first type is a physical com-
ponent that is used to control various appliances such as
televisions and microwaves, or to access everyday arte-
facts such as cups and tables. The component is used to

opment cost dramatically due to the automatic memory
management and the object-orientation. These software
can be executed on both a standard personal computer
and an embedded computer. Therefore, a program that is
developed on a personal computer by using rich program-
ming environments is ported to an embedded computer
without modifying the program.

However, the current implementations of Linux and
Java have are not suitable for building smart environ-
ments because the environments contain various types of
computers that assume different requirements.

Currently, we are working on two projects to enhance
Linux and Java. The first project is a customizable Java
virtual machine. The virtual machine uses a componernt
framework to make it more modular. In the project,
we are currently working on which component frame-
work is suitable for embedded systems. In the second
project, we are enhancing security and resource manage-
ment in Linux. Qur current plan is to integrate Security-
Enhanced Linux[19] and SILK[3] which is a version of
Scout that runs as a kernel module in the Linux 2.4 ker-
nel.

4.3 Distributed Componen t Infrastructure

Our middleware provides a uniform framework to ac-
cess various components. The framework supports to ac-
tivate components in a dynamic way. The components
are classified into components for physical objects and
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Figure 2: Overview of Our Architecture

continuous media components as shown in Figure 3. In
this section, we explain how these components are imple-
mented by using our framework.

The infrastructure provides a component abstraction
to an upper layer. The component abstraction provides
multiple interfaces, and each interface is identified by an
each object reference. A client program is allowed to
access a component in a location transparent way, but
the program can specify a QOS value where a target
component 1s activated in a context-aware way. In our
framework, all physical objects are modeled by respec-
tive components and a programmer has a unique view
for all physical objects. We believe that the abstraction
is very powerful to model our real world.

4.3.1 Dynamic Activation Managemen t

Our CORBA based framework supports components to
be activated in a dynamic and context-aware way. QOur
system 1s extended to allow us to specify a QOS value to
invoke a method on a target object similar to the proposal
presented in [21]. Therefore, an application programmer
describes where a component should be activated in an
abstract way. For example, a user can specify to choose
the nearest host to activate the service. Also, our system
dynamically selects a host that can execute a component
because the component may have a special requirement
to be executed.

Figure 4 shows how our system activates a component
in a dynamic way. First, a client acquires a object ref-
erence from an activation manager. The manager kno ws
the current context in our environments by retrieving in-
formation from various sensors like RFID. When a request
is delivered to the activation manager, a target host is se-
lected according to the current context information, and

Application

Object

reference wu
of target \‘:" *

object

'.‘ :-
¥,
\O Activate

Host Activation
Manager

/Object reference
of host activation
manager

: Target Object

Site B

Activation
Manager

Figure 4: Dynamic Component Activation

an object reference for the target host’s host activation
manager 1s returned. Then, the request is forwarded to
the host activation manager by using the location forward
mechanism provided by the CORBA GIOP protocol. A
target object 1s activated by the host activation manager,
and 1its object reference is returned. Again, the location
forward mechanism is used to forward the request to the
target component.

Our client caches the object reference. Thus, if the ef-
fectiveness is expired, the object reference of the activa-
tion manager is used again to invoke a target component.
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Figure 3: Distributed Infrastructure

4.3.2 Components for Physical Objects

The most important role of the components for plysical
objects is to control physical objects. We are considering
two types of physical objects in our system. The first type
of physical objects is an appliance such as televisions and
microwaves. Recently, many appliances are connected
to the Internet, and they allows us to be controlled by
software. Actually, there are many protocols that are
adopted by various appliances such as Jini, UPnP, HAV1,
and SOAP. However, usually CORBA is not used to ac-
cess appliances. Therefore, one of the role of the compo-
nents is to convert protocols between the ITOP protocol
and various protocols supported by appliances.

The second type of components is proxies of everyday
artefacts. In our experiments, every physical object at-
taches a tag to identify itself. Also, a physical object
may attach a Smart-Tts device[35] or the object’s ma-
terial may be smart. Physical proxies may manage the
location information of physical objects. Especially, it 1s
important to monitor our location information to build
context-aware applications.

The components for physical objects provide a stan-
dard interface for respective objects. These interface 1s
defined by CORBA IDL, and can be accessed in a lo-
cation transparent way. Also, the content management
infrastructure works as a naming service because the in-
frastructure manages various information about respec-
tive components.

4.3.3 Continuous Media Management

Processing continuous media is very important to build
smart environments. For example, the vision analysis
is used to monitor the location information of artefacts

surrounding us. Also, our real environments can be en-
hanced by using the augmented reality techniques. Con-
tinuous media componen ts are used to help to build var-
ious types of ubiquitous computing applications.

Each continuous media component provides three in-
terfaces. The first interface is a stream interface used
to receive a stream data like audio and video streams.
In our implementation, the interface does not defined by
CORBA IDL, and each media element contains a header
to identify the media type. The interface assumes to re-
ceive RTP packets, and all continuous media components
need to provide the stream interface.

The second interface is an event interface that trans-
mits events on a TCP connection. Each event contains
a header to identify respective events. The interface is
used to transmit information about each media element.
The third interface is a control interface which is defined
by CORBA IDL, but each component may have a dif-
ferent set of operations for respective continuous media
components.

4.4 Content Management Infrastructure

Content management infrastructure manages various
information such as various documents and information
retrieved from our real world. Traditionally, various con-
tents are stored in the Internet, but the contents have
been created by a user. Therefore, most of information
in our world could not be stored due to the cost to create
the contents. However, if various information in the real
world can be captured by various sensors that are embed-
ded 1n everyday artefacts, it is not hard to collect most
of information in the entire world. In the future, every-
day artefacts will be made by small materials. The small
materials contain very small invisible computers, and it
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Figure 5: Continuous Media Management Components

is possible to retrieve various information by using the
sensors. Also, smart materials may change the behavior
of the artefacts using the collected information about the
real world.

There are two important roles of the infrastructure.
The first role is to provide a way to access various context
information. The infrastructure stores various informa-
tion about components described in the previous section,
and a query about the real world is propagated to ap-
propriate components to retrieve necessary information.
Since 1t is very important to support context-aware ap-
plications in smart environments, an appropriate abstrac-
tion for context-awareness is a key issue to build practical
smart environments. The second role is to provide a nam-
ing service for CORBA components. Our naming service
is enhanced to return an object reference according to
context information.

Figure 6 shows the structure of the content manage-
ment infrastructure. Our system adopts a peer-to-peer in-
frastructure. The infrastructure provides efficient request
routing, deterministic object location, and load balanc-
ing. In our system, various information is stored in vari-
ous hosts on the peer-to-peer infrastructure. Qur system
also provides high level abstraction to retrieve the infor-
mation stored in the content management infrastructure.
The high level abstraction is based on distributed asyn-
chronous collections[9] which provides object-oriented in-
terface for publish/subscribe interaction. We believe
object-oriented publish /subscribe interaction is a key ab-
straction to manage various information both in cyber
spaces and physical spaces.

Distributed Asynchronous Collection

Information
about components,

Peer-to-Peer Infrastructure

Figure 6: Content Managemen t Infrastructure

5 Current Status

Currently, our communication infrastructure has
adopted omniORB2[16] as a CORBA runtime system.
We are modifying omniORB2 to support dynamic acti-
vation and context-aware object invocation.

Also, we are working on a configurable Java virtual
machine and enhanced Linux for building smart environ-
ments on commodity software.

The content management infrastructure has adopted
Pastry[33] which is developed by the Microsoft research
labolatory, and we are working on adding asynchronous
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distributed collection abstraction on Pastry.

Lastly, we are also working on various components.
Our current work focuses on continuous media compo-
nents for building augmented reality applications. Also,
some components comvert CORBA protocol to SOAP
protocol to access Web-based home appliances.

6 Related W ork

Recently, researches on building smart environments
are a very active area in both academic research commu-
nities and industries. In [28], many projects about smart
environments are introduced. In this section, we describe
a couple of projects closely related to our project.

AT&T Labolatories, Cambridge has developed sen-
tient computing environments that augment our real
world by using various sensors[2]. Especially, ActiveBat
1s a wireless portable device that could be used for build-
ing context-aware computing. The device determines the
location of each device in a fine grained resolution. The
device 1s used to build location-aware applications.

Disappearing computing initiative[8] is an EU initia-
tive to investigate methods and techniques for embed-
ded computing in everyday artefacts. One such project
of the initiative is Smart-Its[35], which investigates in-
terconnected embedded technologies for smart artefacts
with collective awareness.

The future computing environments research group at
Geogia Tech is responsible for producing many of the
more notable pieces of recent researches in the field of
context awareness and ubiquitous computing[10]. The
AwareHome project organized by the group focuses on to
develop smart domestic en vironments.

The ambient research group has run several projects
that investigate intelligent workspaces[11]. The i-Land
project has produced several roomware devices: Dy-
naWall - a large interactive smartboard, CommChair -
an office chair with integrated computing and communi-
cation facilities, and InteracTable - a large table with an
embedded table screen.

The Easy Living project[20] provides context aware
computing using video tracking, recognition and sensor
readings. FEasy Living especially focuses on developing
geometric mode of a room and taking reading from sen-
sors embedded within.

A project by Philips to design products, interfaces and
lifestyles of tomorrow[27]. The design and research has
been focused on making familiar physical domestic ob-
jects from the kitchen through to the bedroom. Also,
Philips Design has been augmenting everyday artefacts
with an ambient intelligence. W earable devices, aug-
mented toys and a living memory table have been pro-
duced as part of the project.

The interactive workspace project[37] concentrates on
the integration of large screen displays and smaller per-
sonal computers in a meeting room environment. Novel
interaction methods for interacting with the large screens
in addition to information management and communica-
tion across devices are discussed.

There are several projects to aim to provide middle-
ware for building smart environments. The middleware

offers high level abstraction to make smart space appli-
cations easy.

one.world[12] developed at University of Washington is
a software infrastructure for building pervasive applica-
tions. one.world provides high level abstraction to make
it easy to implement pervasive applications. The system
has been implemented in Java and it does not take into
account building large-scale smart environments.

Gaial6] is a distributed operating systems for building
smart spaces. The system is based on CORBA. Also,
their CORBA implemen tation can run on wery small per-
sonal devices. The project is very similar to our system,
but Gaia does not take into account the context-aware
dynamic activation.

7 Conclusion and Future Work

The paper has described our ongoing project to de-
velop middleware for building large scaled smart environ-
ments. Our middleware provides a couple of high level
abstraction to build applications for smart environments
without great efforts.

Currently, in our project, we have developed two more
middleware components for realizing ubiquitous comput-
ing. The first middleware is home computing middleware
that supports W eb-based protocols to control W eb-based
home appliances[25, 26]. The middlew are enables a user’s
request to forward to a target appliance in a context-
aware way. The second middleware is for personal hand-
held devices or wearable devices, which supports inter-
personal communications. The middleware allows us to
exchange information in an ad-hoc way.

In these middleware components, context-awareness is
a key 1ssue to realize ubiquitous computing environmen ts.
Especially, a technique to retrieve information from var-
ious sensors is a key issue in these middleware. W e need
to study on a genetic support for context-awareness that
is commonly available by our middleware components.

Also, it is important to develop a methodology to build
software for ubiquitous computing environments. W e are
currently working on a new paradigm to develop pro-
grams that take into account various issues in the real
world such as timing constraints, resource constraints,
context-awareness, and distribution.
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