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Abstract However, the heterogeneity, mobility, and sheer number

of devices make the application development vastly more

In this paper, we present an overview of our research complex. Applications may have the choice of a number
project with Gaia, a development infrastructure for ubig- of input devices, such as mouse, pen, or finger; and output
uitous applications. This infrastructure is based on three devices, such as monitor, PDA screen, wall-mounted dis-
main elements: a component-based middleware operatingplay, or speakers. Devices and software components can be
system that provides a generic computational environmentadded to or removed from the system at anytime, and thus

for ubiquitous computing, an application model that defines applications might need to adapt dynamically to new exe-

a standard mechanism to build ubiquitous applications, and cution environments. Many aspects of the computational,
a scripting language that we use to assemble componentphysical and behavioral contexts that surround the user can
based applications and to coordinate activities in ubiqui- impact on the behavior of her applications, due to resource

tous computing scenarios. availability, security, or privacy requirements.

Several approaches have been proposed for interact-
ing with ubiquitous computing environments that are cus-
tomized for particular scenarios or targeted toward a spe-
cific type of application. We argue for a general operating
system for ubiquitous computing environments, which ex-
ports and coordinates the resources contained in a physical
1. Introduction space, and therefore facilitates the development of ubiqui-

tous applications. A computing environment for a physical

Ubiquitous computing environments encompass a spec-'99M: operatin.g theater, building, or.city must haye some
trum of computation and communication devices that seam-form of operating system that organizes that environment
lessly augment human perception and activity with digital t© Simplify the management of resources, the coding of ap-
information, processing, and analysis. Large numbers Ofpllca_tpns, the |d(_ant|f|cat|on and authentication of users, the
computing devices provide new functionality, enhance user Provision of services, and the reuse of software. InGaé
productivity, and ease everyday tasks. In home, office, angpProject, we de_flne a generic computatyon_al enwronme_nt that
public spaces, ubiquitous computers will unobtrusively aug- CONverts physical spaces and their ubiquitous computing de-
ment work or recreational activities with information tech- ViCes into a programmable computing system, calledan
nology that optimizes the environment for people’s needs. tiVé SpaceAn active space is analogous to traditional com-
Users will have anytime/anywhere access to information, PUting systems; just as a computer is viewed as one object,
the network, and computational resources. composed of mput/output devices, resources and peripher-

Within this ubiquitous computing world, applications als, so is an active space.
should make effective use of the available resources to sup- Traditional operating systems manage the tasks common
port the activities of users. Because users and computing© all applications; the same management is necessary for
devices move, a ubiquitous application should be adaptablephysical spaces. However, instead of managing resources
from one physical location to another, overlayed on the ac-Within a single computer, an operating system for active
tual physical devices and geometry of the physical space. Spaces manages the computational resources within a phys-
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ing system that facilitates the development of applications The Component Manager exports the interface to manipu-
that run in the context of a space. Sect@mpresents an late the life cycle of components, and encapsulates the func-
overview ofGaiaOS an operating system for active spaces tionality to integrate different component models; therefore,

that we have developed. SectiBrdescribes our applica- there is one Component Manager for each integrated com-
tion model that defines a standard framework for creating ponent model. The Component Container provides the ex-
ubiquitous applications that run in the context of an active ecution environment for components, and exports function-
space. Sectiod explains how we coordinate components ality to manage the dependencies of the components it con-
and tasks in the system through the use of a flexible script-tains. Finally, a UOBHost is any device capable of host-

ing language. Finally, Sectioh offers some concluding ing the execution of components. These UOBHosts export

remarks. functionality to create and delete component containers, as
well as to create components in particular component con-
. tainers.
2.GaiaOS

2.2 The Kernel Services

GaiaOSis a component based meta-operating system,
or middleware operating systeri]| that runs on top of The kernel contains the minimum required services to
existing systems, such as Windows2000, WindowsCE, andpgotstrapGaiaOSin any arbitrary space. A fundamental
Solaris. The communication infrastructure that we are us-gervice is theEvent Managerwhich is used to distribute
ing in GaiaOSto integrate different platforms is based on jnformation among components, while maintaining loose
CORBA. Currently, we are using the TAO ORB4] in coupling. Applications can register to specific event chan-
Unix workstations and Windows desktop machines, and thehe|s to be notified of information or changes in the envi-
UIC ORB in handheld deviced §]. ronment. We use this service to support context-aware ap-

GaiaOSis composed of two main parts. At the lowest piications in Gaia. Theéiscovery Serviceises the event
level, theUnified Object Bu$)rovides tools to manipulate manager to track software components, peop|e, and phyS|_
uniformly heterogeneous components running in the sys-cal entities present in a space.
tem [11]. This bus is the foundation on which the remaining  The devices, services, applications, and users currently
of GaiaOScomponents rely. Th&aiaOS Kernelncludes active in a space are stored in tBpace RepositoryThe
essential services that implement the core functionality of Space Repository exports an interface to search for Speciﬁc
the system, including entity discovery, a component repos-entities based on constraints such as location, service type,
itory, event distribution, naming, data storage and manipu- and resource availability.
lation, and security. The following sections describe briefly  Applications access data through thata Object Ser-
these two main parts dsaiaOS A more detailed descrip-  vice[4], a dynamically typed file system that supports con-

tion of GaiaOScan be found in12]. tent adaptation, customized data access, and location aware-
ness. Personal storage may reside on remote desktop ma-
2.1 Unified Object Bus chines or mobile special-purpose devices. A user may de-

fine personal storage that can be incorporated into a space

Active spaces are highly heterogeneous by definition. when she is physically present.

They include a variety of hardware devices and software Securltty Iconcerns d|Ga|aQS||nc(Ijgde afuthentlcanotn, ac-
protocols. However, to export a space as a programmableCess control, Secure dynamic loading ot components, secure

entity, such heterogeneity must be hidden. Uméfied Ob- tracking, and location privacyzaiaOSemploys aruthen-

ject Bus(UOB) [11]] is responsible for providing common t'Ca;!Ont_Serv'_?_EWh'Ch |sdsuet_s lcreder;)tllalihg)cr use(r: |detznt||ty
tools to manipulate the life cycle of components running veriication. ese credentials enable ess Lontro

in an active space, such as component creation, inspectio 'Serwceto provide discretionary, mandatory and role-based

deletion, and naming. The UOB can manipulate different access control. More details about the security support of

component types (e.g., CORBA, native program files, and GaiaOScan be found in16].
scripts) and provides an open architecture to incorporate

new component models. 3. The Gaia Application Model
The UOB defines four basic abstractions, which include
the Unified ComponentComponent ManagelComponent The Gaia Application Model[10] provides a standard

Container andUOBHost Unified Components are the ba- framework to build applications for ubiquitous computing
sic elements of the UOB. These components follow a com- scenarios, and proposes a new way of using applications,
mon naming scheme and their life cycle can be dynamically based on the ubiquitous computing paradigm. This ap-
managed regardless of their component model and locationplication model is based on the traditional Model-View-



Controller (MVC) paradigm, augmented with extensions to users, and a user interacts with the space as a single entity
account for the characteristics of ubiquitous computing en-and not as a collection of individual unrelated digital de-
vironments. vices and services.

3.1. Traditional MVC The traditional MVC presents the state of the model to
users by means of views. Views are responsible for ren-

MVC [8] defines a modular design that models the be- der_mg the state in some VISUE;'l,| form. In ubiquitous appli-
cations, presenting the model’s state to the user does not

havior of interactive applications by clearly encapsulating iiv imol dering it. Th del b |
the model of the application domain (model), the visualiza- necessarily imply rendering It. The mode] can be external-

tion of the model (view), and the mechanisms to interact ized in any possible way that.affec.:ts the senses of a user,
with the model (controller). This modular architecture sim- such as sounds, smells, and vibrations.
plifies the task of modifying and extending applications, as
well as reusing specific components.
A model has one or more views attached, which are re- _ gz'r'g%uzﬁm s
sponsible for displaying the data in some particular way. Coordinator ’

The benefit of this separation between model and view is A
that the same model can be rendered in different ways.

[ * S [
The model explicitly knows about the assigned views and Model o ccentation J ‘A dopter JJ ‘Con[m”efﬂ
is responsible for updating them whenever a change in the »

model state is detected. The final element required is the

controller, which allows users to interact with the applica- ~ Figure 1. Our application framework consists
tion model through any of the assigned views. A controller ~ of the Model, Presentation, Adapter, Con-
stores a model-view pair as well as a reference to the input  troller, and Coordinator.

sensor (e.g., mouse, keyboard and pen) that captures input

events generated by users. The result of an input event de-

pends on the associated view and the actions derived from

the control mechanism are automatically sent to the views

associated with the model. Based on our application model, we implemented a
_ framework to support the development of ubiquitous ap-
3.2. MVC for Active Spaces plications, called Model-Presentation-Adapter-Controller-

Coordinator (MPACC) 1Q. This framework defines five

The concepts defined by the traditional MVC are valid main components: (Yodel (2) Presentation(3) Adapter
for any interactive application, regardless of the specific en- (4) Controller, and (5)Coordinator The Model is the im-
vironment where those applications run. An application has plementation of the application’s central structure, which
a model, externalizes a representation of the model so usersormally consists of data and a programmable interface to
can perceive it, and has mechanisms to modify the statemanipulate the data. The Presentation is the physical ex-
of the model. However, most of the existing implemen- ternalization of the model that allows users to perceive it
tations of MVC are customized for traditional application through one or more senses. The Controller exports mecha-
environments, and therefore it is difficult to reuse them in nisms to modify the state of the model. However, unlike the
the context of active spaces. Guria, we adopted an appli- standard MVC controller, the controller defined by MPACC
cation model that maps the MVC pattern into active space coordinates not only input devices, but any source of phys-
environments. This new model takes into account many is-ical and digital context that can affect the application. The
sues related to ubiquitous computing: the variety of inter- Adapter is the component responsible for adapting the for-
action devices; contextual properties associated to the usemat of the model data to the characteristics of an arbitrary
and the space where the application runs; automatic model-output device, in essence providing “impedance matching”.
view data type adaptation; mobility of the view, model and The Coordinator is a meta-level component that manages
controller; and applications running on behalf of a user or the application composition and applies adaptation poli-
a space, instead of in the context of a particular device. cies, based on functional and non-functional application as-
Our application model standardizes the way in which ap- pects. The Coordinator stores references to the components
plications for active space environments are designed, built,that compose the application, as well as policies regarding
and assembled. From the user perspective, this applicaadaptation, customization and mobility of the application.
tion model defines how to use and customize applications.Figurel illustrates a schematic diagram of our application
These applications run in the physical space inhabited byframework.



4. Active Space Coordination tween Lua and CORBA, COM, and Java. Instead of us-
ing the traditional mechanism based on statically generated

In addition to its services and application framework, we Stubs, the design of these language bindings are strongly
providedGaiaOSwith support to configure and coordinate Pased on reflective mechanisms provided by Lua and the
applications and OS components in an easy manner. To pro€omponent infrastructure: interface introspection, dynamic
vide that kind of support, we chose a mechanism based orfall assembly, and dynamic implementation definitigh [

a high-level scripting language. As in other operating sys- The LuaOrb’s bindings use a mechanism caltgheric
tems, like Unix with Bourne Shell and MS-Windows with Proxy to offer access to the available components, and use
the Windows Script Host facilities, our scripting language is @nother mechanism, callggneric adapterto support dy-

able to automate management and configuration tasks. FoPamic implementation of components using Lua. By con-
instance, scripts can coordinate the bootstrap process, conPecting generic proxies and generic adapters, we can create
figure theGaiaOSservices, and reconfigure the system in dynamic bridges between different component systefhs [
response to changes in its context. Using these dynamic bridges, components of different com-

However, a suitable scripting language can play different POnent systems can seamlessly interop_erate. There_fore, Lua
roles in a system lik&aiaOS in addition to coordinating ~ @Cts as a unifying glue language, wherein we can write code
tasks and describing service's configurations. Bec@sse at run-time that freely use and mix components from differ-
iaOSis a component-based operating system, a languagént component systems.
with a suitable set of abstractions and mechanisms must be N addition to the interoperability and component-based
used to connect the available components in order to com-Programming facilities that LuaOrb provides, the use of a
pose new services and applications, similar¢omposition language like Lua is very suitable for the scenarios in which
language[15]. we are interested in applyinGaiaOS Because of its fast

A scripting language also brings an interesting design language engine with a small memory footprint and com-
alternative to the development process of ubiquitous appli- Pletely implemented in ANSI C, Lua has been used in many
cations: It greatly improves the support for testing, rapid different platforms, including embedded systems and hand-
prototyping, and dynamic configuration, as we can load andheld devicesg]. Therefore GaiaOScan provide scripting
test new design alternatives for an application in a quick facilities even for resource-constrained devices.
and simple way. For instance, a component can be tested
by a set of scripts, while other components that are not im-4.2. Integrating LuaOrb with Gaia
plemented yet, but are required by this component, can be

provided by prototypes implemented with the scripting lan- | yaOrb performs different tasks @aiaOS We started
guage. Components implemented with a scripting languageysing it to test som&aiaOScomponents and to implement
can be dynamically modified and extended without compil- prototypes of new services. However, we are using it now
ing or linking phases, and so, without interrupting their ser- to implement some more specific features for active spaces.
vices. With an interpreted language, it is easy to send code \\e are using the data description facilities of Lua to pro-
across a network, which allows the system to do remote oryiqe a declarative mechanism, instead of a procedural one,
interactive modifications and extensions to distributed com- 5 specifies a set of components that should be created in
ponents and services. an active space. We have been applying this facility to co-
ordinate theGaiaOSbootstrap, to start demonstration sce-
4.1. Lua and LuaOrb narios, to perform application tests, and to implement login
scripts for users. Due to the unifying character of LuaOrb,
To provide scripting facilitiesGaiaOSuses the LuaOrb ~ we can create and use in these declarative scripts compo-
scripting tool P, 3]. LuaOrb is programming tool for  nents from different component systems.
component-based systems, that supports dynamic gluing of We are also using LuaOrb to implement two important
components from different component infrastructures, suchtypes of components iGaia. The first one is a compo-
as CORBA, COM and Java. LuaOrb extends the interpretednent type that we cationtext controller This kind of com-
language Luaf, 7] with a set of facilities to access compo- ponent captures events related to context information from
nent infrastructures, and it can perform the following tasks the Gaia Event Manager, and triggers specific actions when
at run-time: (1) the identification of new component types certain conditions are met. Using these components, we can
and the integration of their instances into a dynamically as- easily implement context translators that listen for specific
sembled application, (2) the implementation of new compo- events and translate, aggregate, or distill them to generate
nents using Lua, and (3) the extension and adaptation of thenew events. The second type of component is the Coordi-
available components also using Lua. nator component of our application framework. Using the
Currently, LuaOrb implements language bindings be- composition and scripting facilities of LuaOrb, we can eas-



ily implement this kind of component, which glues other
components, coordinates their activities, and defines con-
figuration policies.

LuaOrb works together with th@aia application frame-
work and the UOB to support dynamic composition and
adaptation of ubiquitous applications: While LuaOrb of-
fers a mechanism to command dynamic reconfigurations
of component connections, the UOB infrastructure and the
MPACC framework offer the means that allow the reconfig-
uration of component connectiong{wiring).

5. Final Remarks

(3]

(4]

(5]

(6]

In this paper, we presented our research project with [7]
Gaia. With the infrastructure thaBaia currently provides,
we can coordinate the resources contained in a physical
space and create ubiquitous applications by dynamically
connecting available component&aiaOSconverts phys-
ical spaces and their ubiquitous computing devices into
a programmable computing system. T8aia applica-

tion framework allows us to partition applications, dynam-

ically place application components, adapt to different de-
vices characteristics, react to contextual changes, and at-
tach/detach application components. The LuaOrb scripting
tool allow us to automate management and configuration
tasks, describe and create ubiquitous computing scenarios
test components, and prototype new applications. [

To validate our infrastructure, we have developed a pre-
sentation application that operates on multiple displays and
coordinates all the resources available in the space to con-
duct presentations. In this application, we u§&=adato in-
tegrate infra-red devices, X10 devices, different user iden- [12]
tification devices, and software components from different
component systems, such as CORBA and COM.

Although we still have many issues to investigate related
to application development in ubiquitous computing envi-
ronments, our preliminary results show us that offering a
common infrastructure can significantly reduce the com- [13]
plexity of this task.

Resources and further information abGa4ia are avail-
able athttp://choices.cs.uiuc.edu/gaia/

(8]

(9]

(10]

11]

(14]
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