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Abstract

Enabling Content-Driven Applications in Resource-Constrained

Environments
by

Sami Nicole Rollins

The vision of pervasive computing is quickly becoming a reality. Unfortu-
nately, the range of applications supported by devices such as personal digital
assistants PDAs , digital watches, and iPod-like devices remains somewhat
limited. Many current e orts promise to support services such as web brows-
ing, personal file management, and peer content exchange on these devices.
However, supporting these kinds of on n n applications in the next-
generation computing environment promises to be a challenge. Most perva-
sive devices are constrained with respect to resources such as bandwidth, pro-
cessing power, disk space, energy supply, and even display capabilities. These
constraints often render traditional technical solutions insu cient for support-
ing functionality such as content location, delivery, and display. In order to
evolve current applications to meet the changing demands and limitations of
next-generation computing environments, these challenges must be addressed.

The goal of this dissertation is to develop system-level techniques to over-
come resource constraints that restrict the use of pervasive devices for content-
driven applications such as web browsing and peer content exchange. In par-
ticular, we focus on enabling three subfunctions of content-driven applications:
content access, content management, and content exchange. First, we describe
a technique to enable content access on devices with limited display capabil-
ities. Second, we describe a technique to enable management of personal
content in a power-constrained environment. Finally, we describe a technique

that enables new services and improved performance in peer-style content ex-

xi



change networks. This set of techniques represents a stepping stone in the
evolution from the current computing environment to the next-generation,

pervasive computing environment.
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Over the past several years, computing technology has become faster, more
powerful, and @ . Moreover, networking technology has become faster,
more powerful, and . Devices such as laptop computers, personal dig-
ital assistants PDAs , and digital watches that can seamlessly connect to
the Internet, or to other devices, are becoming more commonplace. However,
applications for this kind of technology are not advancing as quickly as the
technology itself. There is a call to evolve current applications and to develop
new applications to take advantage of new technology as well as overcome the
new technological challenges that next-generation devices introduce.

In this chapter, we introduce a class of application we define as on n

n. e explore how new computing devices enable new, next-generation
computing environments, and how new environments can a ect content-driven
applications. Next, we explore the challenges that must be addressed in order
to enable content-driven applications in next-generation computing environ-
ments. Finally, we identify the scope of this work and outline the organization

of the remainder of this dissertation.



This dissertation definesa on n n application as an application with
the fundamental motivation of bringing together users and information. ith
the proliferation of personal computers and networking technology, these kinds
of applications are figuring more prominently in the everyday lives of end users.
An example application is web-based news. Users may visit websites like CNN
and MSNBC many times a day to keep abreast of late breaking news stories.
Other example applications include email and web-based radio.

This definition of on n n is quite broad in scope. However, to fur-
ther refine the definition of a content-driven application, we specify three fun-

damental functions that are supported by the applications we target:

Content Access Content access defines how an end-user views or otherwise
consumes information. A user accessing web-based news is likely to rely on
a web browser to parse HTML code and present a combination of visual text
and graphics on a computer screen. As other forms of media, such as live
video, have become more popular, users rely on content-specific software to
provide access to information in a content-specific way. For example, an audio

and or visual file may launch a viewer such as uickTime.

Content anagement Content management defines how information is
best stored and managed by the the information source or content provider
e.g., CNN . The definition of best can vary from application to application.
However, typically the goal of an e ective content management scheme is to
ensure that content is stored such that it can be quickly and easily accessed
by the end user. A website such as CNN might employ techniques such as
replicating content on multiple servers and or placing content on servers that

are located closer to the end user.



Content Exchange Content exchange involves the actual transfer of con-
tent from the information source to the end user. Certainly, intelligent content
management can help to alleviate some of the burden on the content exchange
scheme. However, content exchange is primarily concerned with two tasks: 1
location of the desired information and 2 delivery of information across the
network. In the web news application, a user might use a search engine to
locate a particular story of interest. Once the user finds the story, the content
is typically delivered across the network using HTTP over a reliable unicast
protocol such as TCP. In the web news example, this function could also be
considered on n u on. However, content exchange is a generalization
of content distribution and assumes that a participant many not necessarily
only act as either a content provider or end user, but perhaps both.

In general, it can be very challenging to support access, management, and
exchange of content. For an application such as news, an ever growing user
population and an ever increasing content base make it di cult to e ciently
and e ectively satisfy all user requests. However, for many common web and
Internet-based applications, the challenges that arise in providing these func-
tions have been relatively well studied and usable solutions have been devel-
oped , 13, 20, 23, 80 .

Over the past several years, computing environments have begun to evolve.
Next-generation computing environments promise to incorporate small com-
puting devices such as PDAs and digital watches along with new networking
technology such as 802.11 and Bluetooth.  hile these environments o er a
host of new opportunities for content-driven applications, the traditional web
model that has often been used to enable access, management, and exchange

of information will no longer be su cient.



The eb Inthe web environment, an end user generally uses his her home,
desktop computer to access content that is retrieved, over the wired Internet,
from a content provider. The content provider is often a company or other
organization that uses powerful, centrally maintained and administered servers
to manage and distribute information. In this environment, content-driven
applications are typically implemented using a centralized, client server model.
The underlying assumption with the web model is that the user acts as a
content consumer, relying on the content provider to reliably and e ciently

provide information.

Peer-to-Peer As end user desktop computers have become more powerful,
a new kind of computing environment has emerged. Content providers are no
longer exclusively organizations with centrally maintained and administered
servers. In fact, any end user device can act as a content provider, managing
and distributing information a content consumer, accessing information or
both. To support applications in this environment, a decentralized, peer-to-
peer P2P computing model has emerged. In the P2P model, all participants
are considered — heterogeneous nodes with varying capabilities that may
join and leave the network at will. Decentralized and resilient algorithms that
enable users to communicate directly and exchange information have begun
to develop. However, the general assumption is that the P2P model supports

desktop-to-desktop communication over the wired Internet.

Pervasive Computing The vision of pervasive computing , D goes
beyond P2P to imagine a world in which computing devices are everywhere.
Small computing devices may be carried, worn, or even embedded into the en-
vironment. Moreover, these devices can seamlessly communicate using wireless
technology. To support content-driven applications in this kind of an environ-
ment, the goal of the pervasive computing model is to provide completely
seamless access, management, and exchange of information in an ad hoc and

dynamic way. ny any h  auser should be able to use whatever device



is available to access whatever piece of information he she is interested in. It
is clear that the pervasive computing environment introduces a host of new

challenges that the pervasive computing model has yet to fully address.

n ling ew A lic tions

New environments coupled with new computing models such as P2P and
pervasive computing both enable enhanced functionality for existing applica-
tions, as well as enable completely new applications. The ultimate vision is
that applications can take advantage of the property that anywhere, at any
time, users can access and exchange information. A frequently used, motivat-
ing example demonstrates how a business person can take advantage of the
pervasive computing model to have seamless access to her personal informa-
tion. She wakes up and checks her email on her home desktop computer. As
she leaves home for the o ce, she picks up her laptop, cell phone, PDA, and
digital watch. Her email along with any other content she may have worked
on at home the previous evening is automatically transferred from her desktop
to the devices. As she sits on the subway train, her PDA exchanges news
articles with the devices the other riders are carrying.  hen she arrives at
the o ce, her devices download new email from the servers embedded into the
0 ce environment as she runs to a meeting. As she arrives at the conference
room for the meeting, her laptop automatically detects the conference room
printer so that our user can print the slides she plans to use for her presenta-
tion. She wraps up her work day early to leave for a conference. As she leaves
the o ce for the airport, her conference presentation along with all the data
she has been recently working on is downloaded onto her devices so that she
can continue working on the plane.

Another motivating application is disaster recovery. Sensor devices may
be embedded into the structure of a building when it is constructed. If a
disaster, such as an earthquake, were to occur, the devices can seamlessly

communicate to determine the soundness of the structure. Additionally, relief



workers or robots carrying PDA-like devices can monitor the scene and gather
information from the sensor devices. Based on the information produced by
the sensors, plans for recovery e orts can be developed.

A third example application is a digital classroom 55 . In the classroom
of the future, instructors will be able to prepare digital material that can
be displayed in class, or can be digitally exchanged with local or remote stu-
dents who are using technology from laptops to digital watches. The pervasive
computing model opens up a world of opportunity for enabling students and
instructors to seamlessly communicate and share information, fostering collab-
oration across time and space. e save further explanation of this application
for Chapter 2 where we describe the classroom as a motivating application in

more detail.

hile new computing environments provide a world of opportunity for
content-driven applications, they also introduce a host of new challenges that
make it vastly more di cult to support access, management, and exchange of
content. The challenges we define fall into two primary categories: a a vy

and ¢ a a .

Capabilit Capability describes the functions that a content provider or
consumer is able to perform. As we move toward the P2P and pervasive envi-
ronments, content providers are no longer large mainframe or server machines,
and content consumers are no longer home desktop computers. They may be
anything from laptops to embedded sensors. These smaller devices are lim-
ited in terms of resources such as CPU, display, memory, bandwidth, disk
space, and power. hile technology is continuously becoming more powerful,

each generation of devices is smaller and more constrained than the previous.



Additionally, resources like battery power and display will continue to be con-
strained. These limitations restrict the functions that the devices are able to
perform. Content displayed for the user may have to be transcoded into an
alternate format to meet the constraints of the display loss of power on a de-
vice may mean that a user can no longer access important information stored
on that device or limited bandwidth may prevent a device from uploading or
downloading the desired quantity of information. In this dissertation, we fo-
cus on the challenges associated with the reduced capability of next-generation

devices.

Availabilit  Availability describes the likelihood that a content consumer
or provider is reachable. In the P2P and pervasive models, availability becomes
more of a challenge for a number of reasons. First, end-point computers and
devices are dynamically connected. Much of the time, nodes join and leave
the network frequently either because users are mobile, or simply choose to
disconnect. Further, networks, especially wireless networks, can be lossy, slow,
and otherwise unpredictable. Connectivity problems may occur, through no
fault of the user, leaving participants unavailable. Finally, resource constraints
of devices, especially small devices, can lead to lower availability. Suppose a
laptop computer runs out of battery power. It will no longer be available as a

participant.

This dissertation addresses the challenges associated with providing con-
tent access, management, and exchange in an environment where devices have
reduced capability. The thesis of this dissertation is that system-level tech-
niques can be used to overcome the resource constraints that restrict the use
of next-generation devices for content-driven applications. e focus on three
primary areas:

Content access is limited by the display constraints of a particular de-



vice. As devices become smaller, the visual access we are accustomed to is no
longer a viable solution in all cases. In order to support access to information
using a variety of devices, more exible solutions that can adapt to varying
display capabilities must be developed. Ideally, a user should be able to access
information in a device-specific way based on the type of device he she has
available.

Content management is also a challenge when the devices storing content
are resource-constrained. Specifically, we address the problem of managing
content across a collection of personal devices as in the previous example of
the business person. The loss of a resource, such as power, can make all content
on a particular device inaccessible unless the content has been moved prior to
resource loss. Relying on the user to manage data may not be e ective, or
worse, the user may waste the same resources which are scarce. In addition, as
the shear number of devices increases, a user cannot manually manage content
across possibly tens or hundreds of personal devices.

Finally, content exchange is a challenge in a resource-constrained environ-
ment for a number of reasons. In this work, we focus on two main problems
and their application in peer-based environments. First, content location in
peer environments is typically not static as it is in the web model. In a more
dynamic environment, locating content is often done on-the- y and may re-
quire use of the resources of a number of participants, content providers and
requesters. Participants limited by resources such as power or bandwidth may
not be able to participate in an unlimited way. Thus, developing data location
techniques that consume fewer resources in integral. Additionally, delivering
content in a straightforward, one-to-one fashion to all users that request it can
require more resources than a content provider may have available. Scalable,
resource-aware techniques must be employed to ensure that delivery is done

in an e cient manner.



rg ni tion

This dissertation is organized as follows: In Chapter 2, we discuss a digital
classroom as a motivating application and point out the challenges that arise in
that context. In Chapter 3, we survey related work and provide a more concise
description of our contributions. Chapter describes our work on enabling
content access via non-traditional displays. Chapter 5 describes our work on
resource-aware data management for small devices. Chapter describes Pixie,
a jukebox-style architecture to support e cient data location and delivery in

large-scale peer environments. e conclude in Chapter



The goal of this chapter is to motivate the work in this dissertation by
describing the challenges associated with implementing a digital classroom
application. The chapter describes what a digital classroom is, explores how
the content-driven functions of access, management, and exchange are sup-
ported in the classrooms of today, and illustrates the challenges of supporting

the same functional objectives in the classroom of the future.

A number of university campuses have undertaken the goal of developing

a a oo . Oneof the earliest experiments with this kind of technology

was the AT T Learning Teaching Theater at the University of Maryland 9.
More recent examples include 05 Soda at UC Berkeley and eorgia Tech’s
eClass 1. A a a oo isaclassroom meeting space that provides both
the ability to present information using multimedia tools as well the capability
to digitally record an account of the classroom activity. A digital classroom
can be considered a content-driven application because the primary goal of the

classroom is to bring together users and information. Typically, the users are
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the students and the information is the material presented by the instructor.
As technology advances, the material presented by the instructor has become
more sophisticated, evolving from chalkboard notes and illustrations to digital
material. Additionally, information now extends beyond visual aids such as
PowerPoint slides to include a complete digital record of classroom activity,
including video and audio.

Digital classrooms today typically aim to support four primary activities:

ultimedia Presentation In a traditional classroom, an instructor typi-
cally uses a chalkboard to write notes or hand-draw illustrations to clarify the
material presented. In a digital classroom, computers and display technology,
such as data projectors, can be used to display an array of digital material for
students in the classroom. Multimedia presentation enhances the instructor’s

ability to illustrate and demonstrate the material.

ne- a ebcasting In a traditional classroom, students must be phys-
ically present in order to attend the class. In a digital classroom environment,
the classroom activity can be digitally captured using technology such as cam-
eras and microphones and sent, via the Internet, to a remote site. A remote
site might be a student’s dorm room where he she is watching the lecture
on a desktop computer, or may be a remote classroom. One-way webcasting

completely redefines the meaning of the term classroom.

Remote Collaboration In a traditional classroom, students can ask ques-
tions of the instructor and interact with other students at will. To enable this
functionality in a digital classroom, activity at the classroom site and remote
sites must be digitally captured, using technology such as cameras and mi-
crophones, and exchanged between sites in real time. Remote collaboration

enables a complete an % @ on scenario.
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Archival Retrieval Finally, in a traditional classroom, students rely on
their handwritten notes to help them study for exams or later review the ma-
terial. In a digital classroom, a digital record of the classroom activity and
material can be archived and later retrieved and reviewed. In addition, a lec-
ture given by an expert may be reviewed by anyone interested in gaining
knowledge in the field . Archival and retrieval of material can fundamen-

tally change the role of the instructor in the classroom.

It is di cult, even today, to support the functions required of a content-
driven application in the classroom environment. As new technology such as
PDAs, laptop computers, and wireless networking becomes more ubiquitous,
integrating the technology into the classroom application to support more
advanced activities will be even more challenging. This section describes how
the functional objectives of access, management, and exchange of content are
met in the classroom application today and the new challenges that arise with

regard to supporting these functions in the future.

Access

Content access in a digital classroom of today consists of two main pieces.
First, the technology to display multimedia material must be available in the
classroom. In most cases, this includes a computer to use to present material
and a data projector to project the image from the computer screen. The main
challenge in supporting this functionality lies in obtaining the right equipment
and connecting it together in the right way. The second piece is the display
of material such as audio and video at a remote site.  enerally, the second

piece is accomplished using o -the-shelf tools such as RealMedia. Though, it
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can be challenging to ensure that o -the-shelf tools provide all of the intended
functionality.

In the classroom of the future we can imagine that, in addition to large,
projected displays and or desktop displays, each student may have one or
a collection of devices that he she might like to use to access information
the instructor is presenting. A student might want to download slides onto
his her PDA and take notes there while displaying a digital worksheet on
his her laptop computer. The next student may want to take notes on his her
Tablet PC while looking at the worksheet on a cell phone. Each of these
devices has slightly di erent display and input output capabilities and is used
in a slightly di erent way, potentially to access the same material. One of
the primary challenges in this environment is to meet all of the demands of
the di erent devices. In Chapter , we discuss a general solution that enables

multimodal access to content via non-traditional displays.

n gement

The main goal of content management in the classroom of today is to
ensure that prepared materials, such as slides, and generated media, such as
video, are stored and later made available to the user.  enerally, the user
population for the classroom application is su ciently small that this task is
not particularly challenging. A single, centrally located, powerful server can
often accomplish the task. However, one of the biggest remaining challenges
in this area is the indexing of material to ensure that it can be synchronized
for later retrieval and viewing.

In the classroom of the future, content may extend beyond slides prepared
by the instructor and video generated by an infrastructure embedded into
the classroom.  ith the proliferation of personal devices, students may use
their laptops, PDAs, and cell phones to contribute to the classroom content
base. A student may share notes from a PDA and a cached web page from a

laptop computer. The challenge in this environment is to ensure that student-
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generated material is available even if it is stored on a cell phone rather than
a powerful server. In Chapter 5, we discuss techniques for managing content

across a collection of resource-constrained devices.

c nge

In the classroom of today, content exchange involves delivering archived
content from servers as well as delivering or exchanging live video, audio, or
other media in real time between the classroom and remote sites. Delivering
archived content is generally straightforward. However, delivering live content
can be challenging. Often, to overcome jitter caused by the network, playout
tools bu er video and audio. The delay caused by bu ering is intolerable if
the classroom and remote sites are collaborating in real time.

Looking toward the future, we can imagine a world in which students are
all capable of generating and distributing content. Therefore, the task of dis-
tributing content will no longer be restricted to a centrally located and admin-
istered server machine. Students may want to share content available on their
hand-held or wearable devices. Delivering content in this environment will
be challenging since techniques must be geared toward resource-constrained
devices. Imagine a student serving a video file to many classmates, from her
watch. In Chapter |, we propose a content exchange solution that provides a
more scalable alternative to current systems.

The digital classroom is a prime example of a content-driven application.
Not only do the application participants bring content into the environment,
the environment itself can actually generate content. hile supporting the
functions of a content-driven application can be challenging in the digital
classroom environment today, future computing technology promises to make
supporting access, management, and exchange of content even more challeng-
ing. The goal of this dissertation is to develop techniques to overcome some
of these challenges and enable applications such as digital classrooms in next-

generation computing environments.



The goal of this dissertation is to address the challenge of enabling content-
driven applications in the face of constrained resources. There are three fun-
damental functions that support content-driven applications content access,
management, and exchange. This chapter investigates related e orts to sup-
port each of these functions in resource-constrained environments and demon-
strates where existing solutions fail to meet the demands of new and evolving
application scenarios. The chapter concludes with a summary of the three

primary contributions of this dissertation.

The input and output capabilities of pervasive computing devices are lim-
ited, especially when compared to their desktop counterparts. A device such
as a digital watch may only have a 1-inch diameter face as compared toa 1 -
inch desktop monitor. Moreover, a watch certainly cannot accommodate a full
sized keyboard or traditional mouse. The impact of this property is that most
pervasive devices cannot use traditional paradigms for accessing, navigating,
and modifying information. As devices become more commonplace, there is
a call to develop alternative mechanisms to support content access in varied

environments under varied conditions.
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nter ces or er si e e ices

Research on interfaces for pervasive devices ranges from creating the low
level technology to recognize user input, to performing user studies and ana-
lyzing user behavior. In this thesis, we narrow the playing field by specifically
focusing on providing system-level support for accessing, navigating, or mod-
ifying content on pervasive computing devices. The question at hand is: how
can an application programmer ensure that application data is accessible to
the widest audience possible And, of course, the ideal scenario is to also limit
the workload of the application programmer.

In recent years, a number of research projects have investigated how to
build user interfaces and or applications such that they are more accessible on
devices with diverse capabilities. One of the most promising models that has
emerged isthat of n  au ho n 39 . Similar to the Model View Controller
paradigm 32, the idea behind single authoring is that content should be

authored independent of its presentation. Similar to Java’s on un
any h  motto, the single authoring strategy could be considered on
any h . There are numerous benefits to such a strategy, not the least

of which is that the application programmer or content provider does not have
to reinvent the wheel, creating new interface components every time a new
device is introduced on the market. However, the strategy itself has yet to be
fully realized.

A step in the right direction has been the development and subsequent
push of the eXtensible Markup Language XML . XML, often touted as the
next step for the orld ide eb, is an ideal solution for separating content
from its presentation. It provides a semantically-enhanced, generic model for
representing information. The information can then be presented in a variety
of formats, using the added semantics inherent in the representation.

A number of research projects have taken advantage of XML’s benefits with
respect to interface adaptability 2, 2 , 38, 1, 3. The common theme that

underlies these projects is to represent a generic user interface using an XML



document. The document contains basic, device independent information for
example n v au n h an . This document can then be
transcoded, using XSL or similar technology, into the appropriate format for
the end-user device such as HTML for desktops or ML for cell phones .
However, current solutions typically require that the application programmer
either write the XML document, or the original user interface which can then
be automatically translated into the document 38 . Also, the application
programmer is responsible for creating the mapping e.g., XSL between the
generic XML document and the resulting device interface.

The previous set of projects use XML as a tool to represent the user inter-
face, but not necessarily the content itself. From a slightly di erent perspec-
tive, approaches like JAXB, Castor, and XOBE 31 attempt to automatically
build application components from XML data. The assumption is that the
XML document contains the underlying information, for example web content
or an eBook. An XML schema that specifies the structure of the document is
fed into the architecture and the result is a set of customized application com-
ponents e.g., JavaBeans , to manipulate and access the information. These
approaches are typically useful for a developer who wants to integrate the ap-
plication components into a larger system. However, they do not address the
creation of interface components specifically geared toward providing the user

with access to information.

eec sed nter ces

The previous section primarily discusses how standard interfaces can be
adapted to work on devices with varying capabilities. The bulk of the work
discussed attempts to adapt a full-sized visual interface to be a more limited
visual interface on a small device. However, an alternative approach is to use
a di erent input and or output modality all together. In fact, speech is often
considered an important component of next-generation interfaces 0.

For a number of years, researchers have been investigating speech-based in-



terfaces. Again, the range of research in this space is quite broad and encom-
passes everything from improving speech recognition software to evaluating
user experience. However, one of the primary challenges that speech-based in-
terfaces pose is the challenge of navigation. Especially in the era of the orld

ide eb, access is rarely serial. For example, a user who accesses a news-
paper using a traditional web browser is likely to jump from article to article,
selecting items of interest based on cues like font size and page layout. Typical
speech-based interfaces do not provide an equivalent navigational mechanism.
In the typical case, the n of a newspaper would have to listen to every
article from beginning to end, in a sequential manner.

There have been a number of e orts that have addressed this challenge.
Aster 51 proposes that by using the semi-structured nature of LaTex 3 |
a user can listen to information in a more interactive manner. The funda-
mental idea of Aster is to use the structure inherent in a LaTex document to
provide a listener more freedom to navigate, and hear customized renderings
of the content. For example, the structural cues in a LaTex document can be
used to generate an aural summary of the document. This provides the listener
with the equivalent ability to scan the entire document and select a portion
of interest. Unfortunately, the structure of LaTex is static. A developer who
wanted to use Aster would have limited exibility in terms of the functionality
an application could support. Moreover, it is unlikely that a developer would
choose LaTex as the format for content access on a small device.

Other e orts have focused on navigation and document structure and rep-
resentation in a more general sense. DAHNI 2 focuses largely on navigation

n documents in a non-visual hypermedia system. The Hyperspeech sys-
tem looks at presenting speech as data by focusing on providing the
ability to navigate through recorded speech. Other types of systems have
been constructed that look at how to use sound, speech or non-speech, to rep-
resent the structure of a document. Brewster 11 develops a set of guidelines

for integrating non-speech audio into user interfaces. The work presents a
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comprehensive look at the components of sound and how each can be used to
convey information. Barrass presents a similar system 9 that looks at how
to design sounds to represent the types of activities performed in an applica-
tion. Portigal 50 looks specifically at how sound can convey structure and
location within a document. Finally, ilson examines the area of data
sonification by examining what it means to represent data with sound. hile
these e orts certainly underscore the challenges of navigating using speech as
an input and or output mechanism and representing information using speech
and sound, they do not directly address the challenge of building interfaces for
pervasive devices.

A more related area is the investigation of using speech for web browsing
and navigation. There is a large body of work that has addressed the question
of how to make the current orld ide eb accessible through voice-based
interfaces. Most of the work done has focused around how to make the web
accessible to users with print disabilities. However, many of the techniques
proposed may be applicable to users of pervasive devices as well.

James 29, 30 looks at how to make the web more accessible by integrat-
ing sound components like voice and pitch. Her work focuses on designing
experiments to determine how a user would best react to di erent aural repre-
sentations. It examines the parameters which are involved with designing an
aural interface. Other work on making the web accessible has taken a similar
approach, looking specifically at HI'ML and determining, for example, how one
should best represent an H1 tag. Krell and Cubranic 35, ajicek, Powell,
and Reeves 82, ajicek and Powell 81 , Oogane and Asakawa , and Albers

all look specifically at HTML. Unfortunately, all of these approaches are
very specific, and directly targeted toward HTML content. Though some of
the proposed techniques may be appropriate for the scenario we target, they
have yet to be applied there.

A final body of work that deserves mention is the family of XML-based

languages that are being developed as solutions for voice-enabling the web.
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Solutions like SpeechML, VoiceXML, JSML, TalkML, and VoxML all provide
a language that can be used by a content provider to specify how a user can
interact with the system to retrieve information. For example, the document
might specify which commands the user can use, or the rate and volume with
which a piece of text should be rendered. However, the model is that a content
provider must author the VoiceXML, SpeechML, or VoxML document. This

makes these solutions limited with respect to their ability to be generalized.

umm r

As pervasive devices with limited display capabilities become more com-
monplace, there is a call to support diverse input and output access mecha-
nisms. Most current solutions are either too specific, or require a great deal
of e ort on the part of the content provider. Few e orts have tried to solve
these problems, and many that have focus on the automatic creation of gener-
alized application components rather than interface components. The goal of
this work is to provide a generalized solution to automatically create interface
components to support diverse content access mechanisms. Moreover, the so-
lution must support the generation of components that address the challenges

inherent to the given modality, such as speech.

The fundamental idea behind pervasive computing is that small devices
will be ubiquitously deployed throughout the environment. Those devices may
range from minute sensors to laptop computers, and may be used for a variety
of applications. One class of applications is that of personal computing. The
predicted scenario depicts a single user who carries a number of computing
devices, from a laptop computer to a digital jacket. These devices can be used
to accomplished advanced, personal tasks on behalf of the user. Personal tasks

may range from address book maintenance to sending and receiving of email

20



to code compilation.

Unfortunately, the variety of tasks that a device can accomplish will be
limited by the resource availability of the device. Any pervasive device is likely
to have limited resources in one respect or another. Bandwidth, processing
power, disk space, and battery lifetime are all concerns for the next-generation
of computing devices. However, recall that a user may have an entire collection
of devices available at any given time. iven this property, it would be useful
to be able to aggregate device resources such that devices can be used in
concert to overcome resource constraints.

There are a number of challenges associated with coordinating the aggre-
gation of devices and device resources. Examples include the challenge of
assigning tasks to the most appropriate device s and the challenge of making
the coordination appear seamless to the user. In this work, we focus on the
challenge of content management. A user will have a subset of his her per-
sonal information stored on each device in his her collection. For example,
a user might store email on a laptop computer, MP3s on a PDA device, and
an address book on a cell phone. In order to be able to use the collection of
devices together e.g., to make a phone call using a number that was jotted on
a PDA | the h content should be made available on the h device, and
at the A time.

Content or data management is not a new idea. Traditional data man-
agement schemes address concerns such as scalability, high availability, and
concurrency control. However, the new dimension with respect to personal
computing in the pervasive environment is resource availability. The funda-
mental idea is to ensure that the A content is available on the device with
the h ou . This idea of resource-aware content management is the

synthesis of many existing, somewhat disparate bodies of work.
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t reetc ing

Data prefetching, in many respects, addresses data management with re-
spect to the dimension of mobility. The idea is that a mobile device, such as
a laptop computer, should h information while it is able to connect to
an infrastructure-based network, or another device. The general motivation
is that, in mobile environments where hosts are frequently disconnected, it is
important to ensure that, before disconnection, the mobile host downloads any
necessary information to continue working in disconnected mode. A number
of projects have developed schemes for data prefetching. Coda focuses on
caching portions of a larger file system on a mobile host e.g., laptop so that
the host may continue to have access to relevant data even if not connected to
the file system. The concept of n o a on has been explored by a number of
projects. In the Map-on-the-Move project 9, Ye et al. propose a prefetching
strategy to be used in an environment where a user brie y passes through an
area of high bandwidth connectivity. Finally, the DS project 9 explores
the concept of prefetching from a peer-to-peer perspective. It supposes an
environment where small, mobile peer devices such as PDAs come in contact
for short periods of time, such as on subway trains. hile connected, the
devices can probe one another to exchange information. One application the
work focuses on is exchanging news stories with the goal of obtaining an entire
newspaper before departing from a subway train.

These prefetching strategies are primarily concerned with the dimension
of mobility. Certainly, mobility is a unique and important property of the
pervasive environment. However, these strategies do not address the equally
important property of constrained resources. Additionally, the prefetching sce-
narios typically assume that data is prefetched to a single device. Even today,
a single user often carries an entire collection of devices. Our hypothesis is
that by taking advantage of the collection’s resources, services can be provided

more e ectively.
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e ice Coo er tion

The idea of aggregating devices in general is not unique to our work. First,
a number of projects address the question of how to aggregate a user’s per-
sonal devices to ease the burden on the user. The MPA project 1 uses an
infrastructure that tracks users and chooses the device on which to contact
them. Roma 3 aggregates data stored across a collection of devices by stor-
ing metadata about all data on a single, portable device. These projects are
primarily concerned with device cooperation from a user-centric perspective,
but do not address the challenge from a resource-centric perspective.

There are also a collection of projects that take a more resource-centric
view of the problem. More specifically, the MOPED project 33 addresses
device aggregation from the network layer by using well-connected gateways
to communicate on behalf of other devices.  hile MOPED primarily seeks to
integrate the devices belonging to a single user, a similar project has looked at
aggregating connectivity across a larger collection of devices 8 . Papadopouli
and Schulzrine propose that, in a large-scale environment, some users may have
access to connectivity, while others do not. Those that do may act as gateways
for those users that would not otherwise have access.

These projects primarily address the resource of connectivity . However,
pervasive devices are constrained with respect to a variety of other resources.
In fact, battery lifetime tends to be the resource of most concern.  hile re-
sources like processing power and bandwidth are improving at a very rapid
pace, battery lifetime lags behind. Pervasive devices such as laptop comput-
ers may rival the processing, bandwidth, and storage capabilities of desktop
computers from only a few years ago. However, battery technology has not
improved to meet the demands of the newest computing devices and their

users.
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ower Conser tion

To overcome the limitations of constrained battery lifetimes, a number of
research projects investigate power conservation schemes. The idea behind
power conservation is to reduce the amount of energy a particular device con-
sumes in the process of normal operation. The Odyssey project 19 focuses
on application-level power conservation. In Odyssey, the application receives
a callback when the energy supply on the device gets low. The application
can then take application-specific action to reduce the amount of energy it
consumes. The Milly att project 1 advocates a similar idea proposing that
power should be managed as a high-level resource. Alternatively, work at
UCLA has looked at reducing energy consumption on small devices by
o oading computation onto more powerful servers. These servers likely exist
as part of a well-connected infrastructure in the environment where the mobile
user is currently located. Finally, a number of projects have looked at reduc-
ing the power consumption of the network interface on small devices 3 , 1.
These schemes work by turning the network interface card o when it is not
in use. The tradeo in this case is managing and accounting for the messages
that are sent during the time the network interface is o .

Each of these schemes has proven to reduce the energy consumption on
individual small devices. However, even with the most conservative of schemes,
a device is still in danger of running out of power. Fortunately, if a user carries
not one, but a collection of devices, it would seem logical that one or more of
the alternate devices could be used to accomplish tasks when one devices runs
out of battery.

A collection of work has also looked at the idea of aggregating power
by managing data in a power-aware way. Both Directed Di usion 28 and
SPIN 25 focus specifically on the application of sensor networks. In sensor
networks, small, power-constrained sensor devices are distributed throughout
an environment. As the devices sense and gather data, the data must be

propagated throughout the network in a resource-e cient manner. This is



accomplished by building e cient paths throughout the network in the case
of Directed Di usion, and by exchanging high level metadata to determine
interest, and sending only the requested data in the case of SPIN.
Unfortunately, the sensor network application has a number of unique prop-
erties that do not apply generally to pervasive computing. First, in a sensor
network, data is continuously sensed and streamed. In a personal network of
devices, content is likely to be comparatively static. That is to say that only a
few files may be modified over the course of a few hours. Since updates are not
continuous, a batched model is more likely to apply. Additionally, the number
of devices in a sensor network is quite large. In a small, personal network,

additional optimizations can be considered.

umm r

Intelligent content management is essential to enable cooperation between
devices. Such cooperation provides a number of advantages including more
e ective use of the limited resources available on individual pervasive comput-
ing devices. However, the pervasive environment introduces a new dimension
into a content management scheme. In order to more e ectively use device
resources, those resources must be considered when making content manage-
ment decisions. The idea of resource-aware content management is a synthesis
of a number of related areas.  ork on data prefetching is concerned with
developing a data management strategy, but does not consider the dimension
of constrained resources or the benefit of the availability of multiple devices.

ork on device cooperation addresses the aggregation of devices, but consid-
ers only connectivity as a device resource. Finally, work on power conservation
focuses specifically on the resource of power, the primary constrained resource
in the pervasive environment, but does not address the cooperation of personal
devices. The goal of this work is to synthesize these areas to enable coopera-
tion between devices by being aware of available resources and managing data

accordingly. The resource of primary concern is power since it is, by far, the
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most constrained resource in the pervasive environment.

The goal of content exchange is to allow end hosts to e ciently share infor-
mation. In the web model, content exchange happens only in one direction. A
participant acts only as a producer or a consumer of information, but not both.
Therefore, instead of supporting all of the functionality of content exchange,
the web model supports a more limited subfunction — content distribution.
However, as next-generation computing environments emerge, there is a call
to support the full functionality of content exchange. Envisioned uses of perva-
sive devices include scientists in the field collecting and sharing data and iPod
users roaming about sharing media files. In these kinds of scenarios, all users
are on a level playing field and information exchange is likely to be two-way.

Over the past few years, there has been a great deal of interest in support-
ing the full functionality of content exchange as P2P file sharing has become
popular 0, . The P2P computing model has promised to support a va-
riety of applications including global computation , 5 and collaborative
computing. However, the most popular P2P application thus far has been
exchange of MP3s. Due in part to the popularity of the application, quite a
few research projects have started to address the question of how to support
content exchange in the P2P environment. Research in this space has focused

on three main challenges:

Peer Discover and roup anagement In order to share information,
peers need to find out about other peers in the network. The dynamic, ad hoc
nature of peer groups makes it di cult to implement peer discovery and group
management algorithms. Centralized solutions largely defeat the purpose of a
peer network and can be too restrictive if a centralized infrastructure is not
available. On the other hand, distributed solutions can be resource ine cient

because they require a great deal of overhead in terms of state kept about



other peers and messaging required to maintain that state.

Data ocation To support content exchange, a system must enable users
to search for and locate content of interest. The distributed nature of peer
networks makes finding information of interest a di cult problem. The solu-
tion at one end of the spectrum is to have centralized index or catalogue of
available content. However, centralizing the task of data location defeats the
purpose of a P2P solution and may not be possible if no centralized infrastruc-
ture exists. At the other end of the spectrum, a fully replicated index could
be maintained at each peer. However, this solution wastes resources at each
peer and it would be di cult, if not impossible, to maintain consistency of a

fully replicated index in such a dynamic environment.

Reliable and E cient Content Deliver Once a peer locates a piece
of information of interest, that peer requests that the storing peer deliver the
file across the network. However, end-user peers are inherently resource con-
strained. Especially when compared to centrally administered servers, end-
user devices e.g., desktop computers are restricted with respect to band-
width, disk space, processing power, as well as up-time since peers cannot be
relied upon to remain connected for any specific length of time. This limita-
tion makes reliable content delivery more challenging in the P2P environment.
New and innovative schemes must be employed to provide fast downloads and
avoid overloading the resources of peers that store ho items.

In a typical P2P environment composed of desktop computers, these func-
tions are particularly di cult to support. Hosts can come and go at will, and
have constrained resources with respect to their server-grade counterparts. As
we move toward the pervasive computing environment, hosts will be even more
constrained with respect to resources such as bandwidth, processing power,
and disk space. Schemes to support peer discovery, data location, and data
delivery must be e cient in order to be viable solutions to enable content ex-

change in pervasive computing environments. The remainder of this section



looks at current research in these areas and identifies where current solutions

for the P2P environment become insu cient for the pervasive environment.

eer isco er nd rou n gement

Peer discovery and group management algorithms used in a traditional
P2P system can be implemented using a centralized solution, a distributed
solution, or a hybrid solution. Centralized solutions such as those used in
Napster, Magi, and roove are most e cient because peers need not keep
state about other peers. Moreover, peers can locate each other with a single
request to the centralized directory. The problem with this approach is that
it requires a centralized infrastructure. Such an infrastructure may not always
be available, as is the case in the pervasive environment, or may introduce a
central point of failure which minimizes the benefit of a P2P system.

Distributed solutions such as nutella, FreeNet 1 , Chord 2, CAN 52,
Tapestry 83, and Pastry 2 generally rely on using a well-known peer to
discover the rest of the peer group. However, the group management protocols
employed by these solutions are distributed. In nutella and FreeNet, a peer
keeps track of a constant number of other peers. This is e cient in terms of
the state kept at each peer. The problem with the approach is that searching
the peer network may be slow.

Chord, CAN, Tapestry, and Pastry represent the second-generation of P2P
discovery and group management algorithms. In each of these algorithms, the
network is organized such that peers keep track of a logarithmic number of
other peers with respect to the number of peers in the network . hen
searching, the protocols can guarantee, or guarantee with high probability,
that the desired item can be located in a logarithmic number of peer hops.

There has also been some exploration into the tradeo s between centralized
and distributed solutions A group of peers, particularly those using mobile de-
vices, may have intermittent access to a centralized infrastructure. Therefore,

it may be beneficial to have the ability to tradeo between centralized and dis-
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tributed solutions based on the currently available infrastructure. However,
research in this space is still somewhat immature.

Peer discovery and group management algorithms have, so far, been a
primary focus of research on P2P content exchange. The solutions proposed
are quite promising and could likely be applied to the pervasive computing
environment as well. Therefore, in this work, we focus our attention on the

following two challenges of content exchange.

t oc tion

Most of the work on supporting data location in peer networks has focused
on on-demand searches for information. Systems like nutella and Napster,
as well as CFS 15, OceanStore 3 , and PAST 3, systems built on top
of Chord, Tapestry, and Pastry respectively, allow the user to search for a
particular document. The user must know the name of the document prior
to making the request. hen the request is made, the search message is
sent to the appropriate peer or centralized entity in the case of Napster .

hile many of these systems claim to support file system-like functionality,
the infrastructures do not support file system-like content location. Providing
that kind of support would require the application to keep track of metadata
about each user’s files. Even so, this facility would not support exchange of
content between users.

Most of these protocols can be resource-ine cient. nutella is particu-
larly ine cient since each search message is potentially sent to every peer in
the network. Many of the other protocols can guarantee logarithmic bounds.
However, even a logarithmic number of search messages may be too consump-
tive of network-wide resources in a large peer network. Moreover, a user may
not always know which item he she wants to download. This could lead to

additional searching on the part of the user as well as a poor user experience.
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eli le nd cient Content eli er

In the P2P space, techniques for making content distribution more reliable
and e cient have relied on replicating data within the network. Most deployed
systems such as Napster and nutella rely on the assumption that data are
inherently replicated throughout the network. First, the user selects the best
peer from which to download content. If the download request fails, generally
because the other peer is not reachable, the user must try a di erent peer.

This model is not always su cient. It begins to break down when ho data
is stored on only a small number of peers. Especially if the peers are resource-
constrained, they may not be able to support multiple simultaneous requests
from the remainder of the network. This problem is further exaggerated by
the fact that peer networks are often composed primarily of 3, 5,
peers that are only part of the network long enough to retrieve content from
other peers.

Solutions to increase the e ciency of content delivery have largely targeted
a streaming model. The basic idea is that content can be more e ciently de-
livered if the task of streaming media is distributed between multiple peers
as opposed to just one source. The chaining approach 8 pipelines the data
stream through a chain of receiving clients to reduce the burden on the server.
Xu et al. 8 have developed strategies to choose the best server s , and to in-
crease the capacity of the entire system as quickly as possible. Jungle Monkey
2 focuses on building the tree structure to support end-host connectivity.
There has also been work focused on streaming in a strictly mobile environ-
ment 22 . However, all of these solutions address very specific problems. In
fact, the goal is to provide the underlying communication mechanisms to sup-
port more e cient content delivery. The remaining challenge is to develop
an integrated solution that will employ one or more of these communication

mechanisms to support content exchange in a content-driven application.
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E cient support for content exchange is essential to enable many of the en-
visioned applications of the pervasive computing environment. Unfortunately,
the resource-constrained nature of the environment makes locating and deliv-
ering content particularly challenging. Many research e orts have addressed
the primary challenges of content exchange with respect to traditional P2P
environments of wired, desktop computers. Some of these solutions may be
usable in the pervasive environment as well, but an integrated solution remains
to be realized. The goal of this work is to take an incremental step in that
direction by proposing a more e cient searching and delivery scheme. Rather
than reinvent the wheel, the goal of this work is to integrate existing concepts

and evaluate them in the context of a larger, content exchange solution.

There are three main contributions of this dissertation:

1. Chapter presents a novel method for automatically generating inter-
face components from a defined document schema. The a er actor
architecture employs the method by supporting the ability to analyze
an XML schema and automatically produce the Java code for interface
components that allow access, navigation, and modification of documents
conforming to the schema. Audio m A validates the feasibil-
ity of the architecture by demonstrating that usable, speech-based inter-
faces can be automatically generated by analyzing an XML DTD. This
method provides a user and developer-friendly way to support access to
information using devices that have varying, and possibly limited user

interface capabilities. 5 , 59, 0

2. Chapter 5 presents a novel method for integrating a new dimension,

resource availability, into a content management scheme. The architec-
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ture presented monitors resource availability across a user’s collection of
personal devices and enables resource-aware management of the user’s
data files. The experimental results validate the usefulness of such an
architecture by comparing techniques for po er-a are content man-
agement and demonstrating that, in many scenarios, these techniques
improve the aggregate device usability. A resource-aware content man-
agement scheme enables device cooperation and can ultimately enable
users to accomplish more advanced tasks on devices which have inher-

ently constrained resources. 5

. Chapter presents a novel architecture to make content exchange more
e cient by integrating existing communication and content delivery so-
lutions to provide additional peer network services and improve peer
network performance. The Pixie architecture provides push-based data
location and uses batching and one-to-many delivery to service download
requests. Evaluation of the architecture demonstrates that these tech-
niques can reduce resource usage across the network as well as provide
better service to the end users. The architecture is an incremen-
tal step toward supporting large-scale content exchange for applications

using pervasive devices which have constrained resources. 5 , 58
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The IMP windows, icons, menus, pointing devices model is no longer
su cient for providing access to content. As pervasive computing technology
explodes, anyone anywhere may have access to the power of a processor and be
connected to the Internet.  ith the explosive growth of portable devices such
as Palm Pilots and cellular phones, there is a growing demand for technology
that will allow users to interact with their computers in non-traditional ways.
Moreover, historically the IMP model has posed problems for print disabled
users 21 . The graphical representation of data on the web and desktop alike
prevents many users from accessing the real content underlying the icons and
buttons.

The underlying goal of this work is to provide access to information using
the most appropriate input and output mode s in any given scenario. To-
day, this goal is typically met by having content providers provide content
in di erent formats. For example, a website might be published in standard
HTML as well as in ML for those users who want to access the site us-

ing a cell phone. Unfortunately, this translates into more work for content
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providers and is unlikely to meet the demands of all possible users. In an
ideal scenario, the content provider publishes one, presentation-independent
representation of the content. Then, the user can employ tools that present
device and user-specific access to the same underlying information.

This work presents an architecture for automatically developing tools that
provide customized, multi-modal access to semi-structured content. The eX-
tensible Markup Language XML is emerging as a standard that provides
a common format for storing and communicating data. It allows content
providers to separate underlying data from its presentation. Our goal is to
promote the use of XML, and devise a method that will provide the means
for a user to interact with XML content using the input and output modes
that are most appropriate for that user. Moreover, XML provides the means
to specify a schema a document that provides metadata about the contents
of any document conforming to that schema. By using the schema definition
in developing access tools, we can automatically generate and provide more
customized tools to support content access.

The MakerFactory is an architecture that supports the generation and
instantiation of multi-modal interface components for XML documents. The
architecture provides a framework in which multiple interface components can
interact and simultaneously provide access to the same content. However,
in order to truly demonstrate the ability to automatically build customized
interface components based on XML schemas, specific interface components
must be developed.

Recall that the focus of this work is on developing tools to enable con-
tent access in next-generation environments made up of many small, pervasive
computing devices.  hile most of these devices will not have the resources
to provide traditional access to information e.g., using a mouse and moni-
tor , researchers predict, and current trends indicate, that they will support
speech-based input and output. However, there are a number of challenges to

developing speech-based interface components.



First, audio is serial. By nature, a listener must assume a passive role where
a viewer takes a more active approach 51 . For example, a screen reader that
trivially reads a at piece of text does not give a listener abilities a orded a
viewer such as freedom to navigate. A listener cannot scan the information,
move back or forward, or infer an underlying structure based on attributes
such as font size or page layout. In order to provide a listener with as much
control as a viewer, an aural interface must provide a mechanism to allow users
to scan information and actively select portions of the document to be read.

Further, it is di cult at best to represent graphical Uls using speech 10 .
The current solution employed by most screen readers used to access web con-
tent is to rely on alt tags to provide information about the content of the
images, although a general solution does not exist. However, by separating the
content of the data from the presentation of that data, an interface can display
the underlying information in the most appropriate manner. Information need
not be represented on y using graphics. The concept of multiple representa-
tions of the same data is also useful when an environment must be multi-modal
as could be the case with a visually impaired student and a sighted teacher.

Finally, it is imperative to avoid the cumbersome task of generating a
specialized interface for di erent types of data. Solutions like VoiceXML are
useful, but require manual intervention when new data need to be communi-
cated. An all-purpose solution should provide an automatic way of generating
a data to speech conversion.

Audio XmL AXL is a MakerFactory component that can automatically
generate customized, speech-based interfaces for XML content. AXL demon-
strates the feasibility of the MakerFactory abstraction, and overcomes many
of the challenges that must be addressed in order to build usable, speech-
based interfaces. This chapter explores the design and implementation of the
MakerFactory, and the design, implementation, and evaluation of AXL, the

speech-based MakerFactory component.
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e e tensi le rku ngu ge

The eXtensible Markup Language XML is gaining popularity as a model
for data representation. XML is a standard way to separate underlying data
i.e. the chapters of a textbook or the content of a web page from the rep-
resentation of the data i.e. fancy graphics or just plain text . XML allows a
user to define the structure of a document and hence add semantic information
to the data. By providing the user that freedom, the user can store the data in
such a way that it can be later retrieved in a manner convenient to the user’s
current set of circumstances.
Like its predecessor, the Standard eneralized Markup Language S ML ,
XML uses a to add a semantic, hierarchical structure to the data itself. A
a o marks the beginning of an XML n . A start-tag consist of a
left angle bracket followed by a a na  that describes the content of the
element, followed by a right angle bracket . The start tag is followed by the
content of the element itself. An n @ marks the end of the element. The
end-tag looks similar to the start-tag and should have the same a na , how-
ever a forward slash follows the left angle bracket. The following example

shows a Name element with two element children, First and Last .

The semantic structure implies that the data John is a na  while the
data Doe isa a na . However, the same data might have a very di erent
meaning if surrounded by di erent semantic tags.

The third type of tag is the y tag. An empty tag is used if there is no
content for the element and is equivalent to a start-tag immediately followed
by an end-tag. An empty tag looks much like a start-tag, except that the right
angle bracket is preceded by a forward slash . An empty tag can be useful
if an element contains ¢ u . An attributeisa na au a where

the value is the data itself and the name is a semantic description of the value.



The data from the previous example can also be represented using attributes

and an empty tag. The following example illustrates:

In this case, Name is an empty tag even though it contains attributes. An
empty tag can also exist without attributes. For example, between the First
and Last tags of the first example, the empty tag Middle  would in-
dicate that a middle name could be present, but is not present in the given
case.

A benefit of XML is that it allows the user to define the hierarchical struc-
ture that surrounds the underlying data. A Document Type Definition DTD
allows the user to specify the structural template of the elements and attributes
of an XML document.  hile XML Schema is another emerging schema spec-
ification standard, this thesis focuses on DTD schema specification. A DTD
for the first XML example given would look like the following:

DTDs use a regular expression-style language to indicate which elements are
required, which are optional, and which can occur in a list. Furthermore, a
DTD specifies the order in which elements must occur and may also indicate
that an element may contain text or a ha a a a by using the keyword
PCDATA.

The latter example would have a DTD similar to the following:

In this case, the attributes are of type CDATA. The and a attributes

are required while the attribute is optional.



XML has two parsing models. The first is the Simple API for XML SAX .
SAX is an event-driven model that parses a stream and notifies the applica-
tion when a parsing event occurs. SAX parsing avoids building an entire XML
structure in memory and is useful when parsing large documents. The alter-
nate model is the Document Object Model DOM . DOM parses the entire
XML document and builds a tree structure in memory. Moreover, DOM pro-
vides an API for navigation within the parsed XML tree. This work employs
the DOM model of XML tree navigation.

XML can be used in a slew of di erent application scenarios. XML not
only represents the future of the orld ide eb, it is a far reaching solution
that can be used to represent any data kept in electronic form. Electronic

books, electronic commerce, and distance learning all promise to make use of
XML.

One of the largest benefits of using XML for applications such as web
content representation, electronic commerce, and distance learning is that
XML separates content from its presentation in a semantically-enhanced, semi-
structured way. An XML document provides basic information and semantics
to allow a variety of presentations, or uses of that information. The goal of this
work is to leverage that property. By representing content in XML, we can
exploit the inherent structure to provide customizable, intuitive interfaces that
allow navigation, rendering, and modification of the document itself. XML not
only gives us the benefit of a structural data representation, it also provides
a schema definition mechanism. By exploiting the schema definition, we can
auv 0 a a Yy create a customized interface for each family of documents con-
forming to a given schema. The functionality of the interface should include

linking, navigation, creation, and modification of XML documents. The Mak-
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erFactory architecture supports this goal. It is interactive, customizable, and
useful not only for the XML reader, but for the XML writer as well.

e have developed a customizable system that provides a user-specified,
multi-modal view of any XML document. The MakerFactory allows the user to
select a set of rendering components as well as define an optional rule document
that further specifies the rendering. Additionally, the MakerFactory defines
a link traversal mechanism. Therefore, a user can navigate not only within
the document itself, but may navigate between XML documents using our
Renderer. This system eliminates many of the constraints imposed by current
browsing systems. First, the user is not constrained to a visual representation
of the data. In fact, the system eliminates the requirement of a monitor.
Moreover, the system eliminates the requirement of keyboard mouse input. A
further benefit of the system is that we take advantage of the XML schema
model. iven a published schema, the MakerFactory generates a renderer that
is unique for the given schema.

The MakerFactory is a general architecture that can support a variety of
methods to access information. To further justify the architecture, in this work
we develop an auditory-based MakerFactory component. e call this compo-
nent Audio XmL AXL . AXL aims to provide a customizable user interface
that uses speech as both its input and output mode. e have found that the
semi-structured nature of XML helps to overcome many of the inherent chal-
lenges in the aural environment. Using the XML structure, users can more
easily navigate a given document and a y choose which piece of informa-
tion should be read by the rendering system. Additionally, by analyzing the
XML schema of a potential document before hand, we can extract a great deal
of information that helps to make the interface as intuitive as possible. AXL
also provides a customization language. This facility allows the user to specify
the type of interaction he she wishes to have with the document. This section
provides an overview of the design of the MakerFactory architecture and the

AXL component.
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Figure .1: An overview of the system design.

The MakerFactory is designed to operate in two phases see Figure .1 .
The first phase is the code-generation phase. In this phase, the user selects a
series of interface generation components from the library provided. To gen-
erate a customized interface, the user need only select those components that
will be relevant to the run-time rendering scenario. Each component is re-
sponsible for ak n a specialized interface for an XML document and hence
must implement our Maker interface. In addition, the user may optionally
specify a set of customization rules that further refine how the document will
be rendered. The result of code generation is a set of Java classes designed
to a communication between the user and the synchronized tree man-
ager. Therefore, the Maker-generated classes should minimally implement our
Mediator interface. Since each Mediator is designed to be independent of the
others, the user need only select to invoke the Mediators that are relevant to
the current scenario and hence not incur the overhead of having to run all

Mediators simultaneously.



The second phase is the run-time rendering phase. The MakerFactory
provides a Renderer that is responsible for controlling synchronized rendering
of the XML tree. Each Mediator acts as an intermediary between the Renderer
and the user allowing its own specialized input and output mode. For example,
AXL is designed to act as the auditory Mediator allowing the user to navigate

the XML document and traverse its links via a speech-based interface.

l
AXL | | AXL <
Mediato Maker
|| Maker) T Schema
Mediator M
M
HTML | «——
HTML -
@ Maker

Figure .2: The MakerFactory code-generation phase.

Code- eneration Figure .2shows the architecture of the code-generation
system. A given schema is analyzed and the results of the analysis are passed
into a series of user-selected Maker classes. iven the schema and any op-
tional customization rules specified by the user, the system produces a set of
customized Mediator classes that can be used with the Renderer to interact
with any XML document conforming to the given schema. For example, if the
user specifies the AXL Maker a component used to generate auditory input
and output methods and the HTML Maker a component used to produce
an HTML representation of the data , the result should be two independent



Mediator classes. The AXL Mediator will listen for spoken commands from
the user and provide spoken output whereas the HTML Mediator may display
the XML in HTML format and disallow input from the user. Additionally, if
the given schema were a NE SPAPER with a list of ARTICLES each con-
taining HEADLINE and BODY elements, the AXL. Maker might determine
that the AXL Mediator should render an ARTICLE by rendering the HEAD-
LINE whereas the HTML Maker may determine that the HTML Mediator will
render an ARTICLE by textually displaying both HEADLINE and BODY.

) Last Child
AXL
Render “ARTICLE” Mediator
XML

Mediator

Render “ARTICLE” M

Renderer
HTML

Render “ARTICLE” Mediator

Figure .3: The MakerFactory Renderer.

Rendering The architecture of the Renderer is shown in Figure .3. The
Renderer controls synchronized access to the XML tree. Each Mediator may
receive input from the user in the mode supported by the Mediator. The
Mediator interprets the command and issues a corresponding set of commands
to the Renderer. The Renderer changes the tree view based upon the command
and updates the synchronized view for all other Mediators. Once the Mediator

view changes, it may provide output to the user via the Mediator’s supported



mode of output.

The Renderer employs the concept of a cursor. At any given point, all of
the registered Mediators should be rendering the portion of the tree pointed to
by the cursor.  hen the cursor is moved, the new view of the tree should be
rendered. However, it is possible that a Mediator will have to move the cursor
more than one time to achieve the desired view. This is because the methods to
move the cursor are generally incremental and somewhat limited. For example,
moving to the grandparent of a node would require two requests to move
the cursor to the current node’s parent. To accommodate this situation, the
Renderer defines a locking mechanism. Before calling a method that will move
the cursor, the given Mediator must acquire the lock. After all movement is
complete, the lock is released.  hen the lock is released, all of the Mediators
are notified that the cursor has changed. For example, if a Mediator directs
the Renderer to move the current cursor to an ARTICLE node, the Renderer

will in turn ask all of the other Mediators to render the given ARTICLE.

A

To MakerFactory architecture is quite general and can support a variety of
functions. In order to best evaluate its use, we have developed a specific Mak-
erFactory component, AXL. The goal of the AXL component is to demonstrate
the feasibility of the MakerFactory goals by producing a usable, speech-based
interface for any XML document. The choice to focus on a speech-based
component follows from the computing environment that we imagine for the
future. In the future, we imagine lots of small computing devices that may
be carried such as PDAs and cellular phones , worn such as clothing and
jewelry , or embedded into the environment such as sensor devices . Many
of these devices may not have 1 -inch monitors and keyboards for input and
output. However, most are likely to have the ability to accommodate a speaker
and microphone. Many researchers predict that speech-based interaction will

play a large role in the pervasive computing environment of the future.



The primary goal in the design of AXL was to create a component that
would produce a usable, speech-based interface for any XML document. There
are many questions we sought to answer in conjunction with this goal. First,
we wanted to produce user interfaces that would give the user as much control
as possible over the navigation of the document. In the case of a large web
page, the user would likely want the ability to choose which portion of the page
she wanted to hear. However, we recognized that there are situations where
the user may actually wish to be the passive participant while allowing the
rendering system to navigate and present the XML document. For example, a
user that reads an electronic newspaper in the same order everyday might wish
to simply configure the system to read the newspaper in that order without
requiring user interaction. Therefore, we wanted our design to allow the user
the freedom to choose the level of interaction she wishes to have with the

document.
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