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Abstract

Ubiquitous Computing (Ubicomp), a term coined by Mark Weiser in the early 1990's, is about
transparently equipping the physical environment and eveyday objects in it with computational,
sensing and networking abilities. In contrast with traditi onal desktop computing the \computer”
moves into the background, unobtrusively supporting usersin their everyday life.

One of the instantiations of Ubicomp is location-aware compting. Using location sensors,
the \computer" reacts to changes in location of users and everyday objects. Locath changes are
used to infer user intent in order to give the user the most appopriate support for the task she
is performing. Such support can consist of automatically poviding information or con guring
devices and applications deemed adequate for the inferredser task.

Experience with these applications has uncovered a numberfasability problems that stem
from the fact that the \computer" in this paradigm has become unidenti able for the user. More
speci cally, these arise from lack of feedback from, loss afiser control over, and the inability to
provide a conceptual model of the \computer".

Starting from the proven premise that feedback is indispenable for smooth human-machine
interaction, a system that uses Augmented Reality in order © visually provide information about
the state of a location-aware environment and devices in it, $ designed and implemented.

Augmented Reality (AR) as it is understood for the purpose of this research uses asee-
through head-mounted display, trackers and 3-dimensional (3D) graplts in order to give users
the illusion that 3-dimensional graphical objects speci ed and generated on a computer are
actually located in the real world.

The system described in this thesis can be called a Graphic&lser Interface (GUI) for a phys-
ical environment. Properties of GUIs for desktop environments are used as a valuable resource
in designing a software architecture that supports interadivity in a location-aware environment,
understanding how users might conceptualise the \computéer and extracting design principles
for visualisation in a Ubicomp environment.

Most importantly this research o ers a solution to fundamental interaction problems in Ubi-
comp environments. In doing so this research presents the nestep from reactive environments
to interactive environments.
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Chapter 1

Disappearing Computer {
A Two-Edged Sword

In the midst of a recent monologue on the coming era,
delivered one-on-one in his Aspen o ce, Bill Joy o ers
to print out a paper that illustrates a salient point. He
reaches for his laptop, which is equipped with the sort
of wireless high-speed Internet connection that, one day,
may be a routine adornment in all our cameras, palmtops,
game machines, medical sensors and, yes, dishwashers. Ac-
cording to the theory, these will all be linked together, of
course, in an infrastructure that will virtually eliminate
crashes and glitches. He keyboards the command to print
the document in the adjoining room. And nothing hap-
pens. \You know what?" he nally says. \I think this did
get printed { on the printer back in my house across town."
By Steven Levy; Newsweek; May 31, 1999

In an attempt to describe the lifestyle of the future, Oxford University neuroscientist Lady
Susan Green eld in her most recent book [1] sees a world in wbih humans will have access to
instant connectivity and computers will sense the humans' vishes and adapt to them. Computers
will automatically do the \right" thing at the \right" time a s humans wander around in a world
with new and exciting entertainment, communication, shopping, work, household and other
computer-supported facilities at their service.

The vision described has its roots in what was called \Ubiquious Computing” by Mark
Weiser at Xerox PARC Laboratories in the early 1990's. Weise tried to envision which way
computing was heading after the Desktop had penetrated mosb ces and homes. By extrapo-
lating technology trends he arrived at the conclusion that it would soon be possible to cheaply
equip physical environments and everyday objects with comptational and networking facilities.
Hence, the number of \computers" a human would interact with on a continuous basis could
increase from one to hundreds. In order to reap bene ts from his potential a new computing
paradigm would be required.

In uenced by the philosophy of Postmodernism [2], in particular the critique of strong ob-
jectivity, Weiser saw human empowerment at the centre of thsE new paradigm. Numerous
computers would transparently support human beings in their everyday tasks who would only
peripherally be aware of the computers' involvement. In this sense computers would not only
physically be hidden away in the environment, but also disapear in the human user's focus of
attention, quite the opposite of desktop computing.
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The motivation for this kind of computing that has also been described as \Disappearing
Computing" [3] is the observation that the most useful tools to human beings do not draw
attention to themselves, a prototype of such a tool being a pacil [4].

As researchers have started working on overcoming the teclical challenges in order to put
this vision into practice the formidable design challenge asociated with the statement of objec-
tive regarding this new interaction paradigm continues to be underestimated.

The main question is whether needing to interact with \hundr eds" [5] of di erent computers
will result in chaos with each one of them screaming for our aention as we try to remember
what to do next, or will we be able to integrate them in a harmonious orchestra of devices and
applications.

With most Ubicomp developers having dealt with at most one truly ubiquitous application
at a time this problem has gone unnoticed. Using the two dimesions introduced by Lyytinen
and Yoo [6], mobility and embeddedness, ubiquitous computig can be regarded as o ering
both high mobility and high embeddedness. Characteristic r Ubicomp systems is an element
of context-awareness. Through embedded sensors Ubicomp $§m1s perceive the user's current
context, especially her location, in order to best meet her reds in a particular situation. This
is called context-awareness or location-awareness if only the user's location is used byhe
application to adapt to her needs. More common these days ar&ervasive Computing” and
\Mobile Computing", each o ering only high embeddedness or mobility respectively.

Nevertheless, at research centres at which a limited numbeof Ubicomp applications been
deployed for everyday use the gravity of the interaction degn problem is slowly unfolding.

In the following a number of these problems will be shown usig examples. The analysis will
show again and again that the problems arising arenot accidental but have their very root in
the idea of \Disappearing Computing". Designing tools that passively stay out of the way and
yet pro-actively adapt to the user's needs is not an easy task.

Most future scenarios are content, explaining what happensf everything works according to
the users wishes. What happens if a \computer" that has so shifully stayed out of the human's
way does not perform appropriately? Just an isolated case? ‘ll, from our experience with
desktop computing we know that system crashes occur reguléy.

It is time to take a step back from tackling engineering chalenges Ubicomp poses and instead
dwell on traditional design principles in order to help Ubicomp systems to make that vital step
from being prototypes to being reliable and well-crafted praducts of engineering design.

1.1 Problems Encountered in Ubicomp

The author will base his problem analysis on Norman's desigmrinciples [7] and look at typical
violations of these in Ubicomp.

1.1.1 Lack of a Good Conceptual Model

Ideally such a model should be provided by showing a ordancs, constraints and mappings.
A ordances are what a user can do with a device, constraints ee what she cannot. Mappings
bind user action and its expected outcomes. A door handle, foexample shows that the door
a ords opening and constrains the side to which it opens. Puking down the handle maps to an
internal part of the lock moving to one side.

Many of the new interaction styles we encounter in Ubicomp, lowever, do not permit the
provision of a good conceptual model. Gesture recognitionnierfaces, for example, draw their
naturalness from the fact that they do not need to present chices (what they \a ord") the user
would need to select. Tangible Interfaces [8] usually su erfrom the fact that it is impossible
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to achieve a perfect mapping between the constraints of the lpysical object being manipulated
and constraints in the virtual world.

Sometimes the reason for missing a ordances is partly of an esthetic nature. One of the
advantages of Radio Frequency (RF)-id tags [9] is that they m&e it possible to augment everyday
objects completely unobtrusively, triggering some actiors in the virtual world when brought close
to a RF reader. The ipside is that we cannot really tell what w ill happen if we \use" the object
or even which objects we can \use".

In other cases the nature of the a ordance is such that it is hadly possible to visualise it.
How could we visualise the existence of a wireless LAN conntgty in a particular region of a
room?

1.1.2 Loss of Control

An important class of Ubicomp applications are proactive triggering applications, such as a
museum guide that automatically brings up the correct artifact description, or headphones that
automatically associate themselves with a running CD playe when brought close. The problem
is that most of these applications do not provide an \override" facility. This is mostly due to
feasibility (should headphones have an interface?) or the esire to hide the computer (most of
the attraction of the electronic museum guide is due to the fat that pages come up by \magic").

As far as automation is concerned, one has to realise that winever context-aware systems
infer something, we should be able to intervene if the inferace is wrong. To nd examples for
\user frustrations” that result from wrong inference we do not even have to look at pathological
cases. Aoki et al. [10] describe scenarios where visitors mmuseum can get annoyed with what
their electronic guide is displaying, if it is inferring using location only. The solution proposed
includes an element of selection, i.e. present context-seitise choices to the user and let her take
the nal decision.

Even if wrong inference is not the problem, we would naturaly like to exercise some control
on the actions that are done for us. Just consider the number foparameters associated with a
simple action such as printing a document.

1.1.3 Lack of Feedback

One of the applications surveyed, for example, automaticdy puts your job at the front of the
gueue as you approach a printer [11]. The question that remais to be asked is, what happens
if your job does not come out right away? The user has to validée di erent hypotheses as
to why the system did not work as expected, since the standardprinter user interface does
not cater for these kinds of messages. Partly the problem isthat tasks in Ubicomp are often
unstructured unlike traditional computing. Some applications, for example, allow you to enable
call forwarding to the nearest phone [11]. Assume the user dtehes this facility on, for how
long shall it stay on? Until the end of the day? Or until she leaves the room? Considering
that the user may well be able to enable or disable dozens of sh facilities it is useful for her
to have continuous feedback as to what is enabled where, evenshe is doing another task. The
following example illustrates that these personal setting can become quite complicated and
hard to remember [12]:

Automatic Logon to other workstations is required as soon ase starts using one. For
telephones, the script controls the \Busy" function. The user has asked that Busy
is displayed on location screens when he is with more than 3 pele, at a speci ed
time (9.00-10.00 Mondays), at his present location if the bade button is pressed,
and always when in the boss's o ce.
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Also, since Ubicomp involves a lot of information dissemingion it would be desirable to
know what is being captured or passed on. Want and Hopper [11dlescribe this concern:

A related problem is that with cameras proliferating all over a building it would be
very desirable to know when you were “on camera' and when youeve not.

The most important lesson to be learnt here is that we are faaig considerable asymmetry
regarding the importance of feedback in Ubicomp environmets versus the ability to provide it.
It is not always clear where and when to provide feedback.

1.1.4 Breakdown of Traditional Mental Models

Ideally, interfaces should not only convey information abait how to use them, but in their

function as a surface representation [13] also convey an ima of the underlying system. We
use the term mental model in order to distinguish the model a ser builds of a system from
the model the user builds about its usage (described earligr The problem here is that in a
world of distributed, invisibly interconnected computers, the \surface" no longer exists. Various
researchers (e.g. [14]) have reported that users of locatieaware tourist guides got confused
because the places being described, for example, were at $¢den minutes walk away. The
reason was the inaccuracy of the GPS sensors, which had reted in the wrong page coming
up. A more graphic description of the problem we are dealing vth in this section was provided

by Beverly Harrison [15]:

[...]Jwhile I was at University of Toronto, we did some early work on what later became
known as the \reactive room". Initially versions of the conference room were known
as the \possessed room". Lights turned on and o when you movd or ceased moving.
Equipment \spoke to you" through an electronic voice and told you that you had 5

seconds to \take action” or it would power down. Video signak switched to channels
and \forgot" how to switch back.

We have seen earlier that we can eliminate automation problms by o ering choices to the
user. The problem of the \possessed room" is a bit deeper. Its that we do not understand
how it works in the rst place. Partly, this is due to the netwo rked nature of Ubicomp systems.
When we press a button on a normal machine we know its e ect wil become visible there and
then. Norman's interaction model [7] for user interface (Ul) design is based on the ability of the
user to perceive causality. For a vending machine this is no blem, but what about cause and
e ect of the document printed on a printer across town.

Norman's Seven Stages [7] describe seven steps a user goesuhh when interacting with a
machine. They always start with the user perceiving the stat of the machine and end with her
evaluating the outcome of the interaction. For Ubiquitous Computing one could add an extra
stage: Find the machine. The di culty of nding an informati on appliance or service does not
only arise from the fact that they can be easily lost but also he fact that they may be invisible
or unobvious, e.g. a tangible interface [8].

1.2 Thesis Outline

The rest of the thesis is organised as follows. The next chapt will concretise the problem to
be solved and follow that up with a research statement. The inplementation of an Augmented
Reality system will be proposed to solve the problems mentined.
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Chapter 3 will deal with the basics of implementing an Augmened Reality system. The
following chapter will deal with how to integrate such a system into a location-aware environ-
ment. Chapter 5 will discuss implications of adding interadivity to location-aware applications
in terms of software architecture.

The chapter after that is about implementing a set of interaction prototypes needed to
introduce control into our environment. Chapter 7 will then put everything together in a design
and implementation of an interactive location-aware application. Our claims will be evaluated
with users in the following chapter.

Chapter 9 is about how users interpret smart environments. hsights gained from this chapter
and the experience in building interactive prototypes for aur environment will result in a chapter
that outlines a design approach. The aim of the design approeh introduced in Chapter 10 is to
present some steps, which will result in well-designed intexctive location-aware application.

In the conclusion we will look at some possible future work ad summarise our ndings.

1.3 About This Thesis

1.3.1 Assumptions

Location-aware computing is a wide area. When we are lookingtehow humans can interact in
location-aware or even ubiquitous computing we will see a wdtn of very di erent interaction
paradigms and styles, such as Tangible Interfaces (e.g. [8pr speech interfaces etc. This implies
that we need to limit the scope of this thesis somewhat in ordeto be able abstract ndings
that are not too generic to be useful.

Being experimental, this thesis is bound by the implementaton of the system used to argue
it. Specically, the system employed has its roots in the idea of Sentient Computing [16], a
tradition that started with the Active Badge [17] system. Lo cation-aware applications that have
arisen from this tradition have focussed on how computer syfems can assist users in performing
everyday tasks. Being conceived as mostly productivity-enhncing o ce applications they have
carried forward some ideas known from traditional desktop ace applications. The idea, for
example, that there is a boundary between the machine and theiser across which users have to
communicate has its root in traditional engineering but also forms the basis of most everyday
GUI applications. This is not the only way to look at Human-Com puter Interaction (see, for
example, [18]).

Other concepts \inherited" from the Sentient Computing pro ject include the idea of de ning
location-awareness through regions in space or the use of arngenal device to a ect system
actions. The following chapters will discuss the existing gstem (alongside the extensions made)
in great detail. For now, it su ces to note that this thesis wo rk is linked with one particular
implementation.

1.3.2 Main Contributions

This thesis makes its main contributions in three areas.

1. Visualisation of Location-Aware Applications . In an attempt to increase intelli-
gibility of location-aware applications, a system based on Aigmented Reality has been
implemented to allow applications to provide feedback to the user about their state. In
doing so the thesis tackles a problem noticed by researcheend practicians in the eld
(c.f. Bellotti et al. [19]); however, few have shown how to inplement solutions. One
of the reasons for that is that location-aware applications tave lacked the ability to pro-
vide feedback or present their working to the user. The use ofisualisation o ers new
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opportunities to interact with location-aware application s. This thesis investigates a new
interaction paradigm for location-aware applications basel on visual interaction.

2. Software Architectures for Context-Aware Computing . The thesis introduces an
extended Model-View-Controller [20] design pattern in orderto deliver an architecture
that fosters separation of concerns and interactivity. The increase in sophistication at
which responsive application behaviour is modelled, is met by an increase in pplication
interaction states (as application responses get ner graied). The software architecture
presented here helps cope with the higher load of interactio state transition analysis and
management for context-aware applications. It is one of thissystem's distinctive features
to make use of architectural composition in order to cope wih this complexity.

3. Design for Ubiquitous Computing . Examples in this chapter have shown that there
is a real need to nd and apply design principles to Ubicomp ajplications, which ensure
that designers can predict implications their design deci®ns will have for the use of their
applications. Using intelligibility/user understandabi lity as one measure of good design, a
number of approaches to achieving good design for Ubicomp arexamined. In particular
the applicability of Norman's principles [7] to Ubicomp is re ected upon.

1.4 Conclusion

This chapter was thought as an introduction to the eld of Ubi quitous Computing. The phi-
losophy behind it was presented and its potential to revoluionise computing in general was ac-
knowledged. At the same time we recognised that the vision ohundreds of computers working
together for the human being poses a signi cant design chadinge that has been underestimated
due to the fact that most Ubicomp systems implemented so far ve had prototypical character.

A number of Ubicomp systems were analysed using well-establied principles of general
machine design. It was shown that all three of Norman's basigrinciples (provision of a good
conceptual model, provision of control, provision of feedhck) have been violated in current
Ubicomp systems. The violation of these principles was regmnised not to be accidental in
character but a result of the fact that Ubicomp presents a breakaway from traditional computing.

Having elaborated on interaction problems with current Ubicomp systems the proposed
solution shall now be outlined.
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Chapter 2

Visually Augmenting Ubicomp
Environments

If we wanted to crystallise the problem in one sentence we mayay the following: Ubicomp
systems try to stay out of the user's sight, but more importantly out of her mind, whereas a
well-designed interactive system does make itself noticedd at some points. By now it should be
clear why the author believes that Ubicomp systems should banteractive, i.e. they should be able
to react to the user's actions and provide feedback in orderdr the user to decide what to do next.
The question is how we can adapt traditional interactive sygem design to Ubicomp systems,
considering that task or machine may not be structured or wel de ned respectively. In other
words, how can we design a user interface for a Ubicomp envinment that (c.f. Sections 1.1.1
through 1.1.4)

maps a ordances and constraints between the real world and le virtual one as naturally
as possible

can o er choices to the user
can provide feedback anywhere at any time

represents a uniform \surface" to a system that may consist ® hundreds of interconnected
devices

In our attempt to solve this design problems we can consult yeanother one of Norman's
principles: the principle of visibility. The author has come to the conclusion that an Augmented
Reality system, that can dynamically place virtual information in the real world would best
meet the requirements set out. Before examining what such anpposition will involve, let's have
a look at some work that has previously been done on visualisen for Ubicomp.

2.1 Existing Visualisation in Ubicomp

It is helpful to introduce a taxonomy for such a survey, also kecause it will help us explore the
design space. Since Ubicomp is supporting tasks we shall skify the visualisation according to
the extent to which they support a particular task. We can distinguish four types of information
the visualisation provides: task-central, task-peripheral task-external and task-meta. Other
classi cations may be possible; not everyone will agree thiathe concept of a \task" is central to
Interactive Systems Design, but this is a classical HCI assmption.
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2.1.1 Task-Central Information

For some tasks the retrieval of information at some point is @ established component of the
task. The how, when and what of the retrieval in these tasks ispretty much xed.

Examples in the ubiquitous eld include navigation systemsthat give directions such as the
Hybrid Indoor Navigation System [21], guides (Cyberguide 2], HyperAudio [23], GUIDE [24])
and visual reminders (Remembrance Agent [25], Memory Glass [26]) that use a head-mounted
display. The augmented reality \tagging" guide developed ky Hoellerer et al. [27] as well as
expert systems described by Siewiorek et al. [28] or Feinett @l. [29] show that the information
presentation need not take place on small screen, but can baigerimposed on reality.

Tasks which result in a large amount of information being retieved can make use of visuali-
sations that do more than just make visible, i.e. help formirg a mental model. The mobile voice
notes recorder developed by Degen et al. [30], for exampleisplays the continuous volume level
of a tape segment, so that the user can see how long various rest are. Abowd et al.'s Digital
Library uses a simi