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Abstract. The proliferation of computing into the physical world promises more than
ubiquitous availability of computing infrastructure; it suggests new paradigms of interac
inspired by constant access to information and computational capabilities. For the past d
application-driven research in ubicomp has pushed three interaction themes:natural interfaces,
context-aware applications, and automated capture and access. To chart a course for future
research in ubiquitous computing, we review the accomplishments of these efforts and po
remaining research challenges.

Research in ubiquitous computing implicitly requires addressing some notion of scale; whet
the number and type of devices, the physical space of distributed computing or the number of p
using a system. We posit a new area of application research,everyday computing, by focusing on
scaling interaction with computing with respect to time. Just as pushing the availabilit
computing away from the traditional desktop fundamentally changes the relationship bet
humans and computers, providingcontinuousinteraction moves computing from a localized tool t
a constant companion. Designing for continuous interaction requires addressing interruptio
resumption of interaction, representing passages of time and providing associative storage m

Inherent in all of these interaction themes are difficult issues in thesocial implicationsof ubiquitous
computing and the challenges ofevaluatingubiquitous computing research. Although cumulativ
experience points to lessons in privacy, security, visibility and control, there are no si
guidelines for steering research efforts. Akin to any efforts involving new technologies, evalu
strategies form a spectrum from technology feasibility efforts to long-term use studies — but a
centric perspective is always possible and necessary.

Keywords: human factors, design, user interfaces, ubiquitous computing, natural interf
context-aware applications, capture and access, augmented reality, evaluation, privacy, ev
computing, audio, vision, pen input
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1 INTRODUCTION
Weiser introduced the area of ubiquitous computing (ubicomp) and put forth a vision of peopl
environments augmented with computational resources that provide information and services
and where desired (Weiser, 1991). For the past decade, ubicomp researchers have attemp
augmentation with the implicit goal of assisting everyday life and not overwhelming it. Weis
vision described a proliferation of devices at varying scales, ranging in size from hand-held “
scale” personal devices to “yard-scale” shared devices. This proliferation of devices has i
occurred, with commonly used devices such as the such as hand-held personal digital as
(PDA), digitial tablets, laptops, and wall-sized electronic whiteboards. The development
deployment of necessary infrastructure to support continuous mobile computation is arriving

Another aspect of Weiser’s vision was that new applications would emerge that leverage off
devices and infrastructure. Indeed, ubicomp promises more than just infrastructure, suggestin
paradigms of interaction inspired by widespread access to information and computa
capabilities. In this paper, we explore how this applications perspective has evolved in the d
since the start of the Ubiquitous Computing project at Xerox PARC. Specifically, we review
accomplishments and outline remaining challenges for three themes:

• We desirenatural interfacesthat facilitate a richer variety of communications capabilitie
between humans and computation. It is the goal of these natural interfaces to support co
forms of human expression and leverage more of our implicit actions in the world. Prev
efforts have focused on speech and pen input, but these interfaces still do not robustly h
the errors that naturally occur with these systems, and these interfaces are too difficult to

• Ubicomp applications need to becontext-aware, adapting their behavior based on knowledg
sensed from the physical and computational environment. Many applications have leve
simple context, primarily location and identity, but numerous challenges remain in crea
reusable representations of context, and in creating more complex context from sensor
and activity recognition.

• Finally, a large number of ubicomp applications strive to automate the capture of
experiences and provide flexible and universal access to those experiences later on. S
sophisticated systems for supporting meetings and classroom lectures have been created
efforts will undertake long-term personal capture systems as well as capture for distri
group activities.

Undertaking issues of scale is implicit in the definition of ubicomp research. Weiser defined
notion of scale as it incorporating a broad space ofcomputational devices(Weiser, 1991). Likewise,
scaling systems with respect to distribution of computation intophysical spacereinforces the desire
to break the human away from desktop-bound interaction. Requirements for critical
acceptance and collaboration imply scaling with respect topeople. A final dimension,time, presents
new challenges for scaling a system. Pushing the availability of interaction to a “24 by 71” basis
uncovers another class of largely unexplored interactions that will also push ubicomp researc
the next century. To address scaling with respect to time, we introduce a new theme, calledeveryday
computing, that promotes informal and unstructured activities typical of much of our every

1. 24 hours a day, 7 days a week
Revised draft of August 31, 1999. 2
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lives. These activities are continuous in time, a constant ebb and flow of action that has no
starting or ending point. Familiar examples are orchestrating tasks, communicating with famil
friends, and managing information.

As we review past work in ubicomp, an evolutionary path emerges. The first step, demonstra
the PARCTab and Liveboad (see Figure 1), is computers encased in novel form factors. Often
compuational appliances push on traditional areas in computer science such as networki
operating systems. Since these new form factors often do not work well with traditional i
devices such as the keyboard and mouse, developing new, and more natural, input capabilitie
next step. An example of this work is the pen-based shorthand language Unistroke fo
PARCTab. After some initial demonstrations, infrastructure is needed to deploy these devic
general use. For example, numerous tour guide systems that mimic the first use of Active B
(Want et al. 1992) have been built and deployed for real use.

It is at this point, not before, that application designers begin working with these new syste
develop novel uses, often focusing on implicit user input to minimize the intrusion of techno
into everyday life. The objective of this application-centered research is to understand
everyday tasks can be better supported and how they are altered by the introduction of ubiq
technologies. For example, ubicomp applications in support of common meeting tasks at P
(through the Tivoli project) have resulted in new ways to scribe and organize materials d
meetings. Capture environments in educational settings have provided more opportunit
understand the patterns of longer term reviewing tasks over large multimedia records. Applic
of wearable computers initially emphasized constant access to traditional individual tasks, s
accessing e-mail. More recent applications have attempted to augment an individual’s memo
provide implicit information sharing between groups. The direction of applications research,
Weiser himself deemed the ultimate purpose for ubicomp research, is deeply influence
authentic and extended use of ubicomp systems.

Today we are just starting to understand the implications of continuous immersion in comput
The future will hold much more than constant availability of tools to assist with whar are n

Figure 1: lk

Figure 1: Weiser (1991) described ubicomp devices of different size scales including the
handheld PARCTab, the wearable active badge and the whiteboard sized Liveboard.
Revised draft of August 31, 1999. 3
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traditional, computer-based tasks. Whether we wear computers on our body or have them em
in our environment,2 the ability of computers to alter our perception of the physical world,
support constant connectivity to distant people and places, to provide information at our finge
and to continuously partner with us in our thoughts and actions offers much more than a new “
app” — it offers a killer existence. To examine a little more closely how applications researc
ubicomp evolves, we will provide a brief history of uses for electronic whiteboards.

1.1 Case study: the electronic whiteboard
The history of the computer-augmented whiteboard illustrates the evolution of ubicom
supporting everyday activities. As the first interactive, computer-augmented whiteboard
LiveBoard (Elrod et al., 1992; Moran et al., 1996) was an inspiring demonstration of a compu
a novel form factor. It showcased great strides in building natural, pen-based interfaces. B
principal application domain of the LiveBoard, supporting meetings, was realized as a h
structured task requiring extensive pre- and post-processing of meeting information store
traditional hierarchical file system. Not all of this processing was automated, creating a burd
researchers that impacted how much authentic use experience could be obtained.

Following on from the seminal work on meeting capture, researchers at Georgia Tech develo
somewhat different application of the whiteboard for use in education. Work in the Classroom
project (Abowd, 1999b) tailored the whiteboard for classroom lecturing and greatly automate
majority of pre- and post-processing work to provide capture of lectures for the duration of w
courses. Within the restricted application of pre-scheduled classroom lectures, a nearly walk-
use system was created, and the captured material from the lectures was automatically
available to students via the Web. Serious engineering of the system resulted in the ability to c
nearly 100 different courses over the first four years of the project, leading to much deeper in
into the challenges of automated capture, which we will address later in this paper.

One of the positive results of the extended use of Classroom 2000 is that many users wanted
advantage of the capture capabilities and natural whiteboard interaction in non-class
situations. But the narrow domain of scheduled classroom lectures, the constraints of which
it possible to create a walk-up and use system, was too different from the serendipitous and in
types of meetings users wanted to also capture. This prompted the development of a white
application that would support the capture of unplanned impromptu meetings centered aro
shared writing surface (Brotherton et al., 1998). By simply sensing activity nearby the whiteb
it became possible to capture discussions for unplanned groups of people. The ever-ready
environment then created a problem for access. It was now necessary to use contextual inform
such as who was present and the time of day, as cues to help access the informal discussions

By focusing on whiteboard use in the individual office, Xerox PARC’s Flatland (Mynatt et al, 19
pushes ubicomp to support a range of everyday activities that are quite different from meet
classroom whiteboard activities. First, the electronic whiteboard surface supports naive wa
use, automatically clustering whiteboard content into segments and scaling segments to crea
open space while maintaining their visibility. Second, instead of marshaling the whiteboa
support one task, such as running a meeting, Flatland users employ the whiteboard to sup

2. Both is of course the most likely.
Revised draft of August 31, 1999. 4
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number of efforts in parallel, such as managing to-do items, drawing informal maps and perfor
simple calculations. The features of these applications, or behaviors, are tuned for
illustrations, supporting office discussions and individual reflection, and are in sharp contra
those typically available in production-oriented desktop software. Third, the whiteboard cont
also automatically captured and tagged with relevant contextual information. By snappin
interesting points in a timeline for a whiteboard segment, users can easily browse, and then e
past states of the whiteboard.

These latter two applications of electronic whiteboards, just scratched the surface in desig
continuously present whiteboard appliance to support common everyday tasks, impro
discussions and the implicit capture and tagging of whiteboard material. Future efforts should
on making the whiteboard an active partner instead of a well-designed tool as well as exp
constant connectivity to whiteboard material when physically distant. We’ll return to these the
when we discusseveryday computing.

1.2 Overview
In this paper, we investigate the brief history of ubiquitous computing through exploration o
above-mentioned interaction themes—natural interfaces, context-aware computing, and auto
capture and access for live experiences. In addition to reviewing the research accomplishm
these application research themes, we also outline some of of the remaining research cha
these application themes provide HCI researchers in the new millenium. We then explai
necessity for ubicomp research to explore continuous everyday activities. This motivates an a
research applications that builds off of the three earlier themes and moves ubicomp more in
realm of everyday computing characterized by continuously present, integrative, and unobt
interaction. Inherent in all of these interaction themes are difficult issues in the social implica
of ubiquitous computing and the challenges of evaluating ubiquitous computing research
conclude with our reflections on these issues and description, via case studies, of our c
strategies for evaluation of ubicomp systems.

2 COMPUTING WITH NATURAL INTERFACES
Ubiquitous computing inspires application development that is “off the desktop.” Implicit in
mantra is the assumption that physical interaction between humans and computation will b
like the current desktop keyboard/mouse/display paradigm and more like the way humans in
with the physical world. Humans speak, gesture and use writing utensils to communicate with
humans and alter physical artifacts. These natural actions can and should be used as exp
implicit input to ubicomp systems.

Computer interfaces that support more natural human forms of communication (e.g. handw
speech, and gestures) are beginning to supplement or replace elements of the GUI inte
paradigm. These interfaces are lauded for their learnability and general ease of use, and their
to support tasks such as authoring and drawing without drastically changing the structure of
tasks. Additionally, they can be used by people with disabilities for whom the traditional mouse
keyboard less accessible.

There has been work for many years in speech-related interfaces, and the emerging a
perceptual interfaces is being driven by a long-standing research community in computer visio
Revised draft of August 31, 1999. 5
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computational perception (Perceptual UI, 1997,1998). Pen-based or free-form interaction i
realizing a resurgence after the failure of the first generation of pen computing. More rece
researchers have suggested techniques for using objects in the physical world to man
electronic artifacts, creating so-called graspable (Fitzmaurice et al, 1995) or tangible user inte
(Ishii and Ullmer, 1997). Harrison et al. have attached sensors to computational devices in or
provide ways for physical manipulations of those devices to be interpreted appropriately b
applications running on those devices (Harrison et al, 1998). Applications that support na
interfaces will leverage off of all of these input and output modalities. Instead of attemptin
review the impressive amount of work in natural interfaces, we focus on two issues tha
important for enabling the rapid development of effective natural interfaces.

2.1 First-class natural data types
The landmark work of Douglas Engelbart and his team of researchers at SRI in the
demonstrated the power of building toolkits to bootstrap the development of increas
sophisticated interactive systems. To ease the development of more applications with n
interfaces, we must be able to handle other forms of input as easily as keyboard and mouse
The raw data or signals that underlie these natural interfaces, audio, video, ink, and sensor
need to become first-class types in interactive system development. As programmers, we
that any user interface toolkit for development provides a basic level of support for “fundame
operations for textual manipulation, and primitives for keyboard and mouse interaction. Simi
we need basic support for manipulating speech—such as providing speaker pause cues or s
of speech segments or speaker identification—as well as for video and ink and other signals
as physical device manipulations detected by sensors.

Take, for example, freeform, pen-based interaction. Much of the interest in pen-based com
has focussed on recognition techniques to convert the “ink” from pen input to text. However,
applications, such as personal note-taking, do not require conversion from ink to text. In fact,
be intrusive to the user to convert handwriting into some other form. Relatively little effort has
put into standardizing support for freeform, pen input. Some formats for exchanging pen
between platforms exist, but little effort has gone into defining effective mechanisms
manipulating the freeform ink data type within programs.

Figure 2: lk

Figure 3: Stifelman’s Audio Notebook (1996, 1997) is a good example of implicit natural input—
the freehand notes act as indices into the captured audio.
Revised draft of August 31, 1999. 6
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What kinds of operations should be supported for a natural data type such as ink? The Tivoli s
provided basic support for creating ink data and distinguishing between uninterpreted, freefor
data and special, implicitly structured gestures (Minneman et al, 1995; Moran et al, 1997, 1
Another particularly useful feature of freeform ink is the ability to merge independent stro
together as they form letters, words and other segments of language. In producing Web-base
in Classroom 2000 (discussed in more detail below), for example, we wanted annotations w
with a pen by a lecturer to link to the audio or video of what was said or seen at that same time d
a lecture (Abowd et al, 1998). The annotations are timestamped, but it is not all that use
associate an individual penstroke to the exact time it was written in class. We used a tempor
spatial heuristic to statically merge penstrokes together and assign them a more meaningful,
level time (Abowd, Brotherton and Bhalodia, 1998). Chiu and Wilcox (1998) have produced a
general and dynamic algorithm, based on hierarchical agglomeration, to selectively link audi
ink. These structuring techniques need to become standard and available to all applic
developers who wish to create freeform, pen-based interfaces. And as the work of Chiu and W
demonstrates, some of the structuring techniques can apply to more than one natural data t

We must also think about primitive operations that combine different natural data types. Ever
the classic “Put-that-there” demonstration by Bolt (1980), we have had the promise of intera
techniques that smoothly mix different natural inputs. But this promise has not been realized
form of improved paradigms or toolkits for building such multimodal dialogs.

2.2 Error-prone interaction for recognition-based interaction
When used for recognition-based tasks, natural interfaces come with a new set of problems
permit new and more kinds of mistakes. When recognition errors occur, the initial reactio
system designers is to try to eliminate them, for example by improving recognition accu
However, Buskirk found that a reduction of 5-10% in the absolute error rate is necessary befo
majority of people will even notice a difference in a speech recognition system (Buskirk, 199

Worse yet, eliminating errors may not be possible. Even humans make mistakes when dealin
these same forms of communication. As an example, consider handwriting recognition. Eve
most expert handwriting recognizers (humans) can have a recognition accuracy as low as 54%
(Schomaker, 1994). Human accuracy increases to 88% for cursive handwriting (Schomaker,
and 96.8% for printed handwriting (Frankish et al, 1995), but it is never perfect. This evidenc
points to the conclusion that computer handwriting recognition will never be perfect.

Computer-based recognizers are even more error-prone than humans. The data they can use
less fine-grained than what humans are able to sense. They have less processing powe
variables such as fatigue can cause usage data to differ significantly from training data, ca
reduced recognition accuracy over time in recognition systems (Frankish et al, 1992).

On the other hand, recognition accuracy is not the only determinant of user satisfaction. Bo
complexity of error recovery dialogues (Zajicek and Hewitt, 1990), and the value-added bene
any given effort (Frankish et al, 1995), affect user satisfaction. For example, Frankish found
users were less frustrated by recognition errors when the task was to enter a command in
than when they were writing journal entries. He suggests that the pay-back for entering a
word in the case of a command is much larger when compared with the effort of entering the
in a paragraph of a journal entry.
Revised draft of August 31, 1999. 7
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Error handling is not a new problem. In fact, it is endemic to the design of computer system
attempt to mimic human abilities. Research in the area of error handling for recogn
technologies must assume that errors will occur, and then answer questions about the best
deal with them. We see four key research areas for error handling of recognition-based inte
(Mankoff and Abowd, 1999).

2.2.1 Error reduction
Error reduction involves research into improving recognition technology in order to eliminat
reduce errors. It has been the focus of extensive research, and could easily be the subject of
paper on its own. Evidence suggests that its holy grail, the elimination of errors, is probabl
achievable. And large improvements (5-10%) are required before users even notice a diffe
(Buskirk, 1995).

2.2.2 Error discovery
Before either the system or the user can take any action related to a given error, one of them
know that the error has occurred. The system may be told of an error through explicit user
and can help the user to find errors through effective output of uncertain interpretation
recognized input. Three techniques are used to automate such error discovery—threshold
confidence measures, historical statistics, and explicit rule specification.

Some recognition systems return a measure of the probability, or confidence measure, alon
any interpretation of input. If this confidence measure is below some programmer-de
threshold, the system assumes the interpretation is incorrect and can display that assumptio
user.

When a recognition system does not directly return confidence measures, statistical analy
historical data can be used to generate relevant probability measures. For example, Ma
Schmandt (Marx and Schmandt, 1994) compiled speech data about which letters
misrecognized as “e”, and with what frequencies. This statistical information was used to gen
a list of potential alternatives whenever their speech recognizer returned “e”.

Baber and Hone (Baber and Hone, 1993) suggest using a rule base to determine when erro
have occurred. These rules can prove to be more sophisticated than either statistics or thres
since they allow the use of context in determining whether an error has occurred. This analysi
beyond simple statistics because it uses knowledge about the context in which a recognizer is
invoked. An example rule used in a handwriting recognition system for a programm
environment might read:

“When the user has just written ‘for (‘, lower the probability of correctness
for any alternatives to the next word they write which are not members of the
set of variable names currently in scope.”

Some questions remain for this topic of error discovery. How can we improve the accuracy of
discovery? How should errors in error discovery be handled? What is the best technique for
discovery and how does this change depending on the situation?

2.2.3 Error correction techniques
Just as the user interface is the only way one party can inform the other that an error has oc
it is also the only way that the user can correct an error. We found that current error han
Revised draft of August 31, 1999. 8
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techniques fall into three main categories—choosing a default, encouraging less ambiguous
and mimicking natural human correction strategies.

The number of answers returned by an error-prone system is often larger than the num
answers expected by the user. This discrepancy leaves the interface designer with the ch
selecting none of the answers, or selecting one (or more) of the answers as “correct” by defau
designer can use information about the probability of correctness and the overhead for corre
mistaken choice of default to decide when it is appropriate to choose a default.

A designer may choose to encourage a less ambiguous or error-prone input from the use
example, the designers of the Palm Pilot™ force the user to write with a unistroke alph
(Goldberg and Richardson, 1993). It is easier to recognize unistrokes than to recognize handw
because there is no possibility of segmentation errors. In another example, Goldberg
Goodisman (1991) suggest using on-screen marks (boxes) to reduce segmentation erro
discourage cursive handwriting.

Humans have adopted strategies for correcting their own mistakes, and it is useful to mimic
strategies for correcting recognition errors. For example, when we mis-speak, we may pau
repeat the correct word, with or without the addition of non-verbal audio cues to indicate the e
This kind of correction strategy is natural and promising for recognition systems. For exam
Huerst et al. (1998) have experimented with a handwriting pre-processor which looks
handwriting correction marks, such as crossing out a letter, and applies these corrections
sending handwriting to a recognizer.

Some questions remain for error correction techniques. Does error correction require new ty
interfaces or widgets different from other interfaces? When should error correction occur?
integrated should error correction interfaces be with the normal flow of an interface?

2.2.4 Toolkit level support
Toolkits provide reusable components and are most useful when a class of common, s
problems exists. Interfaces for error handling would benefit tremendously from a toolkit that c
be reused every time an error-prone situation arose. In addition to interface widgets, a toolkit w
need to support complete reversibility, and keep track of multiple potential interpretations at

There is a serious question whether any of the discovery or correction techniques described
can be integrated into an event-based paradigm of current GUI toolkits. It is also not clear wh
it is possible to separate out and encapsulate interface techniques for error handling. If s
reusable toolkit could be defined, how would we determine which discovery or correc
techniques should be supported? Is complete reversibility possible, and if not what ar
alternatives? Are there efficient ways of keeping track of increasing numbers of probabilities
have begun to investigate the construction of such a reusable toolkit to support error recove
recognition-based technologies (Mankof et al. 1999), but many problems remain to be tackl

3 CONTEXT-AWARE COMPUTING
Two of the most compelling early demonstrations of ubicomp were the Olivetti Research L
Active Badge (Want et al, 1992) and the Xerox PARCTab (Want et al, 1995), both location-a
appliances. These devices leverage a simple piece of context, user location, and provide v
services (automatic call forwarding for a phone system, automatically updated maps of
Revised draft of August 31, 1999. 9
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locations in an office). Whereas the connection between computational devices and the ph
world is not new—control systems and autonomously guided satellites and missiles are
examples—these simple location-aware appliances are perhaps the first demonstration of
implicit human activity with computational services that serve to augment general human ac

Numerous systems that leverage location as contextual information have been demonstrate
most widespread applications have been GPS-based car navigation systems and handhe
guide” systems that vary the content displayed (video or audio) by a hand-held unit given the
physical location in an exhibit area (Bederson, 1995; Abowd et al, 1997; Cheverst et al, 1
Opperman and Specht, 1998).

Another important piece of context is recognizing individual objects. Earlier systems focuse
recognizing some sort of barcode or identifying tag while recent work includes the use of vi
based recognition. Fitzmaurice (1993,1994) demonstrated using a hand-held device to “see
walls and pieces of machinery. Rekimoto and Nagao’s NaviCam (1995, see Figure 4) recog
color barcodes overlaying additional information about objects on a hand-held video dis
Recent efforts (Jebara, 1997) are attempting to substitute visual object recognition strategies
objects do not have to be individually tagged.

Another twist on context-driven interaction is when the location is fixed but the user identi
variable. With passive or lightweight means of identifying users, interfaces can respond t
presence of people. Hudson and Smith (1996) created a “hot spot” along a corridor where
heard brief auditory summaries of their pending email, allowing them to be in contact with
desktop while physically away from their desk. As we discussed in the electronic whiteboard
study in Section 1.1, Brotherton et al (1999) demonstrated how a whiteboard in a common
could automatically respond when multiple people gathered around it for an impromptu
session. The context of activity around the whiteboard automatic capture of the conversatio
whiteboard interaction.

Although numerous systems that leverage a person’s identity and/or location have
demonstrated, these systems are still difficult to implement. Salber et al. (1999) have cre
“context toolkit” that simplifies designing, implementing and evolving context-aware applicatio

Figure 3: lk

Figure 4: In Rekimoto and Nagao’s NaviCam system (1995), a handheld device recognizes
tagged objects and then overlays context-sensitive information.
Revised draft of August 31, 1999. 10
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This work emphasizes the strict separation of context sensing and storage from application-s
reaction to contextual information, and this separation facilitates the construction of context-a
applications. Mynatt (1998) points to the common design challenge of creating a belie
experience with context-aware interfaces noting that the responsiveness of the interface is
the person associating additional displays with their movements in the physical world.

In many ways, we have just scratched the surface of context-aware computing with many issu
to be addressed. Here we will discuss challenges in incorporating more context inform
representing context, ubiquitous access to context sensing and context fusion, and the coup
context and natural interaction to provide effective augmented reality.

3.1 What is context?
There is more to context than position and identity. Most context-aware systems still do
incorporate knowledge about time, history (recent or long past), other people than the user, a
as many other pieces of information often available in our environment. Although a com
definition of context is illusive, looking the “five W’s” of context we see:

Who: Current systems focus their interaction on the identity of one particular user rare
incorporating identity information about other people in the environment. As human being
we tailor our activities and recall events from the past based on the presence of other peo
Although systems have theorized on using the presence of others as an index into a capt
history (Brotherton et al, 1999; Mynatt et al, 1999), not until these systems are actually us
on a daily basis will the utility and privacy concerns of these ideas be understood.

What: The interaction in current systems either assumes what the user is doing or leaves
question open. Perceiving and interpreting human activity is a difficult problem. Neverthele
interaction with continuously worn, context-driven devices will likely need to incorporate
interpretations of human activity to be able to provide useful information. One strategy is
incorporate information about what a user is doing in the virtual realm. What application a
they using? What information are they accessing? As a starting point, in the CyberDe
project, we used the context of what information the user was manipulating to provid
automatic data integration between arbitrary tools (Dey et al, 1998). Another way
interpreting the “what” of context is to view it as the focus of attention of one or more peop
during a live event. Knowledge of the focus of attention at a live event can inform a bett
capture of that event, the topic of the next section of this paper.

Where: In many ways, the “where” question of context has been explored more than t
others. Of particular interest, is coupling notions of “where” with other contextual information
such as “when.” Some tour guide systems have theorized about learning from a history
movements in the physical world, perhaps to tailor information display based on the perceiv
path of interest by the user. Again these ideas need fuller exploration.

When: With the exception of using time as an index into a captured record or summarizin
how long a person has been at a particular location, most context-driven applications
unaware of the passage of time. Of particular interest is understanding relative changes in t
as an aid for interpreting human activity. For example, brief visits at an exhibit could b
indicative of a general lack of interest. Additionally, when a baseline of behavior can b
Revised draft of August 31, 1999. 11
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established, action that violates a perceived pattern would be of particular interest. F
example, a context-aware home might notice when an elderly parent deviated from a typica
active morning routine, perhaps signaling an adult caregiver.

 Why: Even more challenging than perceiving “what” a person is doing is understandin
“why” they are doing it. Sensing other forms of contextual information that could give a
indication of a person’s affective state (Picard, 1997), such as body temperature, heartrate
galvanic skin response, may be a useful place to start.

3.2 Representations of context
Related to the definition of context is the question of how to represent context. This iss
important once we consider separating out the context-sensing portion of an application fro
context-aware behavior, as suggested by Salber et al (1999). Without good representatio
context, applications developers are left to develop ad-hoc and limited schemes for storin
manipulating this key information. The evolution of more sophisticated representations will en
a wider range of capabilities and a true separation of sensing context from the program
reaction to that context.

3.3 The ubiquity of context sensing—context fusion
An obvious challenge of context-aware computing is making it truly ubiquitous. Having cer
context, in particular positioning information, has been shown useful. However, there are few
ubiquitous, single source context services. Positioning is a good example. GPS does no
indoors, and is even suspect in some urban regions as well. There are a variety of indoor posi
schemes as well, with differing characteristics in terms of cost, range, granularity, and require
for tagging, and no single solution is likely to ever meet all requirements.

The solution for obtaining ubiquitous context is to assemble context information from
combination of related context services. Suchcontext fusionis similar in intent to the related, and
well-researched, area of sensor fusion. Context fusion must handle seamlessly handing off s
responsibility between boundaries of different context services. Negotiation and resol
strategies need to integrate information from competing context services when the same p
context is concurrently provided by more than one service. This fusion is also required be
sensing technologies are not 100% reliable or deterministic. Combining measures from mu
sources could increase the confidence value for a particular interpretation. In short, context
assists in providing reliable ubiquitous context by combining services in parallel, to offset noi
the signal, and sequentially to provide greater coverage. For example, information from sp
identification, face recognition and foot-fall matching could be combined to identify an individ
in a home setting. Information could be combined to increase reliability of identificat
Additionally information from different sources may be available and more appropriate at diffe
times.

The notion of ubiquitous context pushes harder on concerns for privacy and security of this k
information. Our responsibilities as researchers include devising mechanisms for ensurin
security and veracity of the information obtained by context-aware applications, and desi
appropriate applications that leverage this information for a greater perceived benefit in contr
the costs incurred. As these issues cut across the whole of ubiquitous computing, we delve
into this discussion at the close of the paper.
Revised draft of August 31, 1999. 12
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3.4 Coupling Context-Aware and Natural Interaction — Augmented Reality
The goal of many context-aware applications is to allow the user to receive, in “real-tim
information based on actions in the physical world. The tour guide systems are a good exam
the user’s movements in an exhibit triggered the display of additional, context-sens
information. These applications typically used separate, albeit portable, devices that req
attention away from the rest of the physical world. The best metaphor to describe these intera
is that the user is “probing the world with a tool,” similar to tools such as electronic stud-finders
geiger counters.

By incorporating augmented vision and augmented hearing displays, as well as natural inpu
as voice and gesture, we will be able to more closely integrate context-aware interaction wi
physical world in which it resides (MacIntyre and Feiner, 1996, MacIntyre and Mynatt, 1998
these interactions, the system is modifying how a user perceives the physical world. This t
integration of information and perception should allow for more natural, seamless, hands-bus
serendipitous interaction. There are numerous technology and design issues to be solved to
this goal of context-sensitive perception of the physical world. Although visual displays
improving, especially with respect to the size and weight of the display device, they typically
a severely limited field of view. Our ability to layer sounds onto a dynamically chang
background is limited and is much more art than science at this point.

4 AUTOMATED CAPTURE AND ACCESS TO LIVE EXPERIENCES
Much of our life in business and academia is spent listening to and recording, more or
accurately, the events that surround us, and then trying to remember the important pie
information from those events. There is clear value, and potential danger, in using computa
resources to augment the inefficiency of human record-taking, especially when there are m
streams of related information that are virtually impossible to capture as a whole manu
Additionally, computational support can also automate explicit and implicit links between rela
but separately generated, streams of information. A rich record of a group interaction can su

Figure 4: lk

Figure 5: In the KARMA system (on the left) augmented views required heavy, clunky, head-
mounted displays (Feiner, 1993). Now lightweight glasses, such as the ones shown on the right
above from MicroOptical, provide similar display capabilities.
Revised draft of August 31, 1999. 13
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later access to aid in recalling the meaning or significance of past events. It is even possible
computational resources to assist in minimizing erroneous or embarrassing past events
contrast, to highlight particularly salient passages.

We need tools that seamlessly capture independent streams of information, automate the te
and semantic relationships between those streams, and provide flexible, accessible and s
appropriate interfaces to the experience. Suites of these tools can remove the burden of
something humans are not good at (i.e. recording) so that they can focus attention on activitie
are good at (i.e. indicating relationships, summarizing, and interpreting).

There has been a good deal of research related to this general capture and access theme, pa
for meeting room/classroom environments and personal note-taking. We will focus our wo
systems that handle capture for at least one natural data types as described in the previous
This constraint rules out many of the generic capture/replay facilities, such as Lotus ScreenC
macro recording capabilities available in desktop applications.

Early work by Schmandt & Arons (1985) and Hindus & Schmandt (1992) captured audio f
phone conversations and provided ways to access the content of the recorded conversatio
two systems, PhoneSlave and Xcapture, treated audio as uninterpreted data and were su
using simple techniques to provide informative overviews of live conversations.

More recent research efforts have tried to capture other types of input, such as freeform ink w
with a pen. Work at Xerox PARC resulted in the Tivoli system, a suite of tools to support a sc
at a meeting (Minneman et al, 1995, Moran et al, 1996), as well as some electronic white
technology—the LiveBoard (Elrod et al, 1992)—to support group discussion. Artifacts prod
on the electronic whiteboard during the meeting are timestamped. This temporal information is
after the meeting to index into recorded audio or video, thus providing the scribe a richer set of
from the meeting. Similar integration between recorded ink annotations and audio/vide
supported in Classroom 2000 for university lectures (Abowd et al, 1998a & 1998b, Abowd, 19
with a greater emphasis on automating the post-production of captured material into unive
accessible interfaces for a large population of students. Figure 6 shows sample output f
Classroom 2000-supported lecture. Other capture systems, such as Authoring on the Fly (B
and Ottmann, 1996), and Cornell’s Lecture Browser (Smith, 1999) also focus on captu
presentations with attention to capturing arbitrary program interactions and production-qu
video capture from multiple sources.

The previous systems can be characterized as capturing the public portion of a live
experience. Prototypes such as Marquee (Weber, 1994), Filochat (Whittaker, 1994), W
(Rhyne and Wolf, 1992), the Audio Notebook (Stifelman, 1996, 1997}, Dynomite (Wilcox, 199
NotePals (Davis et al, 1999), MRAS (White et al, 1998) and StuPad (Truong, 1999), all su
individual annotation. Stifelman’s Audio Notebook uses a particularly natural interface of pen
paper to produce a stenographer’s notepad that automatically indexes each pen stroke to a
audio record. StuPad demonstrates a capture system that works in concert with a group-o
capture system, in this case the Classroom 2000 system. StuPad utilizes video tablet techno
provide a paper-like interface with electronically enhanced features, such as echoing of the le
notes down to the student’s seat. NotePals uses PDAs and paper-based electronic tabl
Revised draft of August 31, 1999. 14
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capture
CrossPad™ from Cross Pen Computing) to provide group support for note-taking in educatio
business settings.

Most of the above efforts produce some sort of multimedia interface to review the cap
experience. By focusing on this post-production phase, some research endeavors provide aut
support for multiple camera fusion, integration of various presentation media, and content-
retrieval mechanisms to help search through a large repository of captured information. The
production results can then be accessed through a multimedia interface, typically distributed v
Web. Some research and commercial efforts include the Vicarious Learner from Edinb
(Vicarious, 1999), Carnegie Mellon’s Just-In-Time Lectures (Just-In-Time, 1999), FlatLand f
Microsoft Research (Bargeron et al, 1998), Bellcore’s AutoAuditorium (Bianchi, 1998),
CMU’s Informedia project (Informedia, WWW) as well as a number of commercial ventures, s
as Eloquent, Inc. (Eloquent, WWW) and Islip (Islip, WWW).

In all of these cases, the emphasis on ubiquity is clearly seen in the separate capture and
phases. Electronic capture is moved away from traditional devices, like the keyboard, and br
closer to the user in the form of pen-based interfaces or actual pen and paper. Input in the fo
voice and gesture is also accepted and is either treated as raw data or further interpreted to
more understanding of the captured experience. Our own work in Classroom 2000 (Abowd,
has focused on ubiquity of access, an issue of paramount importance in the educational dom
our augmented classroom (see Figure 8), multiple streams of information (audio, video, ann
slides) are captured during a typical lecture. After a lecture, the system automatically weav
captured events together into a set of standard HTML Web pages (see Figure 6).

4.1 Challenges in capture and access
Despite substantial research and advances in automated capture systems, there are a numbe
research issues, that we summarize here. We separate out issues primarily associated with
from those primarily associated with access.

Figure 5: lk

Figure 6: Classroom 2000 provides a web page for each captured lecture. Freehand pen strokes
act as indices into the captured audio and video.
Revised draft of August 31, 1999. 15
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4.1.1 Capture
We have mentioned earlier the importance of having a good driving application for ubic
research. In the capture domain, the main compelling applications have been for meeting s
and education/training. These are indeed compelling application areas. In particular, our ev
in Classroom 2000 points to overwhelming acceptance of capture from the student persp
(Abowd, 1999b). There are many more possibilities, however, for exploring capture in eq
compelling domains:

• Many of us record the special events in our lives—vacations, birthday parties, visits
relatives and friends—and we often spend time, years later, reflecting and rememberin
events through the recordings on film and in diaries. How many times have we wished we
camera at a particularly precious moment in our lives (a child’s first steps) only to fumble
the recording device and miss the moment? How difficult is it sometimes to find the pictu
film of a significant event?

• In many collaborative design activities, the critical insights or decisions are often mad
informal settings and are usually not documented properly. Technical exchanges often
quite freely in opportunistic encounters. Even in more formal design meetings, the
exchange of information and discussions around artifacts, such as storyboards or archit
recommendations, is often very poorly captured. Recently, we have begun experimenting
support to capture both informal brainstorming activities (Brotherton, 1999) and struct
design meetings (Richter, 1999).

• Maintenance of a building might be better supported if we captured a record of the a
construction of the building—in contrast to the building plans. When repairs are needed
appropriate technician could “replay” the construction and maintenance history of the rel
building artifact in order to determine the right course of repair.

To more fully understand how capture systems will change and augment daily practices, c
applications need to scale. For example, in Classroom 2000 we want to provide a student
record of all lecture experiences during an academic career. To achieve this goal, the instrum
space of the individual classroom needs to be replicated in all locations on a campus that are
to provide instruction. Classroom 2000 is the most extensively used capture system for educ
but it is still a far way off from reaching the scale of an entire university campus. In order to re
this level of scale in space, a better understanding of the system and network-level requireme
a multimedia capture system is required (Padhye, 1997; Chervenak and Abowd, 1999).
systems-level infrastructure needs to support synchronized capture of a wide variety of stream
(ink, audio, video, Web materials, presentations). There is evidence of this infrastructure eme
in some commercial products we can expect to see early in the next millennium.

With the exception of the Audio Notebook (Stifelman, 1997, thesis) and NotePals (Landay, 1
there has been little work on capturing artifacts in the physical world and making them e
accessible in the access phase. For example, the Zen* system of Classroom 2000 supports
of a presentation that has been prepared electronically, but what about capturing a prese
which exists only on paper? In order to make ubiquitous capture more transparent, the capture
needs to more seamlessly handle physical as well as electronic artifacts.
Revised draft of August 31, 1999. 16
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Much of the capture currently being done is for what we would callraw streams of information that
are captured mainly for the purpose of direct playback. No further analysis on those streams is
However, it is often useful toderive additional information from a simple stream to provide
greater understanding of the live event. For example, Stifelman used results from discourse a
to further segment the captured audio stream and make better prediction about when new
commenced in a discussion (Stifelman, 1997). Similarly, Chiu and Wilcox proposed a hierarc
agglomeration technique for using pause detection to segment and associate both ink and
(Chiu, 1998). Other computational perception techniques can be used to analyze the simple
ink or video signals.

Another application of signal analysis is to improve the recording of raw streams. How ca
automate certain well-known production practices that merge multiple camera feeds into a s
coherent and high quality video that can be viewed later? Single, fixed camera angles a
sufficient to capture the salient parts of a live experience, but when we scale a system
Classroom 2000 to an entire campus, we cannot afford to pay technicians to sit in each
classrooms. The single biggest challenge here is being able to determine thefocus of attentionfor
the group, and more difficult, foreachindividual at a live event.

4.1.2 Access
In the access phase, we need to provide a number of playback capabilities. The simples
playback in realtime, but there are often situations in which this in inappropriate or ov
inefficient. In reviewing a lecture for an exam, a student does not always want to sit throug
entire lecture again, but he or she might want to pinpoint a particular topic of discussion and r
only that portion. Alternatively, a summarization of the experience which gleans salient points
across an entire captured session, might be more appropriate.

Synchronization of multiple captured streams during playback is vital. Commercial strea
products, such as RealNetworks G2/SMIL™ and Microsoft’s MediaPlayer/ASF™, are eme
standards to allow for powerful synchronization of programmer-defined media streams. How
it is not clear that any of these products will support the foreshadowing of streams so that a us
see what lies ahead in reviewing a stream. Such foreshadowing can help a user skim more q
to a point of interest.

In most of the systems, the captured material is static upon reaching the access phase. Of
there are often cases where annotating or revising captured material is appropriate, as well
revising revised notes and so on. Although versioning is not a new problem to computer scie
there are numerous challenges in providing an intuitive interface to multiple versions of cap
material especially when some of the material is already time-based such as audio and vid
timeline is an effective interface for manipulating and browsing a captured session, but whe
time associated with a captured artifact is split up into a number of non-contiguous time segm
the usefulness of the timeline is at least questionable. Newer time-based interaction techn
such as Lifestreams (Fertig et al, 1996) or Timewarp (Edwards and Mynatt, 1997) are good st
points.

Finally, and perhaps most challenging, as these systems move from personalized syst
capturing events in more public settings, privacy concerns for the capture and later access
material increases. Although these issues must be addressed in the specific design of each
Revised draft of August 31, 1999. 17
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we still need general techniques for tagging material and authenticating access. We will d
these issues later in this paper.

5 TOWARDS EVERYDAY COMPUTING
In this paper, we introduce a new area of interaction research,everyday computing, by focusing on
scaling ubiquitous computing with respect to time. Just as pushing the availability of comp
away from the traditional desktop fundamentally changes the relationship between human
computers, providingcontinuousinteraction moves computing from a localized tool to a consta
presence. Our motivations for everyday computing stem from wanting to support the informa
unstructured activities typical of much of our everyday lives. These activities are continuo
time, a constant ebb and flow of action that has no clear starting or ending point. Familiar exa
are orchestrating tasks, communicating with family and friends, and managing information.

Everyday computing leverages computational capabilities to enhance day-to-dayactivities. This
focus on activities as opposed to tasks is crucial. The majority of computer applications su
well-defined tasks that have a marked beginning and end with multiple subtasks in-between
word processing as an example. Word processing features are tuned for starting with a
document (or a template), entering text, formatting, printing and saving. These applications a
well-suited to the more general activity of writing, encompassing multiple versions of docum
where text is reused and content evolves over time.

Designing for everyday computing requires addressing these features of activities:

• They rarely have a clear beginning or end.

Either as a fundamental activity, such as communication, or as a long-term endeavor, s
research in human-computer interaction, these activities have no point of closure. Inform
from the past is often recycled. Although new names may appear in an address book o
items on a to-do list, the basic activities of communication or information management d
cease.

A basic tenet in HCI is designing for closure. Given a goal, such as spell-checking a docu
the steps necessary to accomplish that goal should be intuitively ordered with the load on
term memory held to a reasonable limit (Dix et al., 1998). The dialogue is constrained so
the goal is accomplished before the user begins the next endeavor. When designing
activity, principles such as providing visibility of the current state, freedom in dialogue
overall simplicity in features play a more prominent role.

• Interruption is expected.

Thinking of these activities as continuous, albeit possibly operating in the background
useful conceptualization. One side-effect is that resumption of an activity does not star
consistent point, but is related to the state prior to interruption. Interaction must be model
a sequence of steps that will, at some point, be resumed and built upon. In additio
representing past interaction, the interface can remind the user of actions left uncomplete
typically supported on many laptop computers, applications can make it easy to quicklyresume
the last state without lengthy time delays.

• Multiple activities operate concurrently.
Revised draft of August 31, 1999. 18
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Since these activities are continuous, the need for context-shifting amongst multiple activi
assumed. Application interfaces can allow the user to monitor a background activity, ass
the user in knowing when they should resume that activity. Resumption may be opportun
based on the availability of other people, or on the recent arrival of needed information
example, users may want to resume an activity based on the number of related events th
transpired, such as reading messages in a newsgroup only after a reasonable number of m
have been previously posted. To design for background awareness, interfaces should s
multiple levels of “intrusiveness” in conveying monitoring information that matches the rela
urgency and importance of events.

Current desktop interfaces only provide a small beginnning in addressing these issue
multiple windows in a desktop interface. With minimal screen real estate, users must ma
opening, closing and restacking the many windows associated with a variety of tasks. S
awareness cues are included in some desktop icons, indicating that new email has been r
for example, but there are few controls for creating levels of notification to meet diffe
awareness needs.

The Rooms interface presented a compelling interface for spatially organizing document
applications in multiple persistent working spaces (Henderson et al., 1986, Card et al. 1
This standard has yet to be met by current commercial “task” bars for changing applic
focus. A useful extension to Rooms would be both to provide awareness of “background” ro
and to assist the user in remembering their past activity when returning to a room.

• Time is an important discriminator.

Time is a fundamental human measuring stick although it is rarely represented in com
interfaces. Whether the last conversation with a family member was last week or five min
ago is relevant when interpreting an incoming call from that person. When searching for a
on a desk, whether it was last seen yesterday or last month informs the search.

There are numerous ways to incorporate time into human-computer interfaces. As we
regain our working state, interfaces can represent past events contingent on the length o
(minutes, hours, days) since the last interaction. As applications interpret real-world events
as deciding how to handle an incoming phone call or to react to the arrival at the local gro
store, they can utilize timing information to tailor their interaction.

• Associative models of information are needed.

Hierarchical models of information are a good match for well-defined tasks. In contrast, mo
of information for activities are principally associative since information is often reused
multiple occasions, from multiple perspectives. For example, assume you have been s
email from colleagues, friends and family for a long time. When dealing with current mail,
may attempt to organize it into a hierarchy of folders on various topics. Over time,
organization has likely changed, resulting in a morass of messages that can be searche
varying degrees of success. Likewise, interfaces for to-do lists are often failures give
difficulty in organizing items in well-defined lists.

Associative and context-rich models of organization support activities by allowing the us
re-acquire the information from numerous points of view. These views are inherent in the
Revised draft of August 31, 1999. 19
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to resume an activity in many ways, for many reasons. For example, users may want to re
information based on current context such as when someone enters their office or whe
arrive at the grocery store. They may also remember information relative to other cu
information, for example, a document last edited some weeks ago or the document
colleague circulated about some similar topic.

Of course, activities and tasks are not unrelated to each other. Often an activity will be comp
of a number of tasks, but the activity itself is more than these component parts for the reasons
above. For example, communication activities contain well-defined tasks such as reading a m
or composing a reply. The interaction falters when the task refers to the larger activity: How
this new message relate to previous messages from this person? What other issues sh
included in the reply? The challenge in designing for activities is encompassing these tasks
environment that supports continuous interaction.

5.1 Importance for Ubiquitous Computing
As computing becomes more ubiquitously available, it is imperative that the tools offered re
their role in longer term activities. Although principles in everyday computing can be applie
desktop interfaces, these design challenges are most relevant given a continuously changi
context. In mobile scenarios, users shift between activities while the computing resources ava
to them also vary for different environments. Even in an office setting, various tools and ob
play multiple roles for different activities. For example, use of a computer augmented whiteb
varies based on contextual information such as people present. Different physical objects su
paper file or an ambient display can provide entry points and background information for activ
This distribution of interaction in the physical world is implicit in the notion of everyd
computing, and thus clearly relevant to research in ubiquitous computing.

5.2 Synergy Amongst Themes
Research in everyday computing also continues to explore the three earlier interaction them
with the focus of designing a continuously available environment. Ishii’s work in tangible m
explores using natural interfaces to support communication and background awareness (Ish
1997). Current efforts in “Roomware” (Streitz, 1999) aim to create wall-sized and table
interaction areas that support a greater range of informal human activity.

With respect to context-aware interaction, Audio Aura (Mynatt, 1998) is clearly related to prev
tour guide systems, as a change in location triggers information delivery on a portable device
motivation for Audio Aura, however, is to continuously augment the background audi
periphery of the user. By adding dynamic information about the activity of colleagues
communication channels (e.g., email), Audio Aura enhances the perceptible sphere of inform
available while the user continues with daily activities.

Likewise, applications for automatic capture and indexing are moving into less struct
environments. Starner and Rhodes (1997) describe a “Remembrance agent” that “remem
information based on physical context information including visual recognition. As the user
instruct the system about what to remember, the agent becomes a storehouse of ev
information that is continuously available, but indexed based on physical location. A number o
going research projects are exploring the design of “elephant boxes,” wearable devices that
Revised draft of August 31, 1999. 20
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continuously and later try to provide useful indices and summaries of the daily information
capture (Bush, 1945).

5.3 Research Directions in Everyday Computing
We posit that the field of everyday computing offers many challeneges to the HCI resse
community. In our current and future work, we are focusing on the following questions:

• How to create the illusion of omnipresent computation?

The current model for ubiquitous computing is one of constant availability. Since time
fundamental human yardstick for understanding everyday events, we plan to shift this mo
one of constant presence via time-sensitive interfaces. By sensing events in the user’s p
world and correlating those events with actions on virtual devices such as today’s de
computers, we can create interfaces that help users manage current and future activity as
recall and leverage past actions. Moreover, we can use these histories of interaction to hel
regain their planned actions as they shift to a re-acquired activity. Exploring this time-ce
interaction should help us understand how computers can be an effective partner in day-
activities.

• How to design visual and auditory cues for presenting information at different levels of
periphery of human attention?

Despite increasing interest in tangible media and peripheral awareness, especially in com
supported collaborate work (CSCW) and wearable computing, current interfaces typ
present a generic peripheral backdrop with no mechanism for the user, or the backgroun
to move the peripheral information into the foreground of attention. Our current de
experiments are aimed at creating peripheral interfaces that can operate at different levels
user’s periphery.

• How to connect events in the physical world to events in the virtual world and prov
correlated information for interface displays and browsers?

People operate in two disconnected spaces: the virtual space of email, documents and we
and the physical space of face-to-face interactions, books and paper files. Yet human act
coordinated across these two spaces. Despite efforts as early as the Digitial Desk (W
19xx) there is much work left to be done to understand how to combine information from t
spaces to better match how people conceptualize their own endeavors.

• How to combine traditional HCI methods with in-the-field practices to support designing
informal, peripheral and opportunistic behavior?

There is no one methodology for understanding the role of computers in our everyday
However combining information from methods as different as laboratory experiments
ethnographic observations is far from simple. In our research and classroom projects, ou
is to learn by doing, by interrogating the results we derive from different evaluation strate
We have consciously chosen a spectrum of methods that we believe match the questions
asking. Learning how these methods inform each other and how their results can be com
will be an on-going effort throughout our work. We continue this discussion in the next sec
on evaluating ubicomp systems.
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6 ADDITIONAL CHALLENGES FOR UBICOMP
Two important topics for ubicomp research—evaluation and social implications—cut acros
themes of research, and so we address them here.

6.1 Evaluating ubicomp systems
Evaluating ubicomp systems is difficult for several reasons, that we discuss below. After this
discussion, we give specific advice for how to overcome these evaluation obstacles. We
demonstrate this advice through three separate case studies of ubicomp research, the Aud
system, Xerox PARC’s Flatland system, and Classroom 2000.

6.1.1 Evaluation challenges
The first major difficulty in evaluating a ubicomp system is simply having a reliable system
evaluate. The technology used to create ubicomp systems is often on the cutting edge and n
understood by developers. Consequently, it is difficult to create reliable and robust system
support some activity on a continuous basis. A good portion of reported ubicomp work rema
this level of unrobust demonstration prototyping. As we will show, it is still possible to do g
user-centered feasibility research with these cutting-edge prototypes.

However, deeper evaluation requires real use of a system, and this, in turn, requires a deplo
into an authentic setting. Furthermore, the scaling dimensions that characterize ubicomp syst
device, space, people or time—make it impossible to use traditional, contained usa
laboratories. Effective evaluation, in which users are observed interacting with the system in ro
ways, requires a realistic deployment into the environment of expected use.

Assuming an authentic deployment can occur, when users are comfortable with the service
provided and have developed habits for using the service, there is still the question of w
qualitative or quantitative evaluation methods to apply. The majority of usability techniques
task-centric. If the user’s tasks are known, then an evaluation is performed to determine the
of the system and its interface for completing that task. It is not at all clear how to apply task-ce
evaluation techniques to activity-based everyday computing situations.

Another problem with task-centric evolution is the co-evolution of tasks and the computer arti
built to support them (Carroll and Rosson, 1991). The mere act of introducing a new artifa
support some seemingly well-understood task changes the task itself. So even if we thoug
knew how users would complete a simple task, such as keeping track of to-do items, provid
ubicomp system to continuously support the activity of to-do management would likely chang
task. What this means is that a system must be observed in use over some period of time be
evaluator can understand the emergent tasks it supports and then evaluate those tasks.

6.1.2 How to overcome evaluation challenges
It is not easy to overcome these evaluation challenges, and this is likely the reason we see re
little published from an evaluation or end-user perspective in the ubicomp community. A no
exception is the work published by Xerox PARC researchers on the use of the Tivoli capture s
in the context of technical meetings. Since research in ubiquitous computing will have lim
impact in the HCI community until it respects the need for evaluation, we have some advic
those wishing to undertake the challenges.
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Since authentic use of a system is a necessity, it is important in doing ubicomp research
researcher build a compelling story, from the end-user’s perspective, on how any syste
infrastructure to be built will be used. The purpose of the compelling story is not simply to pro
a demonstration vehicle for research results. It is to provide the basis for evaluating the impa
system on the everyday life of its intended population. The best situation is to build the comp
story around activities that you are exposed to on a continuous basis. In this way, you can c
living laboratory for your work that continually motivates you to “support the story” and provid
constant feedback that leads to better understanding of the use.

Designers of a system are not perfect, and mistakes will be made. Since it is already a di
challenge to build robust ubicomp systems, you should not pay the price of building a sophist
infrastructure only to find that it falls far short of addressing the goals set forth in the compe
story. You must do some sort of feasibility study of cutting-edge applications before sin
substantial effort into engineering a robust system that can be scrutinized with deeper evalu
However, these feasibility evaluations must still be driven from an informed, user-ce
perspective—the goal is to determine how a system is being used, what kinds of activities us
engaging in with the system, and whether the overall reactions are positive or negative. Answ
these questions will both inform future design as well as future evaluation plans. It is importa
understand how a new system is used by its intended population before performing
quantitative studies on its impact.

Case study: Audio Aura: The affordances and usability issues of novel input and out
technologies are not well understood when they are first introduced. Often these technolog
still unusable for any real, long-term use setting. Nevertheless user-centric evaluations are n
to influence subsequent designs. In the design of Audio Aura (Mynatt et al, 1998), we
interested in exploring how peripheral awareness of relevant office activities could be enha
through use of ambient sound in a mobile setting, Our combination of active badges, wir
headphones and audio generation was too clunky for real adoption by long-term users
headphones were socially prohibitive as they covered the ears with large, black shells
capabilities for the development language, Java, to control sound presentation were too limit
creating rich auditory spaces. Nevertheless we wanted to understand the potential inter
knowing that these technological limitations would be removed in the future.

We employedscenariosof interaction, based on informal observations of the Xerox PARC wo
environment, to guide our design and evaluation. These scenarios incorporated information
how people at PARC work together, including practices such as gathering at the coffee bistro
dropping by people’s offices for impromptu conversations, and even the physical oddities o
building such as the long hallways that are the backbone of the layout. By grounding our sce
in common practices, potential users could reflect on their daily activities when evaluating
designs. The scenarios also helped us understand a particular interaction issue: timing. In one
scenarios, the communication path between the component technologies was not fast eno
meet the interaction demands. Although the speed could be increased, this modification re
balancing a set of tradeoffs, namely speed vs. scalability, both important for our design goa
short, the scenarios helped us understand the design space for further exploration.
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Case study: Xerox PARC’s Flatland: Designing ubiquitous computing applications requi
designers to project into the future how users will employ these new technologies. Alth
designing for a currently impossible interaction is not a new HCI problem, this issue is exacer
by the implied paradigm shift in HCI resulting from the distribution of computing capabilities i
the physical environment.

In our design work for Flatland (Mynatt et al, 1999), we employed ethnographic observatio
whiteboard use in the office, coupled with questionnaires and interviews, to understand how p
used their whiteboards on a daily basis. The richness of the data from the observations wa
inspirational in our design work and a useful constraint. For example, the notion of “hot sp
portions of the board that users expect to change frequently, was the result of day-t
observations of real whiteboard use. The data from the observations was key in grounding m
depth user studies through questionnaires and interviews. Without this data, discussions wo
easily slip into what users think they might do. By referring to two weeks of observational data
were able to uncover and examine the details of daily practice.

Although the technology for our augmented whiteboard was not ready for deployment, or eve
testing, we were able to gather a wealth of information from observations and interviews
critically informed our design.

Case study: Classroom 2000: In this last case study, centered at Georgia Tech, we demonstra
much longer-term research project that evolved from early prototyping and feasibility studies
a more mature system that is currently used by a large population in a living classroom labor

The Classroom 2000 project began in July 1995 with the intent of producing a system that w
capture as much of the classroom experience as possible to facilitate later review by both st
and teachers. In many lectures, students have their heads down, furiously writing down wha

Figure 6: lk

Figure 7: In the design of Flatland, we used observations of whiteboard use to inform our design.
Here whiteboard drawings on two different boards are used as the basis for discussing the
concepts illustrated in the bottom slide.
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hear and see as a future reference. While some of this writing activity is useful as a processi
for the student, we felt that it was desirable from the student and teacher perspective to affo
opportunity for students to lift their heads occasionally and engage in the lecture experience
capture system was seen as a way to relieve some of the note-taking burden.

We needed to test the feasibility of this hypothesis quickly, so within six months of the pro
launch, we provided an environment to capture an entire course and observe whether our
hypothesis was worth testing more vigorously. We learned some very valuable lessons durin
first extended experience. The initial experiments included student note-taking devices tha
clear distractions to the students (Abowd, 1999b), so we abandoned that part of the experimen
to resume it in the past few months when the technology had caught up (Truong and Abowd, 1

We also learned from this initial experience that in order to understand the impact of this ca
system on teaching and learning we would have to gather usage data from a larger set of c
This required significant engineering effort to create a robust and reliable capture system that
Spring Quarter of 1997 was able to support multiple classes simultaneously. Today, after cap
over 60 courses with 22 different instructors, we have gained significant insight into how the sy
is used and what future directions to take. Reports on numerous qualitative and quantitative s
have been published elsewhere (Abowd et al, 1998, 1999b; Chervenak et al, 1999; Brothert
Abowd, 1999). As a direct result of these deeper evaluations, we know that the system enco
60% of its users to modify their in-class note-taking behavior. We also know that not all of
modified behavior is for the better. Taking no notes, for example, is not a good learning pract
reinforce. We know that it is time to reintroduce student note-taking units that can personaliz
capture experience and also encourage better note-taking practices. We also know to facilitat
content-based retrieval and synchronized playback of the lecture experience. We are exp
these paths now.

6.2 Social Issues for Ubiquitous Computing
We are pushing toward making it easier for computation to sense, understand and re
phenomenon in the physical world and to record those phenomena. These enabling techn
carry with them numerous dangers, for example making it too easy for people to build system
effectively spy on others without any controlling authority. Ubicomp researchers would be re

Figure 7: lk

Figure 8: In the Classroom 2000 project, we have had the ability to learn from long-term actual
use in the Georgia Tech educational environment.
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if they undertook their work without understanding these issues. However, the fear of wrong-d
is not a call to cease all work in this area, but to work toward technological, design and s
solutions to address these concerns.

A basic concern about any information stored in a computer is knowing who can access and m
the contents. Where are the bits? Are they secure?Securityand encryption schemes are part of th
technological solutions available especially as information is gleaned from the environmen
transported over networks. Alternatively, work in wearable computing emphasizes a d
approach—providing security by keeping the bits local (on the body) and removing the ris
transporting them over a public network.

One fear of users is the lack of knowledge of what some computing system is doing, or
something is being done “behind their backs.” Although the original vision of ubiquitous compu
described computing as disappearing into the physical environment, this “invisibility” is count
informing users about how they are being sensed. To assuage that fear, design solutions
employed to make this informationvisible. For example, systems that sense physical phenom
and capture live situations should provide clear indicators that this sensing or recording is occu
As these sensing and recording capabilities are more commonly found, one challenge for ev
computing is to enable people to be aware of how they are being sensed. Just as people can a
their visibility in physical space (e.g How public is this space? Are there windows?) we need
to convey our visibility in virtual space.

The next step is to allow those being sensed or recorded to havecontrol to either stop this activity
or to at least control the distribution and use of the information. This challenge is related t
design of collaborative environments where the actions and roles of collaborators are flui
difficult to articulate in a static snapshot. The capture, distribution and use of information wi
determined over time by the specific practices of people is workplace and home settings.

There are a number of reactions that system builders can have for handling the sensitive to
when and what to capture. At Xerox PARC, one solution for capture was to agree to only ca
the summary portions of technical meetings. In Classroom 2000, we defaulted to recording a
lecture, but did not attempt to obtain good quality audio or video of anyone except the lectu
the front of the room. In the Dynomite system from FX-PAL, the note-taker exercised control
which portions of the audio recording could be kept for future reference (Wilcox et al, 19
Though this last solution was first presented as a means of reducing the amount of s
requirements for high-fidelity audio, we see merit in this approach from an individual’s perspe
to enable an otherwise perfect capture system to “forget” some part of the past. An intere
challenge for collaborative situations is to figure out acceptable policies for “erasing
“forgetting” some shared memory. A more positive slant on this issue would focus on way
accommodate heightening awareness of particularly valuable segments of a captured exp
instead of eliminating or forgetting parts of a captured history.

Although issues surrounding the appropriate use and dissemination of information are as old
dawn of human communication, specific concerns stem from ubicomp making a new kin
information more generally available. The fact that computers can easily track our daily activit
a feat that previously required a large amount of human effort—is disconcerting at the lea
addition to addressing the above mentioned concerns of security, visibility and control
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approach is to create designed examples of appropriate and beneficial uses of this informatio
example, one affordance of the low quality video in early media spaces was that the amo
information conveyed was more socially appropriate. The not-real-time, grainy images
important needs for awareness and feelings of connectivity without violating privacy concern
the design of Audio Aura (Mynatt et al, 1998), we took great care in conveyingqualitative
information about the activities of colleagues. When stopping by someone’s office, information
could be obtained by the system (e.g. this person has not been in there office for a few hour
akin to the information that someone in a neighboring office could provide.

There are other social issues as well that are not as directly linked to privacy. For exa
recording a meeting or a lecture can have both positive and negative impact on those in atten
On the positive side, knowledge of recording encourages people to be less reckless in
commentary. On the negative side, this same knowledge can cause people to refuse to contr
a discussion for fear of saying something that would be regretted in the future. A more s
problem was noticed in our extensive experience in Classroom 2000. Some students indicat
they chose not to ask questions in class because the answer was likely already discussed an
up to the student to go back and listen to the lecture.

In general, social and legal practices continue to evolve in concert with technological and d
innovations. In each situation people will compare the perceived benefits and costs of the u
ubicomp technologies. For example, skiers and hikers choose to wear radio transponders
can be located by rescue personnel. Firefighters benefit from understanding what each of t
doing and where they are located. Recent research details the calendaring practices
Microsystem (Grudin et al, 1998) where colleagues share extensive information about their
collaborative activities. As discussed in the previous section on evaluation, our understanding
social implications of these technologies will often come after people invent new, unforeseen
of these technologies. Although the sand is always shifting beneath us, attention to issu
security, visibility, control and privacy should help create a brighter future.

7 CONCLUDING THOUGHTS
In this paper, we have attempted to outline the trajectory of ubicomp research in the decade
the inspiring work of Weiser and colleagues at Xerox PARC. We have identified three com
themes for applications research in ubicomp, provided some background on signi
achievements in those areas as well as highlighted some of the remaining challenges. We ha
this with the desire to motivate budding ubicomp researchers to attack some important and
defined problems. We no doubt have left out some other important challenges for ubicomp res
and we look forward to seeing those problems articulated and solved by others.

Weiser (1993) claimed that the whole point of ubiquitous computing was to create compe
applications that would drive the development of devices and infrastructure. We agree in spiri
this claim, but want to promote a broader view that promotes the general purpose utility
challenge) of ubiquitous interaction with computational resources. The application or task-c
focus has been a fruitful one for HCI research. If we look at successful computing techno
however, it is not the case that a single application has driven critical mass acceptanc
deployment. What is the motivating application for the personal computer in our office or hom
for a Palm Pilot? There are many applications, different for each person. The real goal for ubi
Revised draft of August 31, 1999. 27
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is to provide many single-activity interactions that together promote a unified and contin
interaction between humans and computational services. The focus for the human at any on
is not a single interface to accomplish some task. Rather, the interaction is more free-flowin
integrative, akin to our interaction with the rich physical world of people, places and objects in
everyday lives.
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