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User-Centered Critical Parameters

for Design Speci cation, Evaluation, and Reuse:
Modeling Goals and Effects of Noti cation Systems

Christa M. Chewar

(ABSTRACT)

Responding to the need within the human-computer interaction eld to address ubiquitous
and multitasking systems more scienti cally, this research extends the usefulness of a new re-
search framework for a particular class of systems. Noti cation systems are interfaces used in a
divided-attention, multitasking situation, attempting to deliver current, valued information through
a variety of platforms and modes in an ef cient and effective manner. Through review of litera-
ture and experiences with empirical dual-task perceptual studies, we recognize a lack of unifying
framework for understanding, classifying, analyzing, developing, evaluating, and discussing noti-

cation systems fundamentally inhibiting scienti ¢ growth and knowledge reuse that should help
designers advance the state-of-the-art.

To this end, we developed a framework (referred to as the IRC framework) for noti cation
systems research based on a core taxonomy of critical parameters describing user goals. Next, we
extend the framework, focusing on three key aspects: 1) a system description process, allowing
articulation of abstract design objectives that focus on critical user requirements; 2) interface us-
ability evaluation tools, enabling comparison of the design and user’s models, while supporting
generalizability of research and early identi cation of usability concerns; and 3) design compar-
ison and reuse mechanisms, saving time and effort in requirements analysis and early design
stages by enabling design reuse and appreciation of design progress.

Results from this research include the development of tools to express IRC design models
(IRCspec) and user’s models (IRCresults), and the extension of the critical parameters concept.
Validation studies with novice designers show suf cient assessment accuracy and consistency.
Leveraging these tools that help designers express abstract, yet critical, design intentions and ef-
fects as classi cation and retrieval indices, we develop a repository for reusable design knowledge
(aclaimslibrary). Responding to challenges of design knowledge access that we observed through
initial user testing, we introduce a vision for an integrated design environment (LINK-UP) to oper-
ationalize the IRC framework and noti cation systems claims library in a computer-aided design
support system. Proof-of-concept testing results encourage the thought that when valuable design
tools embody critical parameters and are coupled with readily accessible reusable design knowl-
edge, interface development will improve as a scienti ¢ endeavor.
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Chapter 1

INTRODUCTION

As people everywhere become increasingly more insistent on integrating additional computing
tasks with routine and critical daily activities a behavior fueled by fervent demand for pervasive
and ubiquitous information a gap within HCI research grows. Certainly, much progress has been
made toward understanding and re ning typical desktop interfaces used during extended periods
of concentrated attention with orderly, predictable task action ow. However, different usage situ-
ations, expectations, and error consequences govern the growing breed of applications and devices
being introduced to support multitasking information demands. Referred to as noti cation systems,
these interfaces are generally desired as a means to access valued information in an ef cient and
effective manner without introducing unwanted interruption to a primary task, and can be found
in many implementation forms and on a variety of platforms. Perhaps classic desktop systems
are the most readily identi able: instant messengers, status programs, and news and stock tick-
ers. However, other familiar examples such as Weiser’s dangling string representation of network
traf c¢ [132], in-vehicle information systems, ambient media, and multi-monitor displays hint at
the range of potential noti cation systems once we consider off-the-desktop information delivery
mechanisms. While this range of solutions has skyrocketed, our ability to scienti cally recognize,
pattern, and improve success within these systems has not kept pace.

Even though use of these systems has become widespread in recent years, there are surpris-
ingly few efforts within HCI literature that effectively evaluate usability of the information and
interaction design for noti cation systems. For example, while some noti cation systems sup-
port collaborative activities and are studied from a CSCW perspective, disparate agendas lead to
inconsistent de nitions of successful design, inhibiting cross-initiative in uence. In other cases,
noti cation systems are ubiquitous computing devices that a have strong multitasking element.
From the ubicomp perspective, HCI researchers are interested in issues like context-awareness and
privacy, without focusing on the narrower questions of noti cation delivery. As one of the two
important research challenges asserted by Abowd and Mynatt for the ubiquitous computing eld,
they motivate the imperative for assessing progress toward real human needs with quantitative and
qualitative evaluation methods that capture authentic context of system use: research in ubig-
uitous computing will have limited impact in the HCI community until it respects the need for
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evaluation [1].

As a starting point, much of the dual-task experimentation (especially cockpit design) per-
formed within the human factors and engineering psychology elds seems highly relevant to this
area of research (we provide a summary later), however, this body of science does not seem to
be readily applied to noti cation systems design justi cations. While some early studies of noti-

cation systems have captured useful guidelines and design tradeoffs and serve as initial models
[41, 81, 85], few efforts have been conducted and reported to explicitly afford knowledge appli-
cation and reuse, facilitate study replication and extendibility, or even proceed along a standard
evaluation methodology-clearly objectives of empirical and analytical evaluation. An umbrella
approach is needed, tying together knowledge and addressing challenges in noti cation systems
design throughout the HCI community. Through the work proposed, developed, and pilot-tested in
our research program, we introduce the IRC framework as a guiding conceptual approach [87, 88]
a unifying framework for understanding, classifying, analyzing, developing, evaluating, and dis-
cussing noti cation systems that will promote scienti ¢ growth and knowledge reuse.

Problem statement. The IRC framework (fully described in chapter 4) provides a modeling
method for describing user noti cation goals and information delivery effects. Although we have
received many positive reviews and feedback about our preliminary versions of the framework
from other researchers and we have observed further research and educational bene ts though
using the framework in seminars, it still needed to be suf ciently developed to as a reliable and
consistent design tool. Furthermore, studies and follow-on work had yet to be undertaken that
would assess the hypothesized utility that the framework delivers during design phase processes.
Our overarching research problem can be succinctly stated:

To promote the IRC framework as a unifying framework for noti cation systems
research and apply it to improve design discourse, critical service components
and features must be added and tested to ensure consistent, reliable results
and a favorable impact on the design process.

As we consider how to overcome this problem, we recognize several implied tasks and con-
straints. First, we want our design support system to be useful to researchers anywhere. This will
impact a determination of how to add widely accessible components and features, as well as the
selection of test criteria. Second, we want our framework to be compatible with dominate ideas in
the HCI eld, especially those used in education. We have selected Norman’s cognitive engineer-
ing concepts as a foundation on which to build, adding to the initiatives already started by Carroll
and Rosson, Sutcliffe, and others. Third, as we consider what aspects of the design process we
can really contribute to from an HCI perspective, we focus on two design activities: 1) recogniz-
ing whether user requirements are met by design artifacts, and 2) storing and accessing potential
reusable design knowledge.
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1.1 Motivation & Vision

The research problem, implied tasks, and constaints are transformed into our research vision. By
developing key functionality and services of the IRC framework, we enhance and demonstrate the
utility of directly comparing a noti cation system’s design and user’s model (in the sense of Nor-
man’s conceptual models [100]) to support design benchmarking and enable design reuse. Several
recent dialogues within the HCI research community provide further underlying vision. First, there
is enormous potential when psychological models are applied to create macrotheories describing
interactions within a mental architecture [9, 10], especially as a basis for early-phase, predictive
usability evaluations. The IRC framework is motivated by this idea, but extends the concept with a
literal interpretation of Norman’s argument that usability engineering should be driven by mental
model comparison and consideration. Second, we recognize great long-term bene t in approaches
such as the systematic establishment of critical parameters based on Newman’s ideas [97] and the
reference task agenda argued by Whittaker et al. [133], both of which lead to cohesive, community
research efforts. The basic tenets of the IRC framework are abstracted user goals and usage conse-
quences, which serve as critical parameters that can gauge design progress according to reference
tasks. Finally, Sutcliffe’s notion of claim families, which he advocates as a mechanism for reuse
within a scenario-based approach [117], is also quite promising as a method for incrementally im-
proving design guidelines and increasing ef ciency of requirements engineering. Since the IRC
framework should be able to assist problem, activity, information, and interaction design claim
generation processes, it seems like a natural mechanism within a claims library.

With this impetus, this research delivers enhancements to the IRC framework and presents
testing and analysis of its main functions. The enhancements can be described generally as ser-
vices that ordinary designers (with no knowledge of the IRC framework) can avail during early
phase design of a noti cation system, enabling consistent and accurate representation of their sys-
tem objectives, usability testing results, and access to archived design knowledge. The tests and
analyses reported in this dissertation show the level of con dence we can have about the IRC
framework’s support for these tasks and motivate directions for future work.

1.2 Goalsand Objectives

Goals. The framework enhancements, testing, and foundation for future work will address crit-
ical services, features, and functions within three design processes: system description, interface
evaluation, and design comparison and reuse. System description is intended to refer to the mecha-
nisms that a designer has available to describe design intentions, interpretations of design require-
ments and speci cations, situational variables, and anticipated effects on the user. Describing a
system helps a designer articulate the requirements analysis, assists an evaluator with selecting
an appropriate usability testing strategy, and allows an implementation team to understand the
designer’s vision. Interface evaluation is the process within usability engineering that assesses
whether the design would serve its intended purpose for users. Design comparison and reuse al-
lows more ef cient progress within an individual design cycle or research area, since one design
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can be compared with another, allowing strengths and weaknesses to be identi ed, contrasted,
and leveraged in new designs. Each of these three design cycle processes requires systems to be
developed so that IRC functions can be implemented, evaluated, and used in a broader research
program. Providing systems that serve as consistent and accurate automation of IRC processes,
as well as conducting an analysis on each, serve as the overall research goals that will achieve the
vision presented earlier.

Objectives. This research enhances the IRC framework by providing three systems: a speci -
cation system for design model IRC ratings (referred to as IRCspec), a conversion system that
reduces usability testing results to a user’s model IRC rating (or IRCresults), and an initialization
of an IRC-compatible claims library and design environment (LINK-UP). IRCspec supports our
goal toward system description, IRCresults facilitates interface evaluation, and LINK-UP would
enable design comparison and reuse. After a description of each systems’ design rationale and
development process, results from testing providing insight into the potential for IRC representa-
tions and comparisons of design and user’s models, as well as the ability of the IRC framework to
support design benchmarking and cataloging. The processes involved in achieving these objectives
also result in many other products, such as design and development of novel noti cation systems,
collection of noti cation system design artifacts and claims, and creation of a highly reusable
task-speci c, application-generic usability evaluation tool.

1.3 Anticipated Impact

The most important contributions of this research are not in the immediate resulting individual
products, but in their synthesis as research infrastructure that will be applied and extended through
years of continued work. A few initial directions have been outlined, to include efforts that will
investigate HCI approaches for a science of design, improve educational materials for HCI classes,
and facilitate multidisciplinary participation in interface design research. As noti cation systems
play a prominent role in a wide variety of domains, these tools can be used to support exciting
branches of interface design. In the long-term, the results of this research are expected to contribute
to the HCI and noti cation systems research communities in several ways:

Better noti cation systems adding utility, value, and enjoyment to the user experience
through improved usability engineering, with the IRC framework allowing meaningful com-
parison of designer and user conceptual models.

Less costly production of new systems resulting from the IRC framework’s support for
pragmatic requirements analysis, interface evaluation methods that capture usability prob-
lems early and accurately in the engineering cycle, and claims catalogs that enable reuse.

Faster cohesion of research community ndings benchmarking of reference tasks to allow
greater generalizability, extendibility, and replicability of design performance and research.
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Positive research program example providing support for methods founded on scenario-
based design, critical parameter modeling, cognitive architectures, usability evaluations, and
claims reuse. This approach should inject science within HCI and is thought to be applicable
to other classes of systems.

1.4 Overview of the Dissertation

This section describes the organization of the document and is intended to serve as a guide for
selective reading. In general, chapters 2 and 3 motivate the problem statement, chapter 4 introduces
the IRC framework, chapters 5 and 6 describe design process support tools, and chapters 7 and 8
demonstrate the integration of the IRC framework with interface design and other HCI activity
(i.e., research and education).

Chapter 2 This is a formal literature review that will introduce a reader to the noti cation
systems research eld and demonstrate understanding of several important HCI paradigms.
The review focuses on speci ¢ studies of usability evaluation efforts that were carried out
to improve understanding of delivery and display noti cation information. In addition, we
review broad movements and concepts within the HCI community that are foundational to
our research. Review of other literature appears in context throughout the document.

Chapter 3 This chapter, referred to as background work, describes early empirical testing
work done by the author to investigate information design options for secondary displays
(a speci c type of noti cation system). Patterned after studies like those reviewed in the
previous chapter, the efforts to produce generalizable design knowledge suggest the need
for a more structured understanding of the noti cation systems research leading to the work
presented in the next chapter. The conclusions from this empirical research are later revisited,
as an example of how the IRC framework can modify our approach to archiving usability
evaluation results.

Chapter 4 As preliminary work that is extended throughout the remainder of the document,
this chapter presents the details of the IRC framework, which have been published in HCI
journals. Inaddition, the ideas presented here have been discussed at the workshop for design
and evaluation of noti cation systems at UbiComp 2002 and CHI 2003 and include response
to critical feedback received from external reviewers. The proposed research directly extends
this conceptual work to a point that it can be applied in a design cycle. Understanding the
basic ideas of the IRC framework is essential for understanding the motivation, processes,
and signi cance of the design support tools, the evaluation methodology used to assess their
accuracy and consistency, and the ideas that integrate the tools with design process and a
long-term research agenda.

Chapter 5 To facilitate a designer’s estimation of design model IRC ratings during the
initial stages of a noti cation system development effort, this chapter describes the design
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and testing of a software tool IRCspec. Tool development decisions were based on our
requirements analysis effort (reported in this chapter) that explored professional and novice
designers’ tendencies to include consideration of critical parameters in their design rationale.
After discussing the speci ¢ development decisions, lab-based testing results for the tool are
presented. Throughout the description of IRCspec tool and re ection on implied challenges
to using critical parameters in a design process, we note speci ¢ activity claims as a summary
of IRCspec’s design rationale.

Chapter 6 While IRCspec helps designers determine design model IRC ratings, a similar
process/tool is required for abstracting usability evaluation results into a user’s model IRC
rating. This is the focus of chapter 6. The analysis begins by addressing the challenges with
using critical parameters, as previously noted. This inspires an elaboration of the critical
parameter concept, which preserves the intention of a generic concept but explicitly adds a
relation to speci c terms. The idea is demonstrated through the development of equations for
the IRC parameters, which are operationalized with usability evaluation tools (implementa-
tions of the IRCresults relations). Two case studies are presented to demonstrate the use of
these tools one that employed an analytic evaluation technique and another that used an em-
pirical approach. The analytic evaluation case includes a study of the tool’s consistency and
accuracy. Activity claims are also noted throughout the discussion of the IRCresults tools.

Chapter 7 In this chapter, the focus shifts to an examination of how the IRC framework
and its associated tools can be used throughout a design process to achieve goals of design
comparison and reuse. As a speci ¢ approach, we explore tensions inherent with using the
IRC framework as an indexing mechanism for a claims library. An initial implementation
of a claims library for noti cation systems is described, and preliminary usability evalua-
tion results are presented. To mitigate the dif culties observed by participants, we broaden
the usage concept of the claims library into an integrated design environment, referred to as
LINK-UP. Activity design, IRC integration, and preliminary user tests are reported for four
design-support modules of LINK-UP. This portion of the document lays signi cant ground-
work for the future work described in the next chapter.

Chapter 8 In order to present a more coherent big picture view of this research, the nal
chapter includes an integrative case study that examines the use of the IRC framework, its
tools, and the LINK-UP system in a design process. The case study begins to build evidence
that this new research infrastructure can improve the design of noti cation systems and assist
HCI research and education efforts. Broad conclusions of the work thus far are noted. With
the view that well-de ned future research directions are the most important products of a
dissertation, the chapter develops four speci c avenues for further work.



Chapter 2

RELATED WORK

This chapter presents a review of literature that is related to the research direction extended by
the dissertation. To place these efforts within context with other computer science research, we
begin by introducing the eld of human-computer interaction (HCI), the design-science discipline
that deals with improving a user’s experience with software and other computer-mediated systems
(section 2.1). We then introduce a speci c type of interface noti cation systems, the more fo-
cused concern of our efforts. To illustrate the wide range of these interface implementations and
their potential effects on users, we discuss many examples of systems that appear in literature and
are commonly used (section 2.2). Next, we review the various methods and approaches that noti -
cation system researchers have employed in recent years to improve the usability of these systems
(section 2.3). Since the speci ¢ concern of the our research is toward enhancing research cohesion
and extendibility of design efforts, we return to the broader HCI and software engineering elds to
review other techniques, concepts, and arguments related to usability engineering, the process of
research, and software and knowledge reuse (section 2.4).

2.1 Human-Computer Interaction and Interface Design

Central to the goal of human-computer interaction research is mediating human cognitive and
perceptual capabilities and preferences within system constraints [100]. This area of research
integrates many other disciplines for the express purpose of improving interfaces for computing
systems. Certainly, this activity falls within system lifecycle development and can be most closely
related to software engineering. However, the important issues driving this area of research often
seem to involve the necessity to recompense human limitations and leverage characteristics of
human behavior, so a human factors or psychology lens is often employed. This cross-disciplinary
approach represents a pursuit for design guidance that allows programmers to create computer
interfaces that proffer insight rather than impose information glut.

Within the study of human-computer interaction, an important topic is information design
how to physically represent data and information in a manner that best supports user processing
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goals. Many different in uential approaches exist, especially collections of guidelines that have
resulted from transfer of graph design methods and experimentation in statistics research, as well
as experimentation in the cognitive psychology eld. One prominent example is work done in
attribute encoding representing data with visual primitives such as color, shape, and position.
Cleveland and McGill provide a well-known ordering of attributes most suitable for graph de-
sign, based on psychophysical theory and experimentation [40]. They recognize visual data as
elementary perceptual tasks, which can be described as attributes of graphs and have been in u-
ential for interface design. Since certain attributes convey information better than others, these
attributes are orderable to form design guidance based on psychophysical theory and experimen-
tation. Tufte is also a well known contributor of information design guidelines, addressing topics
such as displays for decision-making, visual parallelism [124], layering and use of color [123],
graphical element aesthetics, and optimizing data-ink relationship [125]. The study of information
visualization adapts these types of techniques and develops new approaches (such as the Visual-
Information Seeking Mantra: overview rst, zoom and lter, then details on demand; discussed in
[112]) for making sense of complex information.

While graphical design principles form a large body of literature for information design of
objects in a users focal attention, the interfaces within our concern (noti cation systems) are usu-
ally used outside focal attention as peripheral displays. Research on these systems has only begun
to emerge as an area of interest within HCI, but work within the human factors and experimental
psychology elds has addressed similar issues for years. Perhaps the most comprehensive review
can be found in Wickens and Hollands discussion of the dual-task situation, where they review
primary task performance degradation in terms of resource allocation to secondary tasks and adap-
tation consequences for excessive workload [135]. Much more information about this speci ¢
analysis can be found in Chapter 4, and other related contributions are discussed in the sections
that follow.

Before continuing our discussion of information design contributions and evaluation approaches
that are in uential to noti cation systems design, we will rst provide a more thorough introduc-
tion to this particular class of systems.

2.2 Noti cation Systemsin Literatureand Use

There is certainly enormous research potential for understanding how to communicate constantly
changing information to interested persons at the ideal time. This problem is compounded when
information is intended for a user occupied with other tasks, since the human-attention system
becomes a critical factor. Traditional HCI research provides theories and guidelines for information
and interface design, but falls short on many levels when applied to these particular problems.

Consideration of noti cation systems could be constrained to desktop interface elements, such
as stock tickers, instant messaging tools, system load monitors or alerts, and the like. These types
of displays share the common design goal of providing the user with information awareness with-
out requiring excessive attention. Such interfaces should be designed speci cally to minimize the
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cost of distraction to other tasks and to maximize the utility gained from the information being dis-
played. This may require special consideration of screen space, information encoding, and other
interface design choices. However, people’s noti cation needs extend far beyond the computer
desktop, and so should a de nition of noti cation systems. We think of noti cation systems as
interfaces that are mostly used in divided-attention (or dual-task) situations as the lesser portion of
the user’s attention (as a secondary task) in a given period of time.

In recent years, the research community’s efforts in facilitating use of multiple, simultaneous
information sources are demonstrated by many innovative interface design approaches.

Example desktop applications. Several efforts can be characterized by their attempt to deliver
information of interest with small desktop applications, speci cally designed to provide glance-
able awareness without disturbing other tasks or becoming annoying. Common examples of these
types of applications include news or stock tickers, system load monitors, Internet browser add-on
(such as ESPN BottomLine *, which provides a display for sports scores), and taskbar icons. Sev-
eral interesting applications and noti cation approaches have recently appeared in HCI literature,
including two systems introduced by Microsoft Research the Scope and Sideshow, and a third
system referred to as Irwin.

The designers of Sideshow present a collection of small display elements in a vertical strip that
is analogous to the Windows taskbar, promoting this noti cation system as a peripheral interface
for keeping people aware of important, dynamic information without causing too much distraction
[19]. Sideshow is designed upon the paradigm of awareness facilitation, which is a solution to the
drawbacks involved with information polling and automated prediction of alert utility. Sideshow
allows users to add and con gure tickets, which visually summarize information states and allow
immediate access of details.

According to van Dantzich et al., Scope was designed with similar goals of providing glance-
able awareness without straining cognitive resources and causing task interruption. The system
employs a single display that is an unobtrusive radial visualization of urgency scores for vari-
ous items of information (such as items in an email inbox or on a task list), based on learned or
speci ed user prioritizations. Features are similar to Sideshow’s easy access to details, some mi-
crovisualization, calm updating, and customization options, but the Scope also serves an example
of automated classi cation and presentation of information items [126]. This interface (pictured in
Figure 4.5) is discussed in much more detail in section 4.3.2.

Yet another example of a desktop noti cation system interface is Irwin [83, 87] a small,
omnipresent tool that assists users in maintaining awareness about Internet resources such as email
folders, Usenet newsgroups, web pages, and weather data. Information is gathered from several
sources and displayed on a central visualization; various icons, colors, and auditory cues keep its
user updated. With each of these three applications, users are able to receive continuous updates
within their desktop screen space about information of interest while they work on other tasks.

As an alternative to dedicating constrained screen space to tickering displays and other no-

Yhttp://espn.go.com/bottomline/
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ti cation tools, Harrison et al. argue that transparent user interface elements, as layered, space
multiplexing technique, can provide awareness of other information and enhanced context while
minimally disrupting focused attention on standard interface objects [57]. Other desktop applica-
tions, usually intended to be used with other tasks, seem to take an approach of not being concerned
with preventing distraction. Instead, they proactively provide prompts that are intended to guide
or enhance activities. Certainly, Microsoft’s Of ce Assistant (Clippit) and Rhodes and Maes’
Remembrance Agent [104] are examples of these types of applications. Other examples include
instant messengers, email and schedule alerting features, noti cations within groupware tools, and
music visualizations.

Notifi cation beyond the desktop. Other innovative work has demonstrated feasibility and utility
of presenting noti cation information within a user’s environment, although there are many differ-
ent approaches here as well. Large screen displays are used in both Maclntyre’s Kimera augmented
of ce environment [78] and efforts like Informative art [103], but there are fundamental differ-
ences in the objective amount of user attention necessary to extract information and gain meaning.
Kimera’s wall displays seek to provide quickly understood background awareness cues that com-
plement the ow and context of work, while Informative art provides a hidden representation data
that is enjoyed during moments of deeper re ection. Techniques for subtly altering elements of
the user’s environment to convey information for background processing was demonstrated in the
ambientROOM and elsewhere with projections of water ripples, natural soundscapes, spinning pin-
wheels, patterns of light patches, and the Information Percolator’s air bubbles [69, 42, 60]. Other
work has described how physical widgets (called phidgets) were produced to display information
states with curious physical objects, such as an arti cial ower arrangement or Phidget eyes [55].

Although many of these examples are designed to enhance user efforts on desktop platforms,
in classrooms, and in of ce environments, similar research interest (and HCI expertise) often ex-
tends to cover more ubiquitous displays, such as vehicle and wearable navigation/information sys-
tems, heads-up displays (HUDs), and augmented reality applications. Collaboration tracking and
groupware systems also tend to have multitasking design components, where information of inter-
est is presented in a divided-attention situation.

One of our initial concerns with the noti cation systems research area is that the de nition
seems boundless, preventing focus on speci ¢ design challenges for which information design
solutions can be collected and compared. In the next section, as we consider some of the research
that has been conducted for these and similar systems, an organizing theme begins to emerge.

2.3 Evaluating Usability of Noti cation Systems

Understanding the impact of information design differences in noti cation systems has provided
direction for several HCI research efforts, including many of our own recent investigations [37,
120, 114, 34]. These research efforts have the common objective of determining speci ¢ and
comparative effects of variations in information encoding. There seem to be at least two gen-
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eral approaches to analyzing factors of noti cation presentation: preserving primary task attention
demand and maximizing the utility delivered during brief attention reallocation.

2.3.1 Preserving attention demand

Some efforts within the community have focused on achieving effective attention allocation within
a dual-task system by reducing distraction of noti cations as much as possible. Much of the prior
work on distraction in noti cation systems considers secondary displays for in-vehicle information
systems, where distraction from the primary vehicle control task can be harmful or fatal. Guide-
lines established in these areas suggest de ning limited numbers and types of interactions with the
displays, restricting the amount that displays change, and limiting the time that a display is present
[8, 54, 76, 122, 111]. In most desktop computer usage situations, when the consequences of dis-
traction are not life-threatening, annoyance threshold seems to determine the amount of distraction
that is acceptable, although research suggests that performance on an interrupted task will suffer
for longer than simply the time required to perform the secondary task [7]. Perhaps these types of
guidelines are most suitable for situations that require a noti cation system to not intrusively dis-
rupt user attention devoted to a main task. However, as ubiquitous noti cation displays and devices
increase in popularity and are coupled with more attention-intensive primary tasks, understanding
how to satisfy this design objective becomes increasingly more important.

Other situations explicitly call for noti cation prompted task-switching or provide some tol-
erance in allowing interruption to the primary task in order to accommodate acquisition of sec-
ondary information. In these cases, there is usually still some value associated with minimizing
interruption before unacceptable primary task performance degradation occurs [135]. To address
these situations, other research approaches have sought to optimize selection of attention demands
by considering associated cost of user interruption and appropriately tailoring noti cation presen-
tation. Horvitz’s models and Bayesian inference procedures present some hope for this design
objective, an imperative driven by his belief that human attention is the most valuable commodity
in HCI [66, 64]. These models are designed to improve noti cation utility by considering cost of
user interruption and introducing noti cation presentation appropriately a strategy employed by
Microsoft’s Noti cation Platform [67].

To support this type of emerging noti cation adaptivity, we must be as certain as possible
about comparative interruption properties of information design attributes so that they can be prop-
erly mapped to interruption levels. However, selection of information design for a noti cation sys-
tem that is driven by inferred suitability of interruption will likely have impacts on the objectives
and affect overall system utility. An approach like this is useful for Itering information to be
presented to a user interested in receiving valuable noti cations, such as the receipt of urgent email
or a reminder for an important meeting.

As yet another approach to minimizing the attention drawn away from the primary task, re-
cent work by McFarlane presents additional applicable background for understanding aspects in-
terruption for attention management through a noti cation system interface. He provides results
of empirical studies that evaluate four design implementations to coordinate interruptions (imme-
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diate, negotiated, mediated, or scheduled) [92]. The tentative guidelines he established, which are
particularly useful for supporting a user-initiated interruption design, exhibit design goal tradeoffs
among the coordination methods. Negotiation-based interruption coordination appears to be best
for many cases. Additionally, he introduces a taxonomy established through literature consoli-
dation describing eight major dimensions of interruptions [91]. Likewise, Maglio and Campbell
investigate peripheral presentation options that will avoid unnecessary interruption, preserve pri-
mary task attention, and accomplish noti cation delivery [80].

2.3.2 Maximizing attention utility

Information design evaluations for noti cation systems have also included studies that seem to
accept some given amount of attention reallocation and focus on using that attention for as much
as possible. To this end, some researchers investigate how noti cation delivery can be optimized
to provide users as much utility as possible during whatever interruption is available. Since many
users wish to stay informed about values of information of interest with minimal interruption,
several studies have investigated how noti cations can be accurately detected and responded to
using preattentive processing, considering how information can be assimilated and understood
rapidly with different colors, shapes, and motion [58, 59, 13]. Speci cally, the research of Bartram
considers the effectiveness in using motion cues to enable signal detection, identi cation, and
reaction. This work examined the speed and accuracy with which motion cues can draw a key-
pressing reaction, relative to other visual attributes like color and shape. The ndings showed that
for this purpose, motion cues outperform static representations in displays in the periphery of the
screen. Earlier work examined moving and changing text as a method for presenting information
displays, observing the perceptibility and readability of rapid serial visual presentations (RSVPs)
of letters, strings, and words [45].

Rather than optimizing displays for quick glances, another approach has been to increase util-
ity with information design options and allow deeper understanding and memorability [72]. For
example, Cutrell et al. investigated impacts of messaging on primary task memory and performance
[41]. Likewise, Cadiz’s Awareness Monitor system was design to semantically and functionally
deliver noti cation utility, using a series of effects (including tickers) to address both immediate
interpretation and awareness gain over time [21]. Maglio and Campbell performed a series of
dual-task experiments to examine the tradeoffs in displaying information using animated textual
displays [80]. Participants performed a series of primary tasks where they were asked to edit a
document, during which they were tested on how well they remembered noti cation information.
While most of their ndings focused on differences in distraction to the primary task based on
scrolling direction and additional cue presentation, in a similar experiment McCrickard et al found
other differences in the effects of peripheral animation for supporting quick and accurate monitor-
ing or long-term awareness gains [85, 84].

While many of these efforts seem promising, they are infrequently applied to actual noti ca-
tion design, perhaps because few (if any) large collections of noti cation design guidelines exist
in convenient form. Unfortunately, even published accounts of noti cation systems (such as those
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described earlier) are usually limited to implementation reports and only provide cursory hints at
effective information design strategies. Fortunately, we are able to return to the broader eld of
HCI to review other ideas that can improve noti cation systems design.

2.4 Improving Usability of Noti cation Systems

As we consider how the noti cation systems research eld and general design efforts can be sys-
tematically improved, we draw from many HCI ideas. The ideas are reviewed here, and revisited
later in the context of the proposed research. Three general categories of HCI knowledge and meth-
ods can be potentially bene cial to noti cation system design: usability engineering approaches,
arguments and methods for enhanced research organization, and the movement for software and
design reuse.

2.4.1 Usability engineering approaches

Usability engineering is the early activity within a software design process where usage goals are
planned, prototyped, and tested with special concepts, tools, and techniques throughout the design
cycle. By considering the outcomes of system use that are desired by various stakeholders, and
weighing them with situational factors and tradeoffs between design options, usability engineers
determine what functionality a system should include and how that functionality should be pre-
sented [108]. As thisis arich eld within HCI, we focus our review on process and approaches to
interface design, rather than prototyping, evaluation, documentation, or other concerns.

There are a wide variety of different methodologies for interface design, such as Denning and
Dargan’s action-centered design [44], Watzman’s Information Design Process [130], and many
others. We focus our review to a suite of design concepts that are compatible with later concepts
presented in this section that serve as background for our research. In recent years, much work has
been done to establish and re ne theories that apply to interface usability and to convert them into
tools that can aid the design process. As an example, activity theory can guide understanding of
the structure, development, and context of human activity, but the Activity Checklist focuses ap-
plication of this theory for the concerns of interface design and evaluation [73]. By understanding
underlying theory and nding new ways to make it useful for designers, we believe that general
noti cation systems design can be improved.

Norman’s conceptual models. Certainly, one key theory in interface design literature is Nor-
man’s theory of action [100]. He presents interface design as an enterprise that assists users in
the accomplishment of their tasks. Since tasks are composed of psychological goals and intentions
and are accomplished with control mechanisms that physically manipulate system states, he recog-
nizes two different expressions of a task (physical and psychological) that must be resolved within
a human-computer interaction system. The theory of action describes the cyclical evaluation and
execution of tasks: users cross the Gulf of Execution to translate their task goals and intentions
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to action plans and execution steps within a physical system and then return to a psychological
state of goal assessment and task continuation by crossing the Gulf of Evaluation by perceiving,
interpreting, and making sense of the information displayed on the physical system.

In his argument for a cognitive engineering approach to interface design and to develop his
theory of action, Norman established the idea that a usage experience is governed by the consis-
tency of two conceptual models mediated with system input mechanisms and output display: the
design model held by the designer and the user’s model that is based on the user’s understanding of
the system [100]. To facilitate a user’s evaluation and execution of tasks, designers must develop
conceptual models as they would develop the scaffolding of a bridge. Several factors contribute to
each of these conceptual models. The design model should be inspired by a requirements analysis
that includes consideration of a user’s background, situational context, and task-oriented goals.
This model expresses the designer’s understanding of user needs and is a representation of the in-
tended functionality for the system. The user’s model is formed by the user’s understanding of the
system image, the physical system and its documentation. The key idea we continue with is that
Norman’s view of the role of an interface designer is to develop the system image so that the user’s
model and design model are compatible.

Scenario-based design.  Scenario-based design is an approach to interface development, provid-
ing an inquiry method to help designers reason about elements of a usage situation and receive
participatory feedback from stakeholders [108]. Through the development and sharing of scenar-
i0s, or narrative descriptions of users solving problems with designed systems, designers are able
to create the scaffolding across Norman’s Gulfs of Execution and Evaluation [100] and develop
systems with design-user’s model compatibility. During the design process, many compromises
are made, but claimsarticulate the positive and negative effects (tradeoffs) of a feature on a user for
accomplishing a task. Claims can address a wide variety of situational and interface aspects that
affect the compatibility between the design-user’s models, such as user satisfaction and feeling of
reward, color and object layout, and strength of affordances. To test interface usability, developers
can focus on validating key claims associated with essential supported tasks. We believe that this
approach can improve design and understanding of noti cation systems, especially since it can
help designers reason about key tasks and make claims that describe design consequences.

Adaptive presentation. Design approaches like scenario-based design usually are intended to
assist a usability engineer in identifying optimal features and information presentation choices.
Following a typical approach, the designer would specify these interface decisions prior to imple-
mentation, although perhaps some customization options could alter the interface during actual
use. A very different paradigm exists with approaches that allow adaptive presentation displays, or
interfaces that automatically alter their characteristics based on usage conditions.

Interface design in this area can be divided into two broad categories: rule-based adaptive
displays and software agents. Rule-based adaptive display systems regard actual information pre-
sentation as a variable that is only de ned prior to rendering. Presentation can vary according to
changes in information type, extraction goals, user characteristics, or other system factors. Like-
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wise, information content (level of detail) can by dynamically adapted. Software agents are similar,
since they use arti cial intelligence techniques to dynamically invoke actions and make interface
decisions. Examples of actions include initiating alerts or modifying information presentation in a
way designed to distract the user from their task. Review of research in both areas follows.

Mackinlay’s APT (A Presentation Tool) was a rst coherent effort at automated graphical
design, speci cally for 2D relational data. Presentation is adapted according to an information
sets compositional algebra result describing relation of information semantic and syntactic proper-
ties to encoding choice expressiveness and effectiveness. While this was an important paradigm,
Mackinlay acknowledges that as presentation tools are designed to handle broader ranges of infor-
mation types, rules for encoding effectiveness become dif cult to establish and agree upon [79].
Casner describes several other systems that automatically decide graphic formats, and tries his
hand at creating such a system, seeking to maximize cognitive utility by including consideration
of information-processing tasks as well, but again only demonstrating a very narrow automated
presentation domain [30]. Sutcliffe and Faraday successfully extend the goal of automated presen-
tation to multimedia information, according to a prede ned Entity-Relationship diagram linking
information formats and types to dialogue acts [119].

In the area of software agent research, Horvitz uses his LookOut tool, an automated schedul-
ing service for Microsoft Outlook, to consider principles for what he calls mixed-initiative user
interfaces an intelligent agent attempts to guess user goals or problems and collaboratively offer
solutions [64]. Such a service is motivated as a valued-added extension to direct manipulation.
He uses dynamic analysis of a user’s expected utility resulting from possible agent action to deter-
mine required threshold probability of a user having a particular goal or problem, thus supposedly
balancing costs and bene ts of interrupting a user. While this decision making process is only ef-
fective as the data that provides the underlying basis for establishing expected utility and threshold
probability, Horvitz’s enduring contribution to software agent research should be the twelve criti-
cal factors for effective integration of automated services, which he de ned in his work. Brown et
al. take a similar approach to improving agent prediction of user intent, focusing on using utility
theory and functions to that drive a separate dynamic adaptation agent’s correction of user mod-
els [18] an interesting approach which opens questions about how to select proper adaptation
agents. The critical theme for agent use seems be the ne lines between facilitating helpfulness or
irritation, promoting reliability or over-dependence, and being well-tuned to a user or just another
privacy concern.

2.4.2 Focusing research efforts

As a relatively new eld of research, HCI and the noti cation systems research community may
suffer from a general lack of research organization. That is, there seems to be little evidence that
HCI research or conclusions from usability engineering practice plays a driving force in spurring
innovation of interactive systems. This argument has been developed by Carroll and others to mo-
tivate the need for improved capturing of design rationale. First, we review Carroll’s task-artifact
framework as a proposal that would allow development of design rationale through a scenario-
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based design approach, increasing the prospects of HCI as a design-science. However, there have
been other arguments and methods published within HCI literature that can be valuable. We re-
view three additional general approaches: establishment of design spaces and taxonomies, critical
parameters and performance targets, and a reference task agenda.

The Task-Artifact Framework. In the late 1980s, Carroll introduced a proposal for a system-
atic method to reconcile contrasting perspectives of hermeneutics and theory-based design [26].
This method was founded on the conjecture that successful HCI designs embody an assortment of
psychological claims, determining the system’s usability. In carrying out an analytical investiga-
tion for understanding a design in psychological terms, the task-artifact framework helps designers
recognize tradeoffs implicit in the design as users form a goal, act toward its achievement, and
evaluate progress. Articulating these tradeoffs as useful generalizations for future design work
provides a mechanism for generative problem solving and design, integrating theory development
with design evaluation [29].

In the description of this process, Carroll notes that this tradeoff evaluation provides a method
for mediated evaluation, a compromise that allows explicit goal formation in early stages of design,
intrinsic evaluation and modi cation of goals throughout the design cycle, and inclusion of goal
analysis in payoff evaluation [26]. In later work, Carroll argues that the task-artifact framework,
coupled with the use of scenarios to articulate user concerns and interface usage, provides a basis
for an action science in HCI through the deliberate management of tradeoffs made explicit and
assessment of basic tasks [28]. Based on the task-artifact framework, Carroll has developed a gra-
dient of progressively powerful analysis techniques, starting with basic scenario-based design and
task coverage through Norman’s stages of action (as described previously), and extending to the
process of claims analysis and hill-climbing, a taxonomy of concept relations for mapping problem
and design knowledge, and object-oriented design methods (e.g., class hierarchy generation and
object point of view analysis [27]).

Carroll argues that, during any design process, many compromises are often made, but claims
concisely articulate the positive and negative effects (tradeoffs) of a feature on a user in accom-
plishing a task. Claims address a variety of situational and interface aspects that affect the com-
patibility of the design and user’s models, such as user satisfaction and feeling of reward, color
and object layout, and strength of affordances. To ensure interface usability, designers can focus
on developing and validating key claims associated with essential tasks to be supported by the in-
terface. The process of making claims about the problem context, the general activities addressed
by the interface, and the information and interaction design techniques is called claims analysis, a
design method for mediated evaluation [29] that produces a testable and refutable record of design
rationale. In this manner, claims list a set of hypotheses about a scenario or design artifact and

open up a process of critique and re nement [23].

Claims analysis can act as a hillclimbing heuristic. Carroll refers to hillclimbing as a process
of achieving a progressively better design solution based on knowledge attained from previous
efforts a collection of existing claims forms the slope that has already been traversed and provides
a basis for continued advancement [24]. To hillclimb, a designer focuses on mitigating downside
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effects of key claims through new design iterations while enhancing or maintaining upside effects.
The foundation is improved as auditable claims are strengthened with increasingly compelling
evidence derived through theory, user testing, and eld study observation.

While interesting as a proposed approach to HCI research, the concept has not been oper-
ationalized with extensive tool-support or widely tested. Our discussion shifts to other general
approaches toward enhancing HCI research organization, but we revisit Carroll’s concepts in the
next section.

Design spaces and taxonomies. Many design domains within HCI establish a formal view of
their design space and taxonomies of important concerns. The most effective design spaces
seem to be those that are suggest design trends, design de ciencies, or inspire new design ap-
proaches. One example is Card, Mackinlay, and Robertson’s design space of input devices [22].
Just as Mackinlay developed a method for determining task-related graphical encoding effective-
ness and expressiveness [79], they were able to describe the semantics of input devices with a
movement vocabulary and composition operators. By charting the various combinations of input
device movement according to abstract tupels (e.g. manipulation operators, input domains, device
state, resolution, output domain) and domain-relevant connections, they are able to depict a de-
sign space that compares input device features. They further demonstrate how human performance
theory (Fitts” Law) can be mapped the design space to portray device performance features like
pointing speed, precision, error rates, and so on. As they point out, the design space provides a
concise representation of user needs that are matched to available products, which exposes research
holes and inspires directed innovation [22].

Critical parameters and performance targets. Another compelling argument for increasing
research organization and promoting deliberate design is presented by Newman in a series of re-
lated articles. His efforts began with a survey of 1989 1993 CHI Conference papers, in which he
analyzed these research products to determine how many built on previous work to create better
models, solution techniques, or tools and methods. Finding that only 30 percent of CHI articles fell
into this category, he also surveyed ve other engineering research elds, nding there that over
90 percent of published work built on previous efforts [96] (it is unclear how he would classify his
own article). In a later article, he attributes this phenomenon to a lack of performance parameters
held in regard by the research community. By this time, he also notes the tendency within research
literature to introduce new systems that provide no progress in clarifying concepts, determining
design tradeoffs, describing user tasks, or developing predictive modeling techniques. He empha-
sizes that without the ability to compare research results, communities are unable to accumulate
knowledge or judge whether a design is better or just different [97].

As a solution, he proposes critical parameters, or gures of merit that transcend individual
projects to apply to a larger domain, allowing several key aspects of research utility. He states that
critical parameters, as established, quantitative measures of whether a design met its purpose, have
several characteristics:
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Invariant for a particular design problem,
Allow description of a particular application or iteration in comparative terms,

Assessed with direct, empirically gathered data that can be in uenced and managed through
design,

Describe crucial elements of a design’s purpose,

Generally taken for granted, since they are universally agreed upon and self-evident in de -
nition [97].

To illustrate the idea, he discusses possible critical parameters for traf c intersections. Al-
though traf c intersections can have many different forms (simple crossroads, signaled intersec-
tions, cloverleafs, or y-over junctions), they all support the same basic tasks and can be measured
according to critical parameters, such as fow rate and delays. Various options can be quickly
compared, since they are understood according to these universal measures. Presumably, when
traf c engineering develop new implementations, they can be tested and categorized according to
these parameters [97]. He emphasizes the point that critical parameters should promote innovation
and creativity, but in a controlled, responsive manner [98] (like design space holes). Performance
targets within the critical parameters provide this mechanism.

A referencetask agenda.  Finally, Whittaker, Terveen, and Nardi present an excellent argument
for a reference task research agenda within HCI [133]. This argument is founded on the premise
that the radical and wild innovation (while currently valued within the CHI community) is not a
healthy primary research motivation and has not aided the development of the science of HCI.
Instead, they propose an agenda that provides a structured approach to identifying design require-
ments and sharing research ndings through empirical analysis of essential user tasks, systematic
analysis of user interaction, and comparison of measured task performance with critical parame-
ters. Reference tasks are common user tasks within a research eld that can be described by gen-
eral problem de nitions and user requirements, measured by standard experimental tasks, datasets,
contextual information, and metrics, but instantiated by an unlimited number of design variations.
Most importantly, in the selection of reference tasks, the research community is acknowledging
research problems that are deemed worthy of sustained investigation. Their argument summa-
rizes the positive bene ts that resulted in the speech recognition and information retrieval research
communities from the adoption of reference tasks.

2.4.3 Softwareand knowledge reuse

The logical next step after achieving research organization seems to be using the structure to lever-
age design cycle ef ciencies, such as software and design knowledge reuse. Although much more
momentum in this area currently exists in the software engineering community than within HCI,



C. M. Chewar Chapter 2. Related Work 19

it is a topic of growing interest and one that should someday be of great interest to noti cation
system designers.

Describing design ideas.  An essential prerequisite to reusing a design idea is that existing de-
signs must be represented and stored in a way that others can understand. Many different methods
have developed over recent years, to include Entity-Relationship diagrams, Data Flow Diagrams,
and others. Techniques have also been developed to especially apply to user behavior representa-
tion, such as the User Action Notation [61]. Work within this area has even established a model
for discussing and evaluating behavioral representation techniques [31].

Reuse approaches.

The most dominant approach to software and design knowledge reuse seems to be the patterns
movement, coupled with Uni ed Modeling Language (UML) descriptions. Patterns are a com-
mon vocabulary for expressing concepts that help to solve recurring problems. Initiated within the
architecture eld [3], the concept of patterns has taken hold within software engineering and is
gaining popularity within HCI design elds?. Since patterns can include records for design trade-
offs that are observed through actual use, they support reasoning about design decisions in a similar
manner as claims from scenario-based design. Other record elds allow a prototypical example of
a pattern and context information to be included, so that designers can understand the conditions
under which the artifact was used. As patterns are being directly associated to component code
through UML, this concept holds a great deal of potential for the future of interface design.

Other related work within HCI has focused on developing theories and methods for design
reuse in the requirements generation stage [118]. Sutcliffe argues that HCI research should focus
on producing designer digestible packets of HCI knowledge in the form of claims, grounded
on good theory and allowing general reuse. As part of this work, the Domain Theory provides a
structure of abstracted domains, interaction sequences, and tasks that can be used to catalog design
information. Domain Theory provides a roadmap that is extendible to any design domain. As
a key part of scenario-based design, the Task-Artifact Framework, and an extension of Domain
Theory, claims provide a strong basis for reuse, but they must be factored or made generic
in order to achieve a broad enough level of abstraction to be frequently accessed. Sutcliffe and
Carroll have demonstrated techniques for factoring claims, as well as the resulting potential for
cross-domain design reuse [116]. Within his work, Sutcliffe also provides formal de nitions and
useful metrics with which to evaluate requirements reuse approaches, as well as a wealth of advice
for implementing a reuse program.

Having reviewed foundational literature from HCI and the emerging noti cation systems re-
search eld, in the next chapter we continue with additional assessment of previous work directed
at understanding information design for noti cation systems.

2see http://www.hillside.net/patterns/ for examples



Chapter 3

BACKGROUND WORK: EVALUATING
SECONDARY DISPLAY ATTRIBUTES

This chapter discusses our initial work in evaluating information design for noti cation systems.
A series of experiments is described investigating the ordering of visual primitives for quantitative
data displayed in a divided-attention situation. These studies are presented here in a somewhat
condensed form, although full versions are available [37, 120]. This portion of the research is
not primarily presented as an effort to advance understanding of noti cation information design,
rather, itis the rst part of a case study on effectively capturing and supporting the reuse of design
knowledge. Inclusion of this work should also acquaint a reader that is unfamiliar with empirical
design research to some of the basic concerns of noti cation researchers.

This portion of the work also serves to motivate the next chapter, which introduces a new
research framework for noti cation systems knowledge. While the execution and documentation of
our empirical research followed suit with others discussed in the previous chapter (especially [85,
11, 80]), we were often left with several generalizability and extendibility concerns, despite efforts
to enhance the realism of the testing environment. Furthermore, in considering actual noti cation
systems, it is dif cult to convincingly apply similar lab-based empirical methods in a manner that
can add knowledge to a cohesive research effort. These concerns are fully presented in the nal
section of this chapter. With the hope that this design knowledge can be useful in a design process,
we demonstrate how the knowledge obtained through these studies can be captured for later use in
the form of a claim (a concept discussed in the previous chapter).

3.1 Effectivenessof Visual Attributesfor Secondary Displays

In a series of experiments, we! investigated whether established display design guidelines for focal
images (in particular, Cleveland’s ordering [40] and Mackinlay’s recommendations [79] of visual

LExperiment 1 was a group effort which also involved David Tessendorf, Jon Pryor, Ali Ndiwalana, and advisors
Scott McCrickard and Chris North. Administration of experiments 2 and 3 was assisted by Jacob Somervell.
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primitives for quantitative data) can be extended to information displayed as a secondary task in
a dual-task situation. While we were uncertain if Cleveland’s ordering would still be appropriate,
the ordering had not be empirically tested in previous work. Gauging the applicability of exist-
ing design principles is paramount as noti cation system researchers consider the work that must
be done. Unfortunately, we found that the previous recommendations do not hold when value is
simultaneously placed on minimizing primary task degradation and comprehending secondary in-
formation. However, the experiment results provide a new ordering recommendation for secondary
task image attributes according to human cognitive ability to extract information.

Eleven visual primitives (and variations) were tested in a series of three experiments: position
along a common scale, size, density, angle, length, color luminescence (for red, blue, green, and
yellow-orange hues), greyscale, and unencoded numeric values. These encodings were used in a
secondary image that appeared while participants played a block catching game. Secondary images
provided information necessary to answer either min/max, comparison, or ratio estimation ques-
tions. The rst experiment tested position, color (red), and area in both a dual-task and secondary
image-only context, providing a baseline for the subsequent tests. In the second experiment, the
other hues and greyscale were tested with the same red and position conditions using an identical
dual-task platform. The third experiment also included the red and position conditions, but added
density, angle, length, and the unencoded conditions. A total of 231 participants were used in the
three tests (93, 72, and 66 respectively).

The rst subsection discusses the motivation for these studies in additional detail, as well as
the experimental platform and design that is common to all three parts. Additionally, | present
results, analysis, and feedback from this rst effort. The second subsection details the second and
third experiments. Some additional related work and minor experimental design variations are
provided, but the majority of this material is overall results and conclusions. The most important
lesson learned from the series of experiments is that guidelines or recommendations for secondary
display information design are highly dependent on combined consideration of the amount of pri-
mary task degradation that can be accepted, the importance of secondary information comprehen-
sion levels, and the information extraction task supported by the secondary image.

3.1.1 Experiment 1: Position, color & area
I ntroduction

Computer applications designed to allow user information monitoring and awareness potentially
lend enormous ef ciency gains within many areas of business, education, and daily life. Displays
for multiple or dual-task situations are necessary for applications as simple as instant messen-
gers and news delivery agents, or as vital as vehicular displays, laboratory and security monitors,
surgery support and military situational awareness systems. However, ineffectively designed dis-
play interfaces, especially dual-task displays, can inhibit, rather than enhance, task performance.

Cleveland and McGill provide an accepted guideline for the presentation of visual data in
quantitative tasks, founded on psychophysical theory and experimentation [40]. They recognize
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visual data as elementary perceptual tasks, described as graph attributes, some of which convey
information better than others. Attribute effectiveness guidelines facilitate design of display inter-
faces that effectively communicate information and create insight. Cleveland and McGill provide
an ordering of graph attributes: position along a common scale; position along nonaligned scale;
length, direction, angle; area; volume, curvature; shading; and color saturation. Mackinlay extends
this list to capture nonquantitative data [79], resulting in the inclusion of more attributes and or-
derings for nominal and ordinal data. These experiments establish an ordering of perceptual tasks
for print-based media, providing a solid foundation for evaluation of graph design in the focus. It
has not been established that the same ordering applies to computer displays or to perceptual tasks
required in a dual task situation.

Therefore, we empirically investigate a sample of these attributes in a dual-task system, work-
ing toward such guide-line reestablishment or identi cation. The initial question is whether a user’s
ability to perform an information extraction task on a desktop computer with certain attribute en-
coding is different when the task is a single task in the user’s focus compared to a secondary task
in a dual-task situation. If there are no performance differences, to include introduction of distrac-
tion to the primary task in the dual-task situation, then this is an indication that focal guidelines
for these attribute encodings are extensible to such a dual-task condition. However, if differences
exist, then new guidelines for attribute use must be thoroughly investigated and understood.

Related Work

Cleveland extends his thinking about attribute effectiveness to relate with speci ¢ cognitive task
requirements and visual operations. He recognizes three types of pattern perception operations that
form all operations of physical information extraction from graphics: symbol detection, assembly
(or grouping), and estimation (discrimination, ranking, and ratioing) [39]. Detection tasks are best
supported by single curves or line segments; lled circles that may overlap hinder detection tasks.
He states that color can be used to establish categories that enhance assembly, since assembly is
enhanced by symbols that have strong boundaries (non-overlapping area). Using color can also
provide quantitative encoding to increase estimation ef ciency. Position in relation to a reference
grid and dot plots with ordered categories improves all pattern perception operations, especially es-
timation. He criticizes circular area encoding in general, since it fails to provide ef cient detection
of geometric objects that convey information about differences of values.

Wickens et al. introduce discussion of fundamental cognitive processes as well-search and
compare- that may be supported or inhibited by speci ¢ graphical renderings [134]. This concep-
tion of search tasks seems to include Cleveland’s detection, assembly, and estimation-discrimination
operations. Compare tasks roughly equate to estimation-ranking and estimation-ratioing. Wickens
and Hollands examine relative attribute effectiveness as a function of human ability to conduct a
parallel search among color variation, as opposed to more timely decoding of other attribute en-
codings that are searched in serial [135]. Lohse takes a similar approach, stating that since color
is detected and organized in parallel during pre-attentive visual processing, it is a more ef cient
encoding than area, since shape is detected serially [77].
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Among the research on elements of dual-task display that has emerged in recent years, noth-
ing appears to apply directly to an effectiveness ordering of visual attributes. Mori and Hayashi’s
work establishes peripheral task causes of primary task interference in multi-window systems [93].
Wickens and Hollands discuss primary task performance degradation in dual-task situations in
terms of resource allocation to secondary tasks and adaptation consequences for excessive work-
load [135]. Rock and Mack also examine divided attention with respect to parallel and serial
pre-attentive processing [106]. Others investigate properties of secondary tasks. McCrickard et al.

nd that effectiveness of different types, sizes and speeds of secondary task text displays relate to
different levels of performance expectations-either identi cation, or higher level comprehension
and memorability [85]. Maglio and Campbell concluded that constantly scrolling text should be
minimized, since it distracts more than text that discretely appears and disappears [80]. Bartram
shows effective uses of motion in displays, particularly with respect to information presence sig-
naling, information search and association, and ltering or linking of spatially distributed objects
[11].

Experimental Design

In order to empirically test relative attribute effectiveness, a participant plays a simple, yet de-
manding game on a desktop computer. Scripted, timed events present experimental conditions and
record subject performance throughout the experiment. During the game playing, which occurs on
the left portion of the screen, a single image with similar dimensions and brightness as the game
appears for eight seconds on the right screen edge. The eight-second display time allows data
within attended and ignored locations to be reliably and accurately detected [131].

The game playing continues while the subject scans the image for information that contains
the answer to a question asked before the round begins. Each instance of the experiment includes
eighteen rounds nine dual task rounds (gameplaying and image viewing) as well as nine focal
(gamefree) rounds. Both treatments require viewing images and answering questions. Participants
are 93 undergraduate computer science students, who received class credit.

Six versions of the program implement a Latin square experimental setup testing the indepen-
dent variables (three attributes, two conditions: single (focal) and dual task). Three base versions
differ only in attribute presentation order. Each of these three versions provides two test iterations,
one that starts with the dual task and nishes with the focal images and the other that reverses this
sequence.

Figure 3.1 shows attribute scales and encoding schemes. Game rounds cycle through three dif-
ferent question types (identi cation of displayed minimum/maximum values, ratios, or comparison
counts) for a single graphically encoded dataset. Under Cleveland’s classi cation, identi cation of
minimum/maximum values is detection, comparison counts is estimation-ranking, and determin-
ing ratios is an estimation-ratioing operation [39]. Under the search or compare classi cation of
cognitive tasks [135], minimum/maximum identi cation is a search task, while both comparison
counting and ratio determination are compare tasks.

Regardless of version and attribute encoding, round questions and answers appear in constant



C. M. Chewar Chapter 3. Background Work 24

Position mnin max

Area OOOOOOOO

(red with increasing luminescence)

o OO000000

Figure 3.1: Attribute scales and encoding schemes used in the experiment are shown. Relative increases
within attribute values are uniform. Subjects are shown the applicable scale before the start of each round.
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Figure 3.2: Each of the three attribute images (Color, Area, Position) encodes the same dataset values 1,
5, 2. In a given round, one of these images is presented as a secondary task while the participant plays a
game. Only three values are shown here, but the experiment’s images encode ten.

order. For instance, images like those in Figure 3.2 are used in all six versions as the rst graph
type, but the question ( what is the minimum value? ) and answer (A) do not vary. However, two
versions (one version displaying the graph as a focal task, the other as a secondary task) encode
this rst dataset with position, two others use color, and the nal two use area. After testing a
single graph with three questions, the dataset and encoding scheme change. Figure 3.3 provides a
summary of the experimental ow, as well as screenshots from the actual platform.

Results

This study empirically extends Cleveland and McGill’s focal attribute ordering [40] to computer
displays-position is best, then area, and nally color (F (2;277) = 7:91, MSE = 0:41, p < 0:001).
Speci cally, subjects’ correctness on answers from the game-free conditions (which only pro-
vide the scale and question, the encoded dataset image, and the opportunity to input an answer)
correspond to an ordering of position, area, and then color. However, secondary tasks show
differences user ability to gain insight from an image is better when displayed in the focus rather
than as a secondary task (answer correctness z-scores range from 13.189 to 1.965, n=93). Figure
3.5 provides a summary of this result.

The next step involves a comparison of answer correctness based on focal images to an-
swer correctness based on secondary task images. In the dual-task condition, answer correctness
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Figure 3.3: At the start of each round, participants are shown the encoding scale (a), and then asked a
guestion (b). Questions require min/max identi cation, ratio determination, or counting comparison results.
Depending on the round type, viewing images (c) may or may not occur while playing a game (d). The game
requires a high degree of attention to catch quickly falling blocks. At the end of the round, the question
answering dialog (e) captures relative effectiveness of the image encoding and attention-division conditions.
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Figure 3.4: Answer correctness by attribute type for levels of acceptable degradation. Note that levels
of acceptable degradation cumulate from the left side of the gure (i.e., subjects that meet ve percent
acceptable degradation include those at zero through four percent, aswell as ve percent.

requires maintenance of a certain level of primary task (game) performance while the image is
displayed. Evaluating a secondary task in a dual-task system with this method, performance effect
on both tasks is considered.

Primary task degradation expresses change in game performance during image dis-
play period in relation to average game performance before and after the image ap-
pears.

Answer correctness (secondary task measure) is evaluated for any round meeting a
given primary task degradation threshold (acceptable degradation).

As a dual-task scoring method, at each level of primary task degradation we Itered qualifying
trials (those in which a certain level of game degradation was not exceeded) and examined the
percentage of correct answers. Data relating answer correctness to attribute types across degrada-
tion levels (see Figure 3.4) is then tested for signi cance of the main effect, indicating differences
due to the three encoding schemes. For all degradation levels between zero and fty-one percent,
there are signi cant differences in the two results. In other words, given two identically encoded
images one in a user’s focus and the other displayed as a secondary task a user is unable to ex-
tract information from the secondary display as effectively and/or without distracting their ability
to adequately maintain primary task performance. Similarly, the two activities (extracting focal
image information and extracting secondary task image information) are different. The implica-
tion of this result is that there is no reason to expect focal guidelines to hold for secondary tasks
within a dual-task set-up, when a high amount of attention is devoted to the primary task.

Higher percentages of correct answers always result from position-encoded images. However,
at low degradation levels, color-encoded images convey insight more often than area-encoding.
The opposite condition is true at higher levels of degradation. Regressed trendlines (sixth order)
show signi cance of main effects in communication of secondary task information encoded with
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Figure 3.5: Percentage of correct answers for each attribute type, at increasing levels of primary task
acceptable degradation.

these three attributes (Figure 3.6). Ordering of attribute effectiveness varies with acceptable degra-
dation and can be completely ordered at low degradation levels position, color, and then area.
Con dence levels for this ordering are established with analysis of variance (ANOVA) tests.

This experiment included three different question types to test information communication
from the images. Each attribute is tested with each question, under both focal and secondary task
conditions. Therefore, we can nd correctness averages according to attribute type and question
type, while Itering dual-task performance based on acceptable degradation. This results in a few
interesting notes about the various levels of performance for each question type: most test subjects
performed best on min/max questions, then count questions, and then ratio questions. Also, count
and ratio questions appear to create higher degradation levels in the primary task than min/max
questions create. This is consistent with the assertion that Cleveland’s classi cation-detection
tasks should be faster and more accurate than estimation tasks. Figure 3.7 depicts these data.

Table 3.1 summarizes zones where signi cant attribute orderings occur for each question
type/cognitive task. Low Degradation includes levels of primary task degradation less than
seventeen percent, while High Degradation includes degradation levels of seventeen percent or
more.

Several conclusions are evident from these results. First, considering the superiority of posi-
tion in all focal and dual task orderings, information should be conveyed in terms of relative posi-
tion whenever possible to allow optimal probability for accurate communication and primary task
sustainability. Secondly, design guidelines other than those for focal conditions must address
diminished image attribute effectiveness in secondary tasks. Thirdly, it is critical that secondary
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Figure 3.6: Solid trendlines show that levels of signi cance for attribute ordering vary with degree of
acceptable primary task degradation. In rounds with minimal primary task degradation (no more than
23%), subjects answered more questions correctly with position than color images, although both allowed
more correct answers than area images.
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Table 3.1: Sgni cant attribute orderings, by cognitive tasks (p < :05). Low Degradation referstotrials
where primary task degradation was less than seventeen percent, while High Degradation was seventeen
percent or greater.

Cognitive Task Low Degradation High Degradation
Find Min/Max position—color— area none
(detection)

Determine Ratio position—color— area position— area—color
(estimation- ratioing)

Count Comparison position— area —color position— area —color
Matches

(estimation-compare)

task display attributes are selected based on speci cation of acceptable amounts of primary task
performance degradation. Designers of vehicular displays and other systems supporting a critical
primary task would certainly want to consider attribute ordering at the lowest levels of acceptable
primary task degradation. Therefore, secondary task display design should be guided by relevant
attribute ordering in Table 3.1.

Comments & Feedback

Based on the reviewers’ comments after submission of this effort to CHI 02, there is interest in
an extension of this work to include other display attributes and combinations of attributes in dual
task situations. Others were interested in seeing the results coming out of this research applied
and tested in real-world applications. Clearly, the importance of noti cation systems research was
impressed on the reviewer that commented: dual-tasks occur more and more frequently in daily
life, when driving, and, when walking and talking on the mobile phone, such research should be
able provide the necessary guidelines in designing the interface of these devices.

This prompted follow-on work to evaluate other visual primitives and combinations of at-
tributes in dual-task situations. In particular, since this experiment limited color encoding to in-
cremental instances of red luminescence, we were curious about the relative effectiveness of other
hues, as well as determining whether other attributes may also result in better encoding schemes.
This interest motivated the next two experiments.

3.1.2 Experiment 2& 3: Other huesand visual attributes

Following the rst experiment in which position, color (red), and area encoding schemes were
tested in both a focus and a dual-task situation, we were eager to compare user performance with
other attributes. Since reviewers expressed interest in an ordering of color hues, investigating
three other hues (blue, green, and yellow-orange) and gray became our next step (experiment
2). The third experiment tested three other visual primitives (length, angle, and density) along
with unencoded text. Both experiments only included dual-task trials, since baseline focal control
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condition results were established in the rst experiment. However, position and red scales were
retested in both follow on studies to ensure that these results were replicated, which indicated
platform consistency.

The following subsection presents justi cation and comments related to the selection of at-
tributes and encoding approaches. Results and discussion are presented next, which is followed by
brief mention of speci ¢ future work that is necessary in this line of experimentation.

Attribute Selection

Although Cleveland and McGill provide their well-known ordering of graph design attributes based
on psychophysical theory and experimentation [40], they do not report any speci ¢ color results
for two reasons: to avoid the nuisance and expense of color reproduction and because although
Bertin [16] names color hue and texture as elementary perceptual tasks, there is not an unambigu-
ous single method of ordering from small to large. Instead, Cleveland and McGill suggest that
color is best for categorical rather that quantitative data. Of course, Mackinlay re nes this ordering
to include representation for nonquantitative data [79], listing color hue in the middle of the list
for ordinal data and low for quantitative data, although he presents no justi cation for this ranking.
Other classic references for interface design recommend guidelines for the use of color Tufte,
in particular, suggests the avoidance of large areas with strong colors in the periphery, but does
not specify this guidance to include hues [123]. Since Lohse, as well as Wickens and Hollands,
suggest that graphical encoding schemes should be designed to facilitate quick information extrac-
tion by leveraging parallel, pre-attentive visual processing with color primitives [77, 135], a more
solid understanding of color hues as they compare to other attributes seems particularly useful for
noti cation systems design. While empirical studies have been conducted comparing information
extraction supported by monochrome and color visualizations [62], we could not nd speci c re-
sults by hue, or attribute effectiveness orderings, according to compatibility with secondary display
objectives.

To get an initial understanding of performance with different hues, we selected three hues that
are very distinct from each other and from red. As was the case in the construction of the original
red scale, for each base hue (the fth shade from the left in Figure 3.8), we used a luminescence
value of 120 in MS Paint (ver 5.0), spacing increasing or decreasing steps by 20. The hue and
saturation values were held constant for each scale: red at H = 0and S = 240, blue at H = 150
and S = 240, greenat H =90 and S = 120, and yellow-orange at H = 30 and S = 240.

In selecting other attributes to include in experiment three, we considered all primitives on
Cleveland’s and Mackinlay’s lists. Direction and slope were eliminated as treatment options due to
their similarity to angle. Volume and area are indistinguishable in a 2D representation, so volume
was removed from consideration. Three other attributes seemed applicable to graph design, but
not to quantitative information encoding in many noti cation systems: curvature, containment,
and connection. Shape and texture seemed to have a wide array of implementation choices that
were all nonintuitive these were eliminated due to generalizability concerns for potential results.
The three remaining attributes were all included in the third study. We also decided to test a
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Figure 3.8: The eleven attribute scales used in the three experiments, depicted in scale to each other.
Relative changes between values (positions, angles, lengths, luminescence values, etc) are kept uniform.

condition with unencoded (text) numbers as another form of a control condition.

Scales were designed to be as similar to the other conditions as possible, increasing in uniform
steps. Figure 3.8 shows each scale. Both experiments used the same testing platform (encoded
values for each round, game data, secondary information questions, and Latin square design) as
the rst one, with only a modi cation that removed focal rounds. Testing 72 and 66 participants
respectively, we distributed participants evenly across each of the six versions. The next subsection
presents and discusses results from these trials.

Results & Future Work

Figures 3.9 and 3.10 provide performance rankings for all 11 attributes according to each separate
criteria. Certainly, there is no consistent ordering applicable to all situations.

Although these three experiments have addressed the attributes listed by Cleveland and Mackin-
lay, there are many other primitives that apply to noti cation systems design that should be in-
cluded in similar studies. Motion is fundamental to include grow/shrinking, fading, horizontal
and vertical tickering, spinning, and animated color changes. However, these types of motion
would not be appropriately tested with this platform, although it is possible that they could be used
to represent values of quantitative data. For instance, representing ten values of a dataset would
require display of ten motion sequences (varying speed or distance), but simultaneous display of
so much animation would undoubtedly confound results. An alternate testing platform should be
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Figure 3.9: Ordering of attributes for supporting communication of secondary information (indicated by
answer correctness). Does not consider effect on primary task performance.
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Figure 3.10: Ordering of attributes for sustaining primary task performance (indicated by change in game
performance while image was visible). Does not consider support for communication of secondary infor-

mation.
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created to test ability to perceive and decode a single value with various noti cation formats in a
dual-task situation.

With such a platform, various combinations of attributes and implementation options should
also be tested. For instance, mixtures such as color-coded text, various sized position indicators,
or angles with changing side lengths could allow minimal primary task interference and com-
munication of noti cation information. Likewise, tasks will impact results just as the attributes
tested showed differences in supporting types of information extraction tasks. Our test population
was largely young male computer science students, which may be different from average users in
many respects. Of course, another consideration for secondary display information design possi-
bly relates to the primary task: information representation, task characteristics, and relationship
between the dual-task information are some likely factors. With so many possible attribute com-
binations, data types, user characteristics, information extraction tasks, and variations between the
task relationships, this is quite a fertile area of research.

3.2 Design Knowledgefor Design Process?

Re ecting back on the research question and vision for this thesis, we are primarily interested in
supporting recognition of whether usability requirements have been met, design usability bench-
marking, and design knowledge reuse. As the rst step, we apply Carroll and Sutcliffe’s idea of
archiving design knowledge in the form of a claim (as reviewed in the previous chapter) to summa-
rize the results of our empirical studies. While this initial line of research has yielded interesting
information design results for noti cation systems, as we consider how to show an accumulation of
research progress and create other claims, an important problem is exposed-how should research
results from multiple experiments be organized for effective reuse?

3.2.1 Archiving study resultsasa claim

As discussed in the previous chapter, design knowledge can be captured in claims, or statements
about design artifacts that include the positive and negative psychological consequences resulting
from use [29, 108]. As Sutcliffe notes, a key bene t in stating empirical conclusions in the concise
claim format is the digestibility for designers. In part to demonstrate the practice of converting
empirical ndings into claims, and in part as the beginning of an example that is revisited later, we
present some results from the experiments:
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Quantitative comparison with position encoding :
Encoding eight different quantitative values using uniform position
changes on a horizontal scale...

+ facilitates interpretation of min/max identifications, counting of specific value
instances, and ratio estimations degrades by about one-third from primary
task interpretation performance (outperforming most other encoding schemes)

+ effectively preserves primary task performance for primary task with high
automaticity, averaging less than 12% degradation per usage trial (resulting in
about 45% interpretation success)

+ supports above average or higher rates of primary task sustainment and
secondary information interpretation, compared to other encoding schemes

— BUT, requires about 27% primary task degradation for two-thirds rate of
general interpretation correctness

— BUT, requires reference against a horizontal scale

Quantitative comparison with color encoding :
Encoding eight different quantitative values using circular, red
symbols that uniformly differ in luminescence...

+ yields greatest dual-task interpretation success for min/max identification
under moderate primary task degradation (outperforming position and area
encodings)

+ contributes to greater dual-task interpretation success than area-based
encoding for individuals/situations that require less attention (less than 17%) to
interpret secondary information

— BUT, degrades success with counting specific value instances and ratio
estimations to 10% lower than that supported by position encoding

— BUT, requires about 35% primary task degradation for two-thirds rate
of general interpretation correctness

35
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With these artifact descriptions and upside/downside effects, we would also include a visual
depiction of the encoding schemes, such as Figure 3.1 and 3.2, as well as details about the testing
environment, such as Figure 3.3. These claims will be revisited in later chapters, as we explore
how they would be enhanced as reusable design knowledge components.

3.2.2 Limitationsof empirical design research

As noted earlier, each of the experiments only begins to probe at the design possibilities. Varia-
tion in noti cation tasks were shown to cause differences in information design effectiveness, and
certainly other situational factors in the dual-task system (e.g., variations in the task relationships,
differences in the primary task characteristics, user demographic differences, etc.) would produce
guideline modi cations as well. This observation was especially apparent after the second and
third attribute studies. Of course, actual system design usually combines several attributes, such
as color, text, and positional information, rather than isolated encoding variables. Based on the
performance sensitivity observed in our studies, we can presume that the design variations would
also have signi cant performance effects. These facts lead to the realization that empirical results
cannot generalize or apply to many realistic usage situations.

If we maintain desire for lab-based empirical studies, these considerations beg for greater
numbers of independent variables in each test, in turn requiring greater numbers of participants
and longer test times. However, as we moved toward higher delity testing platforms (in an at-
tempt to improve generalizability), we noticed even more dif culty in preparing an automated data
collection system and gaining access to testing resources that would enable parallel testing of mul-
tiple participants. A tradeoff is apparent between testing numerous, important design subtleties
and maintaining a practical and valid protocol.

Certainly, this tradeoff makes empirical study of noti cation information design more daunt-
ing, since it would take many years of effort to accumulate empirical data that would support even
a small set of design guidelines (which are probably several years obsolete at that point). This
has been the practice in other scienti ¢ communities that have been able to achieve progress with
extendible testing methodologies and reporting of results. However, as we have seen, the noti -
cation systems research community is not yet in a position where systems or design attributes are
routinely tested quite far from a practice where testing results can be replicated and extended by
colleagues. Although we are able to make this observation, it does not deter our pursuit for empir-
ically informed guidelines for noti cation design. Instead, we refocus our energies on establishing
a research framework that can accommodate comparison and extension of research results the
topic of the next chapter that serves as preliminary research to the proposed work.



Chapter 4

PRELIMINARY WORK: THE IRC
FRAMEWORK

The previous chapter presented my early work in evaluating the design of noti cation systems.
While each study provided some insight about information design tradeoffs in terms of impact to
the primary task and communication of secondary information, research that was modeled after
other work being done in the eld, we were left with concerns about the potential impact. It seems
that the current barrier to discussing problems and reporting ndings in a common, coherent man-
ner among other researchers prevents applicability of proven evaluation methods, generalizability
of ndings to new designs, and extendibility of previous results in new studies toward guidelines
and theories.

This chapter introduces a potential solution to these problems with some initial ideas for de-
scribing noti cation systems (Section 4.1), a framework based on critical parameters providing
de nition of a design space, an approach for classifying existing and emerging systems (Sec-
tion 4.2), and action models portraying cognitive trajectories for various usage scenarios (Section
4.2.3). A case study which discusses observed bene ts from these concepts is provided (Section
4.3), and other anticipated bene ts (Section 4.4) and the approach for a complete research contri-
bution made in this dissertation (Section 4.5) are also discussed.

The majority of the material presented in this chapter has been published.! Much of Section
4.1 appeared in an International Journal of Human-Computer Studies article [84], although Table
4.1 has been added to this version. The attention-utility theme explained in Section 4.1.2 was
included in [84], as well as in articles that appeared in the Communications of the ACM [87] and
ACM Transactions on Computer-Human Interaction [89]. The explanation of the attention-utility
theme and associated table (Table 4.2) is from [87]. Sections 4.2 through 4.3.2 are from [89].

tWhile originally published with co-authors, the material included here primarily resulted from my own efforts.
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4.1 Toward Unifying Descriptionsof Noti cation Systems

This section presents some initial ideas for describing noti cation systems. Surpassing a simple
de nition, the focus is on a taxonomy of usability concerns, a unifying design theme, and the
identi cation of key usage tradeoffs. The taxonomy summarizes the range of implementation
characteristics, dual-task situation variables, and primary secondary task relationships. The design
theme captures an essential challenge common to all noti cation systems, motivating the selection
of the critical parameters interruption, reaction, and comprehension in the next section.

4.1.1 A taxonomy of usability concerns

Noti cation systems allow a user to notice the current state of some information as it potentially
changes at some expected frequency. These systems can be implemented on various platforms:
desktop computer applications, real world interfaces, large screen displays, and certainly with
ubiquitous and wearable computers. All of these noti cation systems can be passive information
channels, or displays, requiring occasional attention but no interaction. Others may include ad-
ditional interactive features making them active devices that we call interfaces, which use cues
to direct user access of additional information on demand. Although much of the research com-
munity is concerned with displayed noti cation systems, people are well accustomed to audio
noti cation devices such as beepers, email alerts, clock chimes, and the like. Similarly, some real
world interfaces leverage haptic sensory perception with temperature uctuations and vibrating
noti cations in diverse physical forms. Although noti cation systems research within the eld
of human-computer interaction often has been primarily concerned with desktop applications that
present noti cations, we feel that important lessons can be learned from all noti cation delivery
mechanisms.

Whether a noti cation system is strictly a display or an interface, there is normally a period
of time during its use that users do not keep it within their constant attention. For some interface
systems and highly-critical displays, this time period may be quite brief perhaps only a few sec-
onds. However, most noti cation systems rarely receive attention focus and are used exclusively
as secondary displays. These characteristics describe a system’s dual-task nature, a notion which
is further developed in the subsections that follow. Another consideration common to noti cation
systems is the priority range its noti cations usually carry and the corresponding level of user in-
terest. All of these aspects and usage scenarios have potential implications for information design
effectiveness making them important to identify so that empirical studies can determine linkages
between cases and design tradeoffs. Table 4.1 is included as a summary of the taxonomy composed
by the various design parameters and implementation options discussed further in this section.

Dual-task concept

When a user’s attention is divided between tasks, forcing concurrent processing or time-sharing,
this is a dual-task situation (we presume one of these tasks to be use of a noti cation system).
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Table 4.1: Taxonomy of noti cation systems relating design parameters to implementation options or con-
siderations. We suspect that most noti cations will be designed and used in a dual-task situation with some

expectation of performance loss for each task.
Design Parameters :

Implementation Options/Considerations

g Physical platform Desktop computer | Real world interface |

% Large screen display | Wearable or ubiguitous cormputer

B

g Notification mode Visual | Auditory | Haptic

5 Access to additional information Yes=Interface | No=Display

g Used with divided attention ¥es=Dual-task system | No=Focal system
Two-Task performance e xpectation Performance degradation | Perfect execution
Attention drvision method Graded | Discrete

% &  Owerall mental workload Orwverload | Filled | Underload

e Data-link dependencies None | Privaary task only |

5 g Secondary task only | Both tasks have dependencies

s Target user characteristics Task skill levels | Perceptual capabilities

% Goal relationslap between tasks Unrelated | State of one prorapts goal change in other

= { Priraryrisecondary is dependant | dependencies shaft}

'E. J Goal-pronty relationshap Eqqual | Primary/secondary favored

'E 'E Task execution decisions Unrelated | Inforration from privary/secondary irapacts

‘§ % Task autoraticities Both highflow | Primary/secondary automatic

b E Task modalities Cross modality | Intrarodal

Sirnultaneous resowrce consurption

None | Perceptual channels |
Working memory | Response mechanisms
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Wickens and Hollands provide a comprehensive discussion and reference list for dual-task con-
cepts relating to attention, time-sharing and workload [135]; here, we summarize the most impor-
tant ideas relating to noti cation systems evaluation, framing additions to our taxonomy and the
later discussion of critical parameters.

If both tasks can be performed simultaneously as well as they could be performed indepen-
dently, then these dual-task concepts are not relevant and the noti cation system can be evaluated
as any other focal display or interface. However, we believe that use of all but the simplest systems
will cause some performance decline or degradation in the other task, implying applicability of
the attention-utility theme and the evaluation strategies presented in this paper. We also believe
that systems of interest to this research eld largely are comprised of dual-task systems. The mid-
dle rows included in Table 4.1 describe noti cation system design parameters and implementation
options that expand the design space and are discussed in this section.

In a dual-task situation, there is typically one task that receives attention emphasis, which
is referred to as the primary task while the concurrent task is the secondary task. This is not to
say that goals corresponding to the primary task are more important or urgent than the secondary
task. Wickens discusses two methods of attention division between tasks: graded and discrete
[135]. In graded resource allocation, a portion of attention is consistently devoted to each task,
with the primary task receiving a higher portion. Discrete allocation splits a given period of time
(presumably on the order order of seconds or minutes) into blocks during which each task receives
focused attention; of course, the primary task would receive attention for more time. Nominally,
we assume use of the noti cation system corresponds to the secondary task, for which attention is
allocated on a discrete basis.

Other than fundamental differences in possible primary-secondary task relationships, which
we discuss next, many other factors may impact dual-task performance and our ability to un-
derstand successful aspects of supporting information design. Some of these include total men-
tal workload required by the system, presence of data-linked task dependencies, and differences
within users [135]. There are certainly conceivable cases of dual-task situations, particularly when
one or both tasks are complex or urgent, that result in overload meaning that mental resources are
fully consumed and expected performance levels cannot be satis ed or diminish over time. How-
ever, other mental workload characteristics may lead to boredom and disinterest, or attentional
resources may be completely consumed by the dual-task goals. In dual-task situations, task exe-
cution could be constrained at certain points by availability of data, implying that only so much
processing or interaction can be performed (representing progress toward a goal) within a given
period of time. Lastly, users certainly have differences in skill levels, perceptual capabilities, and
context-switching ability differences which are important in all areas of HCI but may have even
larger implications for understanding effectiveness of noti cation systems.

Primary secondary task relationships

When the relationships between the primary and secondary tasks are considered, there are a few
important factors which may impact design and evaluation of noti cation systems, including the
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relationship between the two task goals and the nature of the tasks. These potential design pa-
rameters are also included in Table 4.1, since they expand the taxonomy of noti cation systems.
The two tasks can have goals that are unrelated or that are dependent on information presented in
the other. For example, users may want to remain noti ed of weather conditions while they edit
a document two tasks with unrelated goals. However, in a different usage scenario, information
in an instant messaging or collaborative status reporting system could prompt a user to transition
from a document creation primary task to a spreadsheet modi cation task. In other cases, sec-
ondary information may not cause a shift in primary task goals, but it may in uence primary task
execution decisions. Ubiquitous navigation systems are a good example of this type of secondary
display based on the route information presented, a vehicle operator may perform a driving task
differently.

Each task may also have intrinsic properties that affect the other task and expectations of no-
ti cation system performance. High levels of user pro ciency or repetitive actions may allow one
or both tasks to become automatic, requiring less attention devoted to achieve a desired level of
performance. Wickens and Hollands describe other task structural factors, such as modality and
resource consumption, which may place unusual strain on a user’s attention capacity. Speci cally,
time-sharing ef ciency is enhanced when task modalities allow parallel perception (referred to as
cross modality) rather than less ef cient, intramodal perception that could result in serial process-
ing or signal confusion (e.g., reading a book while driving is harder than listening to it) [135].
A nal concept from Wickens’ discussion considers simultaneous consumption of processing re-
sources (perception, working memory, response) by each task. When both tasks require use of the
same human cognitive resources, aspect of dual-task performance may decline although no shift in
attention occurred.

Table 4.1 provides an overview of the complete taxonomy introduced in this section. Each
facet of the taxonomy may have implications for effective information design for the noti cation
system. Perhaps empirical studies can establish commonalities between various implementation
options. However, the primary reason that this taxonomy has been introduced and developed here
is to illustrate the vast design space for noti cation systems and the necessity to carefully consider,
implement, and report details relating to system objectives and evaluations.

4.1.2 Attention-utility theme

Chapter 2 described several examples of noti cation systems, and other general systems have been
mentioned in this section. While most of the systems are not described by their contributors as

noti cation systems, they all share a few general goals and can be considered together within
a larger, common design space. In [84], we de ned noti cation systems as interfaces that are
typically used in a divided-attention, multitasking situation, attempting to deliver current, valued
information through a variety of platforms and modes in an ef cient and effective manner. We
also presented an important distinction between noti cation systems and traditional HCI research,
which we call the attention-utility theme [87], asserting that it is useful to think of attention as
a constrained resource that can be traded for some utility. This utility is enabled by perceiving
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Table 4.2 Attention bene ts and costs. Noti cation system users expect to gain bene ts associated with
ful llment of user goals (left side) by sacri cing attention from other tasks. Costs can be exacerbated by

factors of the current situation (right side).

utility benefits

attention costs

L : : mformation is related to
assimilate complex information existing knowledge and

monitor resources over time stored far fidure use
gain awareness of collaborators

make decisions

maodify primary task approach
provide response
acknowledge status

Reaction

immediate respaonse to &
natification stimulus, with or
without shifiing attention F

pace daily actlwtlc_eg Interru ption
prompt task transition
receive urgent/timely information ~ Pertienal and mherently

i . usefid reallocation of
synchronize with colleagues b b

reduce stress Satisfaction

emote humor

cultivate enjoyment averall enhancement and
5 approval of the general

augment meaning or presence S e

increase feeling of security

user goal general goals situation parameter cost factors
identify state changes Comprehension Context goal relationships of tasks
understand patterns and trends task perceptual-motor qualities

data-link dependencies
relative tasks priorities
interruptability
focus/peripheral location
platforms and environment

User skill and automaticity

o cognitive and perceptual abilities
characteristics current overall mental workload
sender/receiver roles
demographics

Information granularity

o discretefcontinuous
characteristics madality (visual or auditory)

complexity
representation richness
anticipated value
synchronization
content relevance

additional, valued information while performing other tasks. This attention-utility tradeoff can be

stated as follows:

The success of a noti cation system hinges on accurately supporting attention allocation
between tasks, while simultaneously enabling utility through access to additional informa-

tion.

The attention-utility theme concisely captures the source of scarcity (the attention of the user)
along with the user’s purpose in using the noti cation system (utility associated with access to an
additional source of information). Certainly this relationship is not smooth and differentiable, but
still generally describes the cost of achieving user goals-a cost which reliably yields bene ts when
the state of a user’s attention can be modeled and matched with appropriate information rendering.

Table 4.2 itemizes component cost-bene t factors of the attention-utility tradeoff. Users ul-
timately use a noti cation system to gain bene ts, which come from speci c types of utility. We
recognize four general sources of utility, which can result from associated user goals (left side of
table). The general goals of comprehension, reaction, and interruption can be thought of as critical
parameters-key measures of system success that can be benchmarked to reveal design progress.
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These goals are unique in that the user is willing to sacri ce a certain amount of primary task at-
tention in order to achieve them. Other important system features and user needs must be typically
supported in user interfaces, to include privacy, reliability, and trust. These features can negatively
in uence the amount of required attention without providing a distinct bene t that independently
motivates system use.

The level of cost, determined by the amount of attention removed from ongoing tasks, may
be elevated as a result of the factors presented on the right side of Table 4.2. For example, above
average attention cost factors may include a user’s lack of skill in perceiving unfamiliar or complex
noti cation information. Unfortunately, cost factors may not carry a constant value across different
situations or result in expected bene ts. Poor designs may result from a user accepting a certain
cost in anticipation of a certain utility without actually receiving that utility. Usually, the attention
required for a user to perceive and process a noti cation is diverted from attention focus on a
primary task, but cost only results if primary task performance is negatively impacted. Attention
supplied during natural breaks in a primary task can minimize cost. The many cost considerations-
and strategies to reduce them-amplify the importance of inferring and leveraging the state of a
user’s attention and semantic value of the noti cation for interface design.

4.2 A Design Spacefor Noti cation Systems

Thus far, we have articulated a theme that expresses general goals and characteristics for noti ca-
tion systems. We have provided some insight into the challenge and need for better evaluations
of noti cation systems, demonstrated by the slow convergence of usable and extendible studies.
This section introduces a new approach for designing noti cation systems, based on a design space
model of user expectations and noti cation effects.

First, we look at a method of simultaneously describing a design model with multiple critical
parameters. This allows us to consider and label general combinations, forming a descriptive and
prescriptive design space. Using a simple model of human information processing allows deeper
understanding of the regions within the design space through identi cation of action models. We
demonstrate the utility of this novel approach for noti cation systems classi cation in the next sec-
tion by integrating several examples of existing applications within the framework and illustrating
how reusable design guidelines are then possible though a claims-centered approach to usability
evaluations.

4.2.1 Critical model parameters

In order to conduct meaningful usability evaluations that will allow systems to become progres-
sively better, Newman argues that we rst must de ne or adopt critical parameters, or gures of
merit that transcend speci c applications and focus on the broader purpose of the technology [97].
He implies that well selected critical parameters can function as benchmarks- providing a direct
and manageable measure of the design’s ability to serve its purpose and indicate the units of mea-
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sure for analytic methods that predict the success of an early design. Newman provides examples
and makes several recommendations for identifying critical parameters that support core user tasks
and goals (as reviewed in Chapter 2).

Evaluating and Selecting Options

Our rst step in selecting critical parameters for a model of noti cation systems was to identify
key user tasks and usage constraints. We developed a long list for both. Users’ noti cation goals
include typical tasks such as receiving information that is more important than current activities
(perhaps prompting task transition), regularly monitoring a secondary information source over an
extended period of time, becoming informed about timely instructions or information states to
advise critical primary task actions. Constraints to noti cation system use include information
complexity and granularity, situational context, available cognitive resources, associated famil-
larity and enjoyment, and delivery mode and method (continuity and encoding). To reduce the
complete collection of tasks and constraints to a manageable set, we employed two processes: 1)
separating design model and user’s model attributes, and 2) identifying dependencies to focus on
root causes. Each process is described in turn.

First, we considered the distinction between two types of information about users that design-
ers should have available in a design process. Using Norman’s terminology [100] (as described in
Chapter 2), the design model describes the designer’s conceptual model of the user’s background,
goals and tasks, and processing limitations. Likewise, the user model refers to the conceptual
model that the user forms according to expectations and experiences with the actual system. Our
thought is that modeling each according to similar criteria would be ideal (allowing easier com-
parison), forcing consideration to be on anticipated and actual effects of an interface artifact on a
user which ought to correspond to user goals. This implies that implementation details (e.g. in-
formation or noti cation delivery characteristics that may impact sense of privacy, aesthetics, and
subjective satisfaction) should not be a rst-order variable within the model, but should be thought
about as a system characteristic, modi able at some level to accomodate less exible design re-
quirements.

Second, we looked at the dependencies in our list to determine primary factors and generalize
the tasks as much as possible. The biggest challenge in doing this is identifying critical parameters
that are measureable and manageable. Much guidance comes from Whittaker, Terveen and
Nardi’s argument for reference tasks [133]. Since the purpose of our model is to aid comparison of
designs that are created to support simliar user goals and facilitate recognition of design progress,
we do not want to select critical parameters that cannot be modi ed by an interface design. While
situational context is certainly an important facet in the success of a noti cation goal, and tempting
to include as a critical parameter, designers are often unable to anticipate or address context vari-
ables. Therefore, we reserve aspects of context as an essential element of artifact descriptions and
claims, but do not include it as a primary critical parameter for our model. Likewise, while user
satisfaction and enjoyment with a noti cation system may be an independent goal, we believe that
satisfaction is usually derived from ef cient and effective delivery of the noti cation according
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to a positive balance of the attention-utility theme [87]. Our current determination not to include
satisfaction as a critical parameter may be reassessed with further research.

However, as we inspected the general tasks that contribute to noti cation utility though ac-
cess to additional information, we recognize that user interruption, near-term reaction, and long-
term comprehension are the immediate results of such access. More importantly, these cognitive
processes are manageable through design choices and measurable in user testing. Certainly, each
has received much attention in the multitasking and noti cation research communities (as we pro-
ceed to describe). Each of the three can also be thought about as a guiding force of a design model
and the desired or undesired consequence of the information presentation of the user’s model.
Therefore, they are the root causes of a design’s success the main factors that ultimately cause
a shift in the balance of the attention-utility theme. Based on this argument, we recognize three
critical parameters for modeling of noti cation system user goals and system designs: user inter-
ruption, reaction, and comprehension.

Proposed critical parameters

Interruption. User goals and usage scenarios for noti cation systems often have some require-
ment regarding the interruption of primary tasks. In the context of noti cation systems study, we
de ne interruption as an event prompting transition and reallocation of attention focus from a task
to the noti cation. Some situations, such as driving a car equipped with an in-vehicle information
system (IVIS), require that a noti cation system not intrusively disrupt user attention devoted to a
main task. Guidelines established in the area of IVISs suggest de ning limited numbers and types
of interactions with the displays, restricting the amount that displays change, and limiting the time
that a display is present [8, 54, 122, 111]. However, other situations, such as monitoring a nuclear
reactor, explicitly call for noti cation-prompted task-switching. Horvitz’s models and inference
procedures present some hope for this design objective, an imperative driven by his belief that
human attention is the most valuable commodity in HCI [66, 64]. These models are designed to
improve noti cation utility by considering cost of user interruption and introducing noti cation
presentation appropriately. McFarlane describes a taxonomy and empirical study describing the
major dimensions and design tradeoffs related to interruption [91, 92]. The tentative guidelines he
established exhibit design goal tradeoffs among the coordination methods, although negotiation-
based interruption coordination appears to be best for many cases. Selection of information design
for a noti cation system that is driven by inferred suitability of interruption will likely have im-
pacts on the two other design objectives (reaction and comprehension) and affect overall system
utility.

Reaction. The second critical parameter we propose is the rapid and accurate response to the
stimuli provided by noti cation systems, an effect which we refer to as reaction. Often, noti cation
systems present cues intended to inform the user of information of interest, often requiring them to
differentiate between values. As such, several studies have investigated how to improve reaction
to noti cations using preattentive processing, which considers how information can be assimilated
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and understood rapidly by using colors, shapes, and motion [47, 58, 59, 12, 13, 11]. Other work has
examined moving and changing text as a method for presenting information in hands-off displays,
observing the perceptibility and readability of rapid serial visual presentations (RSVPs) of letters,
strings, and words [51, 45]. These types of studies investigated rapid reaction to information,
yet they did not consider more in-depth and memorable understanding of it, our third measure of
noti cation systems.

Comprehension.  While rapid and accurate reaction to an informational cue is important in many
situations, often it is also (or only) vital to use noti cation systems with the goal of remembering
and making sense of the information they convey at a later time. We refer to this as comprehension.
Again, we consider research relating to textual motion as an initial example for studying relative
comprehension of secondary display information. Juola found that comprehension of informa-
tion was comparable when presented as RSVPs and in multi-line paragraph format [71]. A study
led by Granaas found that in scrolled displays, larger jumps (four to ten characters) led to better
comprehension than smaller jumps (one to two characters) [52]. Kang and Muter, in comparing a
tickering effect to a non-animated RSVP effect, found no difference in comprehension for a read-
ing task [72]. Other efforts have focused on evaluation of various attributes (position, area, and
color) in secondary displays for supporting information extraction and comprehension as part of
tasks requiring detection, estimation-ratioing or estimation-compare [37]. We found that the three
attributes are signi cantly different in enabling comprehension at various levels of primary task
degradation.

Noti cation systems research should focus on exploring balances between the interruption,
reaction, and comprehension design objectives. However, most of these studies seem to focus on
one, or perhaps two, of these critical parameters, seeking to identify forms of information repre-
sentation that provide the best support for accepted design tradeoffs. One of the most dif cult and
important aspects in designing and evaluating noti cation systems is to adequately and simulta-
neously consider multiple critical parameters that gauge different outcomes of a single resource.
In order for critical parameters to aid value to research, all three should be acknowledged in an
evaluation process and have standard representational methods.

In the case here, various levels of interruption, reaction, and comprehension result from and
cause changes in attention allocation. Since noti cation systems are typically used in a divided-
attention situation where they are not the main focus of attention, assessing these critical parame-
ters often requires consideration of both a primary task and the noti cation task. As if conceptual-
izing concurrent and perhaps con icting design model objectives and representing them in a user
study is not dif cult enough, understanding what the evaluation results indicate about the user’s
model and using this insight to guide iterative prototype re nement can be quite complicated. The
various approaches to these problems taken by different design teams make extending knowledge
to new applications dif cult as well.

We address this research problem by providing a conceptual design space that facilitates focus
on exploring balances between the interruption, reaction, and comprehension critical parameters.
This will allow all three parameters to be simultaneously acknowledged, regardless of their impor-
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Figure4.1: ThelRC framework, depicting noti cation systems categorizations according to blend of design
model objectives (representing user goals) of interruption (1), reaction (R), and comprehension (C) axes,
simpli ed: low (0) or high (1) and forming a notional cube.

tance within a particular implementation. A successful conceptualization will support visualization
of expected usage scenarios and tasks, provide a good t for all existing systems, and allow com-
munication with standard representational methods.

422 ThelRC class cation framework

As a common conceptual framework, we present a characterization approach for noti cation sys-
tems according to their blend of the three critical parameters. The purpose of this is to provide a
mechanism that captures the design model the objective system based on anticipated user goals.
To gain a broad understanding, we are initially considering only combinations of high (1) or low (0)
levels of each parameter. For example, a user goal can require a noti cation system that provides
exposure to new information for enhanced awareness over a period of time without introducing
interruption to a primary task or prompting immediate reaction to changes. This design model
can be described as low interruption, low reaction, and high comprehension, or IRC 001. When
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Table 4.3: Descriptive names, IRC categorizations, and example scenarios for the noti cation systems
design space, forming scenario families for noti cation systems.

Name IRC Example Scenario

An office worker without a window effortlessly maintains awareness of the weather throughout the
day with dynamically changing desktop wallpaper. Although knowledge about the weather may
be applied in a later conversation or decision, reacting to sudden changes or specific instances is
not important.

A traveler in an unfamiliar city uses a vehicle navigation system to prompt required tumns along the
Indicator 010 route. He has no interest in learning his way arcund the city, and is only concerned with
negotiating traffic and arriving at the destination quickly and safely.

While an editor works on part of a document that is distributed among co-workers, she monitors a
Secondary 011 Sroupware tool on the office’s large screen display that shows various progress meters for the
Display different parts. Information presented is important for pacing or technique adjustment, as well as
an overall understanding of team contributions.

A student working on a slide presentation may not need network access, but perceiving a
functional information channel (perhaps providing Internet radio) may be reassuring.

Ambient Media 001

Noise 000

A home computer user enjoys using his computer more with lower stress if a friendly agent
occasicnally pops-up with a joke.

As a businessman attends to various tasks throughout the day, he relies on calendar and email
Alarm 110 alerts to keep appointments and quickly view important emails. Redirecting activity to the right
place, at the right time is the only important consideration.

A factory supervisor performs routine administrative tasks while maintaining awareness of overall
operations. While she expects operational details to be handled by lower level managers,

101 frequent updates are critical for seeing how statuses change over time, allowing assessment of
long-term strategy, subordinate decision-making, and operational trends. Understanding this
important information often requires close examination due to complexity.

While performing many routine activities, a system administrator uses a network monitor on a
small portion of the desktop. Many users critically depend on his quick and insightful response to
network problems, but he is even more valued for understanding specifics or patterns relating to
problem prediction and enabling fault-free preventative network maintenance.

Diversion 100

Information
Exhibit

Critical Activity
Monitor

we consider this speci ¢ parameter combination, it seems to describe an ambient media a passive,

peripheral projection of information used for meaningfully conveying information status without
disruption. Although ambient media has been studied and demonstrated by many other research
[42, 60, 69, 81], it has not been effectively integrated into a larger design space.

Extending the same approach to the other seven combinations of parameter levels, it is pos-
sible to identify a descriptive name for each design goal, form a useful visualization for regional
relationships (see Figure 4.1), and conceptualize user need scenarios (or scenario families ) and
identify a descriptive name for each design goal (see Table 4.3). Note that the gure also contains
plots of system classi cations, which will be discussed shortly. Each critical parameter is repre-
sented as an independent, orthogonal axis, increasing from a low to high objective level. While the
IRC categorization only precisely describes the corners of this notional cube, we believe it is useful
to initially consider regions as extending from objective to near-mid range levels. We fully expect
that as this framework is tested and used to describe other user need scenarios, additional logical
regions and associated IRC levels will be identi ed, serving as re ned categories of noti cation
systems.

Several ideas may be initially non-intuitive as these design model blends are considered. First,
high interruption may appear to be an unlikely user goal for a noti cation system. However, users
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often multitask in anticipation or vigilance of the introduction of a certain information state or
receipt of a message. For example, in a collaborative document writing activity, a user may be
editing a section of the document while waiting for certain actions to be completed by colleagues,
maintaining awareness of collective progress with a noti cation system. When various states of
progress are achieved, the user may desire an interruption from the current task that prompts transi-
tion to a more important task. Likewise, stock brokers or other decision makers may perform less
important activities while they monitor news and stock prices, needing and valuing interruption
when important information states are presented not only to prompt task transitions for immediate
reaction but also to enable deeper, immediate inspection of the information. In other cases where
interruptions could be valued, users may rely on noti cation systems to provide advice or guidance
for primary task execution software agents and surgery support systems are compelling examples.

A second potentially perplexing notion implied by this framework is that reaction or com-
prehension (or both) can occur without interruption to other tasks. At this point, it is important
to recall that the IRC levels represent an understanding of user goals the design model or, objec-
tive performance to be facilitated by the system. If designers can leverage skilled memory, task
automaticity, and preattentive processing capabilities of users, possibly through use of ef cient
encoding, rich affordances and metaphors, and cross-modal information conveyance, such design
models may be realized.

An important consideration for this conceptualization is the validity in the assumption that
these three critical parameters can be considered as orthogonal. Since each IRC blend seems to
correspond to potentially realistic usage scenarios and system classi cations, this seems like a plau-
sible initial framework. When considering possible usage scenarios for all eight blends within the
IRC characterization framework, several differences are readily apparent in design model informa-
tion interaction approaches. For instance, perception of information changes can be expected to be
performed with quick but frequent, non-interruptive glances, careful study during self-de ned task
breaks, or through peripheral or background perception. Some scenarios called for information
presentation that could be fully interpreted and acted on without other information, while others
suggest that new information would only be meaningful when associated with previous knowledge
or if additional details were accessed.

4.2.3 Noti cation action models

Norman’s theory of action provides the HCI community with a common representation of activ-
ity stages required to complete a task [100]. Having this theoretical tool aids the task analysis
process, since inspection of interface performance (information or interaction design evaluation)
can focus on speci c stages or transitions, particularly during a scenario-based design approach
[108]. However, when considering a multitasking situation typical of noti cation systems use with
critical parameters like interruption, reaction, and comprehension, the model remains an important
in uence but seems overly abstract in its ties to cognitive processes. For a theoretical model to be
useful for understanding noti cation systems, it needs to demonstrate parallel processing limita-
tions within and between activity stages, allowing designers to discern con icts between primary



C. M. Chewar Chapter 4. Preliminary Work 50

Long Term

Memor
¥ Long Term

Working Memory

Working
Memory

Response Response

==fisoly \ Ferception —
il P Selection Execution

Processing

Feedback

Figure 4.2: A human information processing stage model, from[135].

and secondary activities.

Better representations of task ow should be more closely tied to cognitive architectures,
providing both the stage-based focus of a theory of action and the rich link to cognitive science
research. Evaluators can target speci c areas of the action model for empirical investigation, and
seek problem explanations and associated iterative redesign strategies (which Barnard et al. re-
fer to as microtheories [10]) from a well established eld. Computational cognitive modeling,
as demonstrated by SOAR [95] and the more recent EPIC and ACT-R/PM models [74, 4], sim-
ulate and predict user performance with interfaces, and may be a long term solution. However,
if research, evaluation, and interface design approaches are incompatible with modeling methods,
dividends will be slow coming regardless of the model robustness.

Barnard et al. argue that we should consider a system’s behavior as a trajectory governed by
systematically structured sets of constraints [10]. When several systems simultaneously support
user goals and resulting interaction, the larger system should be modeled according to a macrothe-
ory, with the interaction trajectory providing the center of interest. To form the psychological
component of a macrotheory, the authors present a cognitive architecture (Interacting Cognitive
Subsystems, or ICS) describing interactors and organization between subsystems that handle sen-
sory input, action coordination, and high-order abstraction of information. This model is quite use-
ful for realizing the processing stages required for and potentially constraining task performance,
however it is also quite complicated.

With similar motivation to understand possible interaction trajectories characteristic of noti-
cation system design models, we surveyed theories of human information processing stages and
found models presented in [135] to be most useful for our purposes (see Figure 4.2). This repre-
sentation and the related material provided in this reference is particularly handy, since it allows
mapping of various trajectories, provides tight integration with our critical parameters, and aids
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understanding of parallel processing opportunities and bottlenecks.

Using this abstracted model of human information processing, we mapped noti cation task
trajectories for each of the eight broad scenarios for a user’s receipt and processing of a noti cation
(discussed in Section 4.2.2). Since arrows depict the possibilities for attention ow, we considered
the available ows from each cognitive process that could be used for attention allocation to the no-
ti cation. As we reasoned about the likely information processing paths for each scenario, we used
the associated IRC classi cation to recall the generalization of user goals. For instance, we can
think about interruption as the disruption and resetting of working memory an inevitable effect of
context switch and attending to unfamiliar or complex information for anything but a few seconds.
Comprehension requires ow of attention to the long term memory in order to link new infor-
mation to existing knowledge. Reaction is the observable outcome of the response selection and
execution stages. Realizing the presence of each goal (as well as the approximate order that each
goal would be ful lled) ensured inclusion of attention ow to appropriate cognitive processes. The
noti cation task trajectories for each of the eight general scenarios (single noti cation assumed)
are depicted in Figure 4.3.

This provides expected action models for each of the eight design model characterizations.
There are several points of interest in this result. First, each path is unique, further supporting
our assumption of orthogonal critical parameters. Long term working memory theory plays an
important role in our trajectories, and although many ideas are currently debated in psychology
channels, the most compelling evidence for this more ef cient and less volatile skilled memory
comes from dual-task and task switching experimentation [48]. Trajectories for the ambient me-
dia and information exhibit categorizations contain a top-down processing element, in which an
interface is searched for speci ¢ information rather than simply reacting to presentation of stimuli.

If designers are able to gauge user expectations for noti cation interruption, reaction, and
comprehension (forming a design model IRC), they can design the information and interaction
display in a manner that promotes ideal ow of attention between cognitive processes, as depicted
in the appropriate section of Figure 4.2. For example, it may be argued that in the case of an alarm
a user would access long term memory to recall the steps for reaction. However, as depicted with
the alarm trajectory, an ideal alarm design would attempt to avoid accessing long term memory,
perhaps conveying all necessary information in a highly compact manner. As the interface only
supports the noti cation task (and not the ensuing tasks that would be performed after a task switch
as primary tasks), this is a realistic design goal. Thinking about the human information processing
model in these terms clari es its usefulness in a design process.

Similarly, when testing a particular design model claim, noti cation systems evaluators can
use these action model trajectories to refer to studies within the cognitive psychology eld. Gener-
ally accepted testing and reporting methods can be leveraged to capture more precision measures
of interruption, reaction, and comprehension. For instance, Rogers and Monsell studied cost of
task switching. Not only do they provide an excellent review of related work, but they introduce a
method of employing alternating task switch and non-switch trials, effectively arguing that the task
switching costs captured describe the need to better switch tasks [107] essential for understanding
usability of systems that provide information guiding primary task performance. Similarly, exper-
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Figure 4.3: Design model ows through the human information processing stage model (see Figure 4.2)
for each of the eight main noti cation systems IRC categorizations (see Figure 4.1), providing a diagnostic
tool for thought. Noting unique design path trajectories for each categorization can help identify potential

bottlenecks in the attentional ow and progression through the Stages of Action [100].



C. M. Chewar Chapter 4. Preliminary Work 53

iments conducted by Baddeley to validate the conception of a homunculus as a model of working
memory provide guidelines for dual-task experimentation isolating working memory performance
[6]. See et al. provided a review of sensitivity decrement studies for vigilance tasks (particularly
useful for evaluating critical activity monitors, secondary displays, and indicators) which not only
summarizes important design considerations, but provides a meta-analysis and common view of
conclusions from 42 similar studies throughout literature [109] a feat that seems quite intractable
within our eld.

Not only can we use these action models to guide our evaluation processes, but understand-
ing concepts such as bottleneck theory (expressed in single-channel theory of the psychological
refractory period), cross-modal sensory perception, automaticity, and preattentive processing pro-
vide valuable insight for addressing identi ed user problems. Further discussion of these topics is
beyond the scope of this paper, but an excellent review and additional references are available in
[135].

4.3 Observed Bene ts

In our initial efforts to evaluate the bene ts of the IRC framework, we accomplished classi cation
of many different noti cation systems and design attributes, completed an initial case study of
a system’s usability testing and redesign evaluation processes, and assessed the potential for the
framework as an integral part of undergraduate education. Each of these observed bene ts are
discussed in turn.

4.3.1 Classifying existing systems

The conceptual framework for noti cation systems presented in the previous section, formed by
the blended critical parameters, can be used as a valuable tool by researchers and practitioners in
several ways. Having described a framework for classifying design models of noti cation systems
according to IRC categorizations, revisiting some of the existing systems discussed in Chapter 2
demonstrates how this existing work can be uni ed. Although it may appear as though most of
these systems had very little in common with each other, the attention-utility theme expressed goals
common to all of these systems. Each takes different implementation approaches, but they all seek
to provide some utility by presenting additional information while appropriately preserving desired
attention distribution. Implementation differences are motivated by the designer’s expectation of
differing interruption, reaction, and comprehension levels desired by a user during their interaction
with the noti cation information.

From the claims made by the authors in describing these example systems, design model
details regarding the critical parameters can be inferred (see Figure 4.4). To clarify the method of
assigning an IRC classi cation, we describe our process for four of the systems depicted in the

gure:
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Informative art In Redstrem et al.’s description of these computer ampli ed, dynamic works
of art, they present this class of displays as distinctly different from ambient media or in-
formation visualizations, speci cally mentioning that these are not intended to reduce in-
formation overload by enabling peripheral perception of information (not low interruption).
Instead, the period of time required to view and decipher deep meaning (high comprehen-
sion) provides a valued moment of rest and re ection for users (some interruption), although
the displays are intended to be non-obtrusive, aesthetically pleasing objects during times of
non-use (not high interruption). Furthermore, no user utility gain is anticipated by prompt-
ing responses like spontaneous informal communication (low reaction). IRC characteristic:
(.5/0/1)

Water Lamp Dahley et al. provide an example usage scenario for their ambient projection
of light through water ripples created by computer-controlled solenoids: enabling a sense
of connection to a loved one by displaying their actual heart beat. The projected ripples
are intended to be casually perceived and processed at a user’s periphery of attention (low
interruption), without invoking moment-to-moment responses (low reaction), but providing
some awareness of the loved one’s activity levels (slight comprehension). The true utility
gained by a user of this system is anticipated to be added feeling of closeness. IRC charac-
teristic: (0/0/.25)

Remembrance Agent Rhodes and Maes discuss the goals a user would ful 1l with their just-
in-time information retrieval agent: as a user types a document he receives an alert (some
interruption) about related documents with one-line summaries provided at the bottom of
the text window. Suggested documents can be old emails, notes, webpages, etc, leveraging
and linking existing knowledge (high comprehension) or inspiring new ideas for the editing
task (high reaction). Clicking on the summaries (high reaction) allows an easy and desired
task transition-access to the full text of the suggested documents (high interruption). IRC
characteristic: (1/1/1)

Flowers in Bloom Representing information in a continuum of states according to the bloom-
level of an arti cial ower arrangement, this device is intended to be non-intrusive within an
environment (low interruption), providing a single value in each glance (slight comprehen-
sion) that would facilitate appropriate action (somereaction). IRC characteristic: (0/.75/.25)

4.3.2 Interfacetesting and reengineering

To test the utility of the IRC characterization framework, the corresponding action model, and our
notion of generic IRC-based UEMSs, we conducted a case study. Our case study compared two
formative usability evaluations where questionnaires were used as the primary evaluation method.
The original was conducted by researchers at Microsoft as part of the iterative design process for
their noti cation system, the Scope. The second was conducted in our lab with a similar study
developed using the IRC framework and a simulated version of the prototype. Guidelines derived
from the two evaluations were compared to determine which evaluation was more effective.
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Figure 4.5: The original prototype design of Scope, the application used as the focus of our case study.
Scope sitsin a corner of the desktop, presenting noti cation items as symbols within categorical quadrants.
Urgency ratings correspond to centrality within radar metaphor. Scope is fully described in [126].

System overview. The interface under consideration in both evaluations is the Scope, a noti -
cation system developed by Microsoft researchers to help users stay aware of information using a
radar-like circular display with higher urgency items located closer to the center of the Scope (see
Figure 4.5). The application constantly resides in a corner of the desktop, providing information on
and an access point to noti cations. The initial prototypes of the Scope divided the space into four
categories: the email inbox, a calendar, a task list, and general alerts. The appearance of items in
the Scope re ects information such as recipient lists for emails and expired deadlines for calendars
and task lists.

According to its designers, the Scope is intended to direct a user’s attention to high urgency
items yet in general require minimal attention to stay aware of incoming noti cations [126].
According to our IRC model, this means that the Scope should act both like an alarm, supporting
high interruption and reaction but low comprehension (IRC 110), and like an ambient display,
supporting high comprehension but low reaction and interruption (IRC 001). That is, the Scope is
intended to support the alarm-ambient supertask where it must simultaneously enable detection of
urgent noti cations while facilitating task transition decisions and provide awareness of all pending
noti cations without distracting other tasks. Scope’s IRC depiction in Figure 4.4 as a secondary
display represents this supertask characterization.

Two evaluation approaches. After the initial design phase, the Scope developers conducted
a pilot usability study intended to identify major usability problems to be addressed in the next
design iteration. In the study, six participants performed a series of eleven tasks using the Scope
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Avg. Rating
(1=Disagree,
Questionnaire Item: 7=Agree)
1. The ability to change priorities for an item by drag and drop was easy: 6.33
2. It was easy to move between low and high levels of detail: 6.167
3. The use of pulsing to show “new” items allowed good detectability: 5}
4. The ability to expand a wedge was useful: 6
5 | was able to see an overview of my high priority items from the Scope at a glance: 5.67
8. The different shapes of the items were easy to learn and useful: 483
7. The Scope Alerts prototype was easy to use: 45
8. The different textures/mactions of items (pulsing, fuzzy or inverted) were easy to learn 4.33
and useful:
9. The ability to delete items from the Scope view was easy: 4.33
10. It was clear what region of the Scope meant “high priority” and what region meant 4167
“lower priority”:
Overall Average Subjective Rating: 5.5

Figure 4.6: Questionnaire and ratings used by the Scope design team, reported in [ 126].

in a standalone setting. Tasks included identifying high urgency items that met certain criteria,
and interacting with the Scope at appropriate times in appropriate ways. For the tasks, completion
times and verbal protocols were collected. After performing the tasks, participants completed a
questionnaire consisting of ten questions that participants rated on a 7-point Likert-type scale (see
Figure 4.6).

While the general style of the Scope study might be reasonable for traditional pilot studies,
it failed to account for the unique interactions users will have with noti cation systems. In the
Microsoft study, participants used the Scope just as they would a word processor, spreadsheet, or
visualization tool, and many of the questions on the questionnaire probe standard interface issues
despite the fact that the designers claim the Scope is intended to be used quite differently than a
typical interface. This seemed to make it dif cult for the designers of the study to use the results
of the questionnaire in establishing future design iterations.

In our study, participants experienced a similar training base through task completion, but
with the added bene ts of a dual-task situation to provide a truer sense of the effectiveness of
the interface. Rather than using the Scope by itself, our participants kept the noti cation system
running in support of a secondary task, with the primary focus on a document editing task. Par-
ticipants completed two ve-minute rounds, with high-urgency items of interest speci ed before
each round and general awareness questions asked after each round. After answering the ques-
tions, participants were informed of the correctness of their responses and reactions to provide
them with a sense of their performance. In performing the tasks, participants were instructed that
their primary goal should be to complete as much of the editing task as possible while still reacting
to certain high-urgency items and staying aware of the general state of the information. We feel
that a dual-task situation is necessary to encourage users to consider their behavior given two claim
categories: alarm and ambient.
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Avg. Rating
(1=Disagree,
Questionnaire ltem: 7=Agree)
1. The interface effectively supports rapid reaction to important information: 317
2. It is easy to distinguish important from non-important information: 4.67
Alarm 3. Appropriate reactions to the interface are obvious and intuitive: 3.50
claim 4. The interface instilled confidence that all important items were seen: 2.33 3.27
5. Iltis obvious when a reaction to information in the interface is more important than 267
continuation of the current task:
6. The interface provides an overall sense of the information: 3.83
7. The interface provides an ability to detect and understand clusters in the information: 3.67
i 8. The interface supports easy understanding of how information changes over time: 4.33
Amble_nt 9. The interface supports easy understanding of links between different types of 4.83 4.03
claim information: :
10. The interface provides these overall understandings of information in a non- 4.5
infrusive manner:
Superta_sk __ 11. Important new information can be quickly recognized and accessed, and it is 317
claim possible to stay aware of all information without losing your place in the document;
Overall Average Subjective Rating: 3.61

Figure 4.7: Questionnaire designed based on IRC claim categorization (alarm, ambient, or supertask), with
ratings obtained in our user study. Apparent from the mean claimratings (3.27, 4.03, and 3.17 respectively),
the Scope facilitated ambient goals best and was most lacking in support for simultaneous (supertask) goals.

To further enhance the participants’ alarm experience, in each round participants were asked
to click on speci ¢ high-urgency items (such as a new email sent just to you) just as they would
when using the Scope in a real setting. In terms of the noti cation action model discussed in Sec-
tion 4.2.3, this requires participants to experience stimulus perception, working memory dump, and
response selection resulting in task transition. By completing several such alarm-style interactions,
participants should be better prepared to judge the Scope’s ability to support alarm interaction. To
encourage the ambient experience, participants were informed that at the end of the round they
would be asked questions about the information that appeared in the interface (such as the total
number of items or the category in which the most new items appeared). In terms of the corre-
sponding action model, this requires participants to experience stimulus perception, maintain their
working memory, and yet expand their semantic memory with new information. By answering
several such ambient-style questions over multiple rounds, participants should be better prepared
to judge the Scope’s ability to support ambient interaction.

Going into the questionnaire, our participants had experienced a more realistic usage environ-
ment and should be better prepared to assess the ability of the Scope to act as a noti cation system
in the ways intended by the designers. Our questionnaire is divided into three parts: an alarm as-
sessment category, an ambient assessment category, and an alarm-ambient supertask category (see
Figure 4.7). We developed the questionnaire to be of comparable length to the questionnaire that
the Scope evaluation team used. Question selection was based on our assessment of the Scope’s
design model (as discussed earier in the case study description) and is intended to explore the
tradeoffs between interruption, reaction, and comprehension experienced by the participants. For
instance, designers of the Scope anticipate users will welcome brief interruption to properly react
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to sporatic, high urgency noti cations. Support for this alarm goal is assessed with the alarm por-
tion of the questionnaire. As we thought about key reaction questions, tenets of signal detection
theory outcomes were in uential. However, normal use of the Scope is expected to allow longer-
term awareness of noti cation items with glances that do not interrupt the primary task or invoke
immediate reaction. This ambient design model is tested with a different series of questions, which
probe user satisfaction for support of typical and general ambient noti cation tasks. Rather than
trying to speculate about the combined effect on users that results from simultaneous and disparate
design models, we added a nal question to test the supertask.

All questions were intentionally designed to be generic so that they could be readily applied
to other interfaces supporting similar design models thus enabling benchmarks and comparison.
While continuing work focuses on validation and factor analysis of testing instruments that are
adapted for IRC models, our intent with this case study was demonstrate the performance of a
testing tool that could be mapped back to the IRC model.

Comparison of evaluation results. To judge the merits of our redesigned evaluation method,
we compared the ndings from both questionnaires with the actual redesign, which was based not
only on the original questionnaire but also on user comments and expert reviews. One concern
with the original evaluation was that many of the apparent ndings from the questionnaire were
not followed in the new design, suggesting that it did not probe the issues properly and it did
not provide the participants with a realistic user experience. For example, the third question in
the original questionnaire suggested that pulsing of new items for three seconds supports good
detectability, which may be true when using the application in a standalone manner but which may
not be adequate when simultaneously engaged in another task.

In fact, many of the responses to the revised questionnaire suggest that the alarm functions
are not adequate, a feeling clearly shared by the Scope designers who chose to revise the way they
highlighted new items but not supported by the original questionnaire results. Numerous other
cases of disparity between usability test results and redesign decisions emerged from the original
but not the revised questionnaire, such as the decision to keep the radar metaphor, improve the
shape distinctions and item encodings, and enhance the glanceability. In addition, the redesign
decision made by the Scope team to improve region color constrast for better item detection was
not motivated by any speci c portion of their study. Figure 4.8 provides an overview of all of our
conclusions. To summarize, the Scope redesign was based on designer intuition rather than their
own usability testing results, while results that were generated by the IRC-based questionnaire
provided a close match to the intuition of this seasoned design team.

Our study employs a reusable approach such that other applications can be judged using
similar methods. The dual-task usage scenario experienced by participants provides a good model
for other studies of noti cation systems. The questionnaire provides a reusable base that can be
applied to other noti cation systems with design model claims of supporting either alarm, ambient,
or alarm-ambient supertask interface functionality for formative and summative evaluation.

In conducting other types of evaluations, the approach we undertook in designing this evalua-
tion can map to other empirical methods or analytic approaches. Our previous work, instrumental
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Figure 4.8: Case study summary. Fromthe previous questionnaire and our |RC-based version, we extracted
information design claims and then mapped them (using arrows) to the redesign strategy actually selected
and reported in [126]. Note that an (X) on an arrow denotes inconsistency between identi ed claim and
redesign action. Clearly, the IRC-based questionnaire supported the actual redesign strategy decisions

better.
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in the development of the IRC framework and noti cation action models, examined the evaluation
of noti cation systems in empirical studies with primary task degradation, timed rapid response
tasks, and answer correctness as dependent variables [85]. In extending to other evaluation styles,
it is necessary to provide realistic experiences and probe the use of the noti cation system accord-
ing to tradeoffs among interruption, reaction, and comprehension. For example, the primary task
degradation used to study interruption in our empirical studies was examined using questions 5
and 10 in the case study questionnaire (see Figure 4.7) and could be explored, say, by observing
decrease in productivity during high email periods in an ethnographic study in the workplace.

The advantage of this evaluation approach is that knowledge gained can be directly applied
to new design processes, isolating design challenges for iterative re nement while retaining the
link to critical parameters. As the area advances, there emerges a cataloging of design models and
information design claims, providing a richer base for future noti cation systems researchers to
use for comparison and inspiration.

4.3.3 Teaching undergraduates about noti cation design

The IRC framework has been used in ve semesters (Fall 2002 - Fall 2004) to provide undergrad-
uate and graduate students with a learning framework for noti cation systems design challenges.
We have observed some very positive results, which are thoroughly described in [35]. Certainly,
the framework provides a vocabulary and structure that can help novice designers consider and
discuss psychological tradeoffs and design options. With a formalism like the IRC framework,
we have challenged students to think about appropriate evaluation methods, create portions of a
grammar to describe general requirements, and compare effectiveness of design techniques for
speci ¢ design models. With continued development of the framework and associated tools, our
work explores even richer activities that can be developed to introduce students to task modeling,
design knowledge hypothesis testing and reuse, and other HCI topics.

4.4 Anticipated Utility

As the general concepts discussed eariler speci cally, the taxonomy of usability concerns, IRC
design space framework, and noti cation action models are re ned, several bene ts are expected
to emerge for the noti cation systems research eld.

Improving usability evaluation with adapted UEMs. Understanding the challenge allows us
to measure the challenge. The articulation of the attention-utility theme and critical parameters
provides a much-needed focus to traditional UEMSs. Furthermore, the taxonomy of usability con-
cerns can be parameterized to create alterations to UEMs for speci ¢ applications. We believe
that the noti cation systems design space, as described by the IRC characterization framework, is
suf ciently concise to facilitate the creation of generic usability evaluation method implementa-
tions. That is, each region of the IRC framework can have corresponding method implementations
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that can be used in any evaluation. For analytic methods, this could mean using associated action
models to guide a walkthrough process, or using heuristics that are speci cally designed to capture
targeted levels of interruption, reaction, and comprehension. Regions can also prescribe experi-
mental metrics and procedures, as well as methods for eld studies and items for questionnaires
that can be used to capture comparable data. We probed this notion with the case study described
earlier, and continuing work within our research group will improve our understanding about this
anticipated bene t.

Enabling design reuse with claims catalogs. Sutcliffe argues that HCI research should focus
on producing designer digestible packets of HCI knowledge in the form of claims, grounded
on good theory and allowing general reuse. A design space lends organization not only to the
classi cation of systems, but also to components of systems artifacts and tasks. Since claims can
be associated with artifacts and tasks, they can also be organized and referenced according to IRC
classi cations. New design model concepts can be matched with claims that are correspondingly
cataloged within common IRC characterizations, allowing reuse and enhancing opportunities for
incremental progress within the eld. Assessing the potential and procedures for intra-regional
comparisons and claim applications will be more dif cult, but will also add immense value to our
understanding of noti cation systems usability.

Promoting empirical comparison and extension. Generic UEMs for noti cation systems and
catalogs of claims implies a solution strategy for convincingly conducting and recording summa-
tive evaluations, as well as matching established claims to new applications. Summative eval-
uations for systems within a common categorization region become simple with generic UEM
implementations. Benchmark levels of critical parameters can be determined for reference tasks
in due course. This could be quite useful for judging design potential of new artifacts in early
development stages, as well as assessing design progress over time.

4.5 TheWay Forward: A Complete Research Contribution

Although the IRC framework and its general research approach have been met with a lot of positive
interest and encouragement, we have also received critical feedback. Perhaps the most insightful
comments come from proposal and conference reviewers both of which rejected earlier presenta-
tions of this material. We were also able to receive some excellent feedback from attendees at a
workshop on design and evaluation of noti cation systems at UbiComp 2002, as well as reviewers
of [84, 87, 88]. Some of the issues raised by many anonymous reviewers and workshop attendees
have already been addressed and improved in the published versions. However, other comments
had not yet been addressed, and were viewed as essential for the continued progress of this research
direction. The following list summarizes unresolved criticism:

1. Any systemcan be considered to be a noti cation system thede nition and conceptual mod-
els should do a better job excluding systems.
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2. It could be made more clear that noti cation systems are a clearly distinguishable genre of
systems.

3. Boththeclassi cation scheme and the method for assigning values is too subjective.

4. It's not entirely clear that designers would at any point stop and say 'Hey, we're building a
noti cation system. Let’s see what's available to help us!

5. The casefor the utility of an accurate classi cation needs to be stronger.

6. Demonstrate how the proposed framework would move substantially beyond the human in-
formation processing frameworks, such as those discussed by Wickens.

7. The case studies described do not provide a lot of support for the classi cation system.
Overall, despite my concerns about the case studies, | believe the classi cation system can
be quite useful. However, before using the system, | would recommend that practitioners
look for more convincing validation of the system.

While the research presented in the subsequent chapters will not resolve all of these issues,
the main intent is to address the most critical ones as soundly as possible. Items 1 and 2 will
be addressed in the Chapter 5, improving our ability to accurately and consistently describe a
noti cation system. Item 3 will be addressed in both Chapter 5 and 6, while an improved argument
against items 4, 5, and 6, as well as a solution for item 7, should result from the bene ts associated
with design comparison and reuse, demonstrated in Chapter 7. Since these have been show-
stopping points in otherwise favorable reviews and positive research momentum, as motivation
for future efforts, they seem to be the most feasible driving force for follow-up efforts. We focus
on enabling common descriptions of noti cation systems and their usability, in terms of both the
designer and user’s conceptual models.
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PROVIDING DESIGN MODEL IRCsTO
EXPRESSREQUIREMENTS

Our vision is that the IRC framework, presented in the previous chapter and appearing in vari-
ous articles [84, 87, 89, 35], will allow an improved usability engineering process and increased
research cohesion to emerge for noti cation systems, lending ef ciency to several aspects of a
system design cycle. The research presented in the next three chapters provides support for this
vision, focusing on three key aspects:

1. System description, which would allow widely understood articulation of noti cation sys-
tem design objectives that are focused on critical user requirements.

2. Interface evaluation, to enable comparison of the design and user’s models, while support-
ing generalizability of research and early identi cation of usability concerns.

3. Design comparison and reuse, that would save time and effort in requirements analysis and
early design stages by enabling design reuse and appreciation of design progress both which
are informed by reference task benchmarking.

This chapter describes work done to improve consistency and accuracy of system/requirements
description with the IRC framework (item 1, above). Section 5.1 introduces this rst project more
thoroughly, discussing the underlying motivation, problem statement, and successful endstate, as
well as providing an overview of the general approach and expected results. To approach the
problem, we started out by reconsidering designers’ tendencies to manage IRC parameters in no-
ti cation design, whether implicitly or explicitly. Findings of this review appear in Section 5.2.
Responding to this requirements analysis, our design efforts are detailed in Section 5.3, which cul-
minate with the prototype creation and tuning of a tool, referred to as IRCspec. Formed largely
from material published in the Proceedings of the Conference on Computer-Aided Design of User
Interfaces (CADUI '04) [32], Section 5.4 discusses the validation (user testing) of design model
IRC parameter speci cation using IRCspec, and the chapter ends with general conclusions about
this project, as well as future challenges and directions.

64



C. M. Chewar Chapter 5. Providing Design Model IRCs to Express Requirements 65

5.1 Issueswith Expressing IRC Design M odels

Our experience in thinking about dimensions of the noti cation systems taxonomy and critical
usage parameters has impressed us with the complexity of noti cation systems design. The various
facets of the dual-task paradigm may be entirely missed by a casual designer, unless they are
knowledgeable about human information processing. Although we have no illusions that designers
everywhere will someday use the IRC framework to reason about their designs and gain access to
design ideas, we think that the framework can be a useful teaching tool (especially for graduate and
undergraduate HCI or other novice designers) and is a step toward creating better design tools for
designers and other researchers. If, through use of a deliberate requirements analysis module for
noti cation concerns, students can realize the complexity of the design model formulation process,
they may later continue to access other deliberate planning tools to aid early design reasoning
before jumping into implementation alternatives. While there are certain to be many ways of
classifying a system or articulating design intentions, we believe that developing one possible
method will inspire alternatives and prompt discussion of underlying taxonomic issues.

Claim 1 - The IRC framework could allow designers
to classify notification artifacts...

+ artifacts are compared by effects on key psychological
concerns, summarized by critical parameters

+ full IRC notation carries the /intention and effect

IRCspec,
— BUT, no standard process available for deriving design Chapter 5
or user’s model IRC values

IRCresults,

Chapter 6

Based on criticism received, we nd it essential to help designers realize whether or not
the system they have in mind is even a noti cation system. Since noti cation systems can be
implemented on many different platforms and involve a variety of information design strategies, it
will be especially challenging to channel concern to the information need and situational context
associated with the noti cation delivery.

A procedure for considering design model concerns of noti cation systems may help an in-
dividual designer recognize important facets of user background and the usage context. The IRC
framework provides a method for reducing a design model to three parameters. However, the
process of obtaining a numeric representation for each parameter value requires consideration of
several different factorsand is quite subjective by nature. 1f design model IRCs are to be compared
with each other or interpreted by others (e.g. evaluators, implementers, or other designers), there
must be a more standard method of deriving a set of values. Since the design model assessment
procedure includes an abstracted consideration of key requirements analysis concerns, it should
feed naturally into an IRC value speci cation. Providing designers with a tool for calculating an



C. M. Chewar Chapter 5. Providing Design Model IRCs to Express Requirements 66

IRC value automatically within the design model assessment procedure could have two implica-
tions: 1) the argument about the importance of our parameter selection is strengthened, and 2) any
designer can generate a design model IRC without any knowledge of the IRC framework (or even
the fact that they generated it!).

Claim 2 - IRC values reduce a notification
system design model to three parameters...

+ may help a designer focus on important facets of
user background and the usage context

— BUT, its uncertain that notification designers gesitqn Ra;tignale Study,
do/should think about IRC effects ection S.

IRCspec Tool Design,

representation requires consideration of several P
Section 5.3

— BUT, the process of obtaining a numeric
different complex factors and can be subjective |::>
In order for the IRCspec system to be thought of as reliable process for expressing a design
model, there must be results that indicate suf cient consistency and accuracy in matching a given
design conception. Design conceptions can occur in all regions of the IRC framework and include
a wide variety of information and platform needs. Therefore, results should include data on a
representative sample of noti cation system design challenges. We especially value data that is
collected in controlled settings through conditions that closely simulate actual experience. These
objectives form the motivation for this project.

Claim 3 - An IRC design model specification tool...

+ strengthens the argument about the importance of
each parameter

+ allows designers to obtain an IRC value without an
knowledge of the IRC framework

— BUT, requires proof of sufficient specification |::> IRCspec Validation,
consistency and accuracy Sections 5.4, 6.4.1

5.1.1 Problem statement and general approach

Describing user goals with the IRC framework should focus a designer’s consideration of user
requirements on elements that are crucial to a system’s success and allow more accurate commu-
nication of the designer’s intent. The research question addressed through these efforts is:
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Can an IRC rating express a designer’s conceptual model of user requirements (design model)
with consistent and suf cient accuracy?

To determine this, there were several steps required to augment the IRC framework for facili-
tating translation of design considerations to an IRC value. First, we needed to consider the results
of a more thorough analysis of designers’ existing levels of reasoning about IRC requirements in
design, speci cally asking whether designers really do manage IRC parameters in their design
efforts? The results of this analysis helped us generate speci ¢ requirements for a procedure that
helps a noti cation systems designer consider key elements of the usage experience and user’s
goals and expectations. Second, we developed an automated method of processing designer re-
sponses that calculates a design model IRC. Next, we developed a test that in which participants
(acting as designers) considered a design problem and completed the design model assessment pro-
cedure. Finally, we analyzed our data to make conclusions about the consistency and suf ciency
of system-generated IRC values. Each of the following sections describe these steps in detail.

5.1.2 Expected results and successful endstate

We expected that the IRCspec system would achieve results that are more consistent (smaller
variance in mean differences between designer assessments) and accurate (closer to the objective
design model established by expert consensus), compared to those results achieved using a manual
method of estimating an IRC value. We also wanted to validate that interrater reliability was
suf cient, and higher than reliability for the manual method. Such a nding would validate the
IRCspec system as an adequate tool for articulating an abstract design model for a noti cation
system. Additional aws or shortcomings with IRCspec would be identi ed through general post-
test questions about the comprehensibility of the speci cation tool.

5.2 Do Noti cation Designers Really Manage IRCs?

In order to re ne understanding of the current design practices and needs of designers for a tool
like IRCspec, we started out by analyzing designers’ tendencies to manage IRC parameters in
noti cation design, whether implicitly or explicitly. We suspected that experienced, professional
designers and researchers carefully manage IRC-related tradeoffs in their design efforts, and that
design rationale would often express these concerns and the resulting design decisions and research
foci. However, we thought that novice designers would often lack such focus in their design
rationale.

5.2.1 Method: Analysisof design rationale

To get an idea of how often professional and novice designers considered IRC-related tradeoffs in
the design of a noti cation, we conducted an analysis of design rationale records.
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Selection of design rationale records. For the professional efforts, we decided that it was im-
portant to consider speci c interfaces as well as broader design themes or guidelines that related
to noti cation systems. Since we had already developed a comparative collection of systems, we
selected four of the systems depicted in Figure 4.4 to further analyze. In doing so, we choose
to avoid the four systems already discussed in Section 4.3.1 and thus provide additional, more
fully documented examples of IRC-related design rationale. The four speci ¢ noti cation system
interfaces that we selected were: Scope [126], Sideshow [19], Kimera [78], and ambientROOM
[68]. Selection of these systems was not entirely random we knew that each were described in
full papers from HCI conferences (CHI, CSCW, and AV1), so we thought that they would have the
most fully developed records of design rationale. Another consideration was to have a sample of
systems that can be classi ed in a variety of places throughout the IRC design space, and were im-
plemented on various platforms (Kimera is a large screen display, ambientROOM is an augmented
physical environment, and the other two are desktop systems, one adaptive and one nonadaptive).

To further explore tradeoffs of professionals, we also selected four papers published in HCI
conferences (CHI and UIST) that described broader design themes for speci c types of noti cation
systems. Unlike the interface papers, these had not been previously read or analyzed in the context
of noti cation systems design considerations. The papers were a result of a literature search on
themes related to noti cation systems design: strategies for invisible, ubiquitous computing (or
unremarkable computing) [121], considerations for instant messengers [128], and information and
interaction design of web-based advertisements (animation in online banners [14] and interactive
advertising [105]). These papers were selected from a pool of eight theme papers because they
seemed to address a wide range of design concerns, platforms, and IRC design models. We also
ensured that they had sections that included speci c¢ design guidelines. As with the interface pa-
pers, screening was not based on inclusion or non-inclusion of IRC-related content we wanted to
characterize typical concerns of professional designers and researchers.

To contrast the professional efforts with novice efforts, we analyzed sample student design
reports from three different groups:

The rst group of consisted of the most novice designers, many of whom had not yet com-
pleted an HCI course and were not at all familiar with our speci c research area. The nine
reports from this group came from a six-week long extra-curricular contest, in which each
undergraduate team (often individuals) designed a solution for an airplane ticket price noti-
cation system (referred to as the Expedia problem). Contestants were motivated by $400,
$200, and $100 prize offerings for best usability (additional contest guidelines are sum-
marized in the notes for Table A.2); the design rationale was part of the submission.

The second group of reports came from semester-long team design projects in an under-
graduate HCI class. All projects required re-analysis and redesign of the Scope interface.
Students had the bene t of reading the associated paper ([126]) and building from the orig-
inal designers’ rationale, but were not required to direct their efforts at any speci c issues.
Out of the fteen teams in this class, ve decided to radically change the interface (rather
than tweak speci c features of Scope) these ve reports were selected for analysis.
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The third group of student design reports came from the nal project assignment in a grad-
uate Usability Engineering class (a one-month long, ve-person team effort at the end of
the course). These students were required to design a noti cation system that would deliver
CNN news alerts to users and entice them to access detailed content. Prototypes for all seven
systems were evaluated by users in a single experiment, allowing the interfaces to be ranked
in terms of closeness to a speci ¢ design model (criteria that guided the design efforts). We
selected the reports from systems that were ranked highest (system A), lowest (system G),
and in the middle (system C). Each report was the length of a typical full conference paper.
Students were free to cite literature on noti cation design, and several were familiar with our
research efforts.

Analysis procedure. The speci ¢ procedure used to characterize each design rationale artifact
was straightforward. Using Table 4.2 as a guide for identifying interruption, reaction, and com-
prehension user goals, we highlighted mention of similar considerations in each paper. For all
groups except the HCI Scope project, this task was intended to be comprehensive every IRC-
related phrase was noted. Since the HCI students were required to focus their reengineering efforts
on mitigating one key problem claim for the original system, we noted any portions of the claim
and the redesign proposal that related to IRC concerns. For all reports, we also made note of any
other design theme that seemed to dominate the designer’s thinking, such as customizability. Ta-
bles were constructed for each group of reports, depicting all phrases within the design rationale
according to the IRC parameter that the phrase seems to address (see Tables A.1 and A.2).

5.2.2 Professional and novice designer results

In general, the exercise of explicitly listing instances of IRC-related rationale for professional de-
sign efforts reinforced our feeling that noti cation designers really do manage concerns related to
IRC constructs. Students seemed to be much less consistent in their coverage of IRC tradeoffs,
although they seemed to be able to pick up IRC themes after careful examination of professional
design rationale products (i.e., the Scope paper). When students did discuss IRC goals, the con-
cerns cited often seemed to lack insight, except in the best cases.

Professional papers. Each of the eight professional papers included multiple phrases that per-
tained to each of the three IRC parameters. For example, all designers and researchers reported
some consideration of interruption, although terminology and speci c goals differed. Many re-
ferred to minimizing distraction or safeguarding attention, although others intended to elevate
noticability, support variable distraction, and prevent users from ignoring noti cations. Almost
all papers expressed deep consideration for goals that we summarize with the IRC parameters, fre-
quently treating them as tradeoffs and expressing speci c levels desired. As seen in Table A.1, each
parameter usually had four or more associated phrases in the design rationale, although designers
did discuss other important design themes as well (i.e., goals for adaptability, poetic representation,
and acceptability in domestic settings).
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As critical parameters should be, the IRC parameters within the design rationale can certainly
be thought of as points of comparison between the interfaces and design guidelines. For instance,
several designers suggest an intention for low interruption (System 1 - 5), while others expressed
an intention for higher, situationally demanded interruption (System 6 - 8). When intended levels
of the other two parameters are also considered, we improve the ability to distinguish the design
intentions from each other: high reaction is a goal for Systems 1, 2, 4, 7, and 8 (but not for
the others); high comprehension is targeted for only Systems 1, 2, 4, and 6. Thus, the most
comparable sets of systems in terms of design intentions are Systems 1, 2, and 4, Systems 3 and 5,
and Systems 7 and 8. If a new designer wanted to see an example of a system designed to target
high interruption, low reaction, and high comprehension, they should refer primarily to System 6.

Student design projects. In general, the students were much less thorough in documenting any
IRC-related concerns they may have considered in their design. There were key differences in the
three groups of students, and notable exceptions that hint at broader potential for improvement.

The rst group (designers of the Expedia noti cation systems) seemed to have major prob-
lems expressing many insightful design rationale points that related to IRC concerns, even though
they were speci cally instructed and motivated to do so. Only two out of nine reports showed any
consideration of all three parameters, and only one other report showed very cursory consideration
of more than one parameter. Even the most thorough rationale (System D) expressed few propo-
sitions that related to user goals for the critical parameters. Certainly, this result can be attributed
to several factors: the length of rationale statements provided was generally only a few sentences,
and students had no formal training on how to write design rationale or think about psychological
effects of situation features or artifacts in use. However, it is arguable these may be typical char-
acteristics of many novice designers, and part of the dif culty in this task was decomposing and
articulating concepts related to interruption, reaction, and comprehension.

The second group (redesigners of Scope interfaces) generally provided more encouraging
examples of design rationale that was intended to address IRC user goals. Students seemed to be
making critical claims about the original Scope interface that addressed problems in supporting
IRC-related user goals. Frequent comments included the ideas that Scope is too cluttered to be
glanceable, takes up too much screen space to be non-distracting, fails to support desired user
reactions (discerning and deleting alerts and high urgency items), and interpreting the noti cations
being monitored. Perhaps much of the students’ success in picking out IRC-related concerns must
be attributed to their careful re ection on the Scope paper and its focus on IRC concerns. It
was somewhat disappointing that only two of the critical redesign claims seemed to address IRC-
related goals that the original designers did not think of (System G, (R): awareness of time in
which a noti cation should be handled should be factored into the display of items; System H, (I):
persistent display of to-do items can cause user stress, and thus, interruption). This suggests that a
broader appreciation of IRC constructs might have allowed students to recognize more insightful
problems.

Results from the third group show the highest variation. The team that designed System A,
the most highly rated CNN noti cation interface in the usability evaluation, had the most well
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Figure5.1: Summary of the four groups (one professional and three novice) from which design rationale of
designed noti cation systems was analyzed. The results from the Expedia contestants and the CNN Noti ca-
tion designers were most concerning, as the design rationale consistently lacked focus on key psychological
effects of noti cation.

developed design rationale, in terms of IRC goal coverage. However, at least one member of
this group had previously attended seminars that discussed our notion of the IRC design space
and was familiar with associated literature. Team G’s design rationale addressed all three critical
parameters, but seems to be much more simplistic than the other two groups. Their interface scored
the lowest in the usability test, especially in assessments of annoyance factor and supporting

response to content. For this group of students, ability to make explicit IRC-related design
rationale seemed to correlate with subjective assessments of their interface usability.

Key fi ndings. In publication of their work and design rationale, professional designers of no-
ti cation systems tend to place some emphasis on describing intentions for all three critical pa-
rameters. Not only is this evidence that good designs explicitly manage the critical psychological
effects, but we can note the diversity of intentions for the critical parameters within even this
small sample of systems. Certainly, if we are to compare designs or reuse design components, we
ought to have at least a high-level appreciation for the original designer’s intentions (e.g., low
vs‘‘high parameter levels). The survey of professional design rationale provides encouragement
that the IRC parameters can form a common framework for understanding noti cation system
design intentions.
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In general, the tables summarizing student design rationale records provide evidence that
novice designers may have dif culty creating insightful IRC-related design rationale. When stu-
dents studied examples of professional design rationale or were knowledgable about the IRC
framework, they were able to recognize and attempt to support IRC goals in their design efforts.
This reinforces and channels our motivation for providing a tool that would help designers consider
and characterize IRC-related requirements in noti cation systems design.

While we found that professional designers really did consider IRC-related tradeoffs in de-
sign, this did not seem to be innate quality of all novice designers. The next section discusses how
we transferred many of the observations made in this study to the design of such a tool IRCspec.

5.3 IRCspec Tool Design and Tuning Process

Our analysis of design rationale produced several ideas that guided the tool design. First, we
discuss the root concept which emerged, and high-level activity design decisions that followed.
Next, we review the process of selecting and organizing speci ¢ content to guide consideration
of IRC parameters in noti cation systems design. Finally, we discuss the iterative process used
to formatively test and tune the IRCspec tool so that it might produce the most consistent and
accurate results. The next section (5.4) describes the validation efforts for the tool.

5.3.1 Tool design considerations

High-level activity design. From our own requirements analysis, we learned that novice design-
ers tend to have dif culty with considering and expressing tradeoffs related to critical parameters
in noti cation systems design, or IRC. We speculate that supporting this process will help novice
designers probe key questions routinely addressed by more experienced designers. Helping more
designers to think in terms of a common design space will catalyze growth of a variety of poten-
tially reusable design solutions. Thus, the root concept for the IRCspec tool is to expose novice
designersto essential tradeoffs of typical noti cation system design goals, and to help characterize
their design intentions accordingly.

In doing so, we anticipate that several general assumptions and user activities will be impor-
tant:

Using IRCspec should not require any specialized knowledge about human information pro-
cessing, the dual-task paradigm, or the IRC framework.

Although the tool should prompt designers to consider facets of the multitasking experience,
it is likely that many of these facets will be dif cult to anticipate in the requirements analysis
stage.

The system should help draw designer focus away from platform-speci c tradeoffs and con-
straints. Since noti cation systems can be implemented on many different platforms and
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involve a variety of information design strategies, it will be especially challenging to chan-
nel concern to the information need and situational context associated with the noti cation
delivery.

The process of using the tool should be a simple, brief transaction, allowing designers to
gain pro ciency with repeated use, to the point that the tool is soon unnecessary.

With these goals in mind, we started brainstorming about what the process of using IRCspec
could be like. In order to generate as many options as possible, we made this brainstorming an
exercise in three different seminars (each consisting of about eight students that had been spent
several previous weeks learning about the IRC framework and contrasting various noti cation
systems). Students were asked to develop an approach they thought might work, demonstrate
its use, and re ect on the approaches taken by others. We were able to identify several possible
options by observing these discussions (see Figure 5.2).

Several different rough prototypes were developed and discussed to explore each approach.
Students reverse-engineered requirements for a few different example systems, and used several
different prototypes to obtain design model IRCs. After comparing consistency and satisfaction
with the results, we still were not satis ed with any of the approaches. The guideline approach
proved dif cult to learn and apply consistently, the additive approach seemed to be quite dif cult
to construct without platform-speci c design feature references and it was also dif cult decide the
order in which parameters should be considered. Finally, the categorical approach seemed require
so much supporting material that it would scale poorly for the whole design space.

However, two key points emerging from these initial studies motivated our eventual approach.

1. First, the additive approaches certainly were the simplest to use, and were compelling under
the goal of promoting learning. However, we started to realize that composite parameter
factors could not just be simply described as potential parts to be added, independent of
the other parts. Instead, we started to envision each parameter as a complex and generic
concept that included several components which might be weighed differently in various
combinations.

2. Inassessing tool designs that would be most effective for novice users, we saw clear bene ts
in prototypes that presented minimal chunks of information at any time and helped users
recognize possible choices. A wizard-style interface that presented direct questions came to
mind.

Still largely uncertain about how the parameter selection or calculation would take place, we
started to explore the speci cs of what a wizard-style questioning tool would need to contain. As
we continued, we wanted the tool to be a metaphor for the designer writing a story about the user’s
noti cation goals in a dual-task situation.
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Figure 5.2: Threealternateapproadesto geneating a designmodellRC (categorical, additive or guide-

line based)that were initially consideed. All three approadteswere discaded after prototypemethods
failed to sugyestconsistenselectiorof choices feasiblescalabilityfor an entire designspace andfor other

reasongdiscussedn Section5.3.1. Instead,the IRCspectool was developedto implementthe concepts
depictedn Figure 5.3andthealgorithmdescribedn AppendixA.2.



