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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



C. M. Chewar Chapter 2. Related Work 9

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,
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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
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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



C. M. Chewar Chapter 3. Background Work 25

| Image Sc I [= .
(a) Color Scale
min max

P i PN

/ \ A

: "JO.....
Ouestion to Answer |

Round 7: Memorize the scale-- when you
click OK, it will disappear. Then you will see a question,
which will also disappear when you click START.

&

i
(&)

Which is the maximum value?

START Please Answer [_]D]

(e) Which is the maximum value?

A
CH

D

o]

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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Figure 3.7: Each chart shows information about a single question type. Left y-axis and histogram data

show sample size distribution at various levels of primary task performance changes. Right y-axis and

trendlines (2-period moving averages) show variation of answer correctness according to primary task

performance changes.



C. M. Chewar Chapter 3. Background Work 29

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 scalesusedin the three experiments depictedin scaleto eadh other
Relativechangesbetweervalues(positions,angles Jengths lJuminescencealues etc) are keptuniform.

conditionwith unencodedtext) numbersasanotherform of a controlcondition.

Scalesveredesignedo beassimilarto theotherconditionsaspossiblejncreasingn uniform
steps. Figure 3.8 shavs eachscale. Both experimentsusedthe sametestingplatform (encoded
valuesfor eachround,gamedata,secondarynformationquestionsandLatin squaredesign)as
the rst one,with only a modi cation thatremovedfocal rounds. Testing72 and 66 participants
respectrely, we distributedparticipantevenly acrosseachof thesix versions.Thenext subsection
presentanddiscussesesultsfrom thesetrials.

Results& Future Work

Figures3.9and3.10provide performanceankingsfor all 11 attributesaccordingto eachseparate
criteria. Certainly thereis no consistenbrderingapplicableto all situations.

Althoughthesehreeexperimentdave addressetheattributeslistedby ClevelandandMackin-
lay, thereare mary other primitivesthat apply to noti cation systemsdesignthat shouldbe in-
cludedin similar studies. Motion is fundamental—tanclude grow/shrinking, fading, horizontal
and vertical tickering, spinning, and animatedcolor changes. However, thesetypesof motion
would notbeappropriatelytestedwith this platform,althoughit is possiblethatthey couldbeused
to represenvaluesof quantitatve data. For instance representingen valuesof a datasetvould
requiredisplayof ten motion sequenceévarying speedor distance) but simultaneouslisplay of
so muchanimationwould undoubtedlyconfoundresults. An alternatetestingplatform shouldbe



