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Abstract
Due to the increasing amount of data, visual data analysis has become more and
more important. Visual data analysis makes it possible to use humans’ mental
capabilities to quickly recognize visual patterns and find relevant information and
make sense out of them. However, humans’ mental resources are not only required
for the actual knowledge generation process but also for the operation of the analysis
tools. The interaction with visualizations as data analysis tools is the focus of this
dissertation. The fewer resources the user has to spend for operating the tool the
more resources are left to interpret the visual representation of the data and make
sense out of it. The research approach underlying this dissertation is based on the
theory of Reality-based Interaction. Our physical and social environment is full of
affordances, rules, and constraints that we are aware of and that frame our thinking
and interaction with people and objects. A reality-based interaction technique makes
use of this by aligning the operation of a digital system with our physical and social
experiences from the real world. The goal is to create user interfaces that seem
familiar to the user. In this dissertation user interfaces for the visual analysis of
data based on reality-based visualization and interaction techniques are referred
to as Reality-based Idioms. Reality-based Idioms often make use of novel input and
output technologies, which, compared to traditional desktop systems, leverage the
users’ preexisting and entrenched knowledge about the physical and social world
to a much greater extent. The technologies examined in this dissertation include
multi-touch displays, deformable displays, tangible user interfaces, and head-mounted
augmented reality displays. The applied approach reflects the duality of Humancomputer Interaction as a research and design discipline. In the sense of a research
discipline, the thesis presents the theoretical foundations that explain when a user
interface is perceived as reality-based and thus as familiar and summarizes them
in the Model for Reality-based Idiom Design. In the sense of a design discipline, the
practical applicability of the model is illustrated by three domain situations. These
focus on navigating visual information spaces, filtering large amounts of data and,
analyzing multi-dimensional data. In order to address these domain situations,
the dissertation presents five Reality-based Idioms. The evaluation of these design
artifacts helps to clarify the benefits of reality-based interaction for visual data
analysis. With this approach, the work makes an important contribution to closing
the gap between visualization and interaction research and to pointing out new
ways to facilitate the operation of tools for visual data analysis.
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Zusammenfassung
Aufgrund immer größerer Datenmengen hat die visuelle Datenanalyse an Bedeutung
gewonnen. Dabei werden die mentalen Fähigkeiten des Menschen genutzt um
visuelle Mustern zu erkennen und somit relevante Informationen zu finden, sowie
deren Sinn zu erschließen. Die mentalen Ressourcen der AnwenderInnen werden
dabei aber nicht nur für die eigentliche Generierung von Wissen benötigt, sondern
auch für die Bedienung der eingesetzten Werkzeuge. Die Interaktion mit Visualisierungen als Werkzeuge für die Datenanalyse bildet den Fokus dieser Dissertation.
Je weniger Ressourcen die AnwenderInnen für die Handhabung der Werkzeuge
aufwenden müssen, desto mehr Ressourcen verbleiben für die Interpretation der
visuellen Informationen und die Wissensgenerierung selbst. Der dieser Dissertation zugrunde liegende Forschungsansatz basiert auf der Theorie der Reality-based
Interaction. Unsere physische und soziale Umgebung ist voll von Handlungsanregungen, Regeln und Grenzen denen wir uns bewusst sind und die unser Denken
und unsere Interaktion mit Menschen und Objekten beeinflussen. Eine realitätsbasierte Interaktionstechnik macht sich dies zu Nutze, indem sie die Bedienung
eines digitalen Systems an unsere körperlichen und sozialen Erfahrungen aus der
realen Welt anlehnt. Dabei wird das Ziel verfolgt User Interfaces zu schaffen, welche
den NutzerInnen vertraut vorkommen. User Interfaces für die visuelle Datenanalyse,
welche auf realitätsbasierten Visualisierungs- und Interaktionstechniken basieren,
werden im Rahmen dieser Dissertation als Reality-based Idioms bezeichnet. Realitybased Idioms nutzen dabei häufig neuartige Ein- und Ausgabetechnologien, welche
es, verglichen mit herkömmlichen Desktop-Systemen, ermöglichen die Vorerfahrungen der AnwenderInnen deutlich stärker zu nutzen. Zu den Technologien, welche
in dieser Dissertation untersucht werden, gehören Multi-touch Displays, Deformable
Displays, Tangible User Interfaces, sowie Head-mounted Augmented Reality Displays.
Die angewandte Vorgehensweise spiegelt dabei die Dualität der Mensch-Computer
Interaktion als Forschungs- und Designdisziplin wider. Im Sinne einer Forschungsdisziplin stellt die Dissertation die theoretischen Grundlagen vor, welche erklären,
wann ein User Interface als realitätsbasiert und somit als vertraut wahrgenommen
wird und fasst diese im Model for Reality-based Idiom Design zusammen. Im Sinne
einer Designdisziplin wird die praktische Anwendbarkeit des Models anhand von
drei Problemstellungen veranschaulicht. Diese fokussieren sich auf die Navigation in
visuellen Informationsräumen, die Filterung großer Datenmengen und die Analyse
mehrdimensionaler Daten. Um diese Problemstellungen zu adressieren stellt die Dissertation fünf Reality-based Idioms vor. Die Evaluation dieser Designartefakte trägt
dazu bei, die Vorzüge einer realitätsbasierten Interaktion für die visuelle Datenanalyse zu verdeutlichen. Mit diesem Ansatz leistet die Arbeit einen wichtigen Beitrag,
die Lücke zwischen Visualisierungs- und Interaktionsforschung zu schließen und
neue Wege aufzuzeigen, die Bedienung von Werkzeuge zur visuellen Datenanalyse
zu erleichtern.
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We are living in the era of Big Data, which is characterized by the rapid growth in size
and complexity of data collections. “The amount and complexity of the data available
for analysis in the physical-, life- and social-sciences – as well as that available for
guiding business and government decision making – are growing exponentially” [58].
Multiple research fields are concerned with making sense out of huge data collections.
These fields approach the problem of data analysis and knowledge generation
from different perspectives. Whereas data mining and machine learning consider
automated approaches, research disciplines like Information Visualization, Visual
Analytics, and Human-computer Interaction (HCI) focus on the role of the user in
the analysis process by means of interactive visual approaches to data analysis.
These approaches try to leverage humans’ mental capabilities for facilitating the
finding of relevant information and aid in its understanding. In this context, we
can distinguish between the mental capabilities required for the interpretation of
visualizations in terms of pattern detection, the mental capabilities required for the
actual knowledge generation process and the mental capabilities required to operate
the tools or systems utilized to analyze the data. This is where the disciplines
differ. Whereas Information Visualization considers mainly the reduction of the
mental effort required to interpret visual representations and detect patterns, Visual
Analytics adds the perspective of improving the processes of knowledge generation.
In contrast to this, however, HCI mainly focuses on lowering the mental effort
required to operate the tools and systems. The fewer resources that the user has to
spend on operating the tool, the more resources that are left to interpret the visual
representation of the data and make sense out of it. Van Dam took up this HCI
perspective and pointed out that, “to state the obvious, the user wants to focus on the
task, not the technology for specifying the task” [73]. The aim should be to allow the
use of tools and systems without thinking about the tool and to focus beyond them
on the actual goals [310].

1

Novel technologies can bring us one step closer to this goal, because they provide the
means to leverage not only the humans’ cognitive, but also the physical, capabilities
for perception and interaction. The technological progress embraces large touch
surfaces, Virtual Reality (VR) and Augmented Reality (AR) displays, among others,
and related input technologies like object and body tracking or gesture recognition.
The Windows, Icons, Menus, Pointers (WIMP) interaction paradigm used by today’s
desktop systems seems unsuitable for use in conjunction with these technologies,
because it does not fully exploit the potential for utilizing users capabilities offered
by the technologies. In this context, the supremacy of the WIMP paradigm is called
into question by interface variants that build on real-world metaphors or physical,
spatial and bodily interaction modalities [73]. These interfaces are summarized
under the term post-WIMP user interfaces. Post-WIMP paradigms aim for building
more powerful and natural interfaces [73] and are characterized by the aim of
“draw[ing] strength by building on users’ preexisting knowledge of the everyday, nondigital world to a much greater extent than before” [145]. Research results in the area
of cognition science have informed several upcoming theories and models [79, 142,
145, 151, 129] which proclaim an increased integration of concepts we know from
the everyday, non-digital world into the digital realm.
However, these results from interaction research have not been transferred smoothly
to the field of visualization research [292]. This is becoming even more serious because visual data analysis is moving into new contexts (e.g., museums and libraries),
is using novel technologies, and is targeting a broader range of users with different
knowledge bases [175]. WIMP interfaces are known not to be the most appropriate
interfaces for many of these new analysis environments and technologies [315].
Zudilova-Seinstra et al. state that there is “a major communication gap between HCI
experts and those developing visualization algorithms and systems” [328]. This work
tries to close the gap a little further by integrating theories and models from interaction research and visualization research. The aim of this integration is to inform
novel ways of reducing the interaction costs during visual data analysis by drawing
from novel technologies and interaction styles that ground on users’ preexisting
knowledge about the non-digital world.

1.1 Research Context
The research in this dissertation can be roughly assigned to three major research
disciplines in computer science. These are Information Visualization, which focuses
on “the use of computer-supported interactive, visual representations of abstract data to
amplify cognition” [53], Visual Analytics which is “the science of analytical reasoning
facilitated by interactive visual interfaces” [286], and HCI that can be defined as “a
discipline concerned with the design, evaluation and implementation of interactive
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computing systems for human use and with the study of major phenomena surrounding
them” [116]. In this context, the main difference between the fields is that in
visualization research in terms of Information Visualization and Visual Analytics the
visual representation of the data and the related knowledge generation process are
the primary concern, whereas for HCI the interface between human and computer,
and the influence of the interface on the humans’ behavior is of primary interest.
Of course, Information Visualization and Visual Analytics do not neglect interface or
interaction design, just as HCI does not neglect data representation, but the foci of
the fields are different. This dissertation investigates the design of novel ways of
interacting with visual data analysis tools. Thus, Information Visualization and Visual
Analytics are considered as disciplines from which we can learn and that define and
delimit the domain for which interaction should be designed and evaluated. We take
an HCI point of view and focus not only on the users, their abilities, their knowledge,
but also on the social and physical context to address higher-level usability and
design issues in creating effective user interfaces for visual data analysis.
HCI as a discipline consists of a multitude of research orientations that have emerged
over year. “HCI moved from its early roots in engineering through its aspirations to be
a scientific discipline to its current mix of science, engineering, art and design” [243].
To address the extending or even changing research questions in the field, HCI has
imported models and theories from other research disciplines as needed. Theoretical
developments that have spanned the history of HCI can be clustered into three
epochs whose labels have been inspired by the three main periods in the history of
art: classic, modern, and contemporary [243].

The classic epoch of HCI refers to the 1980s. At this time HCI
theories were influenced by the advent of personal computers and the fact that they
were difficult to learn and to operate. The main source of inspiration to improve
the interaction with the novel technology was seen in cognitive psychology and
its classical cognitive theories [243]. The emphasis was placed on information
processing theories and conceptual modeling approaches (e.g., Interface Gulfs [131],
or GOMS [54]). The adopted cognitive theories and models served as a basis for the
development of design principles, methods, analytic tools, and prescriptive advice
for the design of computer interfaces [221].
Classic Theories

With the beginning of the 1990s the classic epoch’s understanding
of users was considered too simplistic, and it was claimed that people have to be
seen as situated actors with certain skills, experiences, and work practices [10]. In
the modern epoch, “it became more widely recognized that the context of use and
external resources and representations were an integral part of the usability of different
interfaces” [243]. Situated Action, Distributed Cognition, and Activity Theory became
important sources of theoretical reflection [28]. From a methodological point of
Modern Theories

1.1
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view, rigid guidelines, formal methods, and systematic testing were replaced by
proactive methods such as a variety of participatory design workshops, prototyping,
and contextual inquiries [28].

The contemporary epoch, can be characterized by the
increased use of computers not only in the work context but also in private and
public space [28]. With the spread of technology from the workplace to the homes
and everyday lives [22], humanistic values received more attention and extended
and partly even superseded the “previously mainstream HCI goals to improve efficiency and productivity” [243]. These humanistic values refer especially to cultural
perspectives such as feminism, multiculturalism, and inclusion [243]. In recent
years new technologies appeared that serve these developments. These are for
example pervasive technologies, augmented reality, small interfaces, or tangible
interfaces [28]. Contemporary HCI theories are therefore also characterized by
the new possibilities provided by novel technologies. For example, the emphasis
on social aspects was primarily due to upcoming technology and related design
problems [243]. New technologies are, for example, portable and used in changing
locations and contexts, multiple devices are used in combination to solve different
tasks, and new input modalities have been proposed [28]. Thus, “theories today that
focus on place, movement, and ubiquity would still be coffee-time discussions at PARC
if we did not have smartphones and other mobile devices” (Carroll in personal communication with Rogers [243]). The HCI contemporary theories which influenced
this dissertation can be characterized and distinguished with three ‘turns’: turn to
design, turn to the wild, and turn to embodiment [243].
Contemporary Theories

• Turn to design - Design in terms of software design, user-centered design,
and interface design has been a central theme in HCI already during the
modern epoch (e.g., [156, 321]). In the turn to design, the focus has shifted
to design theory and how it could influence HCI. The turn to design draws
from art, design and humanities theories. Thus, it is not just about how to
do interaction design but also how to think about it [243]. This shift from
prescription to reflection was accompanied by the consideration that good
design cannot be achieved with a simple step-by-step approach, but it requires
much interpretation and understanding of the choices and design tradeoffs
that have to be made [243]. Design theory from contemporary HCI establishes
“different patterns of thinking and acting, new design principles, and a general
understanding of the conditions for creative and innovative work” [188].
• Turn to the wild - The turn to the wild aimed for describing how new technologies are designed, prototyped, and implemented in situ [245]. This is
in contrast to ethnographic approaches applied in modern HCI that focus on
observing existing practices and derive system requirements (e.g., contextual
inquiry) [244]. In-the-wild approaches applied in contemporary HCI focus
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on the augmentation of people, places, and settings with new technology
and observe how people react, change their behavior and integrate the new
technology into their lives [243]. The nature of the evaluation of new technologies in situ differs from lab experiments in that they are less controlled.
This makes it hard to isolate specific effects as there are many factors and dependencies that might cause the observed effect [243]. Thus, theories become
even more important for making sense out of the observations. The turn to
the wild, therefore, imports theories originating from the behavioral sciences
and philosophy into interaction design which explain behavior as it occurs in
the real world. A theory that origins from cognitive science is embodiment.
Embodiment considers sensory perception, and physical and social actions as
influential variables which structure our cognition and how we experience the
world.
• Turn to embodiment - Embodiment, as a theory of mental representation, assumes that there is an interaction between cognition, sensory perception, and
motor functions and that this is reflected in the representation of our thinking processes. Embodiment, therefore, claims that the brain is not the only
resource that is used to generate behavior. Instead, our behavior emerges from
the real-time interaction between a nervous system with particular capabilities,
an environment that offers opportunities for behavior, and information about
these opportunities [287]. In contrast to the classical, mental representation
concept, which considers the brain as the central instance of mental representation and cognition, the brain is now part of a more extensive system that
critically involves perception and action. The actual solution one comes up
with for a given task includes all of these elements [287]. In HCI embodied
interaction is essentially seen as a point of view that can help researchers
and designers to uncover issues in the use of existing interactive systems and
the design of new systems [79]. The imported embodiment theory lead to
several derived theories in HCI which proclaim an increased integration and
connection as well as a stronger coordination of computing power and our
physical, non-digital world, and our embodied knowledge about this world
(e.g., Tangible Computing [142, 297], Social Computing [261], Image Schema
Theory [128, 129], Reality-based Interaction [145] and Blended Interaction [150,
151]).
This dissertation can be assigned to the turn to embodiment, because it considers
embodied cognition and the related theories and models as the foundation for the
design of interaction and visualization techniques. Interfaces designed with the
consideration of these theories and models are further referred to as reality-based
interfaces. The work is also influenced by the turn to design and the turn to the wild.
Following the turn to design this dissertation considers embodied cognition and
the related theories as different patterns of thinking, and as new principles which
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can be applied to design new interactive systems whereby these design artifacts
can be considered as contributions to the field. According to the turn to the wild
some of the work presented in this dissertation aims at describing how reality-based
interfaces can be designed, prototyped, and implemented for in situ use and how
people react to it. From a design point of view the research in this dissertation
can, therefore, be assigned to contemporary theories. From a methodological point
of view, the research in this dissertation applies methods predominantly in the
classic, modern and contemporary epochs ranging from controlled lab experiments,
contextual inquiries and focus groups, to in situ evaluations.

1.2 Research Scope
The overall research aim of this dissertation is to apply concepts and ideas from the
turn to embodiment to the design of idioms for visual data analysis. The concept
of an idiom for visual data analysis is derived from that of idioms in language. An
idiom in language is a group of words that has an emergent meaning which is more
than the literal meaning of the individual words and still commonly understood as it
has been established by usage. An example would be the idiom “Call it a day” which
although not literal phrased is understood as “stop working for the day.” By analogy
an idiom in Information Visualization is defined as a specific way how to visually
encode data and interact with the resulting visual representation [210]. Idioms
can have different granularities ranging from distinct visualization or interaction
techniques that support individual tasks (e.g., navigating a visualization) to holistic
system designs that support entire analysis processes. What all idioms have in
common is that they have been established by usage, or to use a less strict definition,
they are understood by familiarity.
Previous work from visualization research has put together collections of idioms
that target specific domain situations [210]. In this context, a domain situation
can be defined as an analysis activity that is embedded in a larger workflow and
conducted by one or multiple persons in a social and physical environment. However,
most models and theories for the design of visualizations have a limited perspective
on these domain situations and consider them only by means of data and task
taxonomies (e.g., [209, 210]). Taking this point of view is based on the assumption
that the data to analyze (what data?) and the tasks to fulfill (why analyze?) can
guide the selection of the idioms (how to analyze?) which are suitable for a certain
domain situation (see left part of Figure 1.1) [209, 210]. Whereas this might be true
for the selection of suitable visual encodings and also for the functionalities that an
analysis tool should provide, this limited perspective on the domain situation is not
sufficient to inform the interaction design.
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Domain Situation
What?
Data to analyze

Why?
Tasks to fulfill

Where?
How?
Reality-based Idiom

(visual encoding/interaction)

Physical and social context

Which?
Preexisting/entrenched skills

Fig. 1.1: Preview of the Model for Reality-based Idiom Design. The left part represents

the perspective taken by visualization research. The right part represents the
perspective taken by interaction research.

Taking an interaction research point of view, the domain situation also has to be
looked at in terms of the physical and social context in which the analysis activity is
conducted (where to analyze?). It obviously makes a difference for the interaction
design if the analysis task is performed by a single user or by a team of two or more
people. It, for example, also makes a difference if the domain situation describes
an office scenario with an analysis task performed on a desk, or the search for
media items in a public library, whereas the physical environment comes with many
particularities. However, in accordance with the turn to embodiment in HCI, not
only the actual physical and social context in which the analysis activity takes place
is of high importance, but also the preexisting and entrenched knowledge that the
users have about the physical and social world in general. Considering users’ most
basic low-level bodily, spatial, or social experiences and skills provides the means to
allow for familiar interaction within an idiom (which skills?). Taking this interaction
research point of view, the aim is to make the idiom not primarily comprehensible by
establishment, but rather also comprehensible by users’ embodied and entrenched
knowledge about the physical and social world (see right part of Figure 1.1).
Visualization and interaction techniques designed under these considerations are
further referred to as Reality-based Idioms. In that sense a Reality-based Idiom can
be defined as a specific way of encoding data and interacting with the resulting
visualization that lays the foundation of the interaction in entrenched physical and
social concepts. A Reality-based Idiom, therefore, aims at combining and enhancing
the power of visualization to amplify cognition with reality-based interaction which
allows users to benefit from their preexisting knowledge and potentially lowers the
cognitive resources required for interaction with visualizations. The overarching
research question (RQO ) addressed in this dissertation therefore is:
RQO : How can we guide the design of Reality-based Idioms and can these idioms
leverage human capabilities and human-embodied knowledge to facilitate
interaction with visual data analysis tools?
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To answer this question the Model for Reality-based Idiom Design is derived by
integrating models from visualization and interaction research (Figure 1.1 provides
a preview of the model). Thus, the Model for Reality-based Idiom Design combines
two approaches: first, the approaches of abstracting the domain situation by means
of a data and task taxonomy to inform the selection of suitable visual encodings and
system functionalities; and second, the approaches of analyzing the domain situation
in terms of a physical and social context to inform the selection of suitable interaction
techniques that leverage users’ preexisting and entrenched knowledge and skills.
To evaluate the applicability of the Model for Reality-based Idiom Design and to
further investigate the benefits of Reality-based Idioms, three domain situations are
investigated (see Figure 1.2). Each domain situation is related to typical actions
performed using visual data analysis tools. These are the multi-focus navigation in
visualizations or visual information space (DS1 ), the filtering of datasets (DS2 ), and
the interaction with feature-rich systems that allow for changing mappings or item
arrangements (DS3 ).
Analysis

RQO

Design

Empiricism

Synthesis

RQ1

DS1 - Multi-focus Navigation in Visual Information Spaces

RQ2

DS2 - Filtering Data

RQ3

DS3 - Interacting with Feature-rich Analysis Tools

O1: Design Goals

O2: Propositions for
Reality-based Idiom

O3: Evaluation O4: Reality-based
Results
Idiom

Fig. 1.2: The research map of this thesis with the three domain situations that each address

on research question. The research map further shows the methodological approach
applied for each domain situation with the four stages: analysis, design, empiricism,
and synthesis. Each of stage concludes with a research objective.

Navigation allows users
to explore visualizations or visual information spaces in general. The information
seeking mantra by Shneiderman, which is “Overview first, zoom and filter, then
details-on-demand” [271], highlights the importance of navigation for the visual data
analysis as it suggests to look at data at different levels of detail. The information
seeking mantra addresses two resource limitations that one has to cope with for
visual information spaces: those of users and those of displays. Users’ resources
are limited in terms of information that can be perceived and processed at a time.
DS1 – Multi-focus Navigation in Visual Information Spaces
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Displays are limited in terms of pixels they can show simultaneously. Jerding and
Stasko stated that “visualizations which depict entire information spaces provide context
for navigation and browsing tasks; however, the limited size of the display screen makes
creating effective global views difficult” [147]. Zoomable user interfaces became a
common technique which deals with these limitations and allows users to explore
the information space at multiple scales [16]. Most zoomable user interfaces only
provide a single focus view on the information space. However, many tasks that have
to be performed in multi-scale spaces require several foci or can benefit from having
multiple foci. For example, the visual comparison of data values, groups of values,
or spatial regions can be considered a most relevant task for data analysis [292, 6,
101]. Multi-focus navigation is a complex task as several foci have to be defined
and cognitively coordinated. Previous techniques for multi-focus navigation include
multi-window systems [9, 226], split screen interfaces [227, 272], and a variety of
research prototypes based on lenses (e.g., [160, 83]) or focus + context interfaces
(e.g., [87, 95, 198, 256]). However, these techniques do not fully leverage users’
entrenched knowledge and bodily experiences and abilities for the interaction. The
domain situation of multi-focus navigation in visual information spaces is of abstract
nature. It does not correspond to one single real-world situation, but occurs in
different scenarios. The research question addressed in the context of this domain
situation is:
RQ1 : How can Reality-based Idioms for multi-focus navigation in visual information
spaces be designed, and with what benefits do they come?

DS2 – Filtering Data Whereas navigation allows users to explore the information
space, filtering enables users to further focus their exploration and analysis on items
of interest. An approach that showed beneficial for reducing the number or visibility
of irrelevant items is dynamic queries [292]. In contrast to a selection of items
which is performed on the visual arrangement of the data, dynamic queries are
specified directly on the data. Commonly, dedicated controls like filter sliders or
check boxes are associated with the item attributes on which the query is to be
performed. In addition, these controls can be combined to create logical AND and
OR combinations of filters on multiple attributes. A key aspect of dynamic queries is
that changes on filters (e.g., moving a slider) are instantly reflected in an update of
the result set and therefore also in the visual representation of the data. Although
dynamic queries showed to be beneficial for filtering data they still present the user
with problems when it comes to creating and modifying complex search queries
(e.g., logical AND and OR combinations) or to retrace the result of the query. To
investigate Reality-based Idiom for dynamic queries the real-world domain situation
of filtering media collections in public libraries is taken as an example. The research
question addressed in the context of this domain situation is:
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RQ2 : How can Reality-based Idioms for dynamic queries be designed to
simplify the creation of complex search or filter queries?

Filtering the data and navigating
the visualization are often only two of multiple operations which are required to
visually analyze the data. Visual analysis tools often allow for example to manipulate
the visual encoding of the data in terms of selecting which item attributes should
be visualized or how the items should be visually arranged or highlighted [210].
However, “in visualization research, the visual representation of the data is the primary
concern, and fewer visual resources are devoted to the graphical interface” [292]. This
can lead to the problem of ‘drowning in functionality’ [73], “where options have to
be found in multi-step hierarchical menus or between multitudes of buttons, checkboxes,
and other widgets” [175]. In addition, visual data analysis tools often deal with
multi-dimensional data, whereas the mapping of multi-dimensional data tasks to 2D
widgets is not necessarily natural [175]. An example where this becomes evident
is widgets for navigating 3D information spaces [73]. To investigate how Realitybased Idioms can help to cope with these problems the real-world domain situation
of analyzing multi-dimensional, health-related data is taken as an example. The
research question addressed in the context of this domain situation is:
DS3 – Interacting with Feature-rich Analysis Tools

RQ3 : How can Reality-based Idioms be designed to facilitate the interaction with
feature-rich analysis tools for multi-dimensional data while not occupying
the space required for the visual representation of the data?

1.3 Research Contribution
This doctoral thesis contributes to a better understanding of how theories and
models from the turn to embodiment can be used for the design of interaction for
visualizations. In detail, the thesis provides three kinds of contributions that are
relevant to the HCI community: (1) methodological, (2) design, and (3) empirical.

This dissertation contributes a model for the design of Reality-based Idioms for visual data analysis.
The model integrates the Nested Model for Visualization Design [209, 210] which has
its origin in visualization research and the framework of Blended Interaction which
has its origin in the turn to embodiment of HCI research. However, the Model for
Reality-based Idiom Design is not to be understood as a step-by-step approach for the
design of idioms, but as a source of inspiration and guide in terms of domains of
design and themes of reality that should be taken into account.
Methodological Contribution: Model for Reality-based Idiom Design
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The core contribution of this doctoral
thesis are five Reality-based Idioms. These idioms strive for taking advantage of users’
preexisting and entrenched knowledge about the real world to facilitate interaction
and perception during visual data analysis. The Model for Reality-based Idiom Design
was utilized to identify leverage points for reality-based interaction and guide the
design process of the idioms. Each idiom addresses one of the three introduced
domain situations:
Design Contribution: Reality-based Idioms

Tab. 1.1: Overview of the design contributions in terms of Reality-based Idioms

Multi-focus Navigation in Visual Information Spaces (DS1 )
Idiom 1 – SpaceFold: Application of the realworld metaphor of a folded sheet of paper to
facilitate search and comparison tasks in multiscale spaces.

Idiom 2 – PhysicLenses: Application of a physics
engine for the automatic arrangement of magnification lenses to facilitate search and comparisons tasks in multi-scale spaces.

Idiom 3 – InformationSense: A large, highly deformable cloth display to explore information
spaces by physical deformations.
Filtering Data (DS2 )

Idiom 4 – CollectionDiver: A tangible filter
pipeline to reduce complexity of search or filter queries.

Interacting with Feature-rich Analysis Tools (DS3 )
Idiom 5 – ART: A feature-rich system that combines a data visualization in an AR environment with familiar touch operation to analyze
multi-dimensional data.
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This thesis
provides insights into benefits of Reality-based Idioms on users’ performance in terms
of task completion time and spatial memory. In addition to this, performance metrics
for the influence of reality-based approaches on the users’ metal workload and
the subjective preferences are contributed. The dissertation further investigates
differences between like the real world interfaces, which mimic real-world behavior
and in the real world interfaces which are actually situated in the physical world
(e.g., deformable displays). The results give insights into the impact of design
decisions towards in or like the real world on the pragmatic and hedonic qualities of
an interface. Finally, the thesis contributes insights into the in situ applicability of
Reality-based Idioms on real-world domain situations.
Empirical Contribution: Insights into the Impact of Reality-based Idioms

1.4 Research Method
HCI as a design-oriented field strives to combine descriptive and prescriptive theory
to design artifacts which are (when annotated) themselves a legitimate form of
knowledge [296, 57, 99, 163, 322, 327]. This work takes the perspective of
design research and considers Reality-based Idioms as such design artifacts. A
structured approach is applied to design these artifacts and answer the outlined
research questions. Structured approaches are necessary to guide the researcher in
systematically addressing the derived research objectives and to ensure quality and
validity of the research findings [173]. The structured approach chosen for this work
refers to the validated solutions pattern of the Development Oriented Triangulation
framework [296, 295]. For this work, solution refers to a Reality-based Idiom.
The validate solution pattern is applied to “propose new artefacts, infrastructures
or interaction techniques. [The] starting point for this approach can be an unsolved
problem, deficiencies in existing solutions, or the need to illustrate a novel vision or
idea with concrete examples” [296]. The research pattern consists of three sequential
stages with a fourth stage that can be added optionally.
1. Analysis: The analysis stage covers the analysis of the domain situation and the
available work related to the research question in order to frame the design
space and identify leverage points for novel solutions.
2. Design: The design stage covers activities that are conducted to create novel
solutions or improving existing ones. Within this dissertation, this stage refers
to the design an implementation of propositions of Reality-based Idioms.
3. Empiricism: The empiricism stage covers activities that aim for testing proposed
solution against aspects of the domain situation.
4. Synthesis: The synthesis stage covers activities that are conducted to make
specific work more reusable by other researchers. In this work, this refers to
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the combination of outcomes of the Design and the Empiricism stage in order
to present annotated and reusable design artifacts in terms of Reality-based
Idioms.
This research path was applied for each of the previously outlined domain situations
separately (see Figure 1.2). Each stage in this path is related to a research objective
which can be considered as the outcome from the corresponding research activities.
In the following the applied research stages and the related research objectives are
described in more detail:

An analysis is conducted to both understand and frame the research
problem as well as to guide the examining of the state of the art. The analysis
activity of this work can be separated in a domain situation independent analysis
and a domain situation dependent analysis. Within the domain situation independent
analysis, a literature review of relevant theories and models related to embodied
cognition and reality-based interaction as well as models and taxonomies related to
visual data analysis was conducted. The literature review is an aspect to clarify the
relevance of this dissertation, as “an extensive literature review must be performed
that situates the work and details the aspects that demonstrate how [the] contribution
advances the current state of the art in the research community” [327].
Analysis

For the domain situation dependent analysis phases, the characteristics of the
individual domain situation guided the selection of the research activities. The
multi-focus navigation in visual information spaces (DS1 ) is a broad topic that
is not limited to a specific domain. The analysis of DS1 is therefore limited to a
review of theoretical foundations and related work in terms of solution propositions.
The analysis covers a literature review that includes the investigation of existing
visualization and interaction techniques as well as hardware solutions. This activity
aims at unveiling limitations and leverage points for further research.
The domain situations of filtering data (DS2 ) and interacting with feature-rich
analysis tools (DS2 ) are investigated taking the examples of real-world use case. To
frame the field of investigation, foundations gathered through literature reviews are
combined with field studies or inspiration oriented lab studies. The domain contexts
for DS2 and DS3 are investigated based on contextual inquiries or workshops with
domain experts and the gathered information is analyzed in the light of and related
to the theories and models identified in the domain situation independent literature
review as well as the domain situation dependent analysis of related work.
The synthesized foundations for each domain situation gained from the analysis are
eventually used for the deduction of design goals that guide the idiom design and
the empirical part of the research. The research objective related to the analysis
activities therefore is:
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O1 Design Goals: For each domain situation, the results of the domain independent
and the domain dependent analysis are synthesized to identify limitations and
shortcomings of current approaches and leverage points for reality-based
approaches. Based on the analysis design goals are derived that guide the
creation of design propositions.

The theories, models, the related work in terms of visualization, interaction,
and hardware solutions analyzed in the analysis activities are applied, adapted and
extended to create propositions of Reality-based Idioms. These propositions serve as
illustrations of the applicability of reality-based approaches to facilitate interaction
with visualizations. For the domain situation of multi-focus navigation in visual
information spaces DS1 idiom propositions are designed with the aim to positively
influence users’ perception and navigation performance. The propositions complement each other to cover the broad design space of visualization and interaction
techniques as well as a hardware solution. For DS2 and DS3 one idiom proposition
each was created which cover broad ranges of the workflows to search in media
collections of libraries and to analyze multi-dimensional, health-related data. The
research objective related to the design activities therefore is:
Design

O2 Propositions for Reality-based Idioms: Following the design goals derived in the
analysis activities, idiom propositions are designed and implemented that try
to overcome the limitations of existing approaches and address the identified
leverage points. The propositions are grounded on embodied practices and
employ real-world concepts for the interaction with visualizations.

In the empirical stage of the research, the influence of the propositions
on users’ performance and their applicability for the real-world use case are evaluated. The propositions for Reality-based Idioms aim for improving different aspects
of the interaction with interfaces for visual data analysis. This raises questions
of diverse character which need to be researched using different methods. The
propositions for multi-focus navigation DS1 were evaluated in multiple controlled
lab experiments with the aim of testing their appropriateness. Their advantages and
drawbacks are compared to former approaches. An additional technical evaluation
was performed to evaluate the applicability of the hardware solutions. For DS2 and
DS3 , the emphasis is put on supporting entire workflows with a complete system design to demonstrate applicability in the real-world use cases of searching in libraries
and analyzing health-related data. For each case, a user evaluation in terms of an in
situ evaluation or a lab study with domain experts was conducted to reflect on the
design and to examine the impact of the propositions on traditional work practices
and methods. The research objective related to the empiricism activities therefore
is:
Empiricism
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O3 Evaluation Results: The propositions for Reality-based Idioms are evaluated in
controlled experiments and in-the-wild settings to empirically identify drawbacks and advantages of reality-based interfaces in terms of perception, interaction, user behavior, and workflow support.

The objectives resulting from the design and empiricism activities are
synthesized in order to provide general descriptions of the single Reality-based
Idioms. These synthesized results can inform practitioners and researchers that work
on Reality-based Idioms with the aim to facilitate the interaction with visual data
analysis tools. The research objective related to the synthesis activities therefore
is:
Synthesis

O4 Reality-based Idioms: The research results are synthesized into annotated
design artifacts in terms of Reality-based Idioms in order to make the results of
the research reusable by other researchers and practitioners.

1.5 Research Trajectory
The research trajectory of this dissertation was guided by the three domain situations.
Anticipated solutions for all domain situations share a theoretical foundation in
terms of theories and models from to the turn to embodiment and the turn to design
of contemporary HCI. I processed the domain situations consecutively, starting
with navigating information spaces (DS1 ) followed by the domain situations of
filtering data in the context of libraries (DS2 ), and finally the domain situations of
operating visualizations for the analysis of health-related data (DS3 ). The selection
of the domain situations is based on several rationales: First, the domain situations
complement each other as they focus on different kinds of data, different analysis
aims and tasks to perform, different knowledge bases of the users, and different
contexts in general. Second, the selection of the domain situations is inspired by
two research projects I worked on during the course of this dissertation and that
allowed access to and a deeper understanding of specific contexts. These projects
are namely Libros [46], and SmartAct [206].

Navigation is one of the
most essential actions that have to be performed to explore visual information spaces.
An important characteristic of the most common approaches for navigating visual
information spaces (e.g., zooming) is that it is generally applicable, because all
necessary operations can be implemented at the pixel level [292]. I, therefore, considered the domain situation apart from a single example but researched standard
tasks conducted during navigating visual information space. Existing solutions to
Multi-focus Navigation in Visual Information Spaces (DS1 )
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that problem envelop design patterns for multi-scale spaces like overview + detail
or focus + context interfaces. Reality-based approaches which make use of users’
preexisting knowledge could complement these approaches and ease the interpretation of the displayed information space. The trajectory of the research targeting
at this domain situations first considered the effectiveness of visualizations based
on real-world metaphors further referred to as reality-based visualizations. The
focus was placed on the interaction with reality-based visualizations to navigate
information spaces in terms of exploring and comparing areas of interest. According
to the Reality-based Interaction framework [145], this can be defined as interaction
like the real world, as real-world behavior is simulated in virtuality. As a follow-up,
to the investigation of like the real world interfaces that mimic real-world behavior,
I researched in the real world interfaces which allow for interaction by physical
manipulation and deformation of the interface. This trajectory is reflected in the
publications listed below, whereas the research in each publication is followed the
validated solution pattern.

SpaceFold and PhysicLenses:
Simultaneous Multifocus Navigation on Touch Surfaces
Simon Butscher1

Kasper Hornbæk2

1Human-Computer
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University of Konstanz, Germany

Harald Reiterer1
2Department of Computer Science,
University of Copenhagen, Denmark
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Figure 1. Comparing human neural stem cells: (left) SpaceFold – Fold the visual space like a sheet of paper to bring two areas of
interest closer to each other; (right) PhysicLenses – Create multiple magnification lenses to see detailed views of areas of interest.

ABSTRACT

1. INTRODUCTION

Many tasks performed in multiscale visual spaces require the user
to have several foci. Using bimanual interaction, multitouch
devices can facilitate the simultaneous definition and exploration
of several foci. However, multitouch is rarely used for multifocus
navigation, and may limit the interaction to a sequential definition
of areas of interest. We introduce two novel navigation techniques
that combine multiple foci and bimanual touch, and therefore
enable the isochronic definition of areas of interest, leading to
simultaneous multifocus navigation. SpaceFold folds the visual
space in the third dimension, allowing users to bring objects
closer to each other. Our technique enables a direct, bimanual
manipulation of a folded space and therefore provides high
flexibility. PhysicLenses uses multiple magnification lenses to
compare objects. Using a physics model, PhysicLenses introduces
a general solution for the arrangement of multiple lenses within
the viewport. We conducted a controlled experiment with 24
participants to compare the techniques with split screen. The
results show that SpaceFold significantly outperformed all other
techniques, whereas PhysicLenses was just as fast as split screen.

Many tasks that have to be performed in multiscale visual
information spaces require several foci. This is the case for map
navigation (e.g., comparing two islands), text editing (e.g.,
updating one part of a document with text from another), or file
handling (e.g., copying files from one folder to another). Whereas
virtually all interfaces allow the user to change between foci over
time (e.g., by navigating a map with pan/zoom gestures, scrolling
in a document, or switching among folders), fewer interfaces
allow the simultaneous presentation of multiple foci. Examples of
such multifocus interaction techniques include multi-window
systems [1, 15], split-screen interfaces [16, 20], and a variety of
research prototypes [4, 6, 8, 12, 18].
Multifocus techniques have been shown to be effective for
exploring 2D spaces [8] and can give a good awareness of the
intervening context [4]. Yet, research on how these techniques
can be used on multitouch surfaces is limited. In contrast to many
other input devices, multitouch surfaces seem to naturally enable
multifocus interaction, for instance by using one hand per focus
point. Previous research have merely used multitouch to
sequentially define areas of interest [6, 9]. However, a bimanual
approach for multifocus navigation would also enable users to
simultaneously define areas of interest, which might increase
users’ efficiency and require fewer shifts between foci.
This paper presents two multifocus interaction techniques,
called SpaceFold and PhysicLenses, both of which enable a
simultaneous definition of the areas of interest. SpaceFold allows
users to both pan/zoom and fold the visual space. A direct
manipulation of the folds facilitated by multitouch interaction
allows for a very high flexibility. PhysicLenses uses movable
lenses to show magnified views of areas of interest defined by the
user and introduces a generalizable way of automatically
arranging several lenses within the visible viewport. Using a
physical model of collisions, friction, and flexible connections,
the arrangement of the lenses is controlled in a way that no
overlapping occurs and at the same time pan/zoom interaction on
the visual space is still enabled.

Simon Butscher, Kasper Hornbæk, and Harald Reiterer. “SpaceFold and PhysicLenses: Simultaneous
Multifocus Navigation on Touch Surfaces”. In: Proceedings of the International Working Conference on
Advanced Visual Interfaces (AVI ’14). New York, NY,
USA: ACM Press, 2014, pp. 209–216.

Many tasks performed in multi-scale spaces require
the user to have several foci. Using bimanual interaction, multi-touch devices can facilitate the simultaneous definition and exploration of several foci.
However, multi-touch is rarely used for multi-focus
navigation, and may limit the interaction to a sequential definition of areas of interest. The research introduces two novel navigation
techniques that combine multiple foci and bimanual touch, and therefore enable
the isochronic definition of areas of interest, leading to simultaneous multi-focus
navigation. Both navigation techniques are based on real-world metaphors to allow
users to make use of their preexisting knowledge about our physical, non-digital
world. SpaceFold uses the metaphor of a folded sheet of paper to fold the visual
space in the third dimension, allowing users to bring areas of interest closer to each
other. The technique enables a direct, bimanual manipulation of a folded space
and therefore provides high flexibility. PhysicLenses uses multiple magnification
lenses to compare objects. Using a physics model, PhysicLenses introduces a general
reality-based solution for the arrangement of multiple lenses within the viewport.
A controlled experiment with 24 participants was conducted to compare the techniques with a split screen interface. The results show that the reality-based SpaceFold
Categories and Subject Descriptors

H.5.2 [Information Interfaces and Presentation]: User Interfaces Interaction styles

General Terms

Performance, Design, Experimentation, Human Factors.
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Bimanual input; multifocus visualization; multiscale navigation.
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Introduction

interface significantly outperformed the other interfaces in terms of task completion
time and subjective preferences.

Simon Butscher, Maximilian Dürr, and Harald Reiterer. “InformationSense: Trade-offs for the Design and the Implementation of a Large Highly Deformable Cloth Display”. In: Proceedings of the ACM
on Interactive, Mobile, Wearable and Ubiquitous Technologies (IMWUT) 1.2 (2017).

InformationSense: Trade-offs for the Design and the Implementation
of a Large Highly Deformable Cloth Display
SIMON BUTSCHER, University of Konstanz
MAXIMILIAN DÜRR, University of Konstanz
HARALD REITERER, University of Konstanz
Deformable displays can provide two major benefits compared to rigid displays: Objects of different shapes and deformabilities,
situated in our physical environment, can be equipped with deformable displays, and users can benefit from their pre-existing
knowledge about the interaction with physical objects when interacting with deformable displays. In this article we present
InformationSense, a large, highly deformable cloth display. The article contributes to two research areas in the context of
deformable displays: It presents an approach for the tracking of large, highly deformable surfaces, and it presents one of the
first UX analyses of cloth displays that will help with the design of future interaction techniques for this kind of display. The
comparison of InformationSense with a rigid display interface unveiled the trade-off that while users are able to interact with
InformationSense more naturally and significantly preferred InformationSense in terms of joy of use, they preferred the rigid
display interfaces in terms of efficiency. This suggests that deformable displays are already suitable if high hedonic qualities
are important but need to be enhanced with additional digital power if high pragmatic qualities are required.
CCS Concepts: • Human-centered computing → Graphical user interfaces; Haptic devices;
Additional Key Words and Phrases: Deformable display; deformable digital surface; invisible marker; tracking; projection
mapping; pragmatic and hedonic qualities; reality-based interaction; power versus reality trade-off
ACM Reference format:
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INTRODUCTION

Rigid plane displays are the prevailing display type. However, during the last several years more and more
display shapes have been researched and partly made their way into consumer products (e.g., smartphones with
curved edges, curved TVs, and PC displays). Also, first attempts have been made to make displays deformable.
Deformable displays are physical objects which can be physically manipulated in order to interact with digital
content. These kinds of displays can provide two major benefits compared to rigid displays: First, arbitrary objects
of our physical environment can serve as deformable displays, and second, they address multiple human senses,
and allow users to draw from their preexisting knowledge about the manipulation of physical objects. Deformable
displays can therefore potentially provide the means to “weave themselves into the fabric of everyday life until
they are indistinguishable from it” [44]. Indistinguishable not only refers to their appearance and integration

Deformable displays can provide a major benefit compared to rigid displays, in that users can benefit from
their preexisting knowledge about the interaction
with physical objects. This work presents InformationSense, a large, highly deformable cloth display
that allows for navigating visual information spaces by physical deformation of the
display. The research contributes to two research areas in the context of deformable
displays: It presents an approach for the tracking of large, highly deformable surfaces, and it presents one of the first user experience analyses of cloth displays that
can inform the design of future interaction techniques for this kind of display. The
comparison of InformationSense with SpaceFold as a rigid display interface revealed
the tradeoff that although users are able to interact with InformationSense more
naturally and significantly preferred InformationSense in terms of joy of use, they
preferred the rigid display interface in terms of efficiency. This suggests that deformable displays are already suitable if high hedonic qualities are important but
need to be enhanced with additional digital power if highly pragmatic qualities are
required.
7
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With the start of the research project Libros [46] the focus of
my research shifted from the navigation in information spaces to research about
how to query abstract data to select information for further analysis. Due to the
project Libros, I investigated the topic in the context of a specific domain situation
in public libraries. The aim of the project was to create novel approaches to access
the media collection of public libraries. Using the method of contextual inquiry,
the domain situation was analyzed which lead to leverage points for Tangible
User Interfaces to support dynamic queries of the media collection. Based on the
analysis, a design concept for a tangible interface to access the library collection was
developed and evaluated in-the-wild. Parts of the research addressing this domain
situation are summarized in two publications. The first publication frames the field
of investigation. The second publication covers the validated solution.
Filtering Data (DS2 )
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Blended Library – neue Zugangswege zu den
Inhalten wissenschaftlicher und öffentlicher
Bibliotheken
DOI 10.1515/bfp-2016-0010

Zusammenfassung: Der Beitrag stellt neue Formen des
Zugangs zu den Inhalten von Bibliotheken vor. Diese wurden in Zusammenarbeit mit wissenschaftlichen und öffentlichen Bibliotheken im Rahmen zweier Forschungsinitiativen entwickelt. Zu Beginn jeder Forschungsinitiative
wurden eine Reihe empirischer Studien durchgeführt, die
wertvolle Erkenntnisse über die Nutzung von Bibliotheken
lieferten. Diese Erkenntnisse wurden in die vier Qualitäten
intuitiver, kollaborativer, transparenter und kontextueller
Zugang überführt. Diese waren Ausgangspunkt für die
Entwicklung mehrerer interaktiver Forschungssysteme.
Die Herleitung aller vier Qualitäten der Zugänglichkeit
werden erläutert und deren Umsetzung in den Forschungssystemen „Blended Shelf“, „TwisterSearch“, „Tiefenrausch“ und „Expedition“ beschrieben. Abschließend werden die mithilfe von Forschungssystemen gewonnenen
Erkenntnisse und Erfahrungen unter Betrachtung der vier
Qualitäten der Zugänglichkeit diskutiert.

article, we discuss how we derived these four qualities
based on our empirical studies and explain their implementation in the inquiring systems “Blended Shelf”,
“TwisterSearch”, “Tiefenrausch”, and “Expedition”. Finally, we elaborate on insights and experiences gained
through the development of our systems, especially how
our work feeds back and further informs the four ways to
access library collections.
Keywords: Search and information seeking; tangible user
interfaces; table tops; public displays; multi-display environments; human-computer interaction
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We report on the results of a contextual inquiry conducted in three public libraries. The inquiry aimed at
a detailed analysis of the domain situation in order
to identify leverage points for improving the access
to media items in public libraries. The contextual
inquiry provides a holistic picture of the domain of
public libraries and unveiled several unaddressed needs of visitors and issues with
current systems and approaches. The inquiry shows that visitors face difficulties
when formulating complex queries with the traditional Online Public Access Catalog (OPAC) interface. The question raised by the results of the contextual inquiry is if
the query for media items can be facilitated by reality-based approaches. The article
further includes additional topics concerning public as well as scientific libraries
which are, however, not covered in this dissertation.
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Blended Library – New Ways to Access the Collections of
Scientific and Public Libraries

Abstract: The article discusses new ways to access library
collections based on two joint initiative projects with
scientific and public libraries. In the beginning of each
scientific initiative, we conducted a number of empirical
studies in order to gain valuable insights about users’
patterns when accessing library collections. In detail, we
distinguish between intuitive, collaborative, transparent,
and contextual access. These four qualities served as a
basis for the development of interactive systems. In this
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1 Zugänglichkeit zu Bibliotheken

Bibliotheken und Archive sind die Institutionen unserer
Gesellschaft zur Organisation und Aufrechterhaltung unserer kollektiven Wissensspeicher (Reiterer 2015). Die Aneignung von Wissen erfordert den einfachen Zugang zu
den jeweiligen Medienbeständen. Trotz fortschreitender
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ABSTRACT

OPAC interfaces, still the dominant access point to library
catalogs, support systematic search but are problematic for
open-ended exploration and generally unpopular with visitors. As a result, libraries start subscribing to simplified
search paradigms as exemplified by web-search systems.
This is a problem considering that systematic search is a crucial skill in the light of today’s abundance of digital information. Inspired by novel approaches to facilitating search, we
designed CollectionDiver, an installation for supporting systematic search in public libraries. The CollectionDiver combines tangible and large display direct-touch interaction with
a visual representation of search criteria and filters. We conducted an in-situ qualitative study to compare participants’
search approaches on the CollectionDiver with those on the
OPAC interface. Our findings show that while both systems support a similar search process, the CollectionDiver
(1) makes systematic search more accessible, (2) motivates
proactive search approaches by (3) adding transparency to
the search process, and (4) facilitates shared search experiences. We discuss the CollectionDiver’s design concepts to
stimulate new ideas toward supporting engaging approaches
to systematic search in the library context and beyond.
Author Keywords

search, public library, tangible interfaces, multi-display
environment, in-situ study.
ACM Classification Keywords

H.5.m. Information Interfaces and Presentation (e.g. HCI):
Miscellaneous

catalogs (known as OPACs: Online Public Access Catalogs)
can be therefore considered as key mediators between visitors’ information needs on one side and physical and digital
library resources on the other. Much research has been done
to understand search practices in physical and digital information spaces [1, 13, 25, 30, 36, 37, 38] and how to support these through interface design (e.g., [16, 46]). However,
the question of how to impart media literacy through the support of systematic and in-situ search in public libraries is still
underexplored. Our research aims to fill this gap by investigating alternative approaches to, still typically text- and listcentered, library catalog interfaces (e.g., see Fig. 2) in order
to promote systematic in-situ media search at public libraries.
While OPAC interfaces provide convenient access to library
resources and are commonly used outside and within public libraries, it is well-known that they are not without difficulties. Early studies found that while targeted, known-item
searches are well-supported, open-ended subject searches are
problematic [2, 26, 29, 45]. More recent studies confirm
that this still holds true: people still often find OPAC interfaces difficult to use, in particular compared to canonical web
search engines which support more free-form queries [18,
23]. Studying book search strategies in public libraries,
Mikkonen and Vakkari found the catalog to be the least popular tactic [30]. This trend is problematic as libraries still host
information resources that are not necessarily represented in
common search engines [3]. Current trends in OPAC interface design go toward search paradigms as exemplified by
canonical web-search engines. While this approach accommodates visitors’ expectations who are typically experienced
in using such search engines, it does not mediate systematic
information seeking skills, such as the specification and adjustment of search criteria along different facets.
We describe the design and study of an alternative library
search system—CollectionDiver—which supports systematic
in-situ search comparable to traditional OPAC interfaces

Uta Hinrichs, Simon Butscher, Jens Müller, and Harald Reiterer. “Diving in at the Deep End: The Value of
Alternative In-Situ Approaches for Systematic Library
Search”. In: Proceedings of the SIGCHI Conference on
Human Factors in Computing Systems (CHI ’16). New
York, NY, USA: ACM Press, 2016, pp. 4634–4646.

OPAC interfaces support systematic search but are
problematic for open-ended exploration and generally unpopular with visitors. As a result, libraries
start subscribing to simplified search paradigms as
exemplified by web-search systems. This is a problem
considering that systematic search is a crucial skill in the light of today’s abundance
of digital information. Inspired by novel approaches to facilitating search, CollectionDiver was designed, an installation for supporting systematic search in public
libraries. The CollectionDiver combines tangible and large display direct-touch
interaction with a visual representation of search criteria and filters to facilitate
dynamic queries. An in situ qualitative study was conducted to compare participants’ search approaches on the CollectionDiver with those on the OPAC interface.
The findings show that while both systems support a similar search process, the
CollectionDiver makes systematic search more accessible, motivates proactive search
approaches by adding transparency to the search process, and facilitates shared
search experiences.
INTRODUCTION

The role of public libraries has changed from a pure provider
of information to an institution of lifelong learning which provides access to global information resources and a local learning setting for guidance and training in media literacy [6]. It
is often libraries where critical (re)search skills are taught—
crucial capabilities in today’s world of ever-increasing information resources of varying quality.
Today’s public libraries offer access to a vast range of media
in physical and digital form. Interfaces to electronic library
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Figure 1. Small family engaged in shared search on the CollectionDiver.

Introduction

The second real-world domain
situation I focused my research on was inspired by the project SmartAct [206].
The aim of the project was the development and empirical evaluation of the effectiveness of an open-access toolbox for mobile, real-time interventions targeting
healthy eating and physical activity. The SmartAct toolbox for behavior change is
a set of tools for personal mobile technology which decreases the implementation
barrier for mobile interventions. Intervention studies conducted using the SmartAct
toolbox generated large and complex datasets about the food intake and the physical
activities of several hundred participants. For health and biological psychologists
this is a valuable treasure trove of data, which can lead to new insights into the
health behavior of users and the effectiveness of mobile health interventions. I
approached the topic by first analyzing the domain situation with the help of domain
experts. The analysis unveiled several difficulties the domain experts face during the
analysis of the multi-dimensional data. These especially concern the visualization
of relations between multiple dimensions and the collaboration. Based on these
insights two analysis tools for an AR environment were designed. One of these tools
was implemented and evaluated, whereby the implementation and evaluation of
the second tool are planned for future work. Parts of the research addressing this
domain situation are summarized in three publications. The first publication frames
the field of investigation. The second covers one of the analysis tools in terms of a
validated solution. The third covers the second analysis tool in terms of an additional
proposition for a solution, which, however, has not yet been evaluated.
Interacting with Feature-rich Analysis Tools (DS3 )

Immersive Analysis of Health-Related
Data with Mixed Reality Interfaces:
Potentials and Open Questions
Jens Müller, Simon Butscher, Harald Reiterer
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Abstract
In this paper we propose Mixed Reality (MR) interfaces
as tools for the analysis and exploration of healthrelated data. Reported findings originate from the
research project “SMARTACT” in which several
intervention studies are conducted to investigate how
participants’ long-term health behavior can be
improved. We conducted a focus group to identify
limitations of current data analysis technologies and
practices, possible uses of MR interfaces and associated
open questions to leverage their potentials in the given
domain.

Author Keywords
Mixed Reality; immersive data analysis, mobile
interventions; health-related data.

ACM Classification Keywords
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HCI): User Interfaces.

Introduction
Figure 1. Collaborative Mixed Reality (MR) experience with MR tablets
[18]. Two collaborators can explore digital information which is
integrated in their physical environment and represented as virtual
objects.

Mixed Reality (MR) is defined as the “merging of real
and virtual worlds” on a display [17]. Thereby MR
displays create the illusion as if virtual objects were
situated in the same physical space [18] (Figure 1).

Jens Müller, Simon Butscher, and Harald Reiterer. “Immersive Analysis of Health-Related
Data with Mixed Reality Interfaces: Potentials and Open Questions”. In: Workshop on
Immersive Analytics: Exploring Future Interaction and Visualization Technologies for Data
Analytics, Proceedings of the ACM Companion
on Interactive Surfaces and Spaces (ISS Companion ’16). New York, NY, USA: ACM Press,
2016, pp. 71–76.

In this paper, we propose interfaces based on immersive technologies, in terms of
AR and VR displays, as tools for the analysis and exploration of health-related data.
Reported findings originate from the research project SmartAct in which several
intervention studies are conducted to investigate how participants’ long-term health
behavior can be improved. We conducted a focus group to identify limitations
of current data analysis technologies and practices, possible uses of immersive
environments (AR/VR), and associated open questions to leverage their potentials
in the given domain. The question raised by the findings from the focus group is

1.5 Research Trajectory
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if and how the analysis of multi-dimensional data can be facilitated by immersive
technologies.
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Figure 1. Augmented Reality above the Tabletop (ART) is designed to facilitate the collaborative analysis of multidimensional data. A 3D parallel
coordinates visualization in augmented reality is anchored to a touch-sensitive tabletop, enabling familiar operation.

ABSTRACT

Author Keywords

Immersive technologies such as augmented reality devices
are opening up a new design space for the visual analysis of
data. This paper studies the potential of an augmented reality
environment for the purpose of collaborative analysis of multidimensional, abstract data. We present ART, a collaborative
analysis tool to visualize multidimensional data in augmented
reality using an interactive, 3D parallel coordinates visualization. The visualization is anchored to a touch-sensitive
tabletop, benefiting from well-established interaction techniques. The results of group-based expert walkthroughs show
that ART can facilitate immersion in the data, a fluid analysis
process, and collaboration. Based on the results, we provide
a set of guidelines and discuss future research areas to foster
the development of immersive technologies as tools for the
collaborative analysis of multidimensional data.

Immersive Analytics; augmented reality; 3D parallel
coordinates; multi-touch table; collaboration
ACM Classification Keywords
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INTRODUCTION

A large amount of research and productive systems (e.g.,
Tableau or Spotfire) alike show the value of interactive visualizations for analyzing complex data. In terms of interaction style, corresponding systems follow different approaches
ranging from classical desktop systems, to touch interfaces
for small screens supporting support mobile applications, to
large, interactive screens that facilitate co-located collaboration. With the rapid development of new, immersive display,
and input technologies and the recent commodification of virtual reality (VR) and augmented reality (AR) head-mounted
displays (HMDs), the already broad design space for interactive visualizations has been extended once more. Recent
research focused on how VR and AR technologies can be instrumental in supporting complex data analysis scenarios [12].
Unlike traditional desktop systems, these technologies provide the means to visualize complex information in a physical
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Immersive technologies such as AR devices are opening up a new design space for the visual analysis of
data. This research studies the potential of an AR
environment for the purpose of collaboratively analyzing multi-dimensional, abstract
data. We present ART, a feature-rich collaborative analysis tool to visualize multidimensional data in AR using an interactive, 3D parallel coordinates visualization.
The visualization is anchored to a touch-sensitive tabletop, benefiting from wellestablished interaction techniques. The results of group-based expert walkthroughs
show that ART can facilitate immersion in the data, a fluid analysis process, and
collaboration.
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Abstract

Recent research has demonstrated the benefits of mixed
realities for information visualisation. Often the focus lies
on the visualisation itself, leaving interaction opportunities
through different modalities largely unexplored. Yet, mixed
reality in particular can benefit from a combination of different modalities. This work examines an existing mixed reality
visualisation which is combined with a large tabletop for
touch interaction. Although this allows for familiar operation,
the approach comes with some limitations which we address by employing mobile devices, thus adding tangibility
and proxemics as input modalities.
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Immersive Analytics; augmented reality; collaboration; multimodal interaction; mobile device; data analysis
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Figure 1: Augmented Reality above the Tabletop (ART) [3] is
designed to facilitate the collaborative analysis of multidimensional
data. A 3D parallel coordinates visualisation in augmented reality is
anchored to a touch-sensitive tabletop, enabling familiar operation.
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Introduction

Hardware for mixed reality systems has now become widely
available, paving the way for widespread adoption of augmented reality (AR) and virtual reality (VR). Especially information visualisations can benefit from this development,
as mixed reality systems can, for example, facilitate com-

Sebastian Hubenschmid, Simon Butscher,
Johanne Zagermann, and Harald Reiterer.
“Employing Tangible Visualisations in Augmented Reality with Mobile Devices”. In:
Workshop on Multimodal Interaction For Data
Visualization (MultimodalVis) (in companion
with AVI ’18). 2018.

With ART we demonstrate the benefits of
combining touch input and natural body movement for the operation and navigation of a multi-dimensional data visualization in an AR environment. However,
this combination represents only two of the input modalities that can be considered
within AR environments. With ARts we move away from a monolithic tabletop
towards multiple location-aware tablets, thus adding tangibility and proxemics as
input modalities. This potentially provides richer interaction possibilities and allows
for higher flexibility.
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Chapter 1

Introduction

1.6 Chapter Preview
The following paragraphs provide an overview of the thesis chapters and brief
excerpts of their contents. This thesis is divided into five parts (see Figure 1.3).
Part I provides the theoretical background and presents the Model for Reality-based
Idiom Design (Chapters 2, 3). Parts II to IV deal with the design, technology and
empiricism related to the domain situations of multi-focus navigation in visual
information spaces (DS1 – Chapters 4, 5), filtering data (DS2 – Chapter 6), and
interacting with feature-rich analysis tools (DS3 – Chapter 7). Part V concludes the
work and provides a summary (Chapter 8).

Chapter 1 - Reality-based Idioms:
How to Design Interfaces for Visual Data Analysis
that Provide the Means for Familiar Interaction
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Fig. 1.3: Structure of the thesis.

provides an overview of theories, models, and frameworks that guide
the design of the idioms presented in this research. The theoretical foundations
ground on the turn to embodiment of contemporary HCI.
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first describes different concepts of interaction and to what extent
they have been taken into account for the design of interaction for visualizations.
Subsequent to this the Nested Model for Visualization Design [209] is discussed which
is a typical example of a model originating from visualization research. The chapter
closes with the Model for Reality-based Idiom Design. The model integrates the Nested
Model for Visualization Design which focuses on the visualization parts of an idiom
and the framework of Blended Interaction which can help with the design of the
interaction within an idiom.
Chapter 3

considers reality-based visualization and interaction techniques to support multi-focus tasks in multi-scale spaces, like the comparison of areas of interest.
Design goals are derived based on a literature review. Building on that the chapter
introduces two novel navigation techniques called SpaceFold and PhysicLenses. Both
leverage humans’ preexisting knowledge to combine multiple foci and bimanual
touch. The results of a controlled experience provide insights into the efficiency
of the reality-based interfaces for navigating the visual space and conducting comparisons. The chapter concludes with a summarization of the Reality-based Idioms
SpaceFold and PhysicLenses.
Chapter 4

investigates the differences between in the real world and like the real
world interaction. It, therefore, researches a technical solution for a deformable
display that allows for navigating visual information spaces by physical deformation
of the display. The chapter further looks at the influence of such a highly deformable
display on navigation performance. First design goals are provided based on a
review of previous work from the area of virtually deformable interfaces and physically deformable displays. Based on the design goals InformationSense, a technical
solution for augmenting a large physical cloth, is provided. InformationSense as
a highly deformable display based on an augmented cloth supports a very high
degree of deformation and interaction like we know it from the interaction with
the everyday object of a physical cloth. The results of an experimental comparison
of InformationSense and SpaceFold provide insights into the differences in terms of
pragmatic and hedonic qualities between the interfaces. The chapter concludes with
a summarization of the Reality-based Idiom InformationSense.
Chapter 5

considers the in situ search in libraries as exemplary domain situation
in which reality-based approaches can facilitate the filtering of data (DS2 ). The
chapter gives an introduction to the library domain and reports findings from a
contextual inquiry performed in different public libraries. The contextual inquiry
unveiled difficulties library visitors have with traditional library search interfaces
and inspired design goals for a reality-based search interface. Based on the design
Chapter 6
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goals CollectionDiver a tangible search interfaces, is described. The chapter further
contains the results of an in situ study comparing CollectionDiver to a traditional
library search interface. The chapter concludes with a summarization of the Realitybased Idiom CollectionDiver.

focuses on an alternative approach that leverages users’ preexisting and
entrenched knowledge for the interaction with feature-rich analysis tools (DS3 ).
Using the example of analyzing health-related data the chapter first provides an
introduction to the domain and summarized related work concerning the analysis of
multi-dimensional data as well as the application of AR and VR environments for
visual data analysis. Design goals are derived based on this analysis and applied for
the build of ART, a system designed for the fluid analysis of multi-dimensional data
in an AR environment. The chapter finally reports on the result of an evaluation with
domain experts who assessed the applicability of the tool for their domain situation.
The chapter concludes with a summarization of the Reality-based Idiom ART.
Chapter 7

provides a summary of the methodological contribution in terms of the
Model for Reality-based Idiom Design, an overview of the design contributions in terms
of the presented Reality-based Idioms, and an overview of the empirical contributions
which are summarized in terms of guidelines. The chapter also discusses design
patterns as a way to increase reusability of parts of the presented idioms and presents
the design of the idiom ARts as an example of this process.
Chapter 8
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2.5

“When interacting with objects in the physical world, we take advantage of natural skills
developed over our lifetimes. We use our fingers, arms, 3D vision, ears and kinesthetic
memory to manipulate multiple objects simultaneously, and we hardly think about how
we do this because the skills are embedded so deeply in our minds and bodies” [311].
The seamless integration of computers into our physical world on a perceptual but
also on an interaction level will be a key element to allow us to freely “use them
without thinking and so to focus beyond them on new goals” [310]. Within the turn to
embodiment of contemporary HCI a multitude of emerging theories, models, and
frameworks in HCI, proclaim this increased integration and connection as well as a
stronger coordination of computing power and our entrenched knowledge about the
world. Different models and theories take different perspectives on this but all take
root in the idea of embodiment. These are Embodied Interaction [79], Image Schema
Theory [128, 129], Reality-based Interaction [145], and Blended Interaction [151].
The theory of Embodied Interaction laid the foundation for the adaptation of embodied cognition into HCI. Later, the Image Schema Theory, which has its origins in
linguistics and philosophy, followed. The theory argues that image schemas build
the basis of embodied cognition in terms of framing and structuring our embodied
experiences. The framework of Reality-based Interaction provides more practical
guidance on how to think about and make use of our preexisting knowledge about
the physical world for designing interactive systems. Finally, the conceptual framework of Blended Interaction grounds on the same ideas like Reality-based Interaction
but provides an additional theoretical foundation based on Image Schema Theory
and the theory of conceptual integration. The following chapter discusses the four
mentioned theories and frameworks in more detail. Throughout the chapter we
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will provide references and short previews to the Reality-based Idioms which are
presented within this dissertation and explain how they are related to the theories
and frameworks.

2.1 Embodied Interaction
Embodiment in HCI describes a turn to “understand[ing] interaction in terms of
practical engagement with the social and physical environment” [243]. Findings from
cognitive science show evidence that our cognition cannot be separated from our
sensory perception, our physical and social actions and our experiences [79] (see
Figure 2.1). This means “that cognition is dependent on its concrete implementation
in a human body, with specific sensory and motor capabilities” [128].

Perception

Cognition

Action

Fig. 2.1: Embodied view of the mind, with large overlaps between cognition, perception,

and action [128] (redrawn).

Dourish [79] concludes that for the design of interactive systems we have to take a
holistic perspective considering the human with his cognitive and physical abilities,
his physical context, and his social environment. This theory known as Embodied
Interaction therefore applies the findings of contemporary psychological, sociological,
and anthropological perspectives to the interaction with computing devices. Two
research strands in HCI which can be assigned to the theory of Embodied Interaction
are Tangible Computing [142] and Social Computing [261]. Although these strands
had their starting point before the theory of embodied cognition emerged in HCI,
they already ground on the utilization of past embodied experiences. The idea of
past embodied experience is expressed by Zwaan and Madden: “Interaction with the
world leaves traces of experiences in the brain. These traces are (partially) retrieved
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and used in the mental simulations that make up cognition. Crucially these traces bear
a resemblance to the perceptual and action processes that generated them” [329].

With Graspable [94] and Tangible User Interfaces (TUIs) [142],
a style of interaction emerged that apply the theories of embodied cognition for
the creation of interactive systems. Tangible Computing has created a trend that is
diametrically opposed to virtualization. The familiar way of dealing with physical
artifacts is retained, but enriched with novel digital functionalities. The term Tangible User Interface was coined in 1997 by Ishii and Ullmer [142]. Ishii and Ullmer
criticized that with traditional WIMP interfaces, the eyes and ears of the human
serve as “windows to digital worlds,” whereas the body and thus also the sense of
touch remain with the mouse and keyboard, regardless of the task at hand. Therefore, the multiplicity of the everyday world, the wealth of interactions with the real
world, including the physical interaction with objects involving all human senses, is
neglected. Ullmer and Ishii [297] therefore propose representing digital information
through physical objects so that digital information can be manipulated through
materialized representations. TUIs therefore, provide a tangible representation that
is enriched by an intangible representation. The tangible representation allows both
to take advantage of physical affordances and allow for distributed, non-sequential
interaction. Within this work the strengths of TUIs are especially leveraged within
the idiom CollectionDiver were tangible objects are used to materialize search queries
(see Chapter 6). Also, work from the area of deformable displays draws from the
theory of Tangible Computing. According to this the idiom InformationSense provides
a tangible representation of a visual information space which allows for navigating
the space through physical deformations (see Chapter 5).
Tangible Computing

Social Computing reflects another facet of Embodied Interaction,
which is the social components resulting from interpersonal communication and
interaction. Social Computing includes any type of computing application that serves
as an intermediary or focus for social relation [261]. It is therefore mainly concerned
with the fact that today many tasks or problems are solved in groups. Looking beyond the traditional single-user workplace, but considering the involvement of other
people and their activities, can help to improve the interaction [79]. Thus, Social
Computing as a research stream related to Embodied Interaction can be understood
as an attempt to transfer the sociological understanding of the world into interactive
systems. Within this thesis, the theory of Social Computing finds particular consideration in context of the idiom CollectionDiver which facilitates shared search in
libraries (see Chapter 6) and the idiom ART which is designed for the collaborative
analysis of health-related data (see Chapter 7). Both idioms try to leverage the
entrenched sociological understanding of the world for shared interactions.
Social Computing
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2.2 Image Schema Theory
Image schemas build the basis of embodied cognition. Image Schema Theory has
its origin in linguistics and philosophy [152]. The theory is applied to describe
users’ mental models and prescribe user interface design. The term image schema
was introduced by the philosopher Mark Johnson: “An image schema is a recurring,
dynamic pattern of perceptual interactions and motor programs that gives coherence
and structure to our experience” [152]. This means that image schemas are assumed
to be a subconscious form of human knowledge representation that is rooted in
basic sensorimotor experiences with our environment (e.g., movements of the body,
manipulations of objects, perception) [130]. Table 2.1 gives an overview of known
image schemas collected by Hurtienne [130] who derived the image schemas form
philosophical work, linguistic analyses, physiological studies and the analyses of
existing user interfaces.
A ubiquitous image schema is for example container. This image schema forms our
daily experience with for example rooms, boxes, cars, cups, and so on. Although
containers can have many forms and consistencies they share basic characteristics,
which are that a container has an inside, an outside, and a boundary between them.
This image schema has become entrenched through our perception and physical
actions we experienced with containers. The holistic character of image schemas is
obtained from entailments, which, in terms of the container image schema, have the
following properties: (1) A container provides protection from external forces; (2)
Forces within the container are limited; (3) The location of the container defines the
location of its content; And, (4) a container can be within another container. These
are only some entailments that characterize the container image schema. Image
schemas are used in our language but are also thought to be involved in structuring
Tab. 2.1: List of image schemas collated by Hurtienne [130]

Group

Image Schema

BASIC
SPACE

object, substance
center-periphery, contact, front-back, left-right, location,
near-far, path, rotation, scale, up-down
container, content, full-empty, in-out, surface
collection, count-mass, linkage, matching, merging, partwhole, splitting
cycle, iteration, superimposition
attraction, balance, blockage, compulsion, counterforce,
diversion, enablement, momentum, resistance, restraint,
removal, self-motion
big-small, bright-dark, fast-slow, hard-soft, heavy-light,
smooth-rough, straight, strong-weak, warm-cold

CONTAINMENT
MULTIPLICITY
PROGRESS
FORCE

ATTRIBUTE
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perception, imagination, and motor actions. In user interfaces, image schemas can
be instantiated in many forms (e.g., each text box instantiates the container image
schema).
An example for the application of image schemas for the design of Reality-based Idioms can be found in Chapter 6. The idiom CollectionDiver is based on a combination
of image schemas which allows for the representation of a filter pipeline that has a
higher chance to be consistent with users’ mental models than it would have without
using image schemas. The filter pipeline for CollectionDiver is designed as a set of
containers (the filters) between which objects (the media items) travel on a path.

2.3 Reality-Based Interaction
The findings from cognitive psychology, Tangible [142] and Social Computing [261]
are combined into the descriptive framework of Reality-based Interaction (RBI) [145].
The aim of a reality-based interaction is “to make computer interaction more like
interacting with the real, non-digital world” [145]. Thus, learned and evolutionary
characteristics of humans can be used to make emerging interaction styles more
comprehensible. “Basing interaction on preexisting real-world knowledge and skills
may reduce the mental effort required to operate a system because users already possess
the skills needed” [145]. Within the framework of Reality-based Interaction, two
classes can be distinguished: interaction in the real world and interaction like the real
world. The first class focuses on computer-assisted physical artifacts. The second
class includes the transfer of knowledge from the real world to the virtual world.
Jacob et al. [145] developed four guiding principles for designing reality-based
interaction. These so-called themes of reality are grounded in the idea of past
embodiment and envelop Naïve Physics, Body Awareness and Skills, Environment
Awareness and Skills, and Social Awareness and Skills (see Figure 2.2).

Naïve Physics

Body Awareness
and Skills

Environment Awareness
and Skills

Social Awareness
and Skills

Fig. 2.2: The four themes of reality [145].

• Naïve Physics stands for the untrained human perception of “basic physical principles, or in other words, common sense knowledge about the physical
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world” [145]. Already at a very young age, children gather knowledge about
their physical environment. Specifically, the theme of Naïve Physics includes,
for example, basic knowledge of gravity, friction, velocity, the persistence of
objects, and relative scale [145]. In the sense of Reality-based Interaction,
people’s everyday understanding of physical conditions should be considered
in the design of interactive systems. An example for addressing the guiding
principle of Naïve Physics are TUIs, which by using physical limitations, leverage this everyday understanding of the physical world. Naïve Physics can be
either simulated as it is done for like the real world interfaces such as SpaceFold
and PhysicLenses (see Chapter 4) or they can be leveraged by moving the
interaction into the physical world as it is done for in the real world interfaces
such as TUIs like the idiom CollectionDiver (see Chapter 6) or deformable
displays like the idiom InformationSense (see Chapter 5).
• Body Awareness and Skills stands for the body consciousness and the physical
abilities of humans. Body Awareness and Skills refers to the familiarity and
understanding people have about their own bodies. This includes, for example,
the proprioceptive skills, i.e, the knowledge about the coordination and relative
position of the limbs. Taking these capabilities into consideration, interaction
designers can use a much greater variety of input modalities and techniques,
such as two-handed or whole body interaction. For example, ART as an idiom
based on an AR environment even allows for whole body interaction in terms
of navigating the visual information space by means of body movements in
physical space (see Chapter 7). The like the real world interface SpaceFold
(see Chapter 4) and the in the real world interface InformationSense (see
Chapter 5) allow for the bimanual navigation in and deformation of visual
information spaces. In or like the real world interfaces typically leverage users
Body Awareness and Skills to different extents. The interaction with physical
objects (like the real world) typically provides a higher a level of somesthesis1
feedback as the interaction with simulations of reality (in the real world).
• Environment Awareness and Skills addresses the spatial consciousness and
the spatial abilities of humans. In the real world, humans have a physical
presence in their spatial environment, surrounded by objects and the scene.
Cues embedded in the natural environment make our orientation easier and
improve spatial understanding. For example, a sense of direction is conveyed
through the horizon, while atmospheric colors, fog, light, and shadows provide
depth information [33]. For like the real world interfaces simulations of these
cues can improve the users’ comprehension of the interface. For example, 3D
user interfaces which use cues like light sources and shadows facilitate the
interpretation of 3D shapes. “The human visual system is capable of quickly and
1
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Somesthesis envelopes the skin sensation and the capability to sense the movement and position of
our limbs [242].
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accurately establishing three dimensions from variations in luminance [shading]
only” [241]. This concept was, for example, applied for the idiom SpaceFold
(see Chapter 4) which uses shading in order to make a distortion of a visual
space comprehensible. The idiom ART (see Chapter 7) applies another approach as it directly displays virtual content within the physical environment.
Such AR environments can leverage users’ Environment Awareness and Skills as
they often allow for stereoscopic vision and provide the means to use the cues
provided by the physical environment. Based on such cues, people develop
many skills to navigate within and to change their environment. In addition,
people develop skills to manipulate objects in their environment, such as
picking up, positioning, changing, and arranging objects. Some post-WIMP
interaction styles build upon this, as for example TUIs, like the idiom CollectionDiver (see Chapter 6) with which an object can be selected by picking it.
Some of these object manipulations also refer to the guiding principles of Naïve
Physics as well as Body Awareness and Skills.
• Social Awareness and Skills refers to the social skills used for human interaction and communication. People are usually aware of the presence of other
people and develop skills for social interaction. These include verbal and nonverbal communication, the ability to exchange physical objects, and the ability
to work with others on a task. Social Awareness and Skills can guide collaboration in shared physical spaces for example when working around an ordinary
table but also an interactive tabletop. The Social Awareness and Skills prevents
us for example from disrupting work by invading others personal territories,
taking away their physical tools, or interrupting their conversations [151].
According to Jacob et al. [145], TUIs, for example, offer promising qualities to
consider our Social Awareness and Skills and therefore promote collaboration.
This is, for example, leveraged by the idiom CollectionDiver which allows for
shared search experiences through tangible filters (see Chapter 6). Also, novel
immersive technologies, such an AR environment used for the idiom ART (see
Chapter 7), allow users to draw from their Social Awareness and Skills as the
collaboration takes place in the physical environment.
The Reality-based Interaction framework does however, not recommend addressing
these four themes by simply mimicking reality, but by weighing the reality-based
interaction principles against other considerations. Still, reality should only be given
up explicitly and only in return for other desired qualities (entirely adapted from
Jacob et al. [145]):
• Expressive Power: i.e., users can perform a variety of tasks within the application
domain
• Efficiency: users can perform a task rapidly
• Versatility: users can perform many tasks from different application domains

2.3

Reality-Based Interaction

33

• Ergonomics: users can perform a task without physical injury or fatigue
• Accessibility: users with a variety of abilities can perform a task
• Practicality: the system is practical to develop and produce
The design of a good interface according to the Reality-based Interaction framework
primarily depends on finding appropriate design tradeoffs situated between these
desired qualities and reality (see Figure 2.3). They are therefore also referred to
as power-versus-reality tradeoffs. The goal is to preserve the user’s perception of
familiar and natural interaction with the physical or social realm but only to the
extent that is not conflicting with the desired qualities of the interface. On a higher
level a design tradeoff has to be made between in the real world or like the real
world interfaces. Whereas in the real world interfaces typically allow for easier
integration of computational power, like the real world interfaces are typically closer
to reality and therefore leverages the themes of reality to a greater extent. This
tradeoff is investigated in more detail in terms of the idiom SpaceFold that allows
simulating deformations and the idiom InformationSense which allows for physical
deformations of the displays (see Chapter 5).
Naïve Physics
Body Awareness and Skills
Environment Awareness and Skills
Social Awareness and Skills

Expressive Power
Efficiency
Plasticity
Ergonomics
Accessibility
Practicality

Fig. 2.3: Exemplary design tradeoffs provided by the Reality-based Interaction frame-

work [145].

2.4 Blended Interaction
The conceptual framework of Blended Interaction builds on the ideas of embodiment
and especially the framework of Reality-based Interaction but additionally takes
findings from cognitive linguistics into consideration in order to “explain when users
perceive user interfaces as ’natural’ or not” [151]. The framework can be divided into
two parts (see Figure 2.5). First, the conceptual blending theory [92] explains how
users rely on familiar and real-world concepts whenever they learn to use new digital
technologies. And second, four domains of design provide a holistic structuring of
the problem and design space.
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2.4.1 Conceptual Blending
Within Blended Interaction conceptual blending is considered as the theoretical
foundation of how we perceive and interpret an interface based on our preexisting
knowledge and our embodied experiences. Conceptual blending, which is also called
conceptual integration, is a cognitive science theory first postulated by Fauconnier
and Turner [92]. It describes humans’ ability to imagine and interpret novel concepts
by the metaphorical combination of existing conceptual spaces [100]. The resulting
conceptual space is called ‘blend’ and holds emergent structures for reasoning and
acting that exceed the structures of the individual conceptual input spaces (see
Figure 2.4). To explain the notion of blends we will use an example provided by
Umberto Eco in his book ‘The Name of the Rose’:
This, in fact, is the power of the imagination, which, combining the memory
of gold with that of the mountain, can compose the idea of a golden
mountain.
— Umberto Eco, The Name of the Rose (p. 188)
Conceptual blending describes how we are able to imagine that golden mountain by
integrating the two input spaces of ‘gold’ and ‘mountain.’ In order for us to be able to
integrate the input spaces, they must share a common structure which is part of the
generic space. One can think of the generic space as a container of abstract structures
that frame our cognition. Therefore, we can also define the generic space as the set
of image schemas we are aware of. In the notion of image schemas both input spaces
of the example at hand can be considered as being objects (see Table 2.1). Structures
or concepts from the generic space which are also part of both input spaces are called
cross-space mappings. These cross-space mappings are also projected to the resulting
blend. Therefore, we will also image the ‘golden mountain’ as being an object. In
addition, both input spaces have their idiosyncrasies, like that gold is yellow and
extremely valuable, or that a mountain is big. These idiosyncrasies can, but do not
have to, be part of the resulting integration. We will therefore probably end up in an
imagination of a big yellow mountain that is extremely valuable. In summary, if we
try to imagine a ‘golden mountain’ the cognitive “process of conceptual blending is
triggered in our mind that generates an emergent structure from the provided input
spaces, the generic space, and our preexisting knowledge of their elements” [151].
Also, important to note is that this “is not a deterministic process with a clearly
defined, guaranteed outcome, but the resulting emergent structure depends on the
existence of. . . [certain] mental spaces in our conceptual systems and how we match
and selectively project them” [151]. Therefore, the imagination of a ‘golden mountain’
differs from person to person as the knowledge about the input spaces can differ
but also how an individual integrates them. For example, one imagines the ‘golden
mountain’ to be relatively soft like gold and another will imagine it as being solid
like rock.
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Blends can themselves also be input spaces for further blends. “Over time this
creates a vast network of conceptual integrations that connects high-level complex
concepts via many intermediate steps to our most basic low-level bodily, spatial, or social
experiences” [151]. In the notion of the Reality-based Interaction framework these lowlevel experiences can be referred to as themes of reality (see Figure 2.2). According
to the blending theory, the human imagination and the construction of meaning
therefore depend upon embodied experiences in the world, and the extension of
these experiences into novel conceptual spaces via conceptual blending [317].
Generic Space

Input Space 1

Input Space 2

conceptual space
emergent structure
element
cross-space mapping
connection

Blend

Fig. 2.4: Conceptual integration network: A blend is the result of a conceptual integration

of two input spaces from different domains. Two input spaces can be integrated if
they share common concepts which are part of the generic space. Concepts which
are part of the generic space and the input spaces are projected into the resulting
blended space. The blended space can further hold structures, elements or concepts
only present in one of the input spaces or even in none of the input spaces and
therefore has an emergent structure.

Jetter et al. [150, 151] adopted the blending theory for the framework of Blended
Interaction and argue that “blends explain how a UI that shares only selected aspects
with its users’ reality can still be understood and adopted, even though some of its
behaviors might appear very unfamiliar or unnatural. Thanks to the users’ ability
of conceptual integration, designers are not bound to design an UI as realistic as
possible and they can avoid cases of ‘silly simulation’ [68]. Instead, they can focus on a
consistent, coherent, and congenial overall structure” [151].
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The assumption underlying Blended Interaction therefore is that user interfaces
consist of one or more blends that users unconsciously try to deblend in order to
understand an interface that is new to them and the rationales behind the interaction
design (see Figure 2.5). Obviously, only blends that build upon input spaces, that
the user has knowledge about, can be deblended. The set of conceptual spaces that
the user has knowledge about is referred to as the ‘users’ reality.’ Therefore, the
term ‘reality’ has a broader meaning in Blended Interaction than it has for example
in Reality-based Interaction. Bødker and Klokmose precisely state that “it is the
familiarity and everydayness of concepts and routines, the ways that concepts and
practices are entrenched, that matter, rather than absolute and representational forms
of naturalness” [29]. The human mind can internalize both real-world and digital
concepts and thus the ‘users’ reality’ is not static and changes over time [151].
Reality in terms of Blended Interaction therefore includes learned concepts from the
real, non-digital world, but also concepts that we have learned when using familiar
digital technologies. “Frequently used blends from the digital world. . . have already
become a part of the conceptual system of a large part of the user population and thus
have become well established in their everyday world or reality. This enables designers
to build new blends based on these already established blends as input spaces” [151].
The more entrenched the conceptual spaces an interface is built on are for the users
the more ‘natural’ the interface feels to them. How entrenched a conceptual space is
depends on the ‘users’ reality’ and is therefore subjective to a certain extent. Conceptual spaces that are shared by most of the population and therefore are part of the
reality of most users can be described as population stereotypes. Especially concepts
that are close to our shared everyday bodily, spatial, or social experiences can often
be regarded as population stereotypes. User interfaces consistent with population
stereotypes potentially shorten the required time for learning, can enhance user
performance, and reduce the number of erroneous actions [39].
As mentioned before, conceptual integrations connect high-level complex concepts
via many intermediate steps to our most basic low-level bodily, spatial, or social
experiences which can be referred to as themes of reality. The more one has to
move up in the hierarchy of blends in order to reach the fundamental themes of
reality, the more composed and the less entrenched a conceptual space probably is
to large parts of the population (see Figure 2.5). Or in other words, the more blends
that are between the themes of reality and the conceptual spaces that an interface
builds upon, the higher, the risk that the conceptual spaces are less prevalent and
inclusive, because the users have divergent knowledge, perception, and experiences
of the conceptual spaces. Although Blended Interaction does not insist that our most
basic themes of reality should only be given up in terms of desired qualities, like the
Reality-based Interaction framework does, it still highlights the value of the themes
of reality for the design of interfaces that feel ‘natural’ to the user.
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According to the framework of Blended Interaction this work aims for designing
Reality-based Idioms that integrate conceptual spaces which are already entrenched
by the user. Thus, the idioms mostly consist of blends of real-world and familiar
digital concepts. One example, which was applied for the idiom InformationSense
(see Chapter 5), is the blend of the conceptual space of a physical cloth with the
concept of a virtual information space. This leads to a display that is physically
deformable like a cloth but still capable of presenting digital content.
Themes of Reality
Themes of Reality

Naive Physics

Body Awareness
& Skills

Environment Awareness
& Skills

Social Awareness
& Skills

Workflow

Physical Environment

Atomic

Composed

User Interface

Domains of Design

Individual Interaction

Social Interaction

Fig. 2.5: A visual overview of the framework of Blended Interaction. An interface is composed

of one or more conceptual spaces which are organized in a hierarchy of blends.
The more blends that are situated between a conceptual space and the themes of
reality, the more composed a conceptual space is. Parts of the image are taken of
from Jacob et al. [145] and Jetter et al. [151].

.
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2.4.2 Domains of Design
The theoretical engagement with conceptual blending allows designers to analyze
existing designs, but also inform new design decisions. To better structure the
problem and design space in which these decisions have to be made the Blended
Interaction framework defines four domains of design: Individual Interaction, Social
Interaction, Workflow, and Physical Environment Jetter et al. [151].
• Individual interaction: Regardless of the task at hand - either solitary or
collaborative - the interaction with computing devices is grounded on single
user actions (e.g., touch or mouse input). Building block for the design
of blends within this domain can for example be found in the first three
themes of reality of the Reality-based Interaction framework (Naïve Physics,
Body Awareness and Skills, and Environment Awareness and Skills). Familiar
operation can be achieved, by aligning interfaces with humans’ perception of
the physical world and the everyday interactions taking place in this world.
Novel technologies not only allows to create like the real world interfaces
which simulate real word behavior (see idioms SpaceFold and PhysicLenses
in Chapter 4), but also to move the interaction in the real world (see idioms
InformationSense in Chapter 5). TUIs and deformable displays, for example,
allow users to draw from their knowledge about the interaction with physical
objects (see idiom InformationSense in Chapter 5 and idiom CollectionDiver in
Chapter 6). AR devices place digital content within the physical space, which
enables users to navigate the scenes by moving in space (see idiom ART in
Chapter 7).
• Social interaction & communication: In many domain situations, it is essential not only to support the users’ individual interaction, but also the
collaboration in terms of social interaction, communication, and coordination.
The framework of Reality-based Interaction addresses this domain of design
within the theme of Social Awareness and Skills and suggests that collaboration
can be facilitated by taking into account social norms and processes. To this
end, Jetter et al. [150] recommend investigating the social processes taking
place in a domain situation in order to enhance it with digital power. Novel
technologies like multi-touch displays, TUIs (see idiom CollectionDiver in Chapter 6), or AR displays support this approach as they enable users to interact
simultaneously (see idiom ART in Chapter 7). These technologies thus provide
the means to more flexibly address social norms and processes that take place
in groups during collaboration than, for example, traditional desktop systems
controlled with mouse and keyboard do.
• Workflow: To achieve a holistic system design, fine-grained interaction techniques which facilitate individual or social interaction cannot be considered in
isolation, but have to be treated as single parts of a larger, coherent workflow.
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In HCI research, often isolated interaction techniques are investigated (e.g., in
terms of efficiency or user preferences) for the sake of high internal validity of
study results. However, interactive systems for real-world domain situations by
their nature need to support a coherent workflow in order to avoid disrupted
interactions. Many workflows can be partly but not entirely processed with the
help of interactive systems. This means, that to support a coherent workflow,
the transitions between computer-supported and analog activities or processes
also have to be considered. An example could be the smooth transition from
using a search interface to query the media collection in a library to actually get
the physical book or browsing the physical shelves (see idiom CollectionDiver
in Chapter 6). According to Activity Theory [27, 165, 212] the Workflow as
domain of design also emphasizes the influence of contextual conditions on
the actual execution of a workflow. Conversely, this means that workflows
should be observed and optimized in situ.
• Physical environment: The design of the physical environment involves the
architecture in the widest sense and is also called Digital Ground [191]. Furniture, rooms, or buildings can be important subjects of the design, because
the architecture and interior design determine and shape our interaction with
our physical and social environment. Our physical environment offers opportunities for behavior, and, if designed well, also information about these
opportunities. These affordances of the physical environment can be leveraged
by thoughtfully integrating interfaces of interactive systems into it. Again
using the example of a library which is not only a provider of books but also
a physical and social space where visitors enjoy spending time. Terminals to
search the media collection have to be thoughtfully integrated into the physical
space to be easily accessible when needed but also should not interfere with
the atmosphere (see idiom CollectionDiver in Chapter 6).

2.5 Implications for Interaction Design
The discussed approaches all try to link the understandings of embodied cognition
to HCI with the goal of making use of users’ preexisting and entrenched knowledge
about the physical world to facilitate the interaction with computing systems. In
the following, the terminologies ‘reality-based interaction’ and ‘reality-based user
interface’ are used as umbrella terms for all interaction techniques and user interfaces
that are based on the insights discussed in this chapter. None of the theories and
framework presented provides detailed guidance on how to design reality-based
interfaces. However, as Jetter et al. stated, “a better understanding of cognitive
processes, even if it is applied only indirectly and informally, remains desirable, because
it enables entering the iterative design process with better designs and facilitates the

40

Chapter 2

Embodiment: Theories and Frameworks

interpretation of the empirical observations made therein” [151]. This is in line
with the turn to design in which one assumption is that good design cannot be
achieved with a simple step-by-step approach but requires much interpretation and
understanding of the choices and design tradeoffs that have to be made [243].
The theories and frameworks in this chapter establish new design principles and
a different pattern of thinking about good design. They can therefore help to
understand how users perceive interfaces and can help to make the right design
tradeoffs.
Throughout the chapter we provided example references and short previews to the
Reality-based Idioms which will be presented within this dissertation. These examples
already showed that the research in this dissertation builds on the frameworks
of Reality-based Interaction and Blended Interaction and considers the theory of
conceptual blending and the themes of reality for the design of Reality-based Idioms
to facilitate interaction with visualizations. The themes of reality and the powerversus-reality tradeoffs can help to understand and consider the different facets
of our physical reality for the interaction design. Both frameworks claim that “by
drawing upon these themes of reality, emerging interaction styles often reduce the
gulf of execution [131], the gap between a user’s goals for action and the means to
execute those goals” [145]. However, in contrast to Reality-based Interaction, Blended
Interaction provides a theoretical foundation for this assumption by adopting the
blending theory. The idioms developed throughout this thesis therefore apply closeto-reality and therefore less compound concepts without a simple simulation of
reality. In this context, also the influence of design tradeoffs towards more reality
or more computational power are investigated. The design decision and further
research areas are additionally discussed in the light of the four domains of design
provided by Blended Interaction in order to inform the future design of holistic
interactive systems.

2.5 Implications for Interaction Design
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With the advent of Visual Analytics the awareness of the importance of interaction for
visually driven analytical methods increased. Meanwhile interaction is considered
to play an integral role in the process of forming mental models of the data [280]
and constructing, testing, refining, and sharing knowledge [224]. Thomas and
Cook stated that: “Visual representations alone cannot satisfy analytical needs. Interaction techniques are required to support the dialogue between the analyst and
the data” [286]. Elmqvist et al. mentioned that: “Despite typically receiving little
emphasis in visualization research, interaction in visualization is the catalyst for the
user’s dialogue with the data, and, ultimately, the user’s actual understanding and
insight into these data” [88].
As these quotes illustrate, interaction is often considered to be a dialogue between the
human and the visualization system. This concept of interaction as dialogue can be
formally described as “a cycle of communication acts channeled through input/output
from the machine perspective, or perception/action from the human perspective” [123].
Previous work on interaction for visualizations often has focused on the machine
perspective and not the human perspective [175]. This skewed balance is reflected
in the models and taxonomies for Information Visualization that often consider
the system functionality or system reactions and describe interaction only in the
context of data types and tasks [113, 162, 35] or the visualization pipeline which
describes the (step-wise) process of creating visual representations of data [53, 59,
280]. Lee et al. mentioned that “with this focus [on the machine perspective], InfoVis
taxonomies largely discuss interaction from the viewpoint of interaction tasks to be
performed with and on the data, or from interaction techniques that can be performed
on the data or its visual representation” [175]. The concept of interaction as dialogue
between the human and the machine is only one of multiple divergent concepts
how one can think of interaction [123]. Different theories and model from the field
of HCI proclaim different concepts of interaction but their adoption to the field of
Information Visualization and Visual Analytics has been limited.
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This chapter first describes different concepts of interaction and to what extent
they have been taken into account for the design of interaction for visualizations.
Subsequent to this the Nested Model for Visualization Design [209] is discussed,
which is a typical example for a data- and task-centric model. The model considers
interaction in terms of required system features and therefore addresses the machine
perspective of the concepts of interaction as dialog. The chapter closes with the Model
for Reality-based Idiom Design which integrates the data- and task-centric perspective
of the Nested Model for Visualization Design and the framework of Blended Interaction
which considers interaction not as a dialog limited to the human and the machine
but as actions performed in and influenced by our physical and social world.

3.1 Concepts of Interaction for Visualizations
Within the three epochs of HCI (see Chapter 1.1) different theories and model
emerged which consider diverse concepts of interaction. Within the classic epoch
models which consider interaction as dialogue were predominant. These are for
example GOMS [54] or the interface gulfs of Norman’s Seven Stages of Action
model [131]. Especially the latter one has been considered a valuable resource
for deducing task taxonomies for visualizations [59, 35]. In contrast, several
theories or paradigms that characterized the modern epoch of HCI often consider
interaction in terms of a human that uses a tool to manipulate and act [123]. The
concept of interaction as tool use can for example be found in the paradigm of
Direct Manipulation [131], Instrumental Interaction [13], or Activity Theory [27,
165]. In the contemporary epoch of HCI the concept of interaction as embodied
action emerged. From this point of view interaction can be described as “acting and
being in situations of a material and social world” [123]. Theories, and frameworks
like Embodied Interaction [79], Image Schema Theory [128, 129], Reality-based
Interaction [145], or Blended Interaction [150, 151] can be linked to this concept
of interaction (see Chapter 2). Table 3.1 provides an overview of the mentioned
concepts of interaction. Note that this list is not exhaustive but limited to the
most relevant concepts of interaction for this research. For an overview of the
different concepts of interaction in HCI, we refer to the work of Hornbæk and
Oulasvirta [123].
Interaction as dialogue has been the predominant concept considered for the design
of interactive visualizations for a long period and therefore interactive visualizations
somehow were stuck in the classic epoch of HCI. To clarify, it is not that the concept
of interaction as dialogue is wrong, but it is only one perspective one can have
on interaction. Other concepts “are associated with different scopes and ways of
construing the causal relationships between the human and the computer” [123]. The
different concepts therefore focus on other aspects of interaction and can inspire and
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Tab. 3.1: Concepts of interaction which are considered the most relevant for interactive

visualizations (the concepts of interaction and their descriptions are taken over
from [123]).

Epoch of
HCI

Concept
of Interaction

Description

Related Theories & Models

Classic

Interaction
as Dialog

A cyclic process of
communication
acts and their
interpretations

GOMS [54],
Seven Stages of Action [131]

Modern

Interaction
as Tool Use

A human that
uses tools to
manipulate and
act in the world

Direct Manipulation [131],
Instrumental Interaction [13],
Activity Theory [27, 165, 212]

Acting and being
in situations of a
material and
social world

Embodied Interaction [79],
Image Schema Theory [128,
129], Reality-based
Interaction [145],
Blended Interaction [150, 151]

Contemporary Interaction
as Embodied Action

unveil new approaches for interaction design. For that reason, in recent years, also
the concepts of interaction as tool use and interaction as embodied action received
attention for the design of interaction for visualizations. Several research agendas
for future interactive visualizations have been proposed that take these concepts of
interaction into account:
• Pike et al. [224] consider interaction to not just be the manipulation of interface controls in an interactive visualization but also as “the discourse the
user has with his or her information, prior knowledge, colleagues and environment” [224]. Taking this perspective of interaction as embodied action Pike
et al.highlight areas of further work which they claim to be among those
having the highest priority for visual analytics research. These are for example
the adoption of principles and ideas from embodied cognition, the provision
for collaboration, and the consideration of principles of design (see turn to
design in Chapter 1.1).
• Elmqvist et al. [88] combine three different perspectives on interaction within
their concept of fluid interaction for information visualization. Their concept
builds on the model of Seven Stages of Action [131], the paradigm of Direct
Manipulation [131], but also on the theories of Embodied Cognition. The concept of fluid interaction therefore tries to integrate the concepts of interaction
as dialogue, interaction as tool use and interaction as embodied action. Based on
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this integration and an investigation of design examples Elmqvist et al. derived
design guidelines for the design of visualizations that support fluid interaction.
• Lee et al. [175] point out the mismatch of available interaction technology
and the level to which it has been used for the design post-WIMP interfaces
for interactive visualizations. They highlight the different perspectives that
the fields of HCI and Information Visualization have on interaction and define
research challenges in terms of leveraging the concepts of interaction as tool
use and interaction as embodied action for the design of post-WIMP interfaces
for interactive visualizations.
• Chandler et al. [58] stress the same argument of adopting novel technology
for interactive visualizations as Lee et al. [175]. However, with their idea of
Immersive Analytics they focus on how especially immersive technologies like
AR or VR displays can be used to support (collaborative) visual data analysis.
Immersive Analytics especially emphasizes the benefits of using these immersive
display technologies to visualize information in our physical environment and
the importance of designing natural user interfaces to interact with it. Although
not explicitly highlighted by the authors Immersive Analytics therefore mainly
considers interaction as embodied action.
The outlined research agendas provide a set of challenges and further research
directions especially in terms of considering interaction as embodied action. “The level
to which interaction can be raised will depend on the concrete responses to the identified
research challenges in the form of new interaction concepts, models, and techniques
for visualization” [292]. Although previous work presented research agendas and
challenges, they provide no or only little guidance for the design of visualizations
with which can be interacted through embodied actions.
Design decision models or design-sensitizing constructs which can be characterized
by their aim to inform design tradeoffs can help with that need. Such models exist
in both visualization research and interaction research. Originating from interaction
research the framework of Blended Interaction (see Section 2.4) is a design-sensitizing
construct that provides guidance for the design of close-to-reality interaction. Within
visualization research, the well-cited Nested Model for Visualization Design [209,
210] is the de facto design decision model [192]. This model characterizes and
informs design decisions for the creation of visualizations based on a data and task
abstraction.1

1
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Several other models exist in visualization research, however, most of them can be described as
process models that do not focus on the design decisions for creating interactive visualizations,
but on the process of actually analyzing data and generating knowledge with the help of such
visualizations (e.g., the Information Visualization Pipeline [53], or the Knowledge Generation
Model for Visual Analytics [252]).
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Although both Blended Interaction and Nested Model for Visualization Design can
be considered as design-sensitizing constructs they place different foci. Blended
Interaction focuses on the interaction but does not specifically consider the design of
interactive visualizations. The Nested Model for Visualization Design considers design
decisions for visual encodings and system functionalities but does not consider
interaction as embodied actions. With the Model for Reality-based Idiom Design this
work tries to close the gap between perspectives taken by design decision models
from visualization research and interaction research. The Model for Reality-based
Idiom Design integrates the Nested Model for Visualization Design and the framework
of Blended Interaction. It therefore also integrates the data- and task-centric perspective from visualization research and that of embodied interaction. The aim of
this integration is to create a model that helps with the identification of suitable
visual encodings and required system functionalities but also guides the interaction
design. In order to reduce the interaction costs during visual data analysis, the
model provides insights into leveraging users preexisting and entrenched knowledge
about the non-digital world for the interaction.

3.2 Nested Model for Visualization Design
The Nested Model for Visualization Design by Munzner [209] provides guidance for
the design of interactive visualizations based on a data and task abstraction. It
especially focuses on the identification of suitable visual encodings and required
system functionalities. The model is separated into three nested layers where the
output of the superior layer is the input for the subordinate layer. The layers
separately consider the domain situation, the data and task abstraction, and visual
encoding and interaction idioms (see Figure 3.1). Within the model, interaction is
mainly considered as a dialog between human and machine, whereas the focus is
placed on the machine-perspective in terms of system functionality and actions that
can be conducted on the visualization.

The top layer considers the domain situation in terms of the analysis of a particular application domain including the target users, the analysis aims,
and the data characteristics. The domain situation layer therefore deals with the
components that have to be known and described ahead of the visualization design,
which are the data and tasks of target users in a particular target domain [209].
Domain Situation

The second layer is called data and task abstraction and
describes the transformation of the domain-specific problems and data characteristics
in a domain independent form. The aim is to identify similarities between different
Task and Data Abstraction
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Domain Situation
Visual Encoding /
Interaction Idiom
Data
Abstraction

Task
Abstraction

Encode

Manipulate

Facet

Redcue

Fig. 3.1: The three layers of the Nested Model for Visualization Design (adapted from [209]).

domains as “questions from very different domain situations [that] can map to the
same abstract vis tasks” [209]. However, the data abstraction level is also a design
task as one has to consider whether and how a dataset should be transformed into
another form suitable for visual representation. From a methodological point of view
the layer is based on a data and task taxonomy that helps to answer the questions of
what data has to be analyzed and why there is a need to analyze the data.
• Data taxonomy: According to Munzner [210] data can be described using
dataset types and data types (see Figure 3.2). Dataset types are, for example,
tables, networks, or geometries. Each dataset type is built upon different data
types like items, attributes, links, or positions. For example, a network consists
of items (nodes) and links. Each node or link can have attributes (e.g., a node
can have an id). These attributes can be described as being categorical or
ordered. The category of ordered attributes can be further split into ordinal
and quantitative attributes.
• Task taxonomy: “A tool that serves well for one task can be poorly suited for
another, for exactly the same dataset” [210]. Therefore the tasks the user tries
to solve are equally important as the kind of data that has to be analyzed.
According to Munzner [210] the task abstraction can be split into actions and
targets (see Figure 3.3). Actions define the users’ goals and are organized into
a hierarchy with three levels. The high-level choices describe if the goal is, for
example, to consume existing data, or to produce additional data. All highlevel goals require the user to search for elements or patterns of interest. The
mid-level choices therefore address the kind of search that is involved. Search
can be differentiated in terms of whether targets and locations of targets are
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Data Taxonomy
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Attributes (columns)
Value in cell

Value in cell

Fig. 3.2: Data taxonomy: According to the taxonomy data which has to be analyzed can be

described in terms of different data types and dataset types, and attribute types
(adapted from [210]).

known or not. If a target or a set of targets has been found the low-level goal
of a user is to query the target at one of three scopes. These scopes are to
examine one target, to compare multiple targets, or to summarize all found
targets. In this context a target is defined as an aspect of the data that is of
interest to the user. Targets can be, for example, trends or outliers, but also
features which can be defined as task dependent, particular structures, or
patterns. For visually encoded attributes, targets are also the distribution of an
attribute or its extremes as well as dependencies, correlations, or similarities
between multiple attributes. For network data the topology can be a target,
whereas for spatial data the shape can be the target.

At the third layer of the nested model, the
visual encodings and the interaction design are considered in terms of idioms. An
idiom describes a specific way to visually encode the data and interact with the
resulting visualization. While encoding and interaction idioms can be considered
separately, in some cases these two aspects are so intertwined that it can also
be beneficial to consider them as a single combined idiom. Such a combined
idiom consists of some building blocks in terms of visual encodings and system
functionalities that can be separated into four classes (see Figure 3.4):
Visual Encoding and Interaction Idiom
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Task Taxonomy
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Explore
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Summarize

Paths

Spatial Data
Shape

Fig. 3.3: Task taxonomy: According to the taxonomy analysis, tasks which the users try

to solve can be described in terms of actions and targets of actions (adapted
from [210]).

• Encode: Approaches for spatially arranging data and mapping data to nonspatial visual channels like color or size.
• Manipulate: Approaches for changing any aspect of the view, selecting elements from within the view, and navigating the view to change the viewpoint.
• Facet: Approaches for juxtaposing and coordinating multiple views, partitioning data between views and superimposing multiple layers.
• Reduce: Approaches for aggregating and filtering data and embedding focus
and contextual information.
However, the layer does not provide a detailed description of how to derive suitable
idioms based on the data and task abstraction. One can think of it more in terms
of a design-sensitizing construct that provides an overview of the building blocks
that should be considered for the design of interactive visualizations. These building
blocks are further suitable entities to provide a structured description of an idiom.
The strength of the Nested Model for Visualization Design and especially of the data
and task abstraction is that one can identify analogies to other domain situations.
This in turn allows for the identification of visual encoding and interaction idioms
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Visual Encoding & System Functionalities
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Fig. 3.4: Building blocks of interactive visualization idioms: The building blocks should be

considered for the design of interactive visualizations and are suitable for providing
a structured description of an idiom (adapted from [210]).

that have proven themselves in similar domain situations. Munzner [210] provides
a collection of idioms designed for specific domain situations. By describing the
domain situations in terms of the data and task abstraction, this collection can
be used to guide design choices or to justify a particular design with respect to
alternatives.

3.3 Model for Reality-based Idiom Design
The Nested Model for Visualization Design can guide the design process for interactive
visualizations as it describes an approach for abstracting the domain situation in order to identify idioms which were already shown to be suitable for similar situations.
However, the model only considers interaction as dialog between the human and the
machine whereby it takes mainly the machine perspective into account; it defines
idioms as combinations of visual encodings and system functionalities and describes
interaction only in the context of data types and tasks. This perspective neglects that
we are situated in a social and material world and have preexisting and entrenched
knowledge about this world which influences our actions and perception (interaction
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as embodied action). Therefore, although the Nested Model for Visualization Design
provides guidance for the identification of suitable visual encodings and required
system functionalities, it does not guide the design of interaction as embodied action
to manipulate the encoding and trigger or to control the system functionalities.
The framework of Blended Interaction considers the user as situated in a physical and
social environment and having preexisting knowledge and entrenched experiences.
From this point of view, a data and task abstraction is not enough, but rather a
holistic consideration of the domain situation is required. The framework also
considers conceptual blending as a theoretical foundation for the design of interfaces
that takes into account and leverages our basic low-level bodily, spatial, or social
experiences. However, Blended Interaction neither provides guidance in terms of
a step-by-step approach, nor does it support the identification of suitable visual
encodings or the required functionalities for the visual analysis of data.
The Model for Reality-based Idiom Design aims at combining the strengths of the
Nested Model for Visualization Design and the framework of Blended Interaction.
Whereas the former has its potency in guiding the selection of visual encodings and
system functionalities, the latter has its strength in guiding the design of close-toreality interaction to manipulate the encoding and trigger or to control the system
functionalities. Similar to the Nested Model for Visualization Design, the Model for
Reality-based Idiom Design also consists of multiple layers: (1) Domain Situation, (2)
Data, Tasks and Domains of Design, and (3) Reality-based Idiom (see Figure 3.5).
These layers can be considered both as stages of the design process and levels on
which design decision have to be made.
Domain Situation

Encode

Computational Power:
Visual Encodings and
System Functionalities

Reality:
Close-to-reality
Interaction Techniques

Data
Abstraction

Naive
Physics

Manipulate

Body
Awareness
& Skills

Facet

Environment
Awareness
& Skills

Task
Abstraction
Redcue

Reality-based Idiom

Social
Awareness
& Skills

Individual
Interaction

Social
Interaction

Workflow

Physical
Environment

Fig. 3.5: Model for Reality-based Idiom Design: The idiom is based on a hierarchy of blends

whereas at some point in the hierarchy the input spaces draw from implementations
of building blocks of visualization design and the themes of reality.
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Similar to the Nested Model for Visualization Design, the top
layer of the Model for Reality-based Idiom Design considers the domain situation.
The domain situation can be defined as an analysis activity that is embedded in a
larger workflow and conducted by one or multiple persons in a social and physical
environment. Methods to capture the domain situation are, for example, focus
groups with domain experts or contextual inquiries.
Domain situation

The analysis of the domain situation can be
separated into the parts of data and task abstraction, and the investigation of the
four domains of design of Blended Interaction. On the one side the data and task
abstraction is conducted using data and task taxonomies (see Section 3.2) and helps
to identify analogies to other domains situations and solutions applied to these
situations. The data and task abstraction can therefore help to identify suitable
visual encodings and required system functionalities through the consideration of
best practice examples of similar domain situations. A collection of such examples is,
for example, provided by Munzner [210]. On the other side, the investigation of the
four domains of design (see Section 2.4) provide a holistic picture of the design space
that exceeds data and tasks and includes the target user group and their preexisting
knowledge (Individual Interaction), the social context (Social Interaction), the applied
or intended holistic workflow (Workflow), and the physical environment (Physical
Environment). Not all domains of design are equally important for each domain
situation. Whereas, for example, the Physical Environment plays an important role
as a domain of design for the domain situation of searching for media items in
libraries, (see Chapter 6) the Physical Environment seems less important for the
domain situation of analyzing health-related data (see Chapter 7).
Data, Tasks, and Domains Of Design

A Reality-based Idiom describes a specific way to support a
domain situation in terms of an analysis task that is conducted in a social and
physical environment. A Reality-based Idiom therefore consists of a definition of the
visual encoding of data, a description of system functionalities and a specification of
a reality-based approach for the interaction. According to the framework of Blended
Interaction the Model for Reality-based Idiom Design considers an idiom to consist of
one or multiple blends. The conceptual spaces from which the blends are built come
from two sources: the digital world and the physical and social world. More specifically, one can think of a Reality-based Idiom as a blend between visual encodings
and a set of system functionalities as conceptual spaces that provides computational
power and are based on the digital world and close-to-reality interaction techniques
and their enabling technologies as conceptual spaces that are closer to the physical
and social world.
Reality-based Idiom

• Computational power – Visual encodings and system functionalities: According
to the Nested Model for Visualization Design the data and task abstraction of the
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domain situation can point to conceptual spaces that provide the computational
power to encode, manipulate, facet, and reduce the data that has to be
visualized. This conceptual space can be considered as visual encodings and
system functionalities which visualization research showed to be suitable for
certain data and tasks (e.g., scatter plots for visually encoding two-dimensional
data or dynamic queries for reducing multi-dimensional data).
• Reality – Close-to-reality Interaction techniques: According to the frameworks
of Blended Interaction the analysis of the domains of design—Individual Interaction, Social Interaction, Workflow, and Physical Environment—can point to
conceptual spaces in terms of close-to-reality interaction techniques and their
enabling technologies. An interaction technique is more or less suitable to
address a domain of design depending on the themes of reality—Naïve Physics,
Body Awareness and Skills, Environment Awareness and Skills, Social Awareness
and Skills—that the interaction technique addresses. As outlined in the previous chapter (see Section 2.3), different interaction techniques and related inand output technologies address the themes of reality to different extents. In
general, domain situations for which the Individual Interaction is crucial can
benefit from interaction techniques that leverage users’ knowledge about Naïve
Physics, their Body Awareness and Skills, and also their Environment Awareness and Skills. Thus, TUIs can, for example, be beneficial for the Individual
Interaction, because they leverage the mentioned themes of reality. To address
the domain of Social Interaction mainly the users’ Social Awareness and Skills
are of high importance. For the Workflow users’ Environment Awareness and
Skills and Social Awareness and Skills should be leveraged. And if the Physical
Environment is an important domain of design for a specific domain situation,
the Environment Awareness and Skills of users should be utilized especially for
the interaction.
The Model for Reality-based Idiom Design therefore argues for integrating the conceptual spaces for visual encoding and system functionalities derived from the data
and task abstraction with the conceptual spaces of an interaction technique that
leverages the themes of reality based on the most important domains of design. This
integration results in a Reality-based Idiom whose aim is to provide a suitable visual
encoding and the required system functionality to analyze the data at hand while
amplifying humans’ preexisting and entrenched knowledge for the interaction (see
Figure 3.5).
The following explanations describe a concrete example for the application of the
model for the domain situation of shared media search in libraries. This domain
situation will be revisited and described in more detail in Chapter 6.
• Data and task abstraction: The domain situation of shared search in libraries
considers a dataset in terms of a media collection that has the dataset type
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‘table’ and contains items with attributes that are categorical but also ordered
(see data taxonomy in Figure 3.2). Library visitors typically aim for locating
specific items or exploring the dataset. One solution to that problem is to
reduce the dataset in terms of filtering it (see task taxonomy in Figure 3.3).
Previous research showed that dynamic queries are a suitable approach for
doing so [3, 318, 2]. Dynamic queries are based on the formulation of filter
queries with the help of graphical widgets (e.g., sliders) and the instant display
of the results. Dynamic queries therefore place their “emphasis on rapid filtering
to reduce result sets, progressive refinement of search parameters, continuous
reformulation of goals, and visual scanning to identify results” [2].
• Domains of design: Searching for media items in public libraries can be either
an individual or a collaborative task. Therefore, both the Individual Interaction
and the Social Interaction are domains of design that should be taken into
consideration. Research about reality-based interaction techniques showed
that TUIs are suitable solutions to support these domains of design (e.g., [145,
297, 149]). This is for three reasons: First, TUIs provide constraints for the
interaction that are in-line with users’ knowledge about Naïve Physics. Second,
users can make use of their Body Awareness and Skills in order to, for example,
easily interact bimanually or without looking. And third, TUIs provide the
means to increase the situational awareness during collaboration and allow for
a democratized form of collaboration, because all users can access the tangible
objects. These properties of TUIs therefore also allow users to utilize the Social
Awareness and Skills, that they have learned in our physical and social world,
to solve collaborative tasks with interactive systems.
• Reality-based Idiom: According to the Model for Reality-based Idiom Design,
the conceptual space representing dynamic queries and the conceptual space
representing TUIs can be blended in order to design a Reality-based Idiom
that provides efficient filtering mechanisms, that at the same time allows for
familiar operation due to the leveraging of users’ entrenched knowledge about
the physical and social world.
This example shows that the Model for Reality-based Idiom Design can be considered
as a domain dependent interpretation of the framework of Blended Interaction that
targets the interaction design for visual data analysis tools. Important to note is that
the Model for Reality-based Idiom Design can be described as a design-sensitizing
construct that “provide[s] ideas and inspiration to design, but. . . [does] not strongly
guide our choices” [123]. Therefore, the selection of suitable conceptual spaces,
which are blended within a Reality-based Idiom, is up to the interface designer. This
in turn depends on the experience and knowledge of the designer, and the sources
from which he or she can draw inspiration.

3.3

Model for Reality-based Idiom Design
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The following parts of this dissertation exemplify the application of the Model
for Reality-based Idiom Design within the three domain situations of multi-focus
navigation in visual information spaces (DS1 ), filtering data (DS2 ), and interacting
with feature-rich analysis tools (DS3 ). The resulting Reality-based Idioms can be
considered as cornerstones for a collection of reality-based solutions for specific
domain situations and can therefore serve as sources of inspiration for further
interfaces that rely on reality-based interaction to facilitate visual data analysis.
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Part II
Design, Technology & Empiricism I:
Multi-focus Navigation in Visual
Information Spaces

Like the Real World:
Multi-focus Navigation
through Bimanual Input
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Figure 1. Comparing human neural stem cells: (left) SpaceFold – Fold the visual space like a sheet of paper to bring two areas of
interest closer to each other; (right) PhysicLenses – Create multiple magnification lenses to see detailed views of areas of interest.

ABSTRACT

1. INTRODUCTION

Many tasks performed in multiscale visual spaces require the user
to have several foci. Using bimanual interaction, multitouch
devices can facilitate the simultaneous definition and exploration
of several foci. However, multitouch is rarely used for multifocus
navigation, and may limit the interaction to a sequential definition
of areas of interest. We introduce two novel navigation techniques
that combine multiple foci and bimanual touch, and therefore
enable the isochronic definition of areas of interest, leading to
simultaneous multifocus navigation. SpaceFold folds the visual
space in the third dimension, allowing users to bring objects
closer to each other. Our technique enables a direct, bimanual
manipulation of a folded space and therefore provides high
flexibility. PhysicLenses uses multiple magnification lenses to
compare objects. Using a physics model, PhysicLenses introduces
a general solution for the arrangement of multiple lenses within
the viewport. We conducted a controlled experiment with 24
participants to compare the techniques with split screen. The
results show that SpaceFold significantly outperformed all other
techniques, whereas PhysicLenses was just as fast as split screen.

Many tasks that have to be performed in multiscale visual
information spaces require several foci. This is the case for map
navigation (e.g., comparing two islands), text editing (e.g.,
updating one part of a document with text from another), or file
handling (e.g., copying files from one folder to another). Whereas
virtually all interfaces allow the user to change between foci over
time (e.g., by navigating a map with pan/zoom gestures, scrolling
in a document, or switching among folders), fewer interfaces
allow the simultaneous presentation of multiple foci. Examples of
such multifocus interaction techniques include multi-window
systems [1, 15], split-screen interfaces [16, 20], and a variety of
research prototypes [4, 6, 8, 12, 18].
Multifocus techniques have been shown to be effective for
exploring 2D spaces [8] and can give a good awareness of the
intervening context [4]. Yet, research on how these techniques
can be used on multitouch surfaces is limited. In contrast to many
other input devices, multitouch surfaces seem to naturally enable
multifocus interaction, for instance by using one hand per focus
point. Previous research have merely used multitouch to
sequentially define areas of interest [6, 9]. However, a bimanual
approach for multifocus navigation would also enable users to
simultaneously define areas of interest, which might increase
users’ efficiency and require fewer shifts between foci.
This paper presents two multifocus interaction techniques,
called SpaceFold and PhysicLenses, both of which enable a
simultaneous definition of the areas of interest. SpaceFold allows
users to both pan/zoom and fold the visual space. A direct
manipulation of the folds facilitated by multitouch interaction
allows for a very high flexibility. PhysicLenses uses movable
lenses to show magnified views of areas of interest defined by the
user and introduces a generalizable way of automatically
arranging several lenses within the visible viewport. Using a
physical model of collisions, friction, and flexible connections,
the arrangement of the lenses is controlled in a way that no
overlapping occurs and at the same time pan/zoom interaction on
the visual space is still enabled.
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Large and complex datasets often require the user to navigate the visual information
space. This is for two reasons: First, space is limited so that not all information
can be displayed simultaneously. And second, complex data cannot be understood
from only a single point of view, but requires the exploration on different levels of
detail [271]. Many interactive visualization systems support a kind of navigation
that is inspired by changing the point of view in the physical world. The analogy is
that of either moving the head with respect to a fixed object or moving an object
in front of one’s view to focus on other parts or inspect details. For interactive
visualizations this means that the spatial layout is fixed and navigation acts as a
change of the viewpoint [210]. This approach was first applied in the seminal works
‘Pad’ [222] and ‘Pad++’ [16] that provided an elaborated interaction model for
navigating digital information spaces and introduced the term multi-scale space.
Multi-scale spaces allow for pan and zoom navigation and therefore provide the
means to get an overview of the entire space, as well as examine details of smaller
areas.
Many tasks that have to be performed in multi-scale visual information spaces require
several foci or at least benefit from having multiple foci. This is also the case for
visual comparison of data values, groups of values, or spatial regions which is a most
relevant task for data analysis [292, 6, 101]. Whereas virtually all interfaces allow
the user to compare foci over time by navigating the space, fewer interfaces allow the
simultaneous presentation of multiple foci. Examples of such multi-focus interaction
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techniques include multi-window systems [9, 226], split screen interfaces [227,
272], and a variety of research prototypes based on lenses (e.g., [160, 83]) or
focus + context interfaces (e.g., [87, 95, 198, 256]). Multi-focus techniques have
been shown to be effective for exploring 2D spaces [146] and some of them can give
good awareness of the intervening context between foci [87].
However, the focus of most previous research was placed on the visualization
technique and not on interaction with multi-focus interfaces. Therefore, research on
how these techniques can be used on multi-touch surfaces is limited. In contrast to
many other input devices, multi-touch surfaces seem to naturally enable multi-focus
interaction, for instance by using one hand per focus point. Previous research has
merely used multi-touch to sequentially define areas of interest [95, 157]. However,
this does not fully exploit humans’ bodily abilities and the preexisting and entrenched
knowledge about how we bimanually interact with our physical world. A bimanual
approach for multi-focus navigation would enable users to simultaneously define
areas of interest, which might increase users’ efficiency and require fewer shifts
between foci. The simultaneous coordination of both arms and hands is an embodied
ability of humans which is however limited (e.g., synchronous gestures are easier
to perform than asynchronous gestures). Yet, when taking the embodied abilities
into consideration, bimanual interaction can reduce task completion time due to
increased time-motion efficiency and can come with cognitive benefits, because the
step of “mentally composing the task at an unnaturally low level which is imposed by
traditional unimanual techniques” [179] can be omitted. The question this chapter
tries to answer therefore is:
RQ1.1 : How can Reality-based Idioms for bimanual multi-focus navigation in visual
information spaces be designed, and with what benefits do they come?
The chapter first provides a short analysis of the domain situation for which multifocus navigation can be beneficial and gives an overview of related work targeting
multi-focus interfaces. Based on this analysis design goals (O1 ) are derived. This
is followed by the propositions for Reality-based Idioms (O2 ) that leverage human’
preexisting knowledge to combine multiple foci and bimanual touch, and therefore enable the isochronic definition of areas of interest, leading to simultaneous
multi-focus navigation. SpaceFold folds the visual space in the third dimension,
allowing users to bring objects closer to each other. The technique enables a direct,
bimanual manipulation of a folded space and therefore provides high flexibility.
PhysicLenses uses multiple magnification lenses to compare objects. Using a physics
model, PhysicLenses introduces a general solution for the arrangement of multiple
lenses within the viewport. After this discussion, this chapter reports on a controlled
experiment with 24 participants which was conducted to compare the techniques
with a split screen interface. The evaluation results (O3 ) show that SpaceFold significantly outperformed all other techniques, whereas PhysicLenses was just as fast as
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the split screen interface. The chapter closes with a summarizing description of the
two Reality-based Idioms (O4 ) SpaceFold and PhysicLenses.

4.1 Analysis: Multi-focus Interfaces
Multi-focus techniques are used for different tasks. One of them is comparing or
relating parts of data. Such tasks recur in information visualization [271], for
instance, and because only one graphical object can be held in memory [228], multifocus techniques may support visual comparisons of complex data that single-focus
techniques do not. This section first defines the domain situation which is the focus
of this research and therefore frames the problem space. This is followed by a review
of related work. Eventually, design goals are derived which guided the design of
Reality-based Idioms.

4.1.1 Domain Situation
In terms of the Model for Reality-based Idiom Design (see Section 3.3) a description
of the domain situation in terms of a data and task abstraction as well as a definition
of the most important domains of design can help to identify related concepts,
techniques, or idioms which can serve as inspiration to solve the problem at hand.
The domain situation considered in this work can be explained as follows.
Navigating visual information spaces can be described as changing the point of
view without changing the layout of the visualized data. Navigation is therefore
often implemented in terms of a pixel transformation which does not require having
knowledge about the underlying data. This is for example the case for simple zooming
interfaces (e.g., [14]), magnification lenses (e.g., [308]), or some distortion based
interfaces (e.g., [256, 108, 87]). Of course there are also navigation techniques
which require knowledge about the data displayed within the visual information
space. Examples are semantic zooming [222, 16] or techniques to travel along the
path of a network visualization (e.g., [200, 263]).
However, this research focuses on navigation techniques that can be applied independently of the underlying data and is thus not limited to a single real-world use
case. The intended navigation techniques should therefore also not be limited to a
specific dataset type but should be applicable to visual information spaces displaying
any data (see data abstraction in Figure 4.1). The navigation in visual information
spaces can help to solve different analysis tasks and discover findings. Discovering
findings requires the user to search for targets and examine features and patterns
of a single target or compare features and patterns of multiple targets (see task
abstraction in Figure 4.1). This data and task abstraction provides a definition of
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an abstract domain situation. Following the Model for Reality-based Idiom Design
what also has to be defined are the domains of design that are most important to the
domain situation. For this research we especially focus on the Individual Interaction
and how it should be designed when considering interaction as embodied action (see
domains of design in Figure 4.1). Navigation in visual information spaces can also
be a collaborative task conducted in a specific physical environment and embedded
in a larger workflow. However, these domains of design are outside of the scope of
this research.
Following the Model for Reality-based Idiom Design, the description of the domain
situation can guide the selection, review, and analysis of existing visualization and
interaction techniques, or idioms. Although these techniques or idioms often only
cover parts of the requirements for a domain situation (e.g., they either focus on the
visualization or the interaction) they can serve as inspiration. In that they provide
conceptual spaces that can be combined or blended to design novel Reality-based
Idioms which support the tasks at hand, but also consider interaction as embodied
action.
Data Abstraction

Datasets
Dataset Types
Tables

Networks

Attributes (columns)

Fields (Continuous)
Link

Items
(rows)

Attributes

Node
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Fig. 4.1: Description of the domain situation in terms of a data and task abstraction and

identification of the most important domain of design.
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4.1.2 Related Work
The related work can be separated into two parts: First, multi-focus interfaces
that support the tasks mentioned in the description of the domain situation. And
second, techniques that aim at facilitating the Individual Interaction with multi-focus
interfaces.

4.1.2.1 Multi-focus Interfaces
Providing several foci allows the user to simultaneously view different areas of interest. Instead of time-multiplexing views (such as in zooming [16], or focus + context
interfaces [198, 223]), multi-focus is about space multiplexing. Using multiple
windows to do so is a classic solution [9, 226]. ‘LifeLines,’ for instance, is a multiwindow interface which uses a split screen to explore large time series data [227].
Another solution divides the screen automatically into two viewports when two
interaction points move apart [272]. Split screen interfaces, however, often provide
little guidance as to the spatial relationships between viewports. ‘PolyZoom’ [146]
tries to overcome this problem by allowing the user to progressively build hierarchies
of focus regions.
Focus + context interfaces can also be extended to multi-focus. For instance, some
variants allow several fisheye lenses in a map-like environment [95, 272]. Another
technique is ‘Rubber Sheet’ [256], which allows the user to stretch or squish rectilinear focus regions. Instead of squishing the visual space, ‘Mélange’ [87, 89] folds it.
The idea of folds is to give clearer information on the distance between the focus
regions. However, ‘Mélange’ is merely a presentation technique and the authors
do not state how to interact with ‘Mélange.’ In an evaluation, the interaction was
limited to a sequential definition of areas of interest through the positioning of one
focus point with the help of a mouse. Furthermore, only one-dimensional folding
was enabled. Another application of folded spaces is ‘Canyon’ [138] which folds the
visual space to visualize moving objects which are situated outside the focus regions.
‘Canyon’ only tracks predefined moving objects and does not address the definition
of focus regions.
Folded representations of visual spaces provide the advantage that they use a familiar,
real-world distortion curve which is important to make distortions comprehensible [255, 55]. Especially if combined with visual clues like shading such distortions
leverage humans’ knowledge about the deformation of physical objects which in
terms of the Reality-based Interaction framework can be also referred to as the users’
entrenched knowledge about Naïve Physics, and their Body Awareness and Skills (see
Section 2.3). Previous research for example showed that abstract distortions can
come at the cost of confusion, disorientation [55], and impairment of the users’
spatial memory [274]. This seems to be not the case for distortions based on the
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real-world metaphor of a folded sheet of paper [49] (see Appendix B). However, the
interaction with such folded spaces in terms of a simultaneous multi-focus navigation
has not been investigated yet. While the techniques presented highlight multi-focus
navigation, none of them makes use of humans’ Body Awareness and Skills in terms
of bimanual, multipoint-based input which is enabled by multi-touch surfaces.

4.1.2.2 Touch-interaction for Multi-focus Interfaces
Touch interaction seems particularly well suited for multi-focus interfaces. Using
bimanual, multipoint-based input, multi-touch surfaces can facilitate the simultaneous definition of areas of interest. Multi-touch interfaces can exploit humans’
embodied abilities for bimanual interaction and thereby leverage especially humans’
Body Awareness and Skills. Nonetheless, little work has been done to explore this
combination. Some papers have coupled touch with multi-scale navigation (e.g., [60,
301]), but a few with multi-focus. Four techniques stand out. In ‘DTLens’ [95],
users can create multiple lenses on a tabletop to interact with spatial data. It is not
clear, however, whether it improves performance. ‘i-Loupe’ [304] is a lens based
interface and allows the definition of a focus region and a magnified visualization of
this area. Although not addressed by the authors it would conceptually be possible
to use more than one ‘i-Loupe’ simultaneously. However, this technique does not
provide solutions to problems like overlap and arrangement of the different lenses.
The third technique is ‘FingerGlass’ [157]. ‘FingerGlass’ does not support multiple
areas of interest, but it supports two-handed interaction with visual contents on
multi-touch screens. The non-dominant hand specifies an area of interest with which
the dominant hand can interact in a magnified view. One of the strengths of the
technique therefore is that it exploits humans’ abilities for bimanual interaction
while also considering the limitations of these abilities. A user study showed that
‘FingerGlass’ is much faster than four compared techniques for the translation of
objects within a visual space. Due to the single-focus visualization of ‘FingerGlass,’
however, multi-focus interaction tasks like the comparison of objects are not facilitated. In order to make use of lenses for a simultaneous multi-focus navigation,
new possibilities for the interaction and especially for the arrangement of the lenses
have to be found. The fourth technique is called ‘Information Cloth’ [198]. With
this technique the information is placed on a virtual, flexible cloth which can be
draped, pulled, stretched, and folded with multiple fingers and hands. With the
help of this technique, several visualizations like fisheye views or a perspective wall
can be approximated. Still, the distortion of the visual information space as well as
the interaction draws from the physical world, which allows users to utilize their
preexisting knowledge for the interaction. While the ‘Information Cloth’ enables
many opportunities and from an embodied point of view provides benefits for the
interaction and the interpretation of the distortion, no evaluation of its efficiency
was conducted.
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Thus, the potential of touch combined with multi-focus remains unexplored, particularly for the comparison of objects within a multi-scale visual space. Although
there are some techniques for defining multiple areas of interest, all of them let
the user define one area of interest after the other. We are interested in leveraging
humans’ embodied knowledge and abilities for bimanual input. These abilities
can be exploited to define multiple areas of interest simultaneously and therefore
increase efficiency in terms of time and workload.

4.1.3 Design Goals
The presented related work can serve as inspiration for conceptual spaces which can
be combined or blended to create Reality-based Idioms that facilitate the described
domain situation. In terms of multi-focus visualizations, folding or lens interfaces
seem to be suitable approaches. In terms of interaction that leverage humans’
embodied abilities, bimanual input seems suitable for the definition of multiple focus
regions. Blending these conceptual spaces further requires considering theoretical
foundations which we summarize here in three design goals:
G1 Reality-based interaction and visualization: Interfaces which make use of
reality-based interaction and visualization techniques allow users to make use
of their preexisting and entrenched knowledge and their bodily abilities. This
can also be referred to as users’ knowledge about Naïve Physics and their Body
Awareness and Skills. For distortion based interfaces this could mean that the
visual transformation of the information space should be based on a familiar,
real-world distortion which uses visual cues like shading. The interaction
with such interfaces should be aligned with knowledge users have about the
distortion, deformation, or movement of physical objects. For lens interfaces
leveraging humans’ preexisting knowledge could, for example, mean that the
arrangement of lenses within the viewport is inspired by the arrangement of
physical objects like magnification glasses on a plane surface (e.g., they push
each other away).
G2 Bimanual input for the definition of areas of interest: Leganchuk et al. [179]
show that simultaneous bimanual input (both symmetric and asymmetric) is
faster than sequential singlepoint-based input for controlling position and size
of objects. Multi-focus navigation techniques on multi-touch surfaces can use
these findings to support bimanual input and the simultaneous definition of
areas of interest and therefore leverage humans’ Body Awareness and Skills.
G3 Compatibility with standard gestures: In addition to multi-focus tasks like
comparing targets, single-focus tasks like searching for targets have to be
performed. Therefore, techniques to support multi-focus interaction tasks
should not conflict with standard gestures for navigating in multi-scale visual
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spaces such as drag and pinch gestures, in particular. For many of us these
standard gestures can already be considered as entrenched knowledge with
which novel navigation techniques should not stay in conflict with.

4.2 Design: SpaceFold & PhysicLenses
Guided by our design goals, we designed and implemented two multi-focus naviVideo
gation techniques. SpaceFold allows for creating fold distortions of the information
space like we know it from folding a physical sheet of paper. PhysicLenses offers
multiple magnification glasses which are semi-automatically arranged within the
viewport using a physical engine and the preexisting knowledge of users about the
arrangement of physical objects on a plane surface (for video, scan QR code or go to
URL [ 1]).

4.2.1 SpaceFold
The multi-scale navigation technique SpaceFold can be described as a zooming
interface which is enhanced with a distortion-based visualization technique. By
folding the visual space into the third dimension, it is possible to visualize local
details without losing the context. SpaceFold can therefore be considered as a blend
between the concept of a zooming interface and the concept of folding a sheet of
paper (see Figure 4.2).
SpaceFold is inspired by ‘Mélange’ [87, 89], as well as by the work of Chiu et al. [60]
In contrast to ‘Mélange’, SpaceFold focuses on the interaction, not on the visualization.
‘Mélange’ is mainly a presentation technique and does not stipulate how the user
interacts with it. Furthermore, Elmqvist et al. [87] stated that interacting with a
folded space can be fairly complex and unintuitive. With SpaceFold we present a
technique which better couples the interaction and presentation in order to simplify
the interaction with folded spaces. Although Elmqvist et al. showed that ‘Mélange’
enables good awareness of the intervening context, the interaction technique as
well as the evaluation had some limitations. Elmqvist et al. only evaluated their
folding technique in a 1D scenario. No empirical evaluation for 2D folding was
conducted. Furthermore, the interaction with the presentation technique was limited
to controlling one focus point with the help of a mouse. A second focus point stayed
at a predefined position. The positions of the focus points defined the areas of
interest and therefore the folding of the visual space. Hence, ‘Mélange’ focused
on the positioning of focus points as a mediator between the user and the folding.
We choose another approach, as we do not control focus points but the folding
itself. Therefore, we can provide a more direct way of interacting with folded

4.2 Design: SpaceFold & PhysicLenses
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(a) User taps on and holds the areas of interest

and gets feedback on the fold position.

(b) User moves fingers towards each other to fold

the map.

(c) User performs a simple zoom gesture to en-

large the areas of interest.

Fig. 4.2: SpaceFold – Folding a visual information space: The space is folded to compare the

sizes and number of islands in the Caribbean and Mauritius.

spaces corresponding to folding a physical object and therefore leverages the users’
knowledge about Naïve Physics and their Body Awareness and Skills.
Figure 4.3 shows how SpaceFold brings two areas of interest closer to each other
by folding away the intervening space (G1 ). With SpaceFold, the multi-scale visual
space can be navigated with pan/zoom interaction (G3 ). If two areas of interest
in the visible viewport need to be compared, the user taps and holds the areas of
interest for a short period of time (200 ms). This activates the fold mechanism
and users get a preview of the fold they are going to create (see Figure 4.2a). We
use dwell time because multi-touch gestures that use more fingers on each hand
are imprecise and uncomfortable for some orientations. Although dwell time is
short, it is sufficient to distinguish fold and zoom interaction. The fold is created by
moving the fingers towards each other (see Figure 4.2b) (G2 ). The user can now
zoom in again to see both areas of interest in greater detail (see Figure 4.2c). As
for conventional zooming, the zoom target is in the center between the two touch
points.
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The user can create a horizontal, a vertical, or a horizontal and a
vertical fold simultaneously. In contrast to ‘Mélange’ [87, 89], we implemented a
solution for regions where vertical and horizontal folds overlap each other. In such
situations, we deviate from the real-world behavior of a folded sheet of paper and
draw a nonlinear space. By decreasing the distance between the touch points, the
multi-scale visual space is folded directly. The width of the fold decreases while the
depth increases. The center of the fold is placed halfway between the fingers. This
allows the users to perform the gestures either symmetrically or asymmetrically and
therefore increases the degrees of freedom as well as the simplicity, as the users do
not have to think about the correct execution of a specific gesture. The width of
the fold corresponds to the distance between the fingers minus an offset to ensure
that the areas around the touch points do not fall within the fold. We use the whole
space between the two touch points for the fold because it corresponds to folding a
sheet of paper. In addition, thanks to the larger fold, the content falling within the
fold has a better perceptibility than it would have for a small fold with a huge depth.
Additionally, a fold has a minimum allowable width to ensure the visibility of the
fold; folding to a width of zero leads to an unfold animation to the minimum width
when touch is released. The width of a fold on the screen is independent of the
zoom level. Therefore, folds do not occupy much space on the screen. To represent
the change in scale within the folds, the depth of the folds is adapted: Zooming
into the multi-scale space leads to an increase in depth while zooming out decreases
depth (see Figure 4.2c).
Create Folds:

(a) No existing fold is situated between the two

touch points.

(b) User moves fingers towards each other to

create an additonal fold.

Fig. 4.3: SpaceFold – Creation of additional folds: Additional folds can be created at any

time.

Modify Folds: SpaceFold supports multiple folds. If some folds already exist and
the user wants to compare another area, one of three situations occur: (1) At least
one of the areas is situated inside a fold, (2) the folds are placed between the areas,
or (3) the areas are not affected by existing folds. For the latter case, the space
can simply be folded as explained before (see Figure 4.3). If an area of interest is
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situated inside a fold, the user is able to pull the area out of it. If there is a fold
between the areas, the space has to be pushed into the fold. In both cases, the folds
which are intended to be manipulated are selected by placing one finger on each
side of the fold (see Figures 4.4 and 4.5). Again, the folds are highlighted as a
preview. If the user moves the fingers towards each other, the space is pushed into
the existing fold (see Figure 4.4, vertical fold). If more folds are between the touch
points, the space is first pushed into the folds next to the finger, then the distance
between the folds decreases, and the folds are merged (see Figure 4.5). If the user
moves the fingers away from each other, the space is pulled out of the fold (see
Figure 4.4, horizontal fold).

Fig. 4.4: SpaceFold – Modification of folds: User moves fingers towards each other on the

horizontal axis to push the maps into the fold. At the same time, the user pulls
some parts out of the fold by increasing the vertical distance between the fingers.

Horizontal and vertical folds can be manipulated simultaneously. Therefore, it is
possible to merge two vertical folds while creating a horizontal fold, or to push space
into a horizontal fold while merging two vertical folds. Users only have to know that
if they grab the visual space on two areas of interest and move the fingers closer, the
folds are modified and the two areas move closer to each other (see Figure 4.5).

Fig. 4.5: SpaceFold – Combination of folds: User moves fingers towards each other to merge

the existing two vertical folds and simultaneously pulls parts of the map into the
horizontal fold.
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Using bimanual multi-touch for multi-focus navigation has the advantage of manipulating and defining several areas of interest simultaneously. SpaceFold in the way
it is shown here, makes use of this like no other technique before. With SpaceFold,
parameters like the zoom level or the visible viewport only have to be defined once
for multiple areas of interest. This reduces the interaction steps which have to be
performed and therefore simplifies the interaction. If necessary, different zoom
levels for different areas of interest could be supported by a differentiation between
pinch to zoom gestures within an area (zoom within one specific area) and gestures
spanning multiple areas of interest (zoom whole visual space, see Figure 4.2c). In
contrast to ‘Mélange’, SpaceFold does not make use of focus points as mediators
between the user and the folding. SpaceFold enables a direct manipulation of the
folded space and therefore increases the flexibility. With SpaceFold, the users are free
to define the screen distance between objects and therefore decide how important
the intervening context is in a certain situation.

4.2.2 PhysicLenses
PhysicLenses enhances a zooming interface with lenses showing magnified views of
user-defined areas of interest (see Figure 4.6). PhysicLenses is inspired by multi-touch
lenses like ‘FingerGlass’ [157]. In contrast to ‘FingerGlass’, PhysicLenses allows for
multiple foci. Although ‘FingerGlass’ is optimized for the translation of objects, it is
only a single focus technique and does not help in performing multi-focus tasks like
the comparison of objects. In contrast, PhysicLenses is optimized for the simultaneous
creation of multiple lenses and the arrangement of these lenses within the viewport.
PhysicLenses uses an approach similar to ‘DragMag’ [308], where the magnified view
of an area of interest is displayed with an offset to the original position. To control
the arrangement of the lenses, PhysicLenses uses a physical model of collisions,
friction, and flexible connections between the areas of interest and the magnification
lenses (G1 ). Using such a physics model, we introduce a general solution for the
positioning of multiple lenses which is in line with users’ knowledge about Naïve
Physics. PhysicLenses can be used either with one hand or bimanually in order to
define two areas of interest simultaneously (G2 ). In contrast to mentioned lens
interfaces, it is still possible to pan and zoom the multi-scale visual space even when
using PhysicLenses (G3 ). Therefore, PhysicLenses can be considered as a blend of the
concept of a zooming interface and the concept of magnifying glasses. Figures 4.6
and 4.7 shows an operational sequence of PhysicLenses.

To create a magnification lens, the user touches the screen with two
fingers and holds them for a short period of time (200 ms). The distance between the
touch points sets the diameter of the circular area of interest. An enlarged copy of
the area of interest is immediately shown in a magnification lens (see Figure 4.6a).
Create Lens:
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(a) User taps with two fingers to define an area of

(b) User downsizes the area of interest and at

interest and therefore creates a magnification
lens.

the same time increases the scale factor in
the magnification lens.

(c) While panning the visual space, the magnifi- (d) User creates a second magnification lens to

cation lens stays within the visible viewport.

compare the two areas of interest.

Fig. 4.6: PhysicLenses – Creation of lenses: Create lenses to compare the sizes and the

number of islands in the Caribbean and the South Seas.

The initial scale factor is three. We decided to use three as default scale factor,
because it seems a good tradeoff between the magnification and the space needed.
The user can adjust the area of interest by changing the distance between the fingers
and the position of the hand. The magnification lens is updated in real-time. When
changing the size of the area of interest, the size of the magnification lens stays
the size at creation time (three times the size of the initial definition of the area
of interest), therefore the scale factor changes (see Figure 4.6b). This mechanism
enables the user to define the area of interest as well as the zoom level within the
magnification lens in one continuous gesture.

PhysicLenses integrates functionalities to manipulate the single lens
parameters separately (see Table 4.1):
Modify Lens:
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Tab. 4.1: PhysicLenses – Executable gestures: Effect of pinch and drag gestures on the

different parts of the PhysicLenses interface.
Drag

Pinch

A drag gesture on the canvas moves the
canvas in relation to the viewport. Lenses
stay within the viewport while panning.

A pinch gesture on the information space
changes the scale factor of the space.
Lenses stay within the viewport while
zooming.

Canvas

Area of Interest

A drag gesture on the area of interest
moves the area on the information space.
The content within the lens is adapted correspondingly.

A pinch gesture on the area of interest
changes the size of the area. This simultaneously leads to a change of the scale
factor within the lens.

Lens (inside)

A drag gesture inside the lens moves the
content in the lens. Therefore, the area
of interest is automatically moved on the
information space.

A pinch gesture inside the lens changes
the scale factor of the lens. The size of the
lens is also adapted to fit the previously
covered content.

Lens (border)

A drag gesture on the border of the lens
moves the lens within the viewport.

A pinch gesture on the border of the lens
enlarges the lens without zooming the content. Therefore, the covered area of interest is enlarged or reduced.
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• Area of Interest: The area of interest can be resized by a two finger stretch
and repositioned by a one finger drag. To preserve the relation between an
area of interest and the corresponding magnification lens, the magnification
lens is bound to the area of interest. Thus, if an area of interest is moved, the
magnification lens follows.
• Magnification Lens: For fine adjustment, pan and zoom interaction is enabled
within the magnification lens. Using a pinching gesture within the lens changes
the scale factor. To preserve the clipping inside the lens, the scale factor and
the size of the lens change. If the user touches the border of the lens with
two fingers, the size of the lens can be manipulated without simultaneously
changing the scale factor. To remove a lens, it has to be scaled down below a
certain threshold.

(a) Viewport with two magnification lenses.

(b) User manually rearranges one magnification

lens (collision detection is deactivated).

(c) On dropping, the collision detection is acti- (d) When the area of interest is moved the mag-

vated automatically, and the lenses are rearranged to fit into the viewport without overlapping one another.

nification lens snaps back.

Fig. 4.7: PhysicLenses – Automatic arrangement of lenses with help of a physics engine.
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A physical model handles the arrangement of the lenses. A detection of collisions and a handling of flexible joints between the areas of interest
and the corresponding magnification lenses enable the use of multiple lenses simultaneously. The integration of flexible joint tries to keep the distance between the
area of interest and the magnification lens low, but, at the same time, allows the
user to reposition the magnification lens manually (see Figure 4.7b). The collision
detection avoids overlapping between the lenses and repositions them with a smooth
transition if necessary (see Figure 4.7c). In order to guarantee the visibility of the
magnification lenses, collisions with the viewport borders are also handled. The
number of lenses is not limited, but the screen area is. Therefore, at some point the
lenses will overlap each other.
Arrange Lenses:

4.3 Empiricism: Navigation Performance & Subjective
Preferences
We conducted a study to gain insights into the usefulness of our reality-based interfaces for solving multi-focus tasks. Both interfaces allow for a bimanual interaction
which leverages users’ Body Awareness and Skills and can therefore potentially come
with manual and cognitive benefits [179]. We were interested in the efficiency
of SpaceFold and PhysicLenses in terms of task completion times and the required
cognitive load for navigation. We were further interested in how participants interact
with the techniques and focused on whether the participants apply their preexisting
knowledge and used the techniques one-handedly or bimanually, whether they
defined the areas of interest simultaneously or sequentially, and whether they performed the gestures symmetrically or asymmetrically. We used a split screen interface
as the baseline condition. In the Split Screen condition, the screen was vertically
separated into two viewports (see Figure 4.8). Split Screen is commonly used in
practice, and it also enables a bimanual and simultaneous definition of areas of
interest, although it is not optimized for it.

4.3.1 Research Questions
The evaluation focused on navigation performance of users when conducting comparison tasks in visual information spaces. In addition, we were also interested in
how users perceive the novel techniques and if they prefer the techniques compared
to the Split Screen interface. The research questions we wanted to answer therefore
are:
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Q1 Can reality-based multi-focus techniques increase the efficiency in terms of a
lower task completion time and a lower mental workload for navigating to
and comparing pairs of objects?
Q2 Do users prefer reality-based multi-focus techniques over a split screen interface
and on which characteristics of the interfaces do the preferences depend?

Fig. 4.8: The study setup with the Split Screen interface.

4.3.2 Experimental Design
The following section describes the study setup, the procedure and the task, the
methods applied for data collection and analysis as well as the participants we
recruited for the study (see Table 4.2 for an overview).
Tab. 4.2: Overview of the study setup.
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design

counterbalanced, within-subjects

participants

N = 24 (12 female / 12 male)
M = 26.3 years, SD=7.8; range: 19 − 57 years

task

comparison task

independent
variables

user interface: SpaceFold, PhysicLenses, Split Screen
distance: 450 pixels to 900 pixels
orientation: 0°, 45°, 90°, 135°

dependent
variables

task completion time, interaction steps, workload (NASA-TLX)

trials

2304 trials = 24 participants × 3 interfaces ×
4 blocks × 2 distances × 4 orientations
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4.3.2.1 Study Setup, Procedure & Task
Participants were instructed to complete a set of comparison tasks with the two
reality-based interfaces and the baseline interface. A comparison task typically
involves three phases [292]. First, the pieces of information, in this case the objects
to be compared, have to be identified. Second, the objects have to be arranged
so that they can be easily compared. And third, the actual comparison has to be
carried out. Although our evaluation focused on the second phase, the other two
are still part of the task and must be supported by an appropriate interaction design.
For each comparison task, two objects were shown on the multi-scale space (see
Figure 4.9) with a given distance (450 pixels to 900 pixels distance at 1:1 zoom
level1 ) and orientation (0°, 45°, 90°, 135°). The objects were positioned within
a visual information space consisting of a dark gray square. Due to the lack of
navigational cues, a red grid was used as background. The objects to be compared
consisted of five colored rectangles (colors used were red, green, blue, black, yellow,
purple, and cyan; see Figure 4.9). The colored rectangles appeared at a scale ratio of
1:6 between the viewport size and the scaled size of the information space. This leads
to a distance of at least 2700 pixels and 5400 pixels, respectively. The participants
had to determine if the color codings matched each other. Users could then confirm
whether the objects matched by activating one of two corresponding physical buzzers
positioned on the left and right side of the display (see Figure 4.8).

Fig. 4.9: Comparison task: The objects to be compared are unveiled at a zoom factor of 1:6

between the viewport size and the scaled size of the information space.

The study used a within-subjects factorial design with three independent variables
(see Table 4.2): technique (SpaceFold, PhysicLenses, and Split Screen), orientation
of the objects (0°, 45°, 90°, 135°), and distance between the objects (450 pixels to
900 pixels). As the distance between the objects on the screen depends on the zoom
level, we decided not to add the zoom level to the independent variables.
Techniques were presented in a Latin squared order. For every technique, 4 blocks
had to be completed. Each block contained a random order of the combinations
1

1:1 zoom level refers to the ratio between the size of the viewport and the size of the visual
information space.

4.3 Empiricism: Navigation Performance & Subjective Preferences

77

of each distance with each orientation. We collected a total of 96 trials from each
participant for the comparison task (3 techniques × 4 blocks × 2 distances × 4 orientation).
The experiment was conducted on a 27 00 Lenovo Horizon All-In-One capacitive multitouch display which provides a resolution of 1920 × 1080 pixels. The participants
were free to choose a tilt angle for the display that was comfortable for them.
SpaceFold, PhysicLenses, and the baseline technique were implemented in Microsoft
.NET 4.0 using C# and WPF. For the 3D functionalities of SpaceFold, we used the 3D
APIs of WPF. For the automatic arrangement of the PhysicLenses, we integrated the
Farseer Physics Engine [63].

4.3.2.2 Data Collection & Analysis
As dependent variables, the completion time and the interaction steps performed
(e.g., pan, zoom, or fold actions) were logged. Furthermore, the subjective workload
(NASA-TLX) was measured.
We performed repeated measures analyses of variance to understand the effect of
the technique on performance and self-report measures. The Greenhouse-Geisser
adjustment was used for non-spherical data and the Bonferroni adjustment for
posthoc comparisons. Trials with a difference of more than three standard deviations
from the mean were removed (63 trials, equivalent to 1 % of the trials).

4.3.2.3 Participants
We recruited 24 participants (12 female / 12 male) for the study. Participants were
between 19 and 57 years old (M = 26.3, SD = 7.8). Only one participant had no
experience with smartphones, tablets, or larger multi-touch devices. All participants
were right-handed. The experiment took about an hour and participants were paid
12 C as compensation.

4.3.3 Results
The reporting of study results is structured on our two research questions which
consider the influence of the three interfaces on task completion times and users’
workload (Q1 ), and on subjective preferences of the users (Q2 ).
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4.3.3.1 Q1 : Task Completion Time & Workload
To lower the influence of learning effects on task completion time, we removed
the first block and aggregated the remaining three blocks for further analysis. We
identified a significant main effect of the interface on the task completion time (see
Table A.1 in the statistical appendix). The average task completion time for SpaceFold
(M = 7.19 sec, SD = 1.35) is lower than for PhysicLenses (M = 8.84 sec, SD = 2.74)
and Split Screen (M = 8.21 sec, SD = 2.05). The task completion time for SpaceFold
therefore is 88 % the time for PhysicLenses and 81 % the time for Split Screen. Pairwise
comparisons show that all differences are significant (see Table A.2 in the statistical
appendix). Figure 4.10 shows the average task completion times across interfaces.
SpaceFold

Task completion time (sec)

12

PhysicLenses

*
*

*

*

Split Screen

*

*
*

*

8

4

0
Overall

Long Distance

Short Distance

Fig. 4.10: Average task completion times: Overall and per distance (* indicates significant

differences with significance level of p < .05).

Finding 1.1 SpaceFold, the technique based on the real-world metaphor of
folding a sheet of paper allows for faster task completion times than PhysicLenses
and the traditional Split Screen interface.

In addition, it showed that the variability of the task completion times with SpaceFold
is much lower than for Split Screen and PhysicLenses. This can be explained by having
a closer look at the actions performed by the participants. Participants rarely adjusted
the folds of SpaceFold (0.43 % of the trials). With SpaceFold, participants performed
an average of 4.77 actions (pan, zoom, and fold; SD = 1.59). For PhysicLenses,
participants performed 6.34 actions on average (SD = 2.54). The high standard
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deviation reflects that participants interacted in quite varying ways. In 38 % of the
trials, participants were able to define the lenses with one gesture for each lens
without the need for further adjustment. In other situations, the participants were
not sure how to proceed and therefore tried different possibilities, leading to a high
number of actions. With Split Screen, participants used 9.29 pan and zoom actions
to complete a trial (SD = 3.77). It seemed that participants lost their orientation
in some situations and had to zoom out and look for the objects on a higher zoom
level.
We further identified a significant interaction effect between interface and distance
(see Table A.1 in the statistical appendix). This indicates that the distance between
the objects has a different influence on the task completion times depending on
the interface. Pairwise comparisons showed that SpaceFold was significantly faster
than Split Screen and PhysicLenses for both distances. For the long distance, the
speed-up of Split Screen in comparison to PhysicLenses was significant, but not for
short distances (see Table A.3 in the statistical appendix). Figure 4.10 shows the
average task completion times across interfaces and distances. These data show
that PhysicLenses was more sensitive with respect to distance. For short distances,
the participants were able to adjust to a higher zoom level and see both objects
when creating the lenses. Because of the higher initial zoom level, the participants
were able to define the correct area of interest as well as the scale factor with
one continuous gesture (actions performed with PhysicLenses during short distance
tasks: M = 5.87, SD = 2.34). Because of the lower initial zoom level for large
distances, a larger relative scale-up within the lenses had to be performed. The
magnification lenses had a maximum size which is why the participants sometimes
had to reduce the size of the area of interest in order to increase the scale factor
within the lens (see Table 4.1). Switching between actions performed on the lens and
actions performed on the area of interest caused a higher complexity and required
more frequent adjustments with regard to the size of the magnification lens and
the scale factor (actions performed with PhysicLenses during large distance tasks:
M = 6.81, SD = 2.64).
There was also a significant interaction effect between interface and orientation
(see Table A.1 in the statistical appendix). This indicates that the orientation of the
objects has a different influence on the task completion times depending on the
interface. Posthoc comparisons showed that SpaceFold significantly outperformed
Split Screen and PhysicLenses for all orientations, while Split Screen was significantly
faster than PhysicLenses for an orientation of 0° (see Table A.4 in the statistical
appendix). Figure 4.11 shows the average task completion times across interfaces
and angles. The performance of PhysicLenses dropped significantly for 0° compared
with the other orientations. As already shown, lenses are very sensitive with regard
to the distance between the objects. For an orientation of 0°, the screen has the
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SpaceFold

Task completion time (sec)

12

*

*

PhysicLenses

Split Screen

*
*
*

*

*
*

*

8

4

0
0°

45°

90°

135°

Fig. 4.11: Average task completion times per orientation (* indicates significant differences

with significance level of p < .05).

shortest extension and therefore the maximal zoom level for which both objects are
still visible is lower than for the other orientations.
Finding 1.2 For most configurations of comparison tasks, PhysicLenses provides
the same efficiency in terms of task completion time as Split Screen. However, the
performance measures of PhysicLenses decrease for large distances which seems
to be mainly due to the allowed maximum size of the magnification lenses.

The overall workload measured with NASA-TLX showed no significant differences
between interfaces. Also, the comparison of subscales showed no significant differences except for Physical Demand (see Table A.5 in the statistical appendix).
Pairwise comparisons showed that participants rated the Physical Demand required
for Split Screen significantly higher than for SpaceFold and PhysicLenses. The difference between SpaceFold and PhysicLenses is not significant (see Table A.6 in the
statistical appendix). Figure 4.12 shows the average ratings for the workload per
interface. In addition to the NASA-TLX, participants rated the simplicity of the
three interfaces on a 5-point Likert scale ranging from −2 = very complicated to
2 = very simple. Split Screen (M dn = 0.5, IQR = 3.0) received lower ratings
than SpaceFold (M dn = 1.0, IQR = 2.0) and PhysicLenses (M dn = 1.0, IQR = 1.0).
However, these differences are not statistically significant (see Table A.7 in the
statistical appendix). Figure 4.13 shows the average ratings for the simplicity per
interface.
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Fig. 4.12: Subjective workload per interface (* indicates significant differences with signifi-

cance level of p < .05).

Finding 1.3 Although SpaceFold and PhysicLenses induce distortions or provide
several additional functionalities compared to Split Screen the required workload
and the simplicity for the comparison of objects with both reality-based interfaces
are not higher than with the traditional interface.

SpaceFold

PhysicLenses

2

Median score

1

0

-1

-2
Simplicity

Fig. 4.13: Rated simplicity of the interfaces.
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Split Screen

4.3.3.2 Q2 : User preferences & applied gestures
In terms of subjective ratings we asked participants which technique they preferred.
SpaceFold was mentioned most often (N = 10), followed by PhysicLenses (N = 8),
and finally Split Screen (N = 6). With the help of semi-structured interviews, we
identified perceived advantages and disadvantages of the techniques. SpaceFold
was preferred because it felt the most natural, just like folding a paper map. One
participant said that it felt like folding the world into the preferred shape. Some
participants mentioned that SpaceFold requires only a few interaction steps and that
they needed only select among few interaction mechanisms. The straightforward
use of bimanual input was also emphasized. For PhysicLenses, the participants noted
that many different functions have to be considered. Most of them recognized that
PhysicLenses can be used very quickly once accustomed to it.
Alongside the evaluation of the preferences, a qualitative analysis of video recordings
was conducted to investigate the gestures used. As participants were able to perform
either symmetric or asymmetric gestures and define the areas of interest either
simultaneously or sequentially, we were able to investigate the preferences of the
users and on which characteristics of the techniques they depend. Although possible
with all three techniques, the simultaneous definition of areas of interest was almost
exclusively used for SpaceFold, where the simultaneous definition is by design. For
PhysicLenses, two participants created two lenses simultaneously but defined the
individual parameters of the lenses sequentially. Only one participant used the
PhysicLenses to simultaneously create and define two lenses with two hands. For
Split Screen, only one participant chose a simultaneous approach. The participant
first centered one object in each viewport and then zoomed into the viewports
simultaneously using both hands. Fine adjustment was done sequentially again. The
participant tried to perform the gestures in a way that she could move both hands
symmetrically in order to reduce complexity.
Bimanual input strongly depended on the simultaneous or sequential definition of
areas of interest as a simultaneous definition was only possible through bimanual
interaction. Participants tend to stay in the mode they were in. Therefore, most
participants (N = 19) used two hands to zoom in when using SpaceFold, as they
also folded the space with two hands. In contrast, for Split Screen (N = 14) as well
as for PhysicLenses (N = 11), the number was a bit lower. Generally, we were able
to observe that when participants started to interact with both hands, they tended
to stay in this mode throughout the whole study regardless of which technique they
were using. Observations showed that participants preferred the use of symmetric
gestures over asymmetric gestures. For all techniques, the participants used mainly
symmetric gestures to zoom, fold, or resize lenses. However, five participants tended
to conduct asymmetric gestures when folding the visual space.
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Finding 2.1 SpaceFold was preferred as it feels very natural, requires only few
actions to solve the task, and facilitates bimanual interaction. SpaceFold further
allows for the simultaneous definition of areas of interest through synchronous
gestures which are preferred over asynchronous gestures.

Finding 2.2 Due to the high flexibility and the multiple different features PhysicLenses needs some time to get accustomed to. Further lenses are created and
adjusted mostly sequentially as to many parameters have to be controlled to
parallelize that process for multiple lenses.

4.3.4 Discussion
We set out to explore how multi-focus interfaces could be designed based on realworld visualization and interaction techniques (G1 ), allow for bimanual interaction
that is in line with uses’ Body Awareness and Skills (G2 ), and are still compatible with
standard gestures (G3 ). In the following we discuss how SpaceFold and PhysicLenses
address these goals and what advantages and disadvantages these techniques come
with.

4.3.4.1 G1 : Reality-based Interaction and Visualization
The reality-based interfaces are preferred over the traditional Split Screen interface.
Although both SpaceFold and PhysicLenses offer more functionalities than Split
Screen, the interaction with the interfaces was perceived as being as simple as the
interaction with the traditional Split Screen interface. Also, the analysis of the
subjective workload confirmed this and showed that the reality-based interfaces
make feature-rich, multi-focus navigation easily manageable. SpaceFold is inspired
by the concept of folding a sheet of paper, but it not reduced to a simple simulation
of this concept. Still, participants were able to grasp the idea and easily control the
virtual deformation of the information space. This can be explained by the blending
theory which argues that we are able to understand blended spaces although they
have an emergent structure that is not present in the underlying input spaces
(see Section 2.4). Although this is also true for PhysicLenses, participants faced
more difficulties controlling the lenses and remembering the functionalities for
PhysicLenses than they did for virtually deforming the space with SpaceFold. This
could have two reasons. First, PhysicLenses provides more functionality and flexibility
than SpaceFold. And second, SpaceFold can be considered as being closer to reality as
PhysicLenses. Speaking in terms of blends this means that with PhysicLenses one has
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to move higher up than with SpaceFold in the hierarchy of blends to reach our most
basic low-level bodily, or spatial experiences. For example, whereas the arrangement
of lenses is based on a physics engine and therefore close to reality, other features
or characteristics like the coupling of magnification lenses and areas of interest
or the different possibilities to change the scale factor within the lenses are not.
These functionalities provide more flexibility and power but reduce the degree of
reality. Jacob et al. [145] referred to this as the power-versus-reality tradeoff and
argues that reality should only be given up for desired qualities (see Section 2.3).
Taking this argument the interaction with PhysicLenses could be eased by removing
the functionality not mandatory for the task at hand or trying to achieve a closer
alignment with the users’ preexisting and entrenched knowledge. This could, for
example, mean to simply magnify the area which is placed under the magnification
lens instead of using a proxy to define the area of interest.

4.3.4.2 G2 : Bimanual Input for Definition of Areas of Interest
The bimanual input allowed users to define two areas of interest simultaneously.
However, SpaceFold was the only technique where the participants used it. By
drawing from the real world in terms of the metaphor of folding a sheet of paper
SpaceFold is optimized for bimanual input and leverages users’ Body Awareness and
Skills. Furthermore, SpaceFold was significantly faster than the other techniques
which showed that the simultaneous definition can be less time-consuming than a
sequential definition. The two main differences between the techniques are how
close they are to reality and the number of parameters which have to be controlled
for each area of interest. For SpaceFold, the zoom level as well as the visible viewport
had to be defined only once, but for PhysicLenses as well as for Split Screen the
participants had to define these parameters for each area of interest separately.
Leganchuk [179] argues that one benefit of bimanual interaction is that there is
no need to break up a task into unnaturally small parts which are imposed by
unimanual input. However, although all interfaces allowed for bimanual input only
with SpaceFold users did not break up the task into small actions. This is reflected
in the number of interaction steps taken to complete the task which seems to also
have influence on the task completion time. These results show that one can only
fully exploit the benefits of bimanual input if it would be unnatural for the user to
break up a task into small parts like it is required for unimanual input. PhysicLenses
as well as Split Screen showed that for most users breaking up the task into smaller
interaction steps which can be conducted with a single hand was preferred over
bimanual input.

4.3 Empiricism: Navigation Performance & Subjective Preferences
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4.3.4.3 G3 : Compatibility with Standard Gestures
All techniques are compatible with standard drag and pinch gestures. SpaceFold and
PhysicLenses additionally provide the advantage that users can seamlessly switch
between single-focus and multi-focus interfaces as the multiple foci (multiple areas
separated by folds or multiple lenses) are only visible if required. For single focus
tasks, the interfaces can be used like traditional zooming interfaces. The use of
a dwell time to explicitly trigger functions works well. The observations during
the study showed that the creation of folds and lenses did not conflict with the
pan and zoom navigation, and unintended use of the function seldom occurred.
Because the users are very accustomed to the pinch to zoom gesture they use it
unconsciously. In contrast, the additional functionality triggered by dwell time is
used more intentionally and for that reason more slowly. Therefore, in our study
the dwell time was rarely noticed by the participants. Furthermore, we observed
that a very short dwell time (200 ms) is enough to ensure a robust differentiation.
Therefore, dwell time is a good alternative to the use of asymmetric gestures (like
for example recommended by Chiu et al. [60]) in order to distinguish additional
functionality from a symmetric pinch gesture to zoom.

4.3.5 Limitations
Because we investigated only two distances, we are not able to say how performance
measures evolve for considerably larger distances. Screen size could also have
an effect on technique performance. About 90 % of our participants stated that
they would like to use SpaceFold on a tablet device or smartphone. However, the
technique has to be evaluated on smaller and larger screen sizes. Another limitation
of the study is due to the tasks in which the individual trials were isolated. A task
in which a series of comparisons follow one another without restoring the initially
visible viewport could lead to different results. In contrast to Split Screen, where
the participant has to navigate in both viewports, SpaceFold could benefit from its
additional abilities to merge, modify, or unfold folds. Although PhysicLenses was not
the fastest techniques in our study, we assume that it performs well for continuous
tasks because the lenses only have to be created and adjusted once and can then be
moved to the individual areas of interest.

4.4 Synthesis
With SpaceFold and PhysicLenses we showed that the Model for Reality-based Idiom
Design can help with the design of interfaces that exploit users’ preexisting and
entrenched knowledge. The model guided the deduction of design goals which led
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to powerful visualization and interaction techniques for multi-focus navigation on
touch surfaces. However, it is nevertheless not a step-by-step approach but a design
process with many design tradeoffs that have to be made. One of these tradeoffs
is that of power versus reality. SpaceFold, for example, only allows for vertical or
horizontal folds and does not allow for overlaps. Whereas this is not how the physical
reality works, this can facilitate the efficiency as it reduces complexity and does not
suffer from occlusion. Therefore, another research task is to provide empirical results
for the influence of design decisions made on the power-versus-reality spectrum.
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Reality-based Idiom: SpaceFold
SpaceFold, a distortion-based interface, can facilitate multi-focus tasks in visual
information spaces. SpaceFold can be considered as a blend between the concept
of a zooming interface and the concept of folding a sheet of paper. Due to
the application of the real-world metaphor of a folded sheet of paper and the
support of bimanual input SpaceFold allows for lower task completion times and
is preferred by users compared to traditional interfaces.

What: Data
SpaceFold supports any data that can be represented on a visual information
space.
Why: Tasks
SpaceFold is especially suitable for multi-focus tasks like the comparison of
objects. However, SpaceFold can be also used as a single-focus technique
which facilitates the search for and the exploration of individual targets.
How: Real-world Distortion & Bimanual Input
Real-based visualization and interaction: The real-world metaphor of a folded
sheet of paper is applied to create folds between focus regions. The
interpretation of the folds is facilitated by the users’ knowledge about
Naïve Physics (e.g., the knowledge about how to interpret depth cues).
Folds are created and manipulated like one would fold a sheet of paper.
Bimanual input for the definition of areas of interest: The folding mechanism is
optimized for bimanual input and allows for the efficient, simultaneous
definition of multiple focus regions which takes users’ Body Awareness
and Skills into account.
Compatibility with standard gestures: The application of a dwell time to
activate the folding mechanism allows for a convenient combination
with standard gestures for panning and zooming and allows for using
SpaceFold also as a single-focus interface.
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Reality-based Idiom: PhysicLenses
PhysicLenses, a lens-based interface, can facilitate multi-focus tasks in visual
information spaces. PhysicLenses can be considered as a blend of the concept of a
zooming interface and the concept of magnifying glasses. PhysicLenses provides
a physics engine to automatically arrange magnifying glasses in terms of virtual
lenses and allows for very high flexibility in terms of manual lens configuration.
The high flexibility also comes with a higher complexity and therefore lower task
completion times.

What: Data
PhysicLenses supports any data that can be represented on a visual information
space.
Why: Tasks
PhysicLenses is especially suitable for multi-focus tasks like the comparison of
objects. However, PhysicLenses can be also used as a single-focus technique
which facilitates the search for and the exploration of individual targets. The
high flexibility of PhysicLenses also allows for the easy comparison of more
than two targets and for the simultaneous exploration of multiple targets on
different levels of detail.
How: Magnification Lenses with Semi-automatic Arrangement
Reality-based visualization and interaction: The arrangement of the lenses is
based on a physics engine. The physics engine arranges the magnification
lenses automatically but the arrangement can be overruled by the users.
The users’ knowledge about Naïve Physics in terms of concepts like
friction and collisions makes the automatic arrangement predictable by
the user.
Compatibility with standard gestures: The application of a dwell time to create
lenses allows for a convenient combination with standard gestures for
panning and zooming and allows using PhysicLenses also as a single-focus
interface.
4.4 Synthesis
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INTRODUCTION
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Reality-based Idioms showed to be beneficial for multi-focus navigation tasks. When
designing such idioms, many tradeoffs on the power-versus-reality spectrum have
to be made (see Chapter 4). One of the main tradeoffs is that of either mimicking
real-world behavior, as it is done, for example, for SpaceFold or to actually use
physical objects and therefore move the interaction into the physical world. Jacob
et al. [145] referred to this as interaction like the real world or interaction in the real
world (see Section 2.3). Whereas interfaces like SpaceFold are designed for rigid
displays and provide interaction like the real world, deformable displays are physical
objects which can be physically manipulated in order to interact with digital content
and therefore allow for interaction in the real world.
Deformable displays can provide two major benefits compared to rigid displays:
First, arbitrary objects of our physical environment can serve as deformable displays,
and second, they address multiple human senses, and allow users to draw from their
preexisting knowledge about the manipulation of physical objects which can also
be referred to as users’ knowledge about Naïve Physics and their Body Awareness
and Skills. Deformable displays can therefore potentially provide the means to
“weave themselves into the fabric of everyday life until they are indistinguishable from
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it” [310]. ‘Indistinguishable’ not only refers to their appearance and integration in
our physical environment but also to the interaction with them. These devices can
allow for a “rich set of interaction possibilities, involving many degrees of freedom, yet
with very intuitive interaction” [282]. For example, navigating with a physical map,
where one can grab, fold, unfold, rotate or move the interface within the physical
environment, provides a richer set of interaction possibilities and addresses more
human senses than panning and zooming interactions applicable when utilizing the
digital counterpart (e.g., Google Maps [184]). Deformable displays therefore inherit
qualities from both the digital and the physical world. However, the question still to
answer is:

How can Reality-based Idioms for ‘in the real world’ multi-focus navigation in visual
information spaces be designed, and with what benefits do they come?
This chapter first provides a short analysis of the domain situation for which in
the real world interfaces that provide the means for multi-focus navigation can be
beneficial. It then gives an overview of related work targeting virtually deformable
interfaces and physically deformable displays. Based on this analysis design goals
(O1 ) are derived. This is followed by the proposition for a Reality-based Idiom (O2 )
named InformationSense. InformationSense is a deformable display based on an
augmented cloth (see Figure 5.1). It supports a very high degree of deformation
and interaction similar to the interaction with the everyday object of a physical
cloth. Subsequent to this the chapter reports on a controlled experiment which
evaluates InformationSense in the context of the Reality-based Interaction framework.
The deformable InformationSense display, which allows for interactions in the real
world, was compared to SpaceFold which runs on a rigid display and makes use
of real-world metaphors to virtually deform the information space like the real
world. The evaluation results (O3 ) give insights about how users interact with
large deformable cloth displays and how they make use of preexisting knowledge
about the physical properties of the material to navigate, explore, and manipulate
digital information spaces. The chapter closes with a summary of the Reality-based
Idiom(O4 ) InformationSense.

5.1 Analysis: Deformable Displays
This section first defines the domain situation which is the focus of this research and
therefore frames the problem space. This is followed by a review of related work.
Eventually, design goals are derived which guided the design of the Reality-based
Idiom.
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(a) Digital content can be mapped onto the cloth. Informa-

(b) A depth camera captures the

tionSense allows for navigating the digital content through
deformation of the cloth.

shape of the cloth as well as
invisible markers printed on
the cloth. This allows for a
precise projection mapping
onto the large cloth surface.

Fig. 5.1: InformationSense - A deformable cloth display: An interactive volume is generated

above a table. Within this volume, a cloth equipped with invisible markers can be
tracked. The cloth can be deformed and augmented in real time. (Content image
source: Google Earth [183])

5.1.1 Domain Situation
The domain situation considered in this work is very similar to the one described in
the previous chapter (see Subsection 4.1.1). We still consider navigation techniques
that work independently of the underlying data and are thus not limited to one
specific real-world use case (see data abstraction in Figure 5.2). The tasks in focus
are still to discover findings in terms of searching for targets, exploring individual
targets, and comparing targets. However, for investigating the tradeoff between in
and like the real world interaction we do not only consider the high-level goal of
consuming data to discover findings but also the goal of enjoying the information
(see task abstraction in Figure 5.2). “In these contexts, the user is not driven by
a previously pressing need to verify or generate a hypothesis but by curiosity that
might be both stimulated and satisfied by the [analysis system]” [210]. Data analysis
and visualization systems are continually moving into new contexts where the
enjoyment of information is an important aspect and goal (e.g., museums, libraries,
educational contexts). Within these contexts they are also targeting a broader range
of audiences [175]. The tradeoff between power and reality can have different
effects depending on the high-level goal and the target audience. Compared to
other interface types for example TUIs or deformable displays address more human
senses and can therefore maybe increase the joy of use. In terms of the Model
for Reality-based Idiom Design for the domain situation at hand, we consider the
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Individual Interaction as the most important domain of design (see domains of design
in Figure 5.2). We therefore mainly consider conceptual spaces as input for the
design of the Reality-based Idiom that leverage humans’ knowledge about Naïve
Physics and their Body Awareness and Skills. In contrast, the themes of reality Social
Awareness and Skills and Environment Awareness and Skills receive less attention.
Datasets
Dataset Types
Tables

Attributes (columns)

Items
(rows)

Networks

Data Abstraction
Attributes

Fields (Continuous)
Link
Node
(item)

Cell containing value

Cell

Geometry(Spatial)

Attribute Types
Categorical

Grid of positions

Attributes (columns)

Quantitative

Value in cell

Task Abstraction

Discover

Search
Target known
Enjoy

Ordinal

Position

Actions
Analyze
Consume

Ordered

Target unknown

Location
known

Lookup

Browse

Location
unknown

Locate

Explore

Targets
Query
Identify

Compare

All Data
Features

Domains of Design
Individual Interaction

Fig. 5.2: Description of the domain situation in terms of a data and task abstraction and

identification of the most important domain of design.

5.1.2 Related Work
In terms of the Model for Reality-based Idiom Design (see Section 3.3), the description
of the domain situation can help to identify related concepts, techniques, or idioms.
Because the domain situation is similar to the situation described in the previous
chapter, techniques and idioms in this chapter draw inspiration and show some
overlaps to the previous chapter. We therefore build upon the related work presented
in (see Chapter 4) and give a short overview of previous works that allows for virtual
deformation of information spaces. This is extended with an overview of previous
works that tackled to question of how to create deformable displays, how to interact
with deformable displays, and what benefits and limitations they provide. The
following analysis is clustered into two parts: a survey of the interaction with

5.1

Analysis: Deformable Displays

97

virtually and physically deformable interfaces and displays and an overview of
technical approaches applied to implement deformable displays.

5.1.2.1 Interaction with Deformable Interfaces and Displays
Deformable interfaces can be separated into two classes: those digitally simulating
deformations and those allowing for actual physical deformations of the interface.
According to the interaction framework of Reality-based Interaction [145], these two
classes can be described as interfaces providing interactions like the real world and
interfaces providing interactions in the real world. In the further we review virtually
deformable interfaces in terms of interfaces providing interactions like the real world
and physically deformable displays in terms of interfaces providing interactions in
the real world.

Like the real world interfaces, which emulate the
deformation of digital surfaces with metaphors, address humans’ real-world knowledge to guide the interaction. ‘Information Cloth’ by Mikulecky et al. [198] is an
emulation of a physical cloth on a multi-touch table. The digital cloth can be draped
over virtual objects, pulled, stretched or folded. It therefore allows navigating the
digital information space and creating multi-focus views. ‘ClothLens’ [168] extends
this idea and facilitates the creation of multiple focus regions in the form of lenses
on top of a virtual cloth surface. SpaceFold, the Reality-based Idiom presented in
Chapter 4, allows for the virtual deformation of the visual information space through
folding of a digital space with touch gestures. All of these interfaces implement
real-world metaphors and enhance them with digital power like zoom or distortions
of the digital space. However, they only mimic the real world and do not provide
the haptic qualities of physically deformable materials.
Virtually Deformable Interfaces

In the real world interfaces, in terms of physically
deformable displays, provide the means to facilitate these haptic qualities. Most
of the proposed physically deformable displays are limited to predefined folding,
bending, or stretching of the display. Roudaut et al. [249] introduced the concept of
‘Morphees.’ ‘Morphees’ are self-actuated deformable devices that allow for limited
deformations. They further proposed a taxonomy to make physically deformable
displays comparable. A follow-up work presents an update of this taxonomy called
‘Morphees+’ [159]. Lee et al. [177] elicited deformation-based user gestures by
observing users interacting with A4-sized, artificial, deformable displays with various
levels of flexibility (plastic, paper, and cloth). They found that with higher device
flexibility, there were more gesture agreements, as well as better results, in terms
of intuitiveness and user preferences. Some work made use of projected interfaces
Physically Deformable Displays

98

Chapter 5

In the Real World:
Multi-focus Navigation with Deformable Displays

to simulate a higher flexibility of the display (e.g., [182]). For projected interfaces,
different materials were investigated. Steimle et al. presented ‘FlexPad’, [282] a
system which allows the transformation of plain sheets of paper or foam into physically deformable displays. Lo and Girouard [185] created a physically deformable
display projecting on a device constructed from a layer of flexible plastic substrate,
bidirectional bend sensors, and a flexible circuit in order to investigate the application of bend gestures in gaming. Other work made use of cloth as a projection
surface. Lepinski and Vertegaal [180] devised ‘ClothDisplay,’ a small, cloth-based
interface which supports folding, draping, stretching, and touching. Troiano et al.
[294] presented a guessability study in which they identified gestures that users
prefer when using an elastic display attached to a wooden frame.
Whereas most like the real world interfaces provide additional digital power like
zoom functionalities, in the real world interfaces are closer to reality because display
deformation represents an interaction to manipulate digital content. According to
the framework of Reality-based Interaction, interfaces have to consider tradeoffs
between power and reality. The framework proposes that reality should only be given
up in favor of digital power to gain desired qualities necessary to meet particular
design requirements [145]. However, in the context of deformable displays, this
tradeoff is underexplored. Both in the real world and like the real world interfaces
provide advantages and disadvantages which should be analyzed and compared in
order to identify appropriate tradeoffs for deformable interfaces.

5.1.2.2 Technical Implementation of Deformable Displays
The technical implementation of most physically deformable displays is based on
projection mapping. The important part of a precise projection mapping is a reliable
tracking of the projection surface. There are several approaches capturing the
position and deformation of physical objects. Approaches can be clustered into three
groups: sensor-based, depth-based, and vision-based tracking. Sensor-based systems
like ‘Gummi’ [266], ‘Twend’ [114], or ‘Bendy’ [185] utilize bend sensors. With these
sensors, limited deformations can be tracked, but not movement along the X-, Y -,
and Z-axes. Furthermore, sensor-based systems affect the cloth consistency and
weight and are limited in terms of the trackable deformability.
Some existing work utilizes depth cameras in order to capture the position and
deformation of physical objects (e.g., [182]). However, most of these approaches
do not support deformation capture in real-time. Depth-based systems use the
information provided by a depth camera to create a 3-dimensional model of the
object being tracked. ‘FlexPad,’ [282] for example, uses an algorithm to generate
a detailed, geometrical model of the object in real time. Although this approach
captures deformations in high detail and does not require any kind of markers or
visible texture, it does not allow for overlaps, or for tracking when the objects do
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not entirely fit into the area tracked by the depth camera. Vision-based methods
include systems based on passive markers (e.g., AR-marker), the tracking of visible
features [300], or optical flow algorithms [118]. However, most methods need a
visible texture or markers on the object to be tracked. ‘Cloth Display’ by Lepinski
and Vertegaal [180] uses stereo cameras and infrared reflective dots to generate a
model of the cloth surface using a physics engine. Whereas the infrared dots are only
slightly visible to humans they cannot be differentiated. Therefore, only a rough
approximation of the surface and limited interaction is supported (e.g., no rotation).
With ‘HideOut,’ Willis et al. [319] presented a system based on the tracking of
AR-markers printed with IR-absorbing ink. However, the approach is not applicable
for tracking deformations. Furthermore, the still slightly visible, IR-absorbing ink
diminishes over time, which leads to a decrease in tracking reliability. Narita et al.
[213, 214] developed a high-speed, vision-based approach for projection mapping
on objects. The approach is based on the tracking of a dot marker array printed with
infrared ink. Whereas this approach provides good mapping results, it requires an
expensive high-speed camera and was only investigated for A4-sized mappings.

5.1.3 Design Goals
The related work described above can serve as inspiration for conceptual spaces
which can be combined or blended to create Reality-based Idioms that facilitate the
described domain situation. Virtually deformable interfaces based on the metaphors
of manipulating a cloth or folding a sheet of paper provide the means for multi-focus
navigation while the like the real world interaction can leverage humans’ preexisting
knowledge. However, physically deformable displays are even closer to reality as
they do not only address humans’ preexisting and entrenched knowledge, but also
address the users’ haptic sense and their abilities for the 3-dimensional perception
of deformed objects. The design task at hand therefore is to blend the strength of
virtually deformable interfaces for the multi-focus navigation with the advantages of
the in the real world interaction provided by deformable displays. This led us to two
design goals:
G1 Preserve ‘cloth-feel’ and provide high flexibility: Several approaches allow
capturing the position or deformation of objects. However, none of them allows
for capturing a large deformable surface which provides the same degree of
freedom as a ‘normal’ cloth. Previous research mainly focused on either small,
bendable and foldable objects or on larger stretchable materials. We aim for
an approach for a highly deformable display. With ‘highly deformable’ we
mean displays which do not limit deformations to predefined folding, bending,
or stretching but allow for free-deformation interactions like a normal cloth
does. This can allow users to leverage their preexisting knowledge about the
deformation of a physical cloth to navigate the digital information space.
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G2 Low-cost tracking: In contrast to previous work which contributed precise
tracking and augmentation approaches (e.g., [213, 214]) for small, physically
deformable displays, we focus on a low-cost approach for large, physically
deformable displays that is easily accessible and reproducible. The realization
of an in the real world interface which does not influence the ‘cloth-feel’ requires
a tracking approach that is capable of capturing the position and deformation
of a projection surface that can be manipulated in nearly arbitrary ways (e.g.,
it allows for overlaps) and does not lower the projection quality in terms of
visible markers. Furthermore, the tracking approach has to provide support for
large projection surfaces as large displays clearly provide some benefits when
it comes to data visualization and exploration. We therefore aim for a large
deformable display and a tracking approach that even allows for arbitrary
sized deformable displays. This also requires the tracking of objects which not
fit entirely in the trackable area.

5.2 Design: InformationSense
Guided by our design goals as described above, we designed and implemented
InformationSense, a deformable display based on an augmented cloth (see Figures 5.1
and 5.3; for video, scan QR code or go to URL [ 2]). InformationSense supports
a very high degree of deformation and interaction similar to what we know from
interacting with the everyday object of a physical cloth. It is possible to grab,
fold, or rotate the display in arbitrary ways, whereas the physical properties of the
cloth are not influenced by the technical setting. InformationSense can therefore
be considered as a blend between the concept of a virtual information space that
can be navigated and within which changing information can be visualized and the
concept of a physical cloth, that can be freely deformed. In contrast to previous work,
InformationSense allows for unrestricted deformations and does not limit interaction
to bending (e.g., [41, 103, 121, 238, 266, 178, 185]), stretching (e.g., [254, 294,
309, 324]) or predefined folding (e.g., [102, 158, 182]) of the device. The setting of
InformationSense consists of a large cloth (121 × 68 cm), a table on which the cloth
can be paced, as well as a depth camera and a projector mounted above the table
(see Figure 5.4). With the help of the depth camera the tracking approach generates
an interactive volume above a table in which the position and deformation of the
cloth can be tracked. Having this information the projector is used to augment the
cloth in real-time. In this section we first elaborate on the potential application
scenarios of large highly, deformable displays and then describe the implementation
and especially the tracking approach used by InformationSense in detail.
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(a) Satellite image of San

(b) Multi-focus view of San

(c) Satellite image of San

Francisco Bay at night: InformationSense provides a
static mapping of digital
content to a physical cloth.
The digital content can
be navigated by moving
the cloth. (Content image
source: ESA [1])

Francisco Bay: The cloth
of InformationSense can be
deformed or even folded
to create custom views of
the space. (Content image
source: ESA [1])

Francisco Bay at daytime: Although the mapping is static in terms
of the position awareness
on the cloth the digital
content is dynamic and
can be replaced. (Content image source: Google
Earth [183])

Fig. 5.3: InformationSense - Exploring digital spaces through physical manipulations of the

deformable display: InformationSense showing the San Francisco Bay from different
perspectives.

5.2.1 Applications
The interaction with InformationSense is indistinguishable from the deformation of
a ‘normal’ cloth and therefore users can apply their preexisting knowledge of the
real world and utilize their physical perception. These particular characteristics and
especially the increased haptic quality can make the highly deformable displays InformationSense especially suitable for domains like exhibitions (creation of exhibition
objects or as part of the scenographic design), or education (e.g., tool for imparting
physical effects) which do not only aim at providing information for discovering but
also enjoyment (see Subsection 5.1.1).

5.2.1.1 Exhibitions: Viewing Scenes from Different Perspectives
The scenography in exhibitions and museums already makes extensive use of cloth.
Cloth is, among other things, used to create separate spaces, to cover walls through
curtains and for projection surfaces. In scenography, cloth is often utilized because
it feels more alive and provides a warmer atmosphere than rigid plane walls or
other surfaces. InformationSense opens up new possibilities for scenography. Instead
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Fig. 5.4: The technical setting of InformationSense.

of using static cloth, the visitor experience can be enhanced by the possibility of
interacting with the cloth and making it react to the visitor’s input. To illustrate this,
we designed an exhibition object which allows users to view geographic areas from
different perspectives. Different images are mapped onto the cloth of InformationSense and can be explored by physical deformations and movements of the cloth
(see Figures 5.3 and 5.5). A multi-focus view can be created by folding the cloth.
In this manner, areas lying far apart can be viewed simultaneously. The current
implementation of InformationSense does not allow for an alternative input modality
like touch. Therefore, a board with two buttons mounted behind the InformationSense table serves as a control panel for the selection of the perspective on the scene.
By pressing one of the two buttons, the perspective changes to the selected view.
InformationSense allows for a haptic and reality-based exploration of digital spaces.
Especially in the context of exhibitions and museums, this provides strong benefits,
because visitors are instantly able to interact with the system without the need for
an introduction.
Applications for exhibitions, or in general applications which aim at entertaining
users, seem especially suitable for physically deformable displays, because they
focus on users’ engagement instead of efficiency. In this context, already Steimle
et al. [282] presented two entertaining applications for deformable displays: an
application to animate virtual paper characters and an application to slice through
time in videos.
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(a) InformationSense maps an aerial photograph

(b) By pressing a physical button the perspec-

of Glendale to the physical cloth. The first
perspective provides a view before industrialization in 1937. The image can be
explored by physical manipulations of the
cloth.

tive can be changed. InformationSense now
shows an aerial photograph of Glendale after industrialization in 1957. The cloth remains the same deformation and therefore
shows the exact same areas as before.

Fig. 5.5: InformationSense as exhibition object: Exploring Glendale from different perspec-

tives. (Content image source: Wikimedia Commons [67])

5.2.1.2 Education: Experiencing physical effects by deformation
A second concept which can be realized with InformationSense is designed to allow
children to experience physical effects and support them in their understanding of
properties from our physical world based on the manipulation of a landscape model.
Two scenarios could be supported. In the first scenario, digitally projected balls are
mapped onto the cloth. By deforming the display, the balls move over the surface
with different speeds. Additional information about the physical movement of the
balls (e.g., velocity, rotation velocity) is projected in proximity (see Figure 5.6a).
The digital representations of the balls allow for altering the characteristics of the
balls (e.g., size, friction, weight) and also the characteristics of the landscape the
balls are placed on. The influences of these characteristics can be experienced and
compared while shaping the terrain and observing the balls. Furthermore, the digital
power of InformationSense could provide additional functionalities like slow motion
or playback.
The second scenario simulates water on a landscape. A lake can be created and
the user experiences how a deformation of the landscape changes the flow of the
water (see Figure 5.6b). In addition, a simulation of tides could be integrated. The
water line could automatically rise and fall while shaping the terrain. In contrast to
other educational tools based on videos, pictures or simulations, InformationSense
provides a haptic experience, is easy to interact with, and provides 3-dimensional
and perspective views. With ‘Illuminating Clay’ [225], Piper et al. showed the
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(a) InformationSense as a tool to simulate the

(b) InformationSense as a tool to simulate the

influence of surface deformations and physical properties on ball movements. Additional digital power like the visualization of
movement characteristics (e.g., speed) and
additional functionalities like slow motion
and playback can be integrated.

water level based on surface deformations.
Through the dynamic digital content simulations, it is, for example, possible to realize
tides.

Fig. 5.6: InformationSense as educational tool: Experiencing physical effects by deformation

benefits of combining the tangible immediacy of physical objects with computational
simulations and their dynamic capabilities.

5.2.2 Implementation
The InformationSense tracking approach generates an interactive volume above a
table in which the position and deformation of objects and surfaces can be tracked,
and the physical items can be augmented in real-time. The tracking approach
combines the generation of a 3-dimensional surface model of the items within this
volume with the detection of printed on invisible AR-markers that are based on the
ARToolKit [167] (see Figure 5.7).
The depth information is used for tracking the deformation of the projection surface
and, if overlaps exist, detect the different segments of the surface. The invisible
markers are used to unambiguously identify the areas on the projection surface for
the mapping of digital content. Therefore, the markers provide the means for a
global position determination of the currently visible area of the cloth. Capturing
the depth information as well as tracking the invisible markers is performed using
a single depth camera which is operating in the infrared spectrum. This allows
for tracking and augmenting large blank materials and does not interfere with the
projection.
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(a) Tracking of invisible markers in the IR spec-

trum.

(b) Cloth segmentation based on depth infor-

mation.

(c) Mesh generation with Kinect Fusion [143].

(d) Texture mapping based on markers and

mesh.

Fig. 5.7: InformationSense processing pipeline: The pipeline combines the detection of

invisible markers (a), the segmentation of the cloth into different areas (b), the
generation of a 3-dimensional mesh of the cloth, (c) and finally the projection
mapping (d).

The depth camera and the projector are mounted above the table which is used to
place and interact with the deformable display. A semi-automatic calibration detects
the table, and maps the coordinate systems of the projector and the depth camera
to each other. This semi-automatic calibration enables a quick and easy setup of
an interaction volume. Whereas the size of the interaction volume is limited by
the depth camera and the projector, the size of the objects to be tracked is limited
only by the number of available AR-markers. Different materials can be used as a
projection surface. InformationSense uses a neoprene cloth. Neoprene can be folded
and crunched very easily, but has a higher stiffness than other materials and does
not retain creases when unfolded.
To make our setting reproducible we provide a detailed description of the technical
implementation. In the following, we explain (1) the approach to create and
track invisible markers, (2) the segmentation of the deformable projection surface
using depth information, and (3) the mesh generation in combination with the
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previous two methods to perform an absolute mapping of digital information (see
Figure 5.7).

5.2.2.1 Marker-Tracking
For the creation of invisible markers, we made use of the fact that black materials
can either absorb or reflect infrared light. A black cloth with black markers printed
on it is used as a projection surface. Whereas the cloth absorbs the infrared light, the
ink used to print the markers reflects the infrared light. The markers can be adhered
using a printing template and a brush or a screen printing approach. With this
technique, the markers are only visible to infrared cameras like the Microsoft Kinect
2 [194] and are nearly invisible to humans. Projection works best on white surfaces.
To keep the surface white, a coarse-pored infrared translucent white fabric is adhered
(with an iron-on fabric adhesive) to the top of the black cloth (see Figures 5.8a and
5.8b). The high contrast in the infrared frame, achieved with this approach, allows
for a high tracking accuracy of the markers (see Figures 5.8c and 5.8d). To further
improve the detection, the infrared frame is processed using the inverse square law.
This normalizes the hue of the pixels depending on the distance to the camera and
therefore reduces the divergence of brightness values across the detected image. For
the final marker detection, the infrared frame is converted to a binary image. For
the conversion an adaptive thresholding is applied, because more or less infrared
light is reflected to the camera lens, depending on the angle and distance of the
AR-markers to the camera. Markers which are not lying flat on the table reflect less
infrared light and appear darker in the infrared frame (see Figure 5.9a). Utilizing
adaptive thresholding on a frame results in the binary image, displayed in Figure
5.9b.
In contrast to previous methods for invisible markers based on infrared reflective
ink, (e.g., [218]) our approach provides several advantages. It is cheap and simple
to produce, it allows for high tracking precision, because the reflective black ink
does not produce a glow effect like infrared reflective ink does and therefore the
edges between the reflective ink and the absorbing fabric are very sharp. Finally, in
contrast to infrared reflective ink, which diminishes over the course of several days,
our method is resistant and insensitive to daylight.

5.2.2.2 Segmentation
A folded cloth consists of different segments which have to be textured separately.
The fold lines provide edges which can be used for the segmentation of the cloth
surface (see Figure 5.7b). To extract edges, an approach presented by Hulik et al.
[127] is applied. Hulik et al. compared different approaches for plane segmentation
in depth maps and showed that an edge detection based on depth accumulation
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(a) Construction of invisible markers by printing

(b) The Marker are invisible for humans but

IR-reflective black ink on an IR-absorbing
black cloth.

provide a good contrast in the IR-spectrum.

(c) The coarse pored white cloth which is added

(d) A low-cost depth camera is sufficient to cap-

to the black cloth generates a nearly white
surface which is suitable for projections.

ture a high-contrast image of the markers in
the IR-spectrum.

Fig. 5.8: Creation of persistent, invisible AR-markers by making use of different IR-reflection

characteristics of black materials.

in combination with the watershed algorithm provides good performance in terms
of low runtime while still producing a good segmentation result. First, the depth
accumulation in combination with an edge detection algorithm is applied to highlight
the edges on the depth image and second, the watershed algorithm provides the
segmentation result based on the enriched depth image.
For the depth accumulation, the neighboring depth information around each pixel is
captured, and the difference between their depth values is computed. The number of
neighboring pixels which have a higher depth difference than a threshold is counted.
The higher the number of neighbors with a depth difference above the threshold, the
more likely there is an edge at the given position. To eliminate noise from the image,
smoothing with a median filter is applied. Afterwards the canny edge detector [52],
as well as a fast contour line detection, are processed. This results in a contour
image which shows the folds’ edges. The borders of the cloth are determined by a
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(a) The invisible markers have different IR-

(b) An adaptive thresholding is applied to gener-

reflection characteristics based on their angle and distance to the camera.

ate a binary image which takes the different
IR-reflection intensities into consideration.

Fig. 5.9: Marker detection: The IR-image is transformed into a binary image for the AR-

marker detection.

different approach. The segmentation is based on depth only and requires a height
difference above a certain threshold to work. The difference in height between
the table and a cloth border lying flat on it is not large enough to detect an edge
reliably. To incorporate this information, the border lines which were computed
by the marker tracking are taken into account (see Figure 5.10). Eventually, the
combined result of the contour image and the cloth border detection algorithm are
overlaid onto the raw depth map. The resulting image therefore provides depth
information in terms of a gray-scale image with highlighted edges and is well-suited
as input for the watershed algorithm.

(a) In the first step, the AR-markers at the cloth

borders are detected.

(b) In the second step, the positions of the mark-

ers are used to calculate the cloth borders.

Fig. 5.10: Cloth border detection: The difference in height between the cloth and the table

is too small to be reliably detected by the depth camera. The InformationSense
approach uses the AR-markers to detect the cloth border.
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The segmentation approach is optimized for planar regions, which is sufficient for
most cases. However, the approach tends to segment strongly curved areas of the
cloth into several segments although there is no fold edge. This still allows for a
projection mapping onto the curved areas, but introduces visible edges between the
segments.

5.2.2.3 Mesh Generation & Projection
The Kinect Fusion API [143] is used to generate a 3-dimensional mesh model of
the deformable projection surface (see Figure 5.7c). In order to display the digital
content onto the cloth, the generated mesh model is split according to the previously
identified segments. The detected markers are used to map the texture to the
segments. For each marker, its original position on the cloth, as well as the U V 1
coordinates on the texture, are known. Furthermore, the markers’ 3D coordinates,
as well as the 3D coordinates of the other points on the mesh, are given. In order
to find the UV coordinates of the points on the mesh, for each mesh segment,
the 3D coordinates of the markers detected within it are projected into 2D space.
Afterward, a homography matrix between the projected coordinates and the known
UV coordinates is calculated. Finally, the 3D coordinates of the mesh segment are
projected to 2D space and the calculated matrix is utilized to compute their UV
texture coordinates (see Figure 5.7d).
The combination of tracking invisible markers and a 3-dimensional mesh based on
depth information complements existing approaches. The tracking approach utilized
for InformationSense provides (1) sufficient tracking precision and (2) global 3D
position determination. Still, it (3) preserves the ‘cloth-feel,’ (4) provides an undistracted visual output, and (5) facilitates large projection surfaces. Furthermore, the
tracking approach is (6) scalable because the absolute positional awareness allows
for a combination of multiple sets of depth cameras and projectors to increase the
tracking and projection volume. However, the approach faces difficulties in strongly
bent or crumpled areas. In these areas a reliable augmentation of the cloth is not
supported. To further improve the mapping quality, the InformationSense approach
could be combined with approaches for the generation of meshes which allow for
occlusions. These approaches are based on detailed geometrical models [282],
physics engines [180], or as-rigid-as-possible (ARAP) modeling [278, 237]. This
would allow overcoming difficulties with the plane segmentation approach that can
occur for strongly bent areas and difficulties with the marker detection approach that
can occur for small areas and areas with a huge angle deviation to a perpendicular
orientation to the camera.
1
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U V refer to the coordinates in the texture that is mapped to a 3D object. The letters ‘U ’ and ‘V ’ are
used for the axes of the 2D texture because the letters ‘X’, ‘Y ’, and ‘Z’ are already used to describe
the position of edges and vertices of the 3D object in model space.
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5.3 Empiricism: Technology
Systems like InformationSense put special requirements on the technical setting and
the projection mapping. For the implementation of a projection mapping system,
different tradeoffs have to be considered. In the following we elaborate on the
identified tradeoffs and report on findings from three initial technical evaluations
that we conducted in order to determine suitable properties for each tradeoff. The
tradeoffs and our results can be used as a guide for further technical evaluations
of comparable systems. The tradeoffs were analyzed on a desktop PC with a Core
i7-4770K with 3.50 GHz, 16 GB RAM, and a GeForce GTX 760 graphics adapter.

5.3.1 Trade-off 1: Latency versus 3D Model Accuracy

Projection Mapping Quality
(-3=very bad; 3=very good)

The 3-dimensional model accuracy can be controlled by Kinect Fusion settings
(voxels per meter for X-, Y -, and Z-axis). The 3-dimensional model accuracy
defines how well the distortion of the digital space approaches the real-world shape
of the projection surface. However, the better the 3-dimensional model accuracy, the
higher the latency. We tested three different accuracy settings for Kinect Fusion (low
accuracy: 96 voxels for all settings; medium accuracy: 192 voxels; high accuracy:
384 voxels) and investigated the projection output. Although the Kinect Fusion
algorithm works with the described voxel settings for the mesh generation only
every third voxel was considered. This results in a mesh with 1,024 vertices for
low accuracy, 4,096 vertices for medium accuracy, and 16,384 vertices for high
accuracy. 6 participants were asked to provide a random deformation of the cloth. A
3
2
1
0

voxels

f ps

M

SD

96
192
384

22
16
7

1.8
1.5
0.9

0.9
0.8
1.1

-1
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(96 voxels)

medium
(192 voxels)

hight
(384voxels)

3D Mesh Quality

Fig. 5.11: Latency versus 3D model accuracy: A higher model accuracy does not lead to

a higher perceived projection mapping quality. A lower model accuracy and
resulting lower latency should be preferred over a higher model accuracy.

5.3

Empiricism: Technology

111

checkerboard pattern was mapped to the cloth and participants gave their subjective
assessment about the quality of the projection mapping (seven-point Likert scale
from −3 = very bad to 3 = very good). The participants’ rating for the quality of
the projection mapping showed that the lowest accuracy was even perceived best
(low accuracy: M = 1.8, SD = 0.9; medium accuracy: M = 1.5, SD = 0.8; high
accuracy: M = 0.9, SD = 1.1; see Figure 5.11). Even the low settings provide a
mapping which fits the real-world shape of the cloth well. A more fine-grained
mapping does not lead to a better perceived quality, but rather adds some noise to
the projection. The coordinates of each vertex contain an error. When mapping the
texture these errors are mainly visible at the edges between the vertices. This is
especially true when mapping textures with straight lines which have some jitter
due to the errors. The more vertices a mesh has, the more edges it has and therefore
also the more errors are visible. A low accuracy mesh does not match the actual
shape of the cloth as well as a high accuracy mesh, but straight lines appear clearer
due to the fewer vertices. However, the participants mentioned that the perceived
differences were very small. In contrast, the 3-dimensional model accuracy had
a huge influence on the latency in terms of frames per second (fps). With high
accuracy only 32 % the frames for low accuracy were achieved (low accuracy: 22 f ps;
medium accuracy: 16 f ps; high accuracy: 7 f ps). As a result, for the latency-versusmodel-accuracy tradeoff InformationSense accepts a lower model accuracy in favor
of a low latency. It became apparent that a fine grain tracking of the 3-dimensional
shape of the cloth is not necessary for a projection mapping that is perceived as
being of high quality.

5.3.2 Trade-off 2: Surface Color versus IR Contrast
The InformationSense tracking approach is based on a black cloth and AR-markers
printed in black. To achieve a close to white surface a course pored white fabric is
affixed to it. The number of white layers influences the resulting color of the surface
(the more layers, the whiter), but also negatively influences the IR-translucency
(see Figure 5.12). A high IR-translucency is crucial for the reliable AR-marker
tracking. To identify a good tradeoff between color and tracking accuracy we tested
six different numbers of layers (0 layers to 5 layers) attached on top of an AR-marker.
To measure the level of contrast in the IR spectrum we captured an IR-frame for each
sample using the Microsoft Kinect 2. We calculate the average color for IR-absorbing
and IR-reflecting areas to get a measurement of contrast. Results show that, even
with one layer, the color of the cloth is usable for projections and still provides a
very high contrast image in the IR spectrum. With two layers the contrast in the
IR spectrum is still high compared to the results for IR-absorbing ink provided by
Willis et al. [319] Thus, two layers provide a good tradeoff between a close to white

112

Chapter 5

In the Real World:
Multi-focus Navigation with Deformable Displays

Luminance in Lab Color Model
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Fig. 5.12: Surface color versus IR contrast: Two layers of course pored white cloth provide a

good tradeoff between the color of the projection surface and the contrast of the
AR-markers in the IR-spectrum. The background of the chart corresponds to the
color of the projection surface.

color of the projection surface and a still high contrast in the IR spectrum which is
suitable for marker tracking.

5.3.3 Trade-off 3: Marker Size versus Marker Detection Confidence
The trackable minimal segment size is a crucial factor for a suitable projection
mapping. The trackable size of the segments defines the supported augmentation of
deformations. The minimum segment size corresponds to the size of the AR-markers
printed on the cloth. At least one AR-marker has to be detected within a segment
and therefore has to fit into the segment. To identify appropriate marker sizes we
compared five different sizes (4 to 8 cm with 1 cm interval). We made use of a 4 × 4
marker configuration which allows for a large number of different markers and
therefore for a large projection surface. For each size, six of these 4 × 4 markers were
printed on a sheet of paper. The colors of the markers were adjusted in a way to
produce the same contrast in the IR-spectrum as AR-markers printed on the cloth
and covered with two layers of course-pored white fabric. The marker tracking
confidence for each configuration was calculated as the average detection confidence
provided by the ARToolkit (see Figure 5.13). The results show that a marker size of
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Fig. 5.13: Marker size versus marker detection confidence: AR-markers with 6 cm provide a

good tradeoff between a reliable marker tracking and a small minimal segment
size.

6 cm provides a good tradeoff between the allowed minimum segment size and the
tracking confidence. To lower the minimum segment size a more powerful infrared
camera (higher resolution, higher sensitivity, more fps) could be used, to provide
reliable tracking with smaller markers.

5.4 Empiricism: In versus Like the Real World
Physically deformable displays provide the means to be integrated into our physical environment and allow for interaction with a digital space through physical
manipulations of the display. Although users can make use of their preexisting
knowledge about the manipulation of objects (also referred to as Naïve Physics and
Body Awareness and Skills), it has to be explored if multi-focus navigation in visual
information spaces with deformable displays provides similar pragmatic and hedonic
qualities as multi-focus navigation on rigid surfaces.
In our evaluation we compared the in the real world interface InformationSense,
which emphasizes reality over digital power, to the like the real world interface
SpaceFold (see Chapter 4), which decreases reality in favor of digital power. For
InformationSense the visual information space is statically mapped to the physical
cloth and can only be navigated by moving or deforming the cloth. This approach is
very close to reality and addresses humans’ haptic senses and leverages the abilities
for the perception of 3D deformations. Although SpaceFold does not address the
tactile sense, it also makes use of users’ preexisting, real-world knowledge about
folding a sheet of paper. This potentially eases interaction and facilitates the visual
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interpretation of a fold as the depth and the shading of a fold corresponds to the
space that is aggregated. Furthermore, it enhances the real-world metaphor with
additional power, which is that zooming is enabled and that the deformation of
the space is performed in a structured way (e.g., only horizontal and vertical folds,
automatic merge to limit the number of folds, no overlaps). For SpaceFold we
investigated two variants: with zoom and without zoom. Zoom, because zooming is
a powerful functionality that we want to isolate for further investigation.

5.4.1 Research Questions
The evaluation focused on deformations and movements of the interfaces which
correspond to the navigation in digital information spaces. All interfaces support
panning and folding interactions. We made use of a search and comparison task
to force users to navigate (search) the digital space and carry out deformations
(compare). The goal was to measure participants performance and inquire about
their preferences, as well as to identify strategies that users pursue in order to complete the tasks. The questions that we wanted to answer are related to the tradeoff
between power and reality described by the Reality-based Interaction framework:
Q1 Does the additional power of a like the real world interface outperform the
flexibility and the haptic qualities of a reality-emphasizing interface that allows
for interactions in the real world.
Q2 Is an interface based on interactions in the real world preferred over the
increased digital power of an interface based on interactions like the real
world?
Q3 How do people manipulate a large physically deformable display that provides a very high degree of freedom and do they draw from their preexisting
knowledge?

5.4.2 Experimental Design
The following section describes the study setup, the procedure and the task, the
methods applied for data collection and analysis as well as the participants we
recruited for the study (see Table 5.1 for an overview).
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Tab. 5.1: Overview of the study setup.

design

counterbalanced, within-subjects

participants

N = 18 (8 female / 10 male)
M = 21.9 years, SD = 2.3; range: 19 − 26 years

tasks

comparison task

independent
variables

user interface: InformationSense,
SpaceFold with Zoom SpaceFold without Zoom
complexity (objects to be compared): N = 2, N = 3, N = 4
distance: short, far

dependent
variables

task completion time, performed actions,
user experience (User Experience Questionnaire)

trials

1296 trials= 18 participants × 3 interfaces ×
3 complexities × 2 distances × 4 tasks

5.4.2.1 Study Setup, Procedure & Task
A search and comparison task was used to force users to navigate the virtual
landscape and perform deformations of the digital space in or like the real world.
Our task was based on the task applied in the previous chapter (see Chapter 4) but
was altered due to differences in the study setup. InformationSense supports cloth
rotation. Therefore, the comparison task had to be independent of the orientation.
Furthermore, whereas the previously applied comparison task only allowed for the
comparison of two objects, we wanted to investigate different task complexities,
which were represented through different numbers of objects to compare.
Task

Participants had to search and compare circular colored objects with each user
interface (see Figure 5.14). The objects were randomly rotated and placed on a white
background. Each object was colored with four of eight colors (see Figure 5.14a).
The colors were selected to be easily distinguishable in order to minimize the
influence of different display properties (brightness, saturation, contrast, sharpness)
when comparing projection mapping to an LCD display. Participants had to determine
if one color was present in all the circle objects and lock their answer by pressing one
of two highlighted keys on a keyboard which was placed on a separate table on the
right side of the participant (see Figures 5.14b and 5.14c). To force users to examine
all objects, a pair of objects always had at least one color in common, but only in
some cases was one color present in all the objects. Additionally, two different task
distances were investigated. We distinguished between tasks, in which participants
may see all of the circle objects at once without folding or zooming (short-distance
tasks) and tasks in which this was not feasible (far-distance tasks). For interfaces in
which zooming was enabled, the colors of the objects were only visible at the zoom
level for which the virtual size of the information space corresponds to the physical
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(a) Comparison task with three objects:

(left) Unequal - no color in all three
objects; (right) Equal - turquoise
quarter in all objects.

(b) Study keyboard with three highlighted buttons:

(a) Unequal, (b) Start, and (c) Equal.

(c) Task conduction with InformationSense. The

(d) Task conduction with SpaceFold. In order

study keyboard is visible in the to left corner
of the image.

to have the same viewport size as for InformationSense the active display size for
SpaceFold was reduced to the size indicated
by the blue rectangle.

Fig. 5.14: Study task: The space has to be folded in order to compare different numbers of

circular objects.

size of the cloth of InformationSense. When zoomed out, the objects were still visible
but the colors were covered. Also, within the folded areas of SpaceFold the colors
were covered.

The experiment was conducted as a within-subject factorial design with
three independent variables:
Procedure

• User Interfaces: InformationSense, SpaceFold with Zoom, SpaceFold without
Zoom
• Task Complexity: low (two objects to be compared), medium (three objects to
be compared), high (four objects to be compared)
• Distance of objects: short (no folding mandatory to view all compare objects
at once), far (folding or zooming is necessary to see all compare objects at the
same time)
Half of the tasks in each block were short-distance, and half were far-distance
tasks. The tasks were conducted in a continuous sequence without a reset of the
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deformation (either physical or digital) between tasks. Therefore, participants
continued with the deformation state of the previous task. Although this makes task
completion times less comparable, we dispense with a reset because we assume, that
an initial deformation, as it would also occur in a real setting, strongly influences the
interaction behavior. After participants completed the task set for an interface they
answered the User Experience Questionnaire (UEQ) [172]. After all interfaces, we
conducted a semi-structured interview in order to ask participants about the strategy
that they employed to solve the tasks and the perceived advantages and drawbacks
of the interfaces in terms of the power-versus-reality tradeoff. Each session lasted
about 1.5 hours in total, and participants had to stand while solving the tasks. They
were paid 12 C as compensation.

The InformationSense system implemented for the evaluation consisted
of 209 (19 × 11) AR-markers. Each of the markers was 6 × 6 cm in size. The pattern
was printed on top of the 2 mm thick neoprene textile and covered with two layers
of thin, infrared translucent white cloth. This resulted in a light gray projection
surface (see Figure 5.8c). The final system has an approximate size of 135 × 85 cm.
A 93 × 52 cm large and 90 cm high table was used for cloth placement and also to
define the interaction volume in which the cloth is augmented. The resulting space
had an aspect ratio of 16:10. A full-HD projector and a Microsoft Kinect 2 depth
camera were placed 1.4 meters above the table to track and augment the cloth.
Apparatus

SpaceFold was run on a 5500 multi-touch table (Citron DreamTouch) with a resolution
of 1920 × 1080 pixels and a size of 121 × 68 cm. To limit the interaction space to
the same size that was supplied by InformationSense, a black border was displayed
and the size of the interface was reduced to the same physical size as the table used
for InformationSense had (see Figure 5.14d). Also, the height of the multi-touch
display was the same as for the table of InformationSense. The real-world size of
the visualized digital space corresponded to the dimensions of the InformationSense
cloth. Thus, the visual information space used for SpaceFold had the same physical
size as the cloth. The software for all interfaces ran on the same PC as for the
technical evaluation (Core i7-4770K, 16 GB ram, GeForce GTX 760).

5.4.2.2 Data Collection & Analysis
Dependent variables collected during the study were task completion time and the
individual actions performed by the participants. Task completion time was defined
as the time between pressing a key on the keyboard to start the task and the time
when users locked their answer. For the SpaceFold interfaces the actions performed
were logged for each trial for later statistical analysis. For InformationSense the
actions were identified through a manual video encoding. An inter-coder reliability
test was conducted for more than 10 % of the video data. Cohen’s Kappa showed a
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high inter-coder reliability (K = 0.81). In addition, the UEQ [172] was applied to
compare the subjectively perceived, pragmatic and hedonic qualities of the interfaces.
For the statistical analysis of task completion times and the ratings for the UEQ,
non-parametric tests were used when the assumption of normality was violated.

5.4.2.3 Participants
Participants were recruited among students and staff of the university. A total of
18 persons participated (8 females and 10 males). The average age was 21.9 years
(SD = 2.3, aged 19−26). Only two of the participants studied computer science. The
others were matriculated in various different subjects, ranging from other technical
majors like electronics, mechanical engineering, and civil engineering to subjects like
humanities, architecture, teaching, and artistic sciences. None of the participants
was physically impaired or had a color vision deficiency. Therefore, the participants
did not face difficulties with respect to the physical effort needed to manipulate the
cloth or the employed color coding.

5.4.3 Results
In this section we report on our findings and discuss them in relation to our research
questions. We focused on the differences between the in and like the real world
interfaces in terms of users’ performance (Q1 ), the user preferences (Q2 ), and the
participants’ interactions with the interfaces (Q3 ).

5.4.3.1 Q1 : Efficiency of Deformable Interfaces
We analyzed the differences in user performance between the interfaces in terms of
task completion times (see Figure 5.15). Task completion times for SpaceFold without
Zoom (M dn = 18.48 sec, IQR = 19.03) was lower than for SpaceFold with Zoom
(M dn = 19.36 sec, IQR = 17.13) and InformationSense (M dn = 20.21 sec, IQR =
18.57). The detailed analysis showed that the median task completion time for
SpaceFold without Zoom, was significantly lower than for InformationSense. The
differences between the other interface pairs were not significant (see Tables A.8 and
A.9 in the statistical appendix). We further analyzed task completion times for the
interfaces separately for short and long-distance tasks. Pairwise comparisons showed
that there are no significant differences for short-distance tasks. For long-distance
tasks the task completion times for SpaceFold with Zoom (M dn = 25.55 sec, IQR =
17.73) and SpaceFold without Zoom (M dn = 25.56 sec, IQR = 19.83) were lower
than for InformationSense (M dn = 29.18 sec, IQR = 22.00). Pairwise comparisons
revealed that the median task completion time for InformationSense was significantly
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higher than for SpaceFold with Zoom and SpaceFold without Zoom. The comparison
of the two SpaceFold interfaces indicated no significant difference (see Tables A.10
and A.11 in the statistical appendix).
InformationSense

Task completion time (sec)

80

SpaceFold with Zoom

*

SpaceFold without Zoom

*

60

40

20

0
Overall

Long Distance

Short Distance

Fig. 5.15: Task completion times separated by object distance (* indicates significant differ-

ences with significance level of p < .05).

The results showed that for far-distance tasks, for which a deformation of the
information space was indispensable, the SpaceFold interfaces outperformed InformationSense in terms of task completion time. Six participants [P2, P4, P9, P11, P15,
P17] explicitly stated in the interview that the additional digital power, e.g., zooming
the interface for an overview or the ability to perceive objects lying within folds,
facilitated their work and especially sped up their search for the objects. Achieving an overview of the information space was equally important for all interfaces.
Participants applied the same search strategy for all interfaces. This strategy stood
in close relation to the Information Seeking Mantra [271] which is overview first,
zoom and filter, then details on demand. To manipulate the space, users tried to get
an overview, then developed a deformation strategy, and finally deformed the space
to explore the details. This process was applied iteratively. For short-distance tasks,
getting an overview in order to develop a deformation strategy was less important
because folding was not necessary. For these tasks, no significant differences in task
completion times were identified.
Finding 1 The additional digital power of SpaceFold provides a higher efficiency
in terms of task completion time. The digital power therefore outperforms the
flexibility and the haptic qualities of InformationSense. The difference in task
completion time is due to the better overview of the SpaceFold interface which

120

Chapter 5

In the Real World:
Multi-focus Navigation with Deformable Displays

facilitates the search process and the development of a deformation strategy.
For navigation tasks in which a deformation of the space is not required, no
significant difference in efficiency can be found between the interface providing
additional digital power (SpaceFold) and the interface which does not incorporate
additional digital power (InformationSense).

5.4.3.2 Q2 : User Preferences
In addition to the task completion time we analyzed the participants’ ratings on
pragmatic and hedonic qualities collected with the UEQ. The lower task completion
times for SpaceFold are already an indicator of a higher pragmatic quality of the interfaces. This is also underpinned by the participants’ ratings for the user experience
(see Figure 5.16).
The Attractiveness scale showed no significant effects. However, we found a significant difference in the ratings of the pragmatic qualities Perspicuity, Efficiency,
and Dependability. Posthoc comparison showed that SpaceFold with Zoom was rated
significantly better than the InformationSense interface for all three dimensions
(see Tables A.12, A.13, A.14, and A.15 in the statistical appendix). For SpaceFold
without Zoom zoom, only the scale Efficiency was scored significantly higher than
for InformationSense. Between the two touch-based interfaces, only the dimension
InformationSense
3

SpaceFold with Zoom

*
*

*

*
*

*

*

*
*

2

Median score

SpaceFold without Zoom

*

1

0

-1

Attractiveness

Perspicuity

Efficiency

Dependability

Pragmatic Qualities

Stimulation

Novelty

Hedonic Qualities

Fig. 5.16: Results from the UEQ (* indicates significant differences with significance level of

p < .05).
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Perspicuity showed a significant difference. The system which supports zooming
was rated higher. Therefore, related to the interfaces pragmatic qualities, most
participants preferred the SpaceFold interfaces due to their additional digital power
.
When looking at the hedonic qualities, the statistical analysis revealed significant
effects for the dimensions Stimulation and Novelty. Posthoc pairwise comparisons
showed that InformationSense was rated significantly better for both scales, when
compared to SpaceFold with Zoom and SpaceFold without Zoom (see Tables A.12,
A.16, and A.17 in the statistical appendix). During the task and in the interviews,
participants mentioned several reasons for the higher hedonic qualities of InformationSense. One participant exclaimed during her work with the system: “That’s
really cool. I think that [to use InformationSense] is a lot of fun!” [P17] Another one
said: “That [to use InformationSense] was just the most fun for me. It was something
new” [P9]. Participants further reported that they liked the high degree of freedom
provided by the cloth surface. They also found the interface modern and new [P2P5, P9, P10, P13-P17], valued its haptic qualities [P2, P5-P8, P13, P17, P18] and
described it as natural, human, real or direct [P2, P5, P8, P10, P13, P15, P17].
One of them said: “Everything you did with your hands actually happened” [P17].
Furthermore, some participants mentioned that the system was beautiful, refreshing,
interesting or fascinating [P7-P9, P13, P14], that it feels good [P1, P6, S08] or that
it had a playful character [P1, P9, P10, P13].
Finding 2. The tradeoff between the emphasized reality of InformationSense and
the power of SpaceFold showed that the raised emphasis of reality comes at the
cost of pragmatic qualities but increases the hedonic qualities. Users appreciate
the direct manipulation and the natural feeling of the physically deformable
display and mentioned numerous use cases which can benefit from the hedonic
qualities of InformationSense, ranging from architecture and fashion design to
games and teaching. In terms of pragmatic qualities the additional digital power
of SpaceFold is preferred over the direct manipulation and natural feeling of
InformationSense.

5.4.3.3 Q3 : Interaction Behavior
The analysis of video recordings and log files revealed information with regard to
interaction types which were utilized by participants while conducting the search
and comparison tasks (see Figure 5.17). In the following section we elaborate on
the expressive power of the interfaces.
Approximately 30 % of all interactions conducted with the interfaces corresponded
to actions to create a deformation (InformationSense: 26 %; SpaceFold with Zoom:
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Pan

Cloth manipulation
(e.g., rotate, lift)

Zoom

Fixation

Deformation:
create horizontal/vertical
Deformation:
create freely

Deformation:
modify
Deformation:
remove

SpaceFold without Zoom
SpaceFold with Zoom
InformationSense
0%

25%

50%

75%

100%

Fig. 5.17: Actions conducted with each of the interfaces.

27 %; SpaceFold without Zoom: 31 %). For InformationSense only 17 % of these
deformations correspond to a horizontal or vertical folding in the manner supported
by SpaceFold. Most deformation actions performed with InformationSense are based
on users’ preexisting knowledge about what interaction possibilities a cloth provides.
Users created diagonal folds, crumbled the cloth, stacked folds over each other, or
grabbed a digital object to place it at another position on the table.
Therefore, participants made extensive use of the physical and haptic properties and
the additional freedom for interaction that the cloth provides. They argued that
free deformations provided them with more possibilities like the creation of small
partial folds or to fold edges over [P1, P8, P9, P10]. Three participants said that they
needed fewer work steps when they deformed the cloth without restrictions [P3,
P10, P15]. Others argued that it felt intuitive and natural [P4, P5] and one reported
that folding did not require him to think about his interactions at all [P10]. One
participant said: “With this material I have [the ways to interact with] it in my own
hands. That’s because I can manipulate and deform it as I want and my interactions
are transferred one to one” [P18].
While users reported that they strongly appreciated the freedom for interaction
when using the physically deformable display they also stated that restrictions (only
vertical and horizontal folds) helped to control the interface on the rigid display. 14
participants mentioned that free deformations would not work well in combination
with the touch-based interfaces. Most of them stated that they would prefer it
to keep the restrictions. They argued that the risk of slips (trigger wrong action)
would be high [P3, P5, P17] or that unrestricted deformations would feel unintuitive
in a 2-dimensional environment. They deemed folding on the touch surface less
complex and simpler to understand when only a limited set of possible interactions
is supported and the interactions are constrained [P7, P14].
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Finding 3.1 Users make extensive use of the high degree of freedom of the
physically deformable display. The physically deformable display provides a high
expressive power which allows users to easily perform complex deformations.
Users apply their preexisting knowledge and are intuitively aware of the possibilities to push a cloth together to create a fold, to crumple it, to lift it in the
air, grab it on its borders to move it or flip an existing fold over to look under it.
Physically deformable displays therefore provide the means to use them without
thinking about the interaction.

Finding 3.2 A lower degree of freedom is appreciated for the virtually deformable interface on the rigid display. For rigid displays, which do not address
the haptic sense, the reduced degree of freedom can help users to control the
complexity of deformations.

5.4.4 Discussion
The implications of this work inform two major areas in the context of deformable
displays, which we discuss in context of our initially set design goals: first, the design
of interfaces for large highly deformable displays (G1 ), and second, the technical
implementation in terms of a low-cost tracking approach (G2 ).

5.4.4.1 G1 : Preserves the Cloth-feel and Provide High Flexibility
The results of our UX study can inform the design of interfaces for deformable
displays as well as unveil further research directions. The results show that InformationSense as a physically deformable display provides qualities which differ from
the qualities of rigid displays. The physically deformable display, which allows users
to explore digital information spaces by physical manipulations of the display, has
shown significantly higher hedonic qualities than the virtually deformable interface.
Users have preexisting knowledge about how a cloth can be manipulated and are
able to apply this knowledge when interacting with physically deformable displays.
The increased expressive power of physically deformable displays makes a huge
set of possible interactions easily manageable without the need for introduction.
Therefore, systems like InformationSense allow users to experience digital content
without thinking about the necessary interactions. However, the emphasis on realism
during the design of the physically deformable display came at the cost of pragmatic
qualities. Highly deformable cloth displays in their current state of development
are therefore mainly suitable for a domain situation in which the high-level goal of
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users is to enjoy or experience the presented information instead of solely having
the goal of discovering novel findings (see description of domain situation in Subsection 5.1.1). Examples for such domain situation can be found in the context of
exhibitions and museums or in educational contexts.
For domain situations which target the effective discovery of findings, deformable
displays like InformationSense need to be extended with additional digital power in
regards to the Reality-based Interaction framework. The study results helped to identify leverage points where the pragmatic qualities of physically deformable displays
can benefit from additional digital power. The two main issues of InformationSense
are the missing zoom functionality and the loss of information situated in folds when
the space is deformed. These reality-based properties of the physically deformable
display hamper users in getting an overview and creating a mental map of the space.
Such a mental map is essential for creating a deformation strategy and for modifying
existing deformations. Problems with creating an overview and building a mental
map are well known and researched for rigid display interfaces. Approaches which
proved valuable in overcoming the problems for rigid displays could be adapted and
researched for the use with physically deformable displays. For example, overview
visualizations (e.g., [62]), distortions which show content situated in folds in an
aggregated form (e.g., [87, 256]) and off-screen visualizations (e.g., [12, 106])
could be implemented (see Figure 5.18).

5.4.4.2 G2 : Low-cost Tracking Approach
InformationSense is based on a novel tracking approach which supports (1) a sufficient tracking precision and (2) a global 3D position determination. It (3) preserves
the ‘cloth-feel,’ (4) provides an undistracted visual output, (5) facilitates a large
projection surface and (6) is scalable. The utilized markers are created from persistent materials and thus, in contrast to markers based on infrared ink [319], support
long-term use. Although not as precise and robust as other more complex and
expensive solutions (e.g., [213, 214]), our tracking approach can be applied by
practitioners to design low cost physically deformable displays that do not decrease
in tracking performance over time. Thus, the tracking approach is also usable for
in-the-wild settings like, for example, in museums. Further, we elaborated three
technical tradeoffs: latency versus 3D model accuracy, surface color versus IR contrast, and marker size versus marker detection confidence. The tradeoffs can be
used as a guide for the implementation and evaluation of related systems which
have the potential to be integrated into our physical environment – integrated in
terms of the visual appearance but also in terms of the interaction.
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(a) Overview+detail

design pattern:
An
overview of the entire space could facilitate
the orientation.

(b) Focus+context design pattern: Distortion

overlays in folded areas could facilitate the
orientation in folded spaces.

(c) Cue-based visualizations: Halos could facili-

tate the navigation to objects which are out
of the interaction volume or which are covered by folds.

Fig. 5.18: Large, physically deformable displays can be enhanced with additional digital

power to increase their pragmatic qualities.

5.4.5 Limitations
In terms of the study protocol, we decided to take a continuous task sequence with
no reset of the deformation between tasks. This makes results for task completion
time less comparable. However, task completion time was not the focus of our
research. Instead, we focused on external validity in terms of fluent interaction,
which would also occur when using such a display in real settings. Furthermore,
we limited the task to searching and comparing objects without directly interacting
with them. Further research should investigate physically deformable displays which
offer a combination of interaction through deformation and other input modalities
like touch. To do so InformationSense could be combined with touch-sensitive cloth
like ‘FlexTiles’ [219].
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5.5 Synthesis
In this chapter we presented the Reality-based Idiom InformationSense, which is a
large, highly deformable cloth display. This work contributes to two areas in the
context of deformable displays: It presents an approach for the tracking of large,
highly deformable surfaces, and it reports on findings of one of the first UX analyses
of cloth displays that will inform the design of future interaction techniques for this
kind of display.
The cloth tracking of InformationSense is based on a novel approach for the creation
of invisible markers. In this context, we examined three technical tradeoffs which
have to be considered when tracking deformable surfaces using markers and mapping content to it. The resulting system can be used in several application domains.
We presented two use cases which can benefit from the hedonic qualities of large,
highly deformable displays.
Furthermore, we reported on study results which contribute to a better understanding of the advantages and disadvantages of physically deformable displays in context
of the power-versus-reality tradeoffs. In particular, we focused on the objective user
performance, users’ subjective preferences, and participants’ interaction with the
interfaces. Results show that users perform faster and prefer the increased digital
power of the virtually deformable interface in terms of pragmatic qualities. However,
they prefer the physically deformable display in terms of hedonic qualities. Users
like the high deformability and are able to control it based on their preexisting
knowledge. The physically deformable display provides a high expressive power
which facilitates the effortless creation and modification of complex deformations.
We can conclude that highly deformable cloth displays can provide higher expressive
power and higher hedonic qualities than rigid displays. Nevertheless, further research is required to investigate how the pragmatic qualities of physically deformable
displays can be increased by adding digital power without decreasing the expressive
power.
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Idiom: InformationSense
InformationSense, a large, highly deformable cloth display, can be considered as a
blend between the concept of a virtual information space that can be navigated
and within which changing information can be visualized and the concept of a
physical cloth, that can be freely deformed. InformationSense allows users to
manipulate the display like one would manipulate a physical cloth and therefore
leverages users’ knowledge about Naïve Physics and their Body Awareness and
Skills for navigating virtual information spaces. In its current state these kinds
of displays are especially suitable when hedonistic qualities are more important
than pragmatic qualities.

What: Data
InformationSense supports any data that can be represented on a visual
information space.
Why: Tasks
InformationSense is especially suitable for tasks and contexts which benefit
from high hedonic qualities. This includes scenarios for education purposes,
or exhibitions.
How: Large Highly Deformable Cloth Display
High deformability: High deformation flexibility preserves the cloth feel and
allows for arbitrary deformations which do not limit the user. Navigating
the virtual space is therefore facilitated by the user’s knowledge about
Naïve Physics and their Body Awareness and Skills.
Large size: The large and extensible display size allows for exploring digital
information spaces through physical manipulations of the display.
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Zusammenfassung: Der Beitrag stellt neue Formen des
Zugangs zu den Inhalten von Bibliotheken vor. Diese wurden in Zusammenarbeit mit wissenschaftlichen und öffentlichen Bibliotheken im Rahmen zweier Forschungsinitiativen entwickelt. Zu Beginn jeder Forschungsinitiative
wurden eine Reihe empirischer Studien durchgeführt, die
wertvolle Erkenntnisse über die Nutzung von Bibliotheken
lieferten. Diese Erkenntnisse wurden in die vier Qualitäten
intuitiver, kollaborativer, transparenter und kontextueller
Zugang überführt. Diese waren Ausgangspunkt für die
Entwicklung mehrerer interaktiver Forschungssysteme.
Die Herleitung aller vier Qualitäten der Zugänglichkeit
werden erläutert und deren Umsetzung in den Forschungssystemen „Blended Shelf“, „TwisterSearch“, „Tiefenrausch“ und „Expedition“ beschrieben. Abschließend werden die mithilfe von Forschungssystemen gewonnenen
Erkenntnisse und Erfahrungen unter Betrachtung der vier
Qualitäten der Zugänglichkeit diskutiert.
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Blended Library – New Ways to Access the Collections of
Scientific and Public Libraries
Abstract: The article discusses new ways to access library
collections based on two joint initiative projects with
scientific and public libraries. In the beginning of each
scientific initiative, we conducted a number of empirical
studies in order to gain valuable insights about users’
patterns when accessing library collections. In detail, we
distinguish between intuitive, collaborative, transparent,
and contextual access. These four qualities served as a
basis for the development of interactive systems. In this
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article, we discuss how we derived these four qualities
based on our empirical studies and explain their implementation in the inquiring systems “Blended Shelf”,
“TwisterSearch”, “Tiefenrausch”, and “Expedition”. Finally, we elaborate on insights and experiences gained
through the development of our systems, especially how
our work feeds back and further informs the four ways to
access library collections.
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1 Zugänglichkeit zu Bibliotheken
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ABSTRACT

OPAC interfaces, still the dominant access point to library
catalogs, support systematic search but are problematic for
open-ended exploration and generally unpopular with visitors. As a result, libraries start subscribing to simplified
search paradigms as exemplified by web-search systems.
This is a problem considering that systematic search is a crucial skill in the light of today’s abundance of digital information. Inspired by novel approaches to facilitating search, we
designed CollectionDiver, an installation for supporting systematic search in public libraries. The CollectionDiver combines tangible and large display direct-touch interaction with
a visual representation of search criteria and filters. We conducted an in-situ qualitative study to compare participants’
search approaches on the CollectionDiver with those on the
OPAC interface. Our findings show that while both systems support a similar search process, the CollectionDiver
(1) makes systematic search more accessible, (2) motivates
proactive search approaches by (3) adding transparency to
the search process, and (4) facilitates shared search experiences. We discuss the CollectionDiver’s design concepts to
stimulate new ideas toward supporting engaging approaches
to systematic search in the library context and beyond.
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search, public library, tangible interfaces, multi-display
environment, in-situ study.
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INTRODUCTION

The role of public libraries has changed from a pure provider
of information to an institution of lifelong learning which provides access to global information resources and a local learning setting for guidance and training in media literacy [6]. It
is often libraries where critical (re)search skills are taught—
crucial capabilities in today’s world of ever-increasing information resources of varying quality.
Today’s public libraries offer access to a vast range of media
in physical and digital form. Interfaces to electronic library
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catalogs (known as OPACs: Online Public Access Catalogs)
can be therefore considered as key mediators between visitors’ information needs on one side and physical and digital
library resources on the other. Much research has been done
to understand search practices in physical and digital information spaces [1, 13, 25, 30, 36, 37, 38] and how to support these through interface design (e.g., [16, 46]). However,
the question of how to impart media literacy through the support of systematic and in-situ search in public libraries is still
underexplored. Our research aims to fill this gap by investigating alternative approaches to, still typically text- and listcentered, library catalog interfaces (e.g., see Fig. 2) in order
to promote systematic in-situ media search at public libraries.
While OPAC interfaces provide convenient access to library
resources and are commonly used outside and within public libraries, it is well-known that they are not without difficulties. Early studies found that while targeted, known-item
searches are well-supported, open-ended subject searches are
problematic [2, 26, 29, 45]. More recent studies confirm
that this still holds true: people still often find OPAC interfaces difficult to use, in particular compared to canonical web
search engines which support more free-form queries [18,
23]. Studying book search strategies in public libraries,
Mikkonen and Vakkari found the catalog to be the least popular tactic [30]. This trend is problematic as libraries still host
information resources that are not necessarily represented in
common search engines [3]. Current trends in OPAC interface design go toward search paradigms as exemplified by
canonical web-search engines. While this approach accommodates visitors’ expectations who are typically experienced
in using such search engines, it does not mediate systematic
information seeking skills, such as the specification and adjustment of search criteria along different facets.
We describe the design and study of an alternative library
search system—CollectionDiver—which supports systematic
in-situ search comparable to traditional OPAC interfaces

Uta Hinrichs, Simon Butscher, Jens Müller, and Harald Reiterer.
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Approaches for Systematic Library Search”. In: Proceedings of
the SIGCHI Conference on Human Factors in Computing Systems
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Figure 1. Small family engaged in shared search on the CollectionDiver.
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Searching for targets is one of the main tasks conducted when analyzing data.
Chapters 4 and 5 already addressed the topic of searching for targets with a visual
approach to search in terms of navigating information spaces. However, as visual
search is time-consuming [117, 134], this approach is not suitable for the search
of targets in very large datasets. For large datasets it can be beneficial to reduce
the size of the dataset ahead of displaying the result set to the user. Filtering the
dataset enables users to further focus their exploration and analysis on items of
interest. An approach that showed beneficial for reducing the number or visibility of
irrelevant items is dynamic queries [292]. Dynamic queries are based on dedicated
controls like filter sliders or check boxes which are associated with the item attributes
on which the query is to be performed. Although dynamic queries showed to be
beneficial for filtering data they still can present the user with problems when it
comes to creating and modifying complex search queries, like Boolean queries in
terms of logical AND and OR combinations of filters on multiple attributes. The aim
of the research presented in this chapter is that of facilitating the creation of dynamic
queries using reality-based approaches that leverage users’ entrenched bodily and
social skills. The research question addressed in this chapter therefore is:
RQ2 : How can Reality-based Idioms for dynamic queries be designed to
simplify the creation of complex search or filter queries?
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Taking the domain of public libraries as an example this chapter explores realitybased interfaces as a means to promote search and exploration activities in a systematic yet engaging way. The chapter first provides an analysis of the domain situation
of searching for media items in public libraries and gives an overview of related
work targeting the design of search interfaces. Based on this analysis design goals
(O1 ) are derived. This is followed by the proposition for a Reality-based Idiom (O2 ).
We describe the design of the alternative in situ library search system CollectionDiver
which supports systematic search comparable to traditional library catalog search
interfaces while applying a fundamentally different approach in terms of information
and interaction design (see Figure 6.1). Inspired by previous research [149], the
CollectionDiver combines large display technology with tangible and direct-touch
interaction with visual and textual elements to promote an accessible and transparent approach to systematic in situ library search. Subsequent to the description of
CollectionDiver, the chapter reports on a qualitative study which studied visitors’
searching the library collection on CollectionDiver and on the Online Public Access
Catalog (OPAC) as a common library search interface. The evaluation results (O3 )
revealed that the CollectionDiver supports systematic search processes similarly to
the OPAC. In contrast, however, (1) by means of reality-based interaction and
visualization approaches it makes systematic media searchers easier to understand
and, therefore, more accessible, (2) promotes active and engaged approaches to

Fig. 6.1: CollectionDiver, a tangible search interface to support systematic search in large

library collections.
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search by providing a transparent search process, (3) bridges the digital and physical
information space of libraries by providing smooth transition points in the workflow, and (4) facilitates shared search experiences, an important aspect of public
libraries that are often visited, for example, by small families. Our discussion of the
design concepts used in the CollectionDiver stimulates new ideas toward supporting
more engaging approaches to systematic search in the library context and beyond.
The chapter closes with a summarizing description of the Reality-based Idiom (O4 )
CollectionDiver.

6.1 Analysis: Library Search Systems
The analysis of search systems in the library context is based on a literature review
and a field study with the aim to frame the field of investigation [296]. This section
first defines the domain situation which is the focus of this research and therefore
frames the problem space. This is followed by a review of related work. Eventually,
design goals are derived which guided the design of the Reality-based Idiom.

6.1.1 Domain Situation
Nowadays, public libraries offer access to a vast range of media in physical and
digital form, such as books, DVDs, eBooks, or digital magazines and articles. Interfaces to electronic library catalogs (commonly known as Online Public Access
Catalog or short OPAC) can be considered as a key mediator between library visitors’
information needs and the physical and digital library resources. While OPAC interfaces provide convenient access to library resources and are commonly used outside
and within public libraries, it is well-known that they are not without difficulties.
Early studies found that while OPACs typically support targeted, known-item search
well, more open-ended subject searches for which the search target is unknown are
problematic [31, 169, 190, 316]. Studying book search strategies (e.g., browsing on
the shelves or the book displays, asking the librarian or using the OPAC) in public
libraries, Mikkonen and Vakkari found the use of the catalog to be the least popular
tactic [197].
In order to get deeper insights into the domain situation of searching for media items
in public libraries, we conducted a one-week contextual inquiry in the public library
of Cologne in Germany. Its main library branch in which the research presented in
this chapter was conducted is highly frequented, with over 937.000 visitors per year.
Across six floors, this main branch offers a large spectrum of topics (e.g., children’s
books, fiction and non-fiction, and learning aids for different school levels), different
media types (e.g., books, eBooks, DVDs), and interactive systems (e.g., Internet
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workstations, search terminals, augmented reality equipment, and a 3D printer)
to support (re)search, learning, and (creative) thinking. As part of the contextual
inquiry, we observed visitor activities at the library and gathered information via
brief interviews and questionnaires from 75 visitors about their library use, including
the types of interactive systems they utilize to satisfy their information needs, and
the types of problems they encounter as part of this. We also interviewed three
librarians about their experiences with library visitors and their typical search habits.
Finally, we talked to pupils who visited the library as part of a school training course
on (re)search methods.
Our inquiry largely confirms previous findings regarding the vast range of visitor
backgrounds (i.e., age, professional, and social background) and diverse library
usage patterns. The majority of visitors come to the library alone, but some visit in
small groups (e.g., parents with their children). The OPAC terminals from which the
library catalog is accessible (see Figure 6.2a) are typically used for targeted, knownitem searches (is referred to as ‘locate’ in the task abstraction; see Figure 6.3). Most
visitors are familiar with the interface and also use it within the library. However,
most in situ explorations focus on browsing the shelves (is referred to as ‘browsing’
in the task abstraction; see Figure 6.3), and many visitors still rely on in-person
interaction with librarians to find media of interest.

(a) Participant at one of the OPAC terminals

of the public library of Cologne.

(b) The OPAC interface with the filter options and key-

word suggestions on the left.

Fig. 6.2: The OPAC of the public library of Cologne.

As most web search interfaces, the OPAC (see Figure 6.2a) is designed toward
individual search activities as conducted by adults. It provides a ‘Quicksearch’ and
‘Advanced Search’ feature where one or several search terms have to be specified
before any media or additional filters are shown. The ‘Quicksearch’ features a single
text field for specifying queries, while the ‘Advanced Search’ provides different search
fields that can be combined through logical AND or OR connections as indicated by
a textual toggle button. If a search term has been specified, a result list is shown
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with related keywords to the left-hand side of the interface which can be applied to
further filter the result list (see Figure 6.2b).
Datasets

Data Abstraction
Attributes

Dataset Types
Tables

Attribute Types
Categorical

Attributes (columns)

Items
(rows)

Task Abstraction

Actions

Discover

Search
Target known
Enjoy

Ordinal

Quantitative

Cell containing value

Analyze
Consume

Ordered

Target unknown

Location
known

Lookup

Browse

Location
unknown

Locate

Explore

Targets
Query
Identify

All Data
Features

Domains of Design
Individual Interaction

Social Interaction

Workflow

Physical Environment

Fig. 6.3: Description of the domain situation in terms of a data and task abstraction and

identification of the most important domain of design.

In terms of the Model for Reality-based Idiom Design the domain situation considered
for this research can be described as shown in Figure 6.3. The data to analyze, which
is the media item collection of the library, is available in form of tables. Metadata in
terms of attributes of media items are mainly categorical (e.g., media type, author)
or ordered (e.g, year of publication; see data abstraction in see Figure 6.3). It
is important to note that media collections of libraries are typically very large
containing hundreds of thousands or even millions of media items. The high-level
goals that library visitors have are mainly those of discovering findings with the help
of media items or that of enjoying the physical and social space of public libraries
and the media items contained within this place (referred to as ‘discover’ or ‘enjoy’
in the task abstraction; see Figure 6.3). The analysis tasks that public libraries help
the visitors with are those of identifying media items which provide the means to
satisfy the information needs. In libraries especially three types of searches are
common: locate, browse, and explore (see task abstraction in see Figure 6.3). Media
items need to be located, if the library visitor knows what, for example, book she
wants, but the visitor has to know where to find it in the shelves. In other situations
visitors are not aware of a specific item they are looking for and therefore perform
an open-ended search. This is either done by browsing the shelves which cover the
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topic of interest or by exploring the media collection which today is mainly done by
meandering through the shelves and book displays of the library. Especially these
two types of open-ended searches are not sufficiently supported by current search
interfaces in libraries.
This description of types of searches in libraries shows that the search system offered
by libraries does not only consist of the OPAC, but also the physical environment
with the shelves and book displays. Thus, there is the need to also consider the
Physical Environment as an important domain of design for library search systems
(see domains of design in Figure 6.3). With that also comes the requirement of
designing a fluid Workflow that enables smooth transitions between the digitally
supported search in the library catalog and the analog search in the physical space
of the library. Because these searches are sometimes done collaboratively in terms
of two visitors searching together, but also in terms of librarians helping visitors
with their search, the domain of design of Social Interaction is also of importance
for the domain situation. In accordance with the framework of Blended Interaction
and the Model for Reality-based Idiom Design, this domain of design can be especially
addressed by leveraging humans’ Social Awareness and Skills. For the Individual
Interaction as a most fundamental domain of design, we have to consider that library
visitors are very diverse with different knowledge bases. What most of them share,
however, are the most basic low-level bodily experiences in terms of their knowledge
about Naïve Physics and their Body Awareness and Skills. Close-to-reality interfaces
can therefore be considered as an approach to facilitate the Individual Interaction of
most library visitors.

6.1.2 Related Work
A large body of work has investigated general search behaviors and processes [11,
85, 164], and, more specifically, search processes in library catalogs (e.g., [32, 71,
120, 154, 171, 305]), public libraries [197, 247, 248, 281], and book stores [37].
When designing our in situ search system, we followed design-centered models of the
search process [288], as well as contemporary guidelines toward designing search
interfaces [110, 320]. Hearst [110] and Wilson [320], for example, both highlight
the need of supporting the fluid adjustment of search criteria, and establishing a
close connection between search criteria and the result list. Hearst in particular
stresses the importance of visual aesthetics in the design. Focusing on exploratory
approaches to search, White and Roth [313] highlight the importance of promoting
an understanding of the search process to facilitate the active adjustment of search
criteria.
To our knowledge, alternative approaches to systematic search of library catalogs
in situ are underexplored. The few exceptions to this are (book) search interfaces
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that have been designed with young audiences in mind [75, 81, 90, 132]. While
our work is inspired by approaches which incorporate the use of novel technology
such as direct-touch displays [105, 289], Radio-frequency Identification (RFID)
sensing [38], tangible tokens [75], or interactive floor systems [90] to promote
engagement, we focus on alternative search systems that support systematic, faceted
search.
Previous work has discussed alternative solutions to general search interfaces. Advances in supporting collaborative search, for example, typically incorporate large
displays to increase awareness of the search processes among group members and
to facilitate shared interactions [149, 199, 232, 233]. Our work does not focus on
collaborative search, but we seek to enable and promote shared search experiences
through the use of large displays where visitors can casually browse the library
catalog with their friends or family.
Interfaces have been built that provide a more visual approach to search which
integrates search and result navigation. With ‘InfoGallery’ [105], Grønbæk et al.
present the idea of showing library-related information on large surface displays
throughout the library. Kleiner et al. [161] introduced ‘Blended Shelf,’ a digital
book exploration system that borrows its design from typical physical bookshelves
and can therefore be considered as a close-to-reality interface. Thudt et al. [289]
introduced the ‘Bohemian Bookshelf’, a visualization-based system designed for
exploratory book search that enables the navigation of a book collection along
with several qualitative perspectives. Their findings from an in situ study highlight
the importance of providing multiple access points to the collection and enabling
playful interactions to motivate more elaborate exploration [289]. Our approach
to systematic search systems for libraries is inspired by this previous work and the
design considerations that follow from it.
Other visual approaches have been applied to facilitate an understanding of the
search process itself, for example, by visualizing Boolean queries [323, 176]. This
has been taken a step further, making use of tangible tokens to facilitate the search
process in a more hands-on way [149, 298]. However, none of these approaches
have been studied in a library context. In our work we expand on the idea of
‘Facet-Streams’ [149] making it suitable for use in a public library and studying how
this design approach compares to a common OPAC interface in terms of visitors’
search processes and experiences.

6.1.3 Design Goals
Based on the contextual inquiry and previous findings, we derived a list of four main
design goals that guided the design of the CollectionDiver:
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G1 Support Systematic Media Search through Reality-based Interaction: Prompted
by visitors’ limited engagement with the OPAC as a library exploration tool, and
by the problems of OPAC interfaces previously discussed [31, 169, 190, 316],
we envisioned an alternative search system that would make the library catalog
more accessible and systematic search a more engaging endeavor. Inspired
by previous work [149, 289], we aimed for exploring tangible interaction
mechanisms to specify search requests in order to provide a closer-to-reality
counterpart to the mouse-and-keyboard interaction paradigm offered by the
OPAC and, potentially, to allow people to approach their search in more playful
ways.
G2 Promoting Transparency of Search Process: Our contextual inquiry revealed
visitors’ difficulties of coming up with adequate search terms and/or of understanding how the result list (which can be lengthy or empty) is influenced
by individual search criteria or filters. Our goal was to address this lack of
transparency in the search process, while, at the same time, making different
types of filter mechanisms easily adjustable to enable a proactive approach.
G3 Bridging Physical and Digital Information Spaces: We can consider an OPAC
interface as a mediator between physical and digital information spaces. A
lot of media items listed in the library catalog are actually situated in the
physical space of the library. It is the shelfmark listed in the OPAC interface
which connects the digital to the physical information space. Inspired by the
framework of Blended Interaction [151], we aimed at exploring ways that can
facilitate smooth transitions between in situ digital media search and exploring
the shelves. This includes also the integration of the search system into the
physical environment of the library.
G4 Facilitating Shared Search Experiences: Search in public libraries is defined by
individual and shared explorations (e.g., among family members or as part of
consultations with library staff). Yet, the canonical OPAC interface is mostly
designed to support individual interactions. Inspired by previous work on
collaborative search [149, 199, 233], we aimed for supporting shared in situ
search experiences that leverage users Social Awareness and Skills.

6.2 Design: CollectionDiver
Guided by our design goals, we designed and implemented the CollectionDiver
(for video, scan QR code or go to URL [ 3]). The system expands the idea of
‘Facet-Streams’ as discussed above [149]. With a public library context in mind, we
simplified some of the interactive features. Similar to ‘Facet-Streams’ we chose a
query generation which is mediated with physical objects yet modified by how the
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Boolean logic can be specified and how it is visually represented to ensure easy use.
The CollectionDiver can therefore be considered as a blend between the concept of
faceted search applied for traditional library search systems and the concept of in
the real world interaction with the help of physical tokens.
The CollectionDiver is integrated into the physical environment of the public library
of Cologne (see Figure 6.4). It is permanently installed and running on the same
backend as the OPAC, i.e., it represents the library catalog in its entirety. The CollectionDiver consists of two direct-touch displays (each 1920 × 1080 pixels), controlled
by a single PC (i7-4770K, 8GB RAM, GTX 760, Win 7). The tabletop display (MultiTaction MT420S; 42 00 diagonal) uses an optical camera system built into an LCD
backlit display to enable limitless multi-touch tracking and marker sensing. This
enables the formulation of search queries through tangible tokens. The vertical
display (Citron dreaMTouch; 5500 diagonal) uses an infrared frame to detect up to
32 simultaneous touches. It allows for browsing and assessing search results. Both
displays are conceptually and visually linked, as described below.

Fig. 6.4: Physical environment in which the CollectionDiver is installed.

6.2.1 Horizontal Search Display
The horizontal display offers five different types of physical tokens to assemble a
search query. Similarly, as in ‘Facet-Streams,’ each token can be considered as a filter
to the library catalog [149]. However, in contrast to ‘Facet-Streams,’ each token
type represents particular query parameters: Three tokens are available to specify
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search terms and one token each is provided to specify an author, publication year
range, media type(s), or language. The design of physical tokens directly reflects the
query parameters they represent and makes them distinguishable from each other
(see Figure 6.5). The tokens are custom-built acrylic blocks equipped with optical
markers underneath. This allows for tracking of the identity and position of each
token on placed the horizontal display.

Fig. 6.5: Filter tokens: Top row (left to right): year-range, language, and media type token.

Bottom row: search term and author token.

Using physical tokens for the creation of search queries potentially comes with
several advantages for the users’ Individual Interaction. According to the framework
of Reality-based Interaction users can leverage their entrenched knowledge about
Naïve Physics and their Body Awareness and Skills for the interaction with physical
objects. Knowledge about physical limitations provides the user with some framing
about what interaction is possible, and what is not. It is, for example, obvious that
the physical objects can be picked up, placed on the horizontal displays, or moved
around, but they cannot be attached to the vertical display, as they would fall to
the ground. The tangible filter tokens of the CollectionDiver can further facilitate
the Social Interaction between users. According to Jacob et al. [145], TUIs offer
promising qualities that consider users’ Social Awareness and Skills and therefore
promote collaboration. Examples are that actions performed with physical objects
can be easily perceived and followed by others, that objects can be easily referenced
and handed over to coordinate the shared search and that TUIs typically allow for
simultaneous interaction.
To initiate a search, a visitor places a token on the display which brings up additional
criteria options that can be individually adjusted via direct-touch tabs. For example,
the media token enables filtering the catalog for particular media types available
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at the library (e.g., books, DVDs, magazines, or eBooks). Several options can be
selected simultaneously (see Figure 6.6a). Similarly, the year-range token enables
filtering for media published in a particular time span: start and end year can be
specified using the arrow buttons (see Figure 6.6b). Placing the search term or

(a) The media type token provides a simple interface which allows for multiple selections. The query

is instantly updated after selecting or deselecting a media type.

(b) The year range token allows for the selection of a start year and an end year through toggle

buttons. The red label indicates that the current query leads to an empty result set.

Fig. 6.6: The number of items resulting from the query including the token is shown below

the tokens. If the query leads to an empty result set, the label turns red.
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Fig. 6.7: The search term token allows the user to specify a search term of interest via

touch-typing. The query is triggered after closing the on-screen keyboard.

author token on the display, evokes a text field and direct-touch keyboard that allows
users to specify names or terms of interest (see Figure 6.7).
As soon as a token is placed on the display, an instant search query is executed and
results (if there are any) appear on the vertical display (see Figure 6.1). A tooltip
that is always visible below the token, displays the number of media items that
match the token’s criteria (see Figure 6.6a). If there are no matching media items
found, this tooltip turns red and a text indicates that the criteria have to be adjusted
(see Figure 6.6b). In this way, the influence of each token on the result list is always
visible. To highlight the conceptual link between the search and the result display, a
thin stream of digital bubbles floats from the search token that was last placed on
the table up onto the vertical display.
Placing multiple tokens on the table enables complex media searches (see Figure 6.1).
The order of placement determines the order in which the different filters are applied
to the library catalog. Moving tokens around does not change this order. However,
lifting a token up from the display and placing it somewhere else, will cause this
particular token filter to be executed last. A fine stream of bubbles indicates the
order of filter execution (see Figure 6.1).
The visual representation of the filter pipeline of CollectionDiver aims for consistency
with users’ mental models in terms of image schemas (see Section 2.2). Using image
schemas, the filter pipeline can be described as follows: Each filter token can be
considered as a container which has media items as content. The filter settings
of a token allow for removal of media items from the container. Media items are
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therefore either inside or outside of the container (refers to the in-out image schema).
Finally, the content of one container travels along a path (the bubble stream) to the
subsequent container from which further items can be removed.
Placing tokens onto the tabletop surface automatically links them into a logical
conjunction; their relative position to each other does not matter. One exception is
the search term tokens, which can be linked by a logical conjunction or disjunction,
depending on their physical proximity to each other. When far apart, the search
term tokens form a logical disjunction, visible by their individual bubbles which
indicate that each search term is treated as a separate filter in the search query (see
Figure 6.8a). Moving the two tokens together changes the shape of the bubble, indicating that a potential connection can be established (see Figure 6.8a). The bubbles
will eventually merge as the tokens come close to each other (see Figure 6.8b). With
this merge, the corresponding search terms are connected with an ampersand ‘&’ to
indicate their logical conjunction. Only a single stream of bubbles emerges from this
combination of search terms to further highlight the conjunction (see Figure 6.8b).
Spatially separating conjoined search term tokens will break up their conjunction,
and they will be linked as a disjunction instead. Any desired number of search terms
can be joined or disjoined in this way, given that enough search term tokens are
provided. It is possible to have some search terms joined as a conjunction, and some
as a disjunction as part of one search query.
The approach for creating queries with joined or disjoint search terms again aims for
being consistent with users’ mental models in terms of image schemas. That is why
the image schema near-far is used to define the relation between the filter tokens.
This also refers to the law of proximity of gestalt theory which states that we are
perceiving objects that are close to each other as forming a group [312]. Therefore,
the search terms of filter tokens with close proximity are merged.

6.2.2 Vertical Result Display
Query results as specified by the tokens are presented on a vertical display in list
form, similarly as in the OPAC (see Figure 6.2b). Media items are listed by their
title, author, and shelfmark, with a cover image (if available) displayed to the left
(see Figure 6.9a). Visitors can browse the list by sliding their finger up or down the
display. A touch-tap on a media item fluidly expands it into a detailed view which
includes its indexed keywords, an enlarged cover image and a floorplan showing
its location in the library (see Figure 6.9b). In contrast to the OPAC, these details
are revealed within the context of the result list; no additional information layer
opens up. This approach is similar to that of the ‘HyperGird’ presented by Jetter
et al. [148] and allows for the exploration of details without the need to switch
between views. Visitors can print a slip with all of the information necessary to find
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(a) Two search term tokens are placed at a distance to each other. This creates two separate streams

to the follow up token and therefore a disjunction of the search terms.

(b) Two search term tokens are placed in close proximity to each other. This creates a conjunction of

the search terms and a single stream to the subsequent token.

Fig. 6.8: The CollectionDiver allows for the creation of conjunctions and disjunctions of

search terms based on their proximity.

the item at the library using the items’ print button (see Figures 6.9b and 6.9c). Five
buttons below the result list allow visitors to sort their results by relevance (selected
by default), title, author, year, or media type.
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(a) Participant browsing the result list.

(b) Bringing up details of a media item.

(c) Printing an information slip.

Fig. 6.9: A library visitor exploring the set of media items on the vertical result display.

The CollectionDiver provides a closer-to-reality way of searching the library catalog
in situ. With our approach we seek to
• support systematic media search through a TUI that is in line with users’
mental models in terms of image schemas (G1 ),
• promote transparency of the search process by visualizing the filter pipeline (G2 ),
• provide a bridge between the digital and physical information spaces inherent
in a public library through the integration of CollectionDiver into the physical
environment of the library and close to the bookshelves, as well as providing a
takeaway slip to find the media items in the shelves (G3 ),
• and facilitate shared search experiences by making the system accessible to
multiple visitors at the same time (G4 ).
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Tab. 6.1: Design concepts of the OPAC and the CollectionDiver in comparison.

OPAC

CollectionDiver

Information Structure

Layered/Nested

Flat

Search & Results

Integrated in one view

Visually and physically
separated

Interaction Design

Mouse & keyboard

Combination of tangible
and direct-touch

Display Hardware

Small display

Large vertical and
horizontal display

Presentation of
Search Criteria

Textual approach

Combination of tangible,
textual, and visual elements

6.3 Empirisism: Public Library Study
The CollectionDiver is comprised of different design concepts compared to the
traditional OPAC, summarized in Table 6.1. We conducted a semi-controlled in situ
study at the public library to investigate how these differences affect visitors’ search
approaches, processes, and experiences.

6.3.1 Research Questions
The evaluation focused on perceived differences between the two search interfaces
on different levels. We were interested in the applied approach to search, the
influence of the reality-based interaction concept of the CollectionDiver on the users’
search experiences, the advantages and disadvantages of the different hardware
settings, the influence of the interfaces on the shared search experiences, and the
suitability to novice users. The research questions we want to answer therefore
are:
Q1 Do the two search interfaces induce different approaches to media search?
Q2 What differences do users experience between the two search interfaces in
terms of the design and aesthetics, the interaction modality and playfulness,
and the overview and transparency of the search process?
Q3 What subjective advantages and disadvantages do the display setting of the
CollectionDiver provide compared to that of the traditional OPAC terminal?
Q4 How do the two search interfaces influence shared experiences during search?
Q5 Does the CollectionDiver support novice users with systematic search?

6.3

Empirisism: Public Library Study

149

6.3.2 Experimental Design
Our study follows a within-subject design in which single participants but also dyads
conducted searches with both systems based on given, open-ended search tasks. We
opted for this semi-controlled study setup, rather than an in-the-wild study to ensure
that participants worked on comparable search tasks and provided similar attention
to both systems. The following section describes the study setup, the procedure
and the task, the methods applied for data collection and analysis as well as the
participants we recruited for the study (see Table 6.2 for an overview).
Tab. 6.2: Overview of the study setup.

design
participants

counterbalanced, within-subjects
N = 33 (individuals: N = 12; dyads: N = 9; triplets: N = 1)
gender: 22 female, 11 male
age bands: 12 − 17 (N = 2); 18 − 21 (N = 3); 22 − 34 (N = 13);
35 − 44 (N = 3); 45 − 54 (N = 8); 55 − 64 (N = 3)

task

type: open-ended search task
topic: Art & Culture, Health & Sport, Travel
Literature, Children’s books, Technology

independent
variable

user interface: CollectionDiver, OPAC

data
analysis

qualitative analysis of interview and video transcripts

6.3.2.1 Study Setup, Procedure & Task
Our in situ study setup mimics a realistic library search scenario as closely as
possible. The study took place during the library’s opening hours on the floor where
the CollectionDiver is permanently installed. This floor hosts mostly non-fiction
textbooks as well as study spaces and search terminals featuring the OPAC. Study
participants therefore interacted in a realistic setting with other library visitors
roaming around looking for books themselves.
Participants first filled out a questionnaire asking about their age, background, the
frequency of their library visits, and how often they use the OPAC. Participants were
then provided with six search scenarios from which they chose two. The scenarios
described open-ended search tasks focusing on a different topic each (Art & Culture,
Health & Sport, Travel, Literature, Children’s books, and Technology). For example,
the Health & Sport scenario puts participants into the role of a person who has
recently acquired an interest in running and is now looking for media about training
methods and nutrition advice. Participants were encouraged to creatively interpret
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the task, based on their own interest. We also made clear that the goal was to
find (what they thought were) suitable media given the scenario, rather than going
for quantity. In order to avoid learning effects, each participant/group worked
on two different tasks, one using the OPAC and another using the CollectionDiver.
Participants picked the first scenario themselves, before knowing which system
they would start with. The order in which participants used the two systems was
counterbalanced. Dyad worked on the same task together, sharing each search
system. Participants received a 2 min introduction to the search system in focus,
regardless of their prior experience with it. They then were given a maximum of
15 min to work on their search tasks, but could finish earlier if they felt that they
had found enough material.
We conducted an interview with participants after each task, asking them about
their general approach to the search task, any problems or particularities they had
discovered using the search system, and their satisfaction regarding the supported
search process and the found media. At the end of the study we conducted an
additional final interview, asking participants to compare their experiences with both
systems. As part of this, we asked them to characterize the two search systems in
comparison, for example, regarding supported search features, interface design and
interaction mechanisms, and personal experience. Dyads were also asked to reflect
on their shared approaches using both systems. Each participant was compensated
15 C for their time.

6.3.2.2 Data Collection & Analysis
Two researchers were present throughout the study to observe and take written
notes of participants’ interactions with the two search systems. All interactions
were video recorded using a single camera for the OPAC (see Figure 6.2a) and two
cameras for the CollectionDiver, to capture interactions with both the tabletop and
the vertical display.
All interviews were fully transcribed and qualitatively coded following a thematic
analysis approach [34]. We iteratively coded for statements describing search
processes, utilized system features, and experienced advantages and disadvantages
of the two search systems. A qualitative video analysis was conducted according to
Heath et al. [111], which focused on the sequential use of search features in the two
systems and included counting the use of features and criteria adjustments. Group
search processes were analyzed for shared interactions.
Our findings, as described below, are based on this qualitative analysis of participants’
interviews and interactions with the two search systems. We illustrate our results
with direct participant quotes which are tagged with their individual ids (‘i’ for
individual participants, ‘g’ for groups, and characters ‘A’ and ‘B’ for the participant
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within the group). All participant quotes were directly translated from German into
English.

6.3.2.3 Participants
We recruited 33 participants (11 male, 22 female; 12 individuals, 9 dyad, 1 triplet)
to partake in our study, which was widely advertised through the library’s website
and bulletin boards across the city. We aimed for recruiting a range of participants,
covering different age groups and professional backgrounds. The recruitment of
dyads (group members knew each other prior to the study) in addition to individual
participants allowed us to gather insights into shared search approaches with the
OPAC and the CollectionDiver. The triplet was formed by one dyad who spontaneously brought their four-year-old daughter. She participated in the search tasks
but not in the interviews.

14

14

12

12

12

10
8
6
4
2

Number of Participnats

14

Number of Participnats

Number of Participnats

Our adult participants span five age bands: 18 − 21 (three people); 22 − 34 (13
people); 35 − 44 (three people); 45 − 54 (eight people); and 55 − 64 (three people).
In addition two 13 year old girls participated each with a parent (see Figure 6.10a).
Participants professional backgrounds (excluding the 4-year-old) ranged from highschool (N = 4) and university students (N = 4), artists, photographers, social
workers, academics, technicians, managers, retired, and currently unemployed people. This diversity in age and background is typical for the audience of large public
libraries. Four participants were first-time library visitors, and two visit the library
every day. The majority come to the library at least once a week (14 participants)
or once a month (four participants). Eight participants stated to visit “occasionally”
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Location of OPAC Usage
(a) Participant browsing the re- (b) Bringing up details of a me- (c) Printing an information slip.

sult list.

dia item.

Fig. 6.10: Demographics of the study participants.
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(see Figure 6.10b). Six participants stated as having not used the OPAC; three of
those were first-time users. 12 participants stated as having used the OPAC both at
home and at the library, while eight/six use it from home/at the library exclusively
(see Figure 6.10c). Only three participants had noticed the CollectionDiver prior to
the study and only one had very briefly tried it once in passing.

6.3.3 Results
In this section we report on our findings and discuss them in relation to our research questions addressing the aspects of general approaches to media search
(Q1 ), experienced differences between the systems (Q2 ), perceived advantages and
disadvantages of the hardware settings (Q3 ), shared experiences during search (Q4 ),
and the suitability of novice users (Q5 ).

6.3.3.1 Q1 : General Approaches to Media Search
Previous research has characterized search strategies in digital systems as a combination of querying, assessment, and selection activities [11, 85, 288]. We found
our participants’ search workflow on both search systems to be consistent with
these previous findings. Although they follow quite different design concepts (see
Table 6.1), our video and interview analysis revealed that both systems support a
similar search approach. Participants spent the same time with their search tasks
on either system (both M = 11 : 30 min; CollectionDiver: SD = 3 : 25 min; OPAC:
SD = 3 : 35 min), discovered comparable amounts of suitable media items within
this time (CollectionDiver: M = 5 items, SD = 2; OPAC: M = 4 items, SD = 1.7),
and were generally satisfied with the found items. However, participants were less
confident with media items found using the CollectionDiver because it does not
provide enough details about items’ content.

The OPAC requires the specification of search terms to initiate
a query, therefore all participants started their media search by entering terms that
they identified from the task description into either the ‘Quicksearch’ (in 14 of the
22 study sessions) or ‘Advanced Search’ feature (eight sessions). Participants then
typically scanned the result list, assessing media items first based on their title,
author, or cover and then, as part of a more low-level assessment, based on the
item’s content summary or table of contents. The latter involved selecting individual
items from the result list which opened a new detail view. If an item was deemed as
suitable to the task description, participants wrote down its shelf signature.
Search on the OPAC

The search filters offered on the left-hand side of the interface, which allow narrowing the result list based subject headings, publication year, or media type, were
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used in all but two study sessions. This type of filtering was applied in particular in
combination with the ‘Quicksearch’ feature. Four participants explicitly expressed
a preference for “gradually narrowing” their results, first using the ‘Quicksearch’ to
get an idea about the character of available items, and then applying the suggested
filters. In contrast, eight participants/groups chose the ‘Advanced Search’ directly to
get less but more specific results right away: “I like to directly narrow my search. I
don’t want to get 600 books that I have to scroll through” [g22.A].
Each search task featured a number of different aspects, and participants adjusted
their search criteria frequently throughout the task: they experimented with the
filters mentioned above and changed their search terms (M = 8.8 term adjustments,
SD = 5.24). Six of the 22 participants/groups switched between the ‘Quicksearch’
and the ‘Advanced Search’ feature at least once. These switches were typically
triggered by an unsatisfyingly long (switch to ‘Advanced Search’) or short result
list (switch to ‘Quicksearch’). In particular the latter occurred frequently—50 % of
‘Advanced Searches’ did not return results (18 % of ‘Quicksearches’ for comparison),
leading to frustration: “Via the ‘Advanced Search’, nothing came up at all” [i12].
Participants were often not aware of the difference between indexed keywords
(as expected by the ‘Advanced Search’) and free-form search terms. Half of them
expressed confusion why even common search terms would not retrieve any results.
This may be one of the reasons why 34 % of our participants found the OPAC
“cumbersome” to use, even though all but three had prior experience with it.

Participants initiated their search on the CollectionDiver typically via the search term token. In two study sessions, however, participants
started with the media type and one with the language token before specifying a
search term. In contrast to the OPAC, the CollectionDiver supports these different
entry points into searching the library catalog. The media type was used in combination with the search token(s) in 19 of the 22 study sessions; the year was used in nine
sessions and the language token in five. The author token was not used, probably
because of the search tasks’ character. In 19 study sessions at least two search
term tokens were combined in conjunction/disjunction depending on the result list;
four participants/groups combined three term tokens. In fact, 46 % of participants
explicitly stated that Boolean AND/OR operations were easier to understand on
the CollectionDiver than on the OPAC: “I think it is easier to get the AND/OR search.
Because. . . you see immediately: you put them together and now I search for both terms.
. . . I think it is faster to understand” [g22.A].

Search on the CollectionDiver

Participants’ frequent manipulation of search criteria on the table (M = 13.9 term
adjustments, SD = 10.5) was intertwined with an assessment of the results on the
vertical display. Here, participants’ strategies compare to those on the OPAC: they
scrolled through the result list, visually assessing media based on their title or covers,
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either directly or via the detail view. One major complaint about this assessment process was the lack of additional information about media items (content summary and
availability information) which are currently not shown due to structural problems
of the library catalog. This information was considered as crucial and its absence
a reason to not use the system. Furthermore, several participants bemoaned the
absence of keyword suggestions that the OPAC provides in form of filters alongside
the result list. All participants found the feature of printing a slip with an item’s
details very useful.
Only one of our participants had previously (very briefly) used the CollectionDiver
and most participants agreed that they needed the brief introduction we provided
as well as some time to become familiar with the system. However, after just a few
moments of interaction time, none of them had difficulties understanding how to
use it for searching the library catalog. That being said, all participants had visible
problems specifying search terms using the touch keyboard, caused partially by the
sensitivity of the touch display and partially by our keyboard design. All participants
expressed frustration about this usability issue, and for some this clearly added to a
negative impression of the installation altogether.
Despite these usability issues and the novelty of the CollectionDiver’s interaction
mechanisms, our observations show that participants’ search processes on both
systems were similar, and their statements confirm this: “I proceeded more or less
in the same way” [i18]. “I like the physical tokens, but they are basically just a
replacement of the query fields. . . . If I add a physical token to narrow my results, or
if I enter a term into a search field does not make much of a difference” [i17]. Even
a participant who felt less enthusiastic about the CollectionDiver stated: “Using the
CollectionDiver did not feel worse than the normal search system” [g6.A].
The fact that the CollectionDiver supports a similar search process than the OPAC is
remarkable considering its differing and, to participants, initially unfamiliar design
concept. Going one step further, our findings suggest that these design concepts, in
combination, positively influenced participants’ search experience. 18 participants
indicated a clear preference for the CollectionDiver as a search system and stated
that they would “definitely” use it as part of future library visits for reasons that we
will discuss in detail in the next section: “It is a huge advantage that it does the same
thing, but in a quite different way and with a more positive appearance” [g15.B]. Eight
participants generally preferred the search process through the CollectionDiver and
would use it at the library, if the usability issues with the touch keyboard get fixed,
and additional information about media items and their availability are shown. Of
the six participants who expressed a clear preference for the OPAC some generally
preferred using a physical keyboard. Others (frequent users of the OPAC) did not
see enough benefits in the CollectionDiver search or were thrown off by the fact that
it is currently only installed on the third floor of the library.
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Finding 1 Despite the differing design concepts users applied similar search
processes with the OPAC and the CollectionDiver. However, users stated that
AND/OR queries are easier to understand with the CollectionDiver, but that
important features are missing (keyword suggestions, additional information
about media items). Still, the majority of users preferred the CollectionDiver over
the traditional OPAC.

6.3.3.2 Q2 : Experienced Differences between the Systems
Below we discuss how the different design concepts of the two systems influenced
participants’ experience of the search process and their overall preferences.

Independent of their general preferences, all participants
commented on the CollectionDiver’s “visually pleasing,” “modern looking,” and “inviting” appearance. Three participants even described the design as visually “calming,”
commenting on the constant movement of bubbles from the horizontal to the vertical
display: “It is not grey and boring [compared to the OPAC]. I find the bubble effect
very calming” [i13]. In contrast, the OPAC was described as “old fashioned” or even
“boring,” and participants complained about its visual layout which, as they stated,
features a lot of information but in a slightly overwhelming, uninviting way. However, while the CollectionDiver’s visual appearance positively impacted participants’
overall impression of the system, our interviews show that visual aesthetics are not
the deciding element in visitors’ preferences; effective input mechanisms play an
important role—a weakness of the current version of the CollectionDiver: “It looks
pretty. It is prettier [than the OPAC], but if you have to constantly re-type, and it
doesn’t work, it becomes unnerving” [i2].
Design & Aesthetics

Finding 2.1 Most users preferred the aesthetics of the CollectionDiver. However,
the aesthetics of the interfaces were not judged as deciding element. Effective
input styles are more important which requires a major technical improvement
and redesign of the on-screen keyboard of the CollectionDiver.

Participants generally enjoyed interacting with
the physical tokens and the direct-touch displays which, as they stated, promotes
an approach to search which combines physical activity, tangibility, and direct
manipulation: “You are in it with your whole body. You are somewhat more physically
involved” [i8]. One participant pointed out how much he appreciated “this direct
handling and touching, directly communicating with the system” [g22.B]. Another
Tangible Interaction & Playfulness
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participant commented on the physical movement involved when manipulating the
tokens: “Personally, I find it positive, because I think that movement stimulates the
brain” [i21].
Many participants experienced the tangible tokens and the interface design of the
CollectionDiver as playful, illustrated in the following two statements: “It was fun
using the CollectionDiver because of the physical tokens. Because it is a little bit
playful” [g1.B]. And “this haptic aspect is very appealing. That you can move these
cubes around. In that way this is somehow fun” [g7.A]. This playful aspect was a
deciding element for many participants’ preferences of the CollectionDiver over the
OPAC: “It is just more fun with these tokens. If you have a little bit practice, and
this goes very fast, it is simply more fun. Much nicer” [i18]. Some participants even
pointed out that there is a motivating element in the playful interaction to further
explore the library catalog: “It is in particular the playfulness of the CollectionDiver
that motivates me to really search for more” [g15.B].
Interestingly, however, the playful aspect put off some participants who described
the CollectionDiver as “gimmicky”: “I just want to find a book. I don’t want to play
some games” [g11.B]. And “i find it too gimmicky. I am thinking of the adult visitors.
This one is suitable and very good for the children’s section. But I think adults would
expect a perfectly normal direct-touch display” [g4.A].
Finding 2.2 The playful interaction with the CollectionDiver is a deciding element
why many users prefer the CollectionDiver over the OPAC. This decision could
also be influenced by the introduced high-level goal of participants which is
either to solely discover findings, or to also enjoy the stay at the library.

While the OPAC and the CollectionDiver provide similar search and filter mechanisms, their presentation of these
features differs. Our findings suggest that the CollectionDiver’s large display and
its tangible/visual approach to specifying search criteria provides a better overview
of the search process and makes the influence of applied filters on search results
transparent. This, in turn, not only promotes a better understanding of how results
are generated but also an active approach to adjusting criteria throughout the search
process. In the following we first report on findings related to the visibility of filter
options and the specified search criteria, and second, on the transparency of the
search process in general.
Overview & Transparency of the Search Process

• Visibility of Filter Options and Specified Criteria: The OPAC and CollectionDiver
apply different design concepts to support the filter and search process (see
Table 6.1). The OPAC follows a layered approach where particular criteria
and filters have to be specified step-by-step. For example, the visitor first
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has to specify a search term before other filter options appear—these are
not visible in advance. In contrast, the CollectionDiver shows options and
specified criteria in a single flat view. Participants’ comments indicate that the
latter approach has advantages when it comes to 1) promoting an overview
of available filter options and 2) keeping track of specified search criteria, as
the following statements illustrates: “I can imagine that many will find this
easy to use, because you have these tokens and you can place them, and you
don’t have to search in this nested way” [g7.A]. Her partner added: “Yes, and
you see directly: ‘what did I specify already?’ It is more comprehensive with the
CollectionDiver. . . . I can imagine, that you rather get ideas yourself, how to
connect things, because you have the different tokens, and you can see: ‘Oh, yeah,
I can add this one, too’ ” [g7.B]. Another participant explained why the nested
approach of the OPAC is problematic: “If you enter another search term. . . you
have to open something new, and you have to specify the term. And in this way,
you do not have everything in one view” [i21]. The visibility of the specified
search criteria in the CollectionDiver paired with tangible interaction helped
participants to fluidly adjust their search criteria without much effort: “Yeah, it
is easier to search. Simply the question if you want an OR or AND connection. It’s
much easier, you can just do it and look what comes around” [g6.A]. In contrast,
adjusting search criteria in the OPAC was experienced as “cumbersome. I do
get all the information, but I cannot search for so many aspects at the same time,
as here [the CollectionDiver]” [i3]. That being said, the keyword filter options
that are targeted toward the specified search term(s) are a strong advantage of
the OPAC. The CollectionDiver lacks this feature, as stated earlier: “We did not
have any suggestions for keywords. That was a little bit disadvantageous” [g4.B].
• Transparency of Search Process: The CollectionDiver’s tangible and visual representation of filters in one view added transparency to the search process:
“You better understand what the program currently ‘thinks’ that it should do.
You can better restructure your search request. . . . In the OPAC you enter something and the thing spits out something. You have no indication of how the
algorithm actually works” [g6.A]. “You can understand ‘how does it narrow down
things?’ For me, that was interesting to see” [i12]. Participants mentioned that
even more complex search processes, such as conjunctions and disjunctions
of search terms, became easy to understand using the CollectionDiver. The
bubbles that connect the tangible tokens also added to this transparency which
promotes a flexible adjustment of search criteria, if necessary: “The course
of the bubbles shows you as well how the program connects things; the way of
filtering” [g6.A]. “I like that you get things visualized, with these bubbles, how
the search is executed, and what you have available. And that you can see this in
one view, how to narrow things and how to type in things and how to remove
[search criteria]” [i13].
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Finding 2.3 The single flat view of the CollectionDiver increases the transparency
of the search process and showed to be advantageous in terms of promoting an
overview of available filter options, keeping track of specified search criteria,
and allowing for fluid adjustment of the search criteria.

6.3.3.3 Q3 : Technical Setting: Large versus Small Display
While the CollectionDiver’s tabletop display helps to provide an overview of the
search process, there were mixed opinions about the presentation of search results
on a large vertical display. 22 participants indicated a preference for the large display
approach because visual information (e.g., book covers) can be shown on a larger
scale, and items in the result list are more readable. “You don’t need glasses” [g7.B],
as a more senior participant pointed out. Another participant explained: “You can
see more details at once” [g9.A]. However, some participants had quite the opposite
opinion: “The problem is, that this display does not provide a good overview. It is much
too large and much too close. . . . If I stand half a meter in front of a 1.5 meter display, I
can see nothing if I have 200 results there.” [g11.B] Three participants also criticized
the presentation of search options and results on two separate screens: “This looking
back and forth between top and bottom is a bit troublesome” [g6.A].
With its small display and layered information design, five participants thought that
the OPAC provides a better overview of search results: “You can see things better on a
smaller, more constraint area, and you are not distracted, because you can focus on just
that particular area” [i21]. That being said, navigating media items and adjusting
search criteria was found to be more problematic: “It was difficult with the back
and forth navigation. This was better here [in the CollectionDiver] because it all stays
visible” [g7.A].
Another concern about the CollectionDiver’s large result display is that of privacy.
30 % of our participants mentioned that they were well aware of their search results
being visible to other people and stated that they would be cautious of using the
CollectionDiver for more sensitive search topics.
Finding 3 A large result display comes with disadvantages like privacy issues or
the problem that not the entire display can be seen at one glance. A redesign
with a smaller result display seems to be a promising alternative.
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6.3.3.4 Q4 : Shared Experiences during Search
Analyzing the search strategies of our 10 groups (e.g., choice of search features and
sequences) did not reveal major differences to those of our individual participants,
although additional discussions of search criteria and media selections naturally
took place. With the OPAC, one group member typically controlled the keyboard and
mouse while the other supported the search process verbally. On the CollectionDiver
we observed more turn-taking and equal activity of both group members. This is
also reflected in participants’ statements. When asked if they noticed differences in
their search process, all but one group felt that, in contrast to the OPAC, the tangible
interaction and the large displays of the CollectionDiver facilitated shared search
more. The large displays provide an awareness of the partner’s interactions and
space for more collaborative search processes where both group members can be
actively involved in specifying and modifying search criteria: “You can better see what
the partner is doing. . . . I think, you can work together in a better way. . . . Because it is
bigger, you can stand next to each other and everyone can also type a little bit” [g7.A].
“On the computer, one has control of the mouse. On [the CollectionDiver], you can
walk up with two or three people and everyone can do something. The other one is
more like ‘I do, and you watch’ ” [g20.A]. The shared specification of search criteria
can be particularly important if both group members have different ideas about the
topic or the search strategy. One group stated that their search approaches at the
library differ: one partner likes to specify their search criteria, the other applies
a more open-ended approach, narrowing results more gradually. Using the OPAC,
one partner took control of mouse and keyboard and therefore decided how they
would approach the search. She explained: “I took over the keyboard and that was
it. You don’t tend to say: ‘Now I will type in a word, and then you can type a word
again.’ There [with the CollectionDiver], you do this really together” [g22.A]. Another
advantage of the shared access to search tokens is that visitors can help each other if
interaction problems arise: “I mistyped a word a couple of times. I would have deleted
the whole word, and re-typed it, because I found it too finicky. But she just touched
[the text field] and deleted the letter that was wrong and corrected it. And that went
relatively well” [g22.B].
These findings indicate that the CollectionDiver facilitates shared media searches
among small groups. However, one participant mentioned that even on the CollectionDiver, shared interactions were not without problems: again, the separation
of search criteria on one display and results on the other can cause interfering
interactions between group members: “It can be easier on the [OPAC], because there
is only one display that you are focusing on. While with the [CollectionDiver], if one is
looking at the upper display, and the other does something on the lower display [the
table], you are not really aware of it” [g19.B].
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For public libraries that are often frequented by families promoting shared search
experiences is particularly important. Our observations and participants’ statements
suggest that the CollectionDiver is child-friendly and supports shared searches among
small families. When the group with the 4-year-old searched for media items on
the CollectionDiver [the parents deliberately chose the children’s book scenario], the
young girl was actively involved in the assessment and selection process, pointing
out media items that she liked and wanted her parents to print out (see Figure 6.11).
While her parents were reading out the titles for her, she was able to see the cover
images and therefore could participate in the assessment process. In contrast, when
her parents searched for child-oriented travel books on the OPAC, she showed
no interest in participating. While this disinterest may be topic-dependent, the
computer terminal, which was difficult for her to see or reach, did not raise her
curiosity. She clearly showed more interest in the CollectionDiver’s touch displays
and the tangible tokens. Her parents stated that they would definitely continue to
use the CollectionDiver when searching for books together with their daughter in
the library. While these observations are promising, future studies need to further
investigate the suitability of the CollectionDiver for children, including different age
groups.

Fig. 6.11: Small family engaged in shared search on the CollectionDiver.

Finding 4 The large displays of the CollectionDiver and the tangible interaction
facilitate shared search by providing an awareness of the partner’s interactions
and allowing all group members to be actively involved in specifying and modifying search criteria.
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6.3.3.5 Q5 : Learning How to Search Systematically
As discussed, participants found the representation of the search process on the
CollectionDiver to be more transparent and “accessible” [i17], compared to the
OPAC. Nine participants explicitly explained that they thought the system would
be, potentially, more suitable for children who are just learning to systematically
search for books or other media: “I deem it for more suitable for children. It is simply
fascinating to see: I put the token here and it goes from 100 down to 20. And then I
take it away, and I have all options again. . . . I think if you make that clear on the
CollectionDiver you can also say: ‘And the same happens here in the catalog, you just
have to do it like this and like that’ ” [i17].
Three of our participants (2 adults and one 13-year-old girl) had no experience with
either search system. All three of them thought that both systems require some
instructions and practice, but all stated their preference of the CollectionDiver and
that they would use it in the future. The girl explained: “I knew what I had to do, but
I like this one better. . . . It is more fun the way I can take [a token] into my hand and
place it [on the display]” [g9.B]. We need to further investigate this potential of the
CollectionDiver to teach novices the principles of systematic search in the future.
Finding 5 Both search interfaces require an introduction and practice but the
CollectionDiver is preferred by novice users.

Table 6.3 summarizes the strengths of the OPAC and the CollectionDiver. Aspects
that could be easily applied in the other system are put in round brackets. For
example, not surprisingly, providing additional information about media items and
efficient input mechanisms is essential for a library search system, however, these
current weaknesses in the CollectionDiver can be easily addressed as part of future
design iterations. Other aspects can be considered as potential advantages of the
CollectionDiver, but were found to be slightly controversial and are therefore marked
with an asterisk.

6.3.4 Discussion
We set out to explore how an alternative in situ library search system could be
designed to support systematic media search through reality-based interaction (G1 ),
promote transparency of the search process (G2 ), bridge the physical and digital
information spaces (G3 ), and facilitate shared search experiences among small visitor
groups (G4 ). In the following we discuss if and how the CollectionDiver’s design
concepts (see Table 6.1) address these goals, and the questions our case study raises
for the integration of alternative search systems in public libraries.
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Tab. 6.3: Listed strengths (+) of the OPAC can be considered as weaknesses of the Collec-

tionDiver and vice versa. The (*) marks controversial aspects.

OPAC
+ Additional information about media items
+ Efficient input mechanisms
+ Rich filter suggestions
CollectionDiver
+ Appealing design & visual aesthetics
* Tangible tokens promote playful interactions
+ Overview of search criterial & process
+ Flexible adjustment of search
+ Transparency of search process
* Overview of search results through (split) large displays
+ Support of shared search experiences
* Suitable for children
+ Ability to print item info
– Privacy concerns

6.3.4.1 G1 : Making Systematic Media Search Accessible
Our findings indicate that the CollectionDiver is successful in making media search
accessible. It promotes an understanding of how to conduct media search in a
systematic way, even to visitors with little experience in common search systems
(e.g., the OPAC). The tangible filter objects and the proximity-aware query creation allowed users to draw from their knowledge about Naïve Physics, their Body
Awareness and Skills, and their Environment Awareness and Skills for the Individual
Interaction with the CollectionDiver. In addition, the concept of the filter pipeline is
visually represented and in line with image schemas as “recurring, dynamic pattern of
perceptual interactions. . . that gives coherence and structure to our experience” [152].
The visualization of the CollectionDiver aimed at making the structure underlying
the query generation transparent. The visual and tangible representation of filter
options further facilitates informed decisions about adjusting search criteria. In fact,
the visual design of the CollectionDiver, promotes more versatile searches, where
participants felt compelled to adjust their criteria for further explorations. Previous
work on promoting generous approaches to collection interfaces [314] and serendipitous discoveries [289] support this argument. However, our concept needs to be
expanded to integrate recommendation mechanisms, for example, in the form of
keyword suggestions, to fuel associative thinking and creativity—important factors
when it comes to open-ended search [288]. Last but not least, while our playful
approach to interaction design added to the accessibility of the systematic search
process and to participants’ motivation to further explore the library collection, some
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participants clearly prefer a more pragmatic search approach, that is more in line
with the design of the OPAC.

6.3.4.2 G2 : Promoting Transparency of the Search Process
Transparency of the search process is important to promote more proactive and
in-depth searches and is also crucial when it comes to teaching people how to
search systematically—a key skill to critically engage with today’s vast information
sources. Despite participants’ familiarity with the OPAC, our findings show that
the CollectionDiver through combined visual and textual presentation of filters,
better provides an understanding of media filtering. This transparency is further
supported by the flat information structure which keeps currently active search
criteria and filters visible at all times and allows opening details of media items
within the wider context of the result list, enabling a lightweight assessment process.
The large displays which enable the layout of different search criteria in one view
facilitate this approach. The transparency of the search process facilitates the users
Individual Interaction but also the Social Interaction as it increases awareness and
can form the basis for discussion. While the tangible tokens and interaction design,
by promoting playful interactions, added to the accessibility and active approaches
to systematic search, these aspects do not seem to be crucial when it comes to
promoting transparency. Instead, the visual clarification of the search process is
key. Therefore, other types of visual designs, e.g., based on visual, but non-tangible
representations of search filters even on smaller direct-touch displays (see e.g., [251])
may present alternative solutions. Similarly, future research needs to investigate the
impact of presenting search criteria and the result list in an integrated rather than a
split view.

6.3.4.3 G3 : Bridging Digital and Physical Information Spaces
Previous work and our contextual inquiry revealed that library visitors, in situ, do
not use traditional OPAC interfaces for extensive searches but quickly branch off
to the shelves which promote more pleasurable exploration experiences [197]. In
contrast, our findings suggest that the CollectionDiver promotes an enthusiastic and
proactive approach to systematic in situ library search. Again, the flat information
structure which facilitates navigating the search and information space spanned
by the library catalog plays a key role here: “The interface is directly manipulable,
you don’t have to click around, everything is on one surface” [g22.B]. Similarly, the
presentation of search criteria as discussed above helps people to understand how
search results are generated which, when paired with the playful interaction design,
can motivate people to adjust or expand their search: “I definitely found it motivating.
. . . ‘Ok, I will look further here, and here, too.’ On the OPAC, I was rather glad that I
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could get away to the shelves where I can look at the books” [g15.B]. These strengths
of the CollectionDiver can motivate library visitors not only to browse the shelves
but also to use a more systematic approach when they have the high-level goal of
enjoying the library collection. Whereas visitors often limit themselves by browsing
similar physical areas of the library, the CollectionDiver allows for exploring the entire
media catalog. The integration of the CollectionDiver into the Physical Environment
in combination with the functionality to print a slip with all of the information
necessary to find a media item at the library allows for smooth transitions between
the digital and physical information space. This concept could be further extended
by also facilitating a smooth transition the other way around, i.e., from the physical
to the digital. One example could be that the user is able to place a physical book
(which typically contain a RFID chip) on the display of the CollectionDiver. Based
on this initial media selection by the user, a preset filter pipeline can be provided
which can be further adjusted by the user. Such a query by (physical) example could
facilitate the users’ Workflow and the transition between the physical and the digital
space of the library. To that point the CollectionDiver is a singular installation which
is integrated into the Physical Environment of the public library of Cologne. The
visual appearance is that of being embedded in a large pedestal situated in the center
of the floor. In order to foster the smooth transition between physical and digital, as
pointed out above, this single installation is not enough, but terminals have to be
provided throughout the library. Different technical settings could support different
domain situations, like large-display terminals for shared search, and small-display
terminals to address privacy issues.

6.3.4.4 G4 : Facilitating Shared Experiences
We have shown that the CollectionDiver’s tangible interaction and large displays
facilitate shared search experiences among dyads and even among parents and
their young children. As suggested by previous work on co-located, collaborative
work [267], and search [149, 199, 233], presenting search criteria and filters as
well as search results on a large display helps group members to maintain a general
awareness of the search process. We found that children, even if too young to set
search criteria themselves, can at least be involved in the assessment process of
media results, if these are shown on a large display. Furthermore, providing interaction techniques that enable the individual and independent control of individual
search criteria and filters facilitates a shared approach to their specification and
modification, which can, in turn, promotes discussions about the search process.
Especially the physical tokens provide the means for users to make use of their Social
Awareness and Skills for the shared search. The visual presentation of connections
between search criteria and filters and how these affect the result list can facilitate a
transparency which further facilitates shared experiences. However, the question of
the impact of using multiple displays for presenting the search process and results
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remains an area for further research. Our results suggest that this can lead to a lack
of awareness and, in turn, interfering interactions among group members.

6.3.5 Limitations
Although we conducted an in situ evaluation we still controlled the environment
quite strongly. Participants were previously invited to participate, received an
introduction to both interfaces and got predefined search aims. We therefore did
not evaluate the CollectionDiver as a walk-up-and-use interface. With the chosen
evaluation setting, we are further not able to judge the objective quality of the search
results or the efficiency in terms of time needed when using the CollectionDiver
compared to the OPAC.

6.4 Synthesis
With the CollectionDiver we have presented a new approach to supporting systematic,
in situ library search, by combining tangible and large display direct-touch interaction with visual representations of filter connections. Our qualitative, comparative
study shows that, while the CollectionDiver enables a similar search process to a
typical OPAC interface, it positively influences participants’ experience and engagement in the search process. The design concepts, namely a flat information design,
playful tangible interaction, the visual, and textual representation of search criteria,
and the large display technology (1) makes systematic search easier to understand
and, therefore, more accessible, (2) promotes active and engaged approaches to
search by catering for a transparent search process, (3) bridges the digital and
physical information space of libraries by providing smooth transition points in the
workflow, and (4) facilitates shared experiences. Weaknesses of our current design
approach include the lack of detail information about media items, the inefficient
direct-touch text entry mechanisms, the lack of filter suggestions, and potential
privacy concerns that search on a large display system raises. The playful interaction
design and the display layout that separates search criteria and result space came
out as controversial aspects. Our discussion of the CollectionDiver’s design concepts
stimulates new ideas toward supporting engaging approaches to systematic search
in the library context and beyond. Future studies could explore how these concepts
apply to other public information spaces such as museums.
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Idiom: CollectionDiver
The CollectionDiver supports systematic, in situ library search by combining
tangible and large display direct-touch interaction with visual representations of
filter connections. The CollectionDiver makes systematic search more accessible,
motivates proactive approaches by adding transparency to the search process,
and facilitates shared experiences.

What: Data
The CollectionDiver support large (metadata) datasets like media collections
in public libraries that contain categorical and ordered attributes.
Why: Tasks
The CollectionDiver is designed to facilitate systematic search in large datasets.
It aims at users having the high-level goal of solely discovering media items
and also at those wanting to enjoy the search for media. Search with the
CollectionDiver allows for locating known items and exploring the media
collection for previously unknown items.
How: Tangible/Touch Interaction & Image Schema based Visualization
Tangible user interface: The tangible input style allows for easy access to the
search interface and a playful interaction.
Query visualization: The visualization of the query through a visual and
tangible filter pipeline makes the search transparent and provides the
means to more easily create and adjust queries or understand queries at
hand.
Support of boolean logic: Using token proximity to create conjunctions or
disjunctions respectively provides the means to easily create complex
queries.

6.4 Synthesis
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Abstract
In this paper we propose Mixed Reality (MR) interfaces
as tools for the analysis and exploration of healthrelated data. Reported findings originate from the
research project “SMARTACT” in which several
intervention studies are conducted to investigate how
participants’ long-term health behavior can be
improved. We conducted a focus group to identify
limitations of current data analysis technologies and
practices, possible uses of MR interfaces and associated
open questions to leverage their potentials in the given
domain.
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Introduction
Figure 1. Collaborative Mixed Reality (MR) experience with MR tablets
[18]. Two collaborators can explore digital information which is
integrated in their physical environment and represented as virtual
objects.

Mixed Reality (MR) is defined as the “merging of real
and virtual worlds” on a display [17]. Thereby MR
displays create the illusion as if virtual objects were
situated in the same physical space [18] (Figure 1).
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Figure 1. Augmented Reality above the Tabletop (ART) is designed to facilitate the collaborative analysis of multidimensional data. A 3D parallel
coordinates visualization in augmented reality is anchored to a touch-sensitive tabletop, enabling familiar operation.

ABSTRACT

Immersive technologies such as augmented reality devices
are opening up a new design space for the visual analysis of
data. This paper studies the potential of an augmented reality
environment for the purpose of collaborative analysis of multidimensional, abstract data. We present ART, a collaborative
analysis tool to visualize multidimensional data in augmented
reality using an interactive, 3D parallel coordinates visualization. The visualization is anchored to a touch-sensitive
tabletop, benefiting from well-established interaction techniques. The results of group-based expert walkthroughs show
that ART can facilitate immersion in the data, a fluid analysis
process, and collaboration. Based on the results, we provide
a set of guidelines and discuss future research areas to foster
the development of immersive technologies as tools for the
collaborative analysis of multidimensional data.
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A large amount of research and productive systems (e.g.,
Tableau or Spotfire) alike show the value of interactive visualizations for analyzing complex data. In terms of interaction style, corresponding systems follow different approaches
ranging from classical desktop systems, to touch interfaces
for small screens supporting support mobile applications, to
large, interactive screens that facilitate co-located collaboration. With the rapid development of new, immersive display,
and input technologies and the recent commodification of virtual reality (VR) and augmented reality (AR) head-mounted
displays (HMDs), the already broad design space for interactive visualizations has been extended once more. Recent
research focused on how VR and AR technologies can be instrumental in supporting complex data analysis scenarios [12].
Unlike traditional desktop systems, these technologies provide the means to visualize complex information in a physical
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Navigating visual representations (see Chapters 4 and 5) and filtering data (see
Chapter 6) are only two of multiple operations required when analyzing data. Therefore, analysis tools typically offer many features and system functionalities which are
required especially to provide the means for analyzing complex high-dimensional
datasets. This feature-richness includes, among other things, allowing for selecting
the data to be visualized, changing the mapping of visual variables, ordering the
data, partitioning or clustering the data, and changing the aggregation level of the
visualized data (see Section 3.2 for an overview of common visual encoding and
system functionalities). This required feature-richness of visual analysis tools in
combination with the fact that “in visualization research, the visual representation of
the data is the primary concern, and fewer visual resources are devoted to the graphical
interface” [292] can lead to the problem of “drowning in functionality” [73], “where
options have to be found in multi-step hierarchical menus or between multitudes of
buttons, checkboxes, and other widgets” [175]. In addition, visual data analysis tools
often deal with multi-dimensional data, whereas the mapping of multi-dimensional
data tasks to 2D widgets is not necessarily natural [175]. An example where this
becomes evident are widgets for navigating 3D information spaces [73]. The aim of
the research presented in this chapter is to facilitate the interaction with feature-rich
tools for the analysis of multi-dimensional data. The research question addressed in
this chapter therefore is:

172

Chapter 7 Analysis of High-dimensional Data with Augmented Reality and
Touch Interfaces

RQ3 : How can Reality-based Idioms be designed to facilitate the interaction with
feature-rich analysis tools for multi-dimensional data while not occupying
the space required for the visual representation of the data?
Taking the analysis of multi-dimensional, health-related data as an example, this
chapter explores AR interfaces that leverage users’ bodily and social abilities as
a means to facilitate the interaction with feature-rich analysis tools. The chapter
begins with an analysis of the domain situation which can be briefly described as
the collaborative analysis of multi-dimensional, health-related data. It further gives
an overview of related work targeting the design of multi-dimensional visualizations
for desktop, AR, and VR environments and reports on previous works on facilitating
the interaction in these environments, and how they support collaboration. Based
on this analysis, design goals (O1 ) are derived. This is followed by the proposition for a Reality-based Idiom (O2 ). We present the Augmented Reality above the
Tabletop (ART) system including its underlying technical setting (see Figure 7.1).
ART visualizes multi-dimensional data in AR using multiple scatter plots with linked
data points, creating a 3D parallel coordinates visualization. The visualization is
anchored to a touch-sensitive tabletop, enabling familiar and fluid operation. Subsequent to the description of ART, the chapter reports on two group-based, expert
walkthroughs, within which experts from the domains of behavioral and nutritional
sciences evaluated the ability of ART to facilitate the collaborative operation of a
feature-rich analysis tool and therewith analyze clusters, trends, and outliers in
multi-dimensional data. The evaluation results (O3 ) revealed that the AR environment allows for comprehensive visualization of large multi-dimensional datasets,
that combining the visualization in AR with familiar touch operation allows for easy
and fluid interaction with feature-rich systems, and that collaboration can benefit
from the physical navigation enabled by AR environments. The chapter closes with
a summarizing description of the Reality-based Idiom (O4 ) ART.

Fig. 7.1: Augmented Reality above the Tabletop (ART) is designed to facilitate the collabo-

rative analysis of multi-dimensional data. A 3D parallel coordinates visualization
in Augmented Reality is anchored to a touch-sensitive tabletop, enabling familiar
operation.
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7.1 Analysis: High-dimensional Immersive
Visualizations
Many research and productive systems (e.g., ‘Tableau’ [276] or ‘Spotfire’ [137]) alike
show the value of interactive visualizations for analyzing complex data. Corresponding systems range from WIMP interfaces controlled with mouse and keyboard to
post-WIMP interfaces for small touch screens used for mobile devices (e.g., ‘Tableau
Mobile’ [277] or ‘SmartFood’ [51]), or large touch screens that facilitate co-located
collaboration (e.g., ‘Cambiera’ [140] or ‘Facet-Streams’ [149]). With the rapid
development of new, immersive display and input technologies and the recent commodification of VR and AR Head-mounted Displays (HMDs), the already broad
design space for interactive visualizations has been extended once more. Recent
research focused on how VR and AR technologies can be instrumental in supporting complex data analysis scenarios [7]. Unlike traditional desktop systems, these
technologies provide the means to visualize complex information in physical space,
allowing a large amount of data to be investigated simultaneously [78]. In addition,
immersive technologies “can facilitate the visual perception of users in a natural way,
which, in turn, helps them quickly identify areas of interest, meaningful patterns,
anomalies, and structures between artifacts” [215].
Our analysis of immersive visualizations investigating multi-dimensional data is
based on a focus group and a literature review with the aim to frame the field of
investigation [296]. This section first provides a description of a domain situation
which serves as example throughout this chapter. The description of the domain
situation can be considered as a summary of results gained through a focus group
conducted with domain experts in the context of health intervention studies. This
is followed by related work about how to design (immersive) multi-dimensional
visualizations and how to interact with them.

7.1.1 Domain Situation
Our research was conducted in collaboration with behavioral and nutritional scientists who intend to collaboratively analyze data collected through mobile intervention
studies. To get better insight into the domain situation, we conducted a focus group
with these domain experts. The participants of the focus group consisted of seven
domain experts (health psychologists and biological psychologists) and four interaction designers. The focus group took about 2 hours. First, a typical dataset resulting
from an intervention study was analyzed. Then, example analysis scenarios and associated visualization and interpretation steps were examined (approx. 45 min). In
addition, the limitations of systems and approaches currently in use were discussed.

174

Chapter 7 Analysis of High-dimensional Data with Augmented Reality and
Touch Interfaces

Next, interaction designers provided a demonstration of several immersive technologies like HMDs (HTC Vive [125]), and AR tablets (Google Project Tango; approx.
30 min). Afterward, leverage points where immersive analysis interface can play its
strength and how they might enhance current visual data analysis approaches were
discussed (approx. 45 min).
The focus group showed that typical datasets in the domain situation consist of items
from several hundred participants who tracked their food intake and contextual
information over the course of several weeks. The example dataset discussed in the
focus group contains information on 200 participants who tracked their food intake
during five weeks. This results in 20,000 items where each item represents one
meal. A meal item has about 80 attributes (also referred to as dimensions) ranging
from individual food items contained in the meal, to contextual information like
the location where the meal was consumed, related outcomes like Body Mass Index
(BMI) and demographic information about the participant. Based on the collected
data, the scientists seek to understand what people do (behavioral patterns), why
people do what they do (psychosocial and contextual behavioral triggers), and when
people do what they do (timing of behavior and triggers) [93, 115]. These three
aspects form a participant’s high-dimensional behavior signature. A central goal of
the scientists is to understand such behavior signatures. As part of their analysis
they seek to identify relations between the integrated attributes, how an individual
signature changes over time, and if there are correlations and similarities between
behavior signatures of groups of people.
The described analysis aims can be transferred to many other domains in which
high-dimensional, abstract data has to be analyzed. On a more general level, the
aims of the analysis can be summarized as follows:
• Identification of high-dimensional clusters (e.g., persons with similar behavior
signatures) and their correlation to related outcomes (e.g., BMI, blood level);
• Investigation of high-dimensional data on multiple aggregation levels (e.g.,
participant, day, meal);
• Analysis of chronological trends within the multi-dimensional data (e.g.,
change of BMI over time);
• Identification of outliers in the data (e.g., behavior signature that differs from
all others).
Our focus group further showed that experts face difficulties analyzing the large,
multi-dimensional datasets. Two of the main issues mentioned by the domain experts
are the limited space to visualize all needed information simultaneously, and the
high complexity when analyzing relations between more than two attributes. They
further mentioned not being able to fluidly switch between different aggregation
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levels which is a crucial part of the analysis. Finally, domain experts mentioned
needing additional support of collaborative scenarios.
One reason for these issues is probably that the domain experts are not using the
right tools or that they do not have the required experience in how to make use of
visualization suites like ‘Tableau’ [276] or ‘Spotfire’ [137] to their fullest extent. Still,
the issues identified in the focus group are seen as leverage points where immersive
technology can make use of its strengths and improve the analysis.
In terms of the Model for Reality-based Idiom Design the domain situation considered
for this research can be described as shown in Figure 7.2. The health-related data
to be analyzed, which was collected through intervention studies is available in
the form of high-dimensional tables. The tables are high-dimensional, because
intervention studies typically aim for collecting a holistic picture of the participants’
behavior. The attributes of each item within the table are either categorical or
ordered (ordinal and quantitative; see data abstraction in Figure 7.2). Each item in
the table corresponds to one meal consumed by a participant. A categorical attribute
is, for example, the meal type. A quantitative attribute is, for example, the portions
of grains contained within the meal. The analysis aims of domain experts are very
broad. Experts search for targets in the data in order to explore individual targets,
compare different targets, or get an overview of all targets. Typical targets are trends,
outliers, and domain-specific features, e.g., behavior signatures or clusters of similar
behavior signatures. Domain experts further aim at the exploration of distributions
and extreme values, as well as dependencies and correlations between attributes (see
task abstraction in Figure 7.2). These extensive analysis aims require the analysis
tool to be feature-rich, which means that it allows, for example, navigating the
visual representation, selecting attributes, rearranging, filtering, or highlighting the
data.
According to the Model for Reality-based Idiom Design and the framework of Blended
Interaction, the important domains of design for the domain situation can be described as follows: The efficient analysis of multi-dimensional, health-related data
requires especially the consideration of the Individual Interaction with the analysis
tool as an important domain of design. However, as the focus group showed, the
analysts also would like to see better support for the collaborative analysis. This
requires further consideration of the Social Interaction as a crucial domain of design
(see domains of design in Figure 7.2). Although the Workflow as domain of design is
especially essential when analyzing data collected through intervention studies, this
is a very broad topic and exceeds the scope of this research. Typically, analysis range
from the data preprocessing, the visual exploration, to the statistical analysis and
the preparation of results for publication. Also, the Physical Environment can play an
important role as a domain of design, especially when aiming for AR environments,
but is not the focus of this research.
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Fig. 7.2: Description of the domain situation in terms of a data and task abstraction and

identification of the most important domains of design.

7.1.2 Related Work
This work investigates the potential of immersive technologies for the purpose of
collaborative analysis of multi-dimensional data and refers to the following research
areas: (1) approaches to the visualization of high-dimensional data, (2) immersive
visualizations and how they deal with high-dimensional, abstract data, (3) interaction
with immersive environments, and (4) collaborative, immersive data analysis.

7.1.2.1 High-dimensional Visualizations
Elmqvist et al. presented ‘ScatterDice’ [86], a desktop visualization tool for the
interactive exploration of multi-dimensional data based on a large 2D scatter plot.
The attributes in the plot can be changed by navigating a scatter plot matrix which
displays all item attributes contained in the dataset. ‘ScatterDice’ additionally allows

7.1

Analysis: High-dimensional Immersive Visualizations

177

query sculpting, where a selection of items in one plot is reflected and can be manipulated in other plots the user navigates to. ‘GraphDice’ [24] is based on the same
mechanism but uses node-link diagrams instead of scatter plots. ‘VisLink’ [66] is a
multi-relationship visualization and supports the display of multiple 2D visualizations
which can be freely arranged in a 3D environment on a desktop computer. Adjacent
visualizations are connected by bundled edges which allow for cross-visualization
comparisons. The main contribution of ‘VisLink’ refers to its capability for displaying
inter-representational queries. The propagation of edges over multiple visualizations
can reveal patterns based on the 2D spatial structure of the individual visualizations.
Vlaming et al. [303] extended ‘VisLink’ with a multi-touch, virtual mouse to provide
fine-grained interaction for using interactive visualizations on a multi-touch table.
‘Caleydo’ [181] applies a similar concept of linking 2D visualizations with each other,
but reduces complexity by using a metaphor for a view arrangement where related
views are rendered on the inner sides of a square bucket. The abandonment of free
navigation limits the perspectives that can be taken on the visualizations but also
reduces the cognitive load during navigation. Fanea et al. [91] presented ‘Parallel
Glyphs,’ an interactive integration of a parallel coordinates visualization and star
glyphs. ‘Parallel Glyphs’ therefore provides the means to display multiple attributes
for each item.
In summary, previous work for desktop computers showed that linked 2D visualizations provide the means to visualize high-dimensional data in a 3D space. The
interactive visualizations often allow for changing the perspective on the data by
navigating the 3D scene. But the navigation of a 3D information space with an interface that is optimized for 2D interaction is also one of the big challenges, because
the input device at hand offers only 2 Degrees of Freedom (DOF) where 6 DOF are
required [33].

7.1.2.2 Immersive Visualizations
Several kinds of visualizations have been investigated for VR and AR environments.
A large body of work studied scientific visualizations1 and showed that immersive environments can improve the effectiveness of these visualizations [166]. Examples can
be found in domains such as brain tumor analysis [325], diagnostic radiology [279],
archeology [19, 98, 259, 275, 284], meteorology [326], and geographic information
systems [21]. These visualizations, however, are domain-specific and their applicability to other domains is limited. Other researchers investigated less domain-specific
visualizations like 3D scatter plots [78, 193, 234, 246], link graphs [17, 23, 70,
80], and parallel coordinates [246]. These works report on several benefits of
1
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immersive environments for information visualizations. Raja et al. [234] developed
a 3D scatter plot visualization for a Cave Automatic Virtual Environment (CAVE)2
environment and identified benefits of higher immersion when analyzing distances,
trends, clusters, and outliers. Belcher et al. [17] revealed that a tangible AR interface
is well suited to link analysis. Ware and Franck [307] showed that depth and motion
cues provide large gains in spatial comprehension and accuracy when analyzing 3D
graph links in VR. Cordeil et al. [69] introduced ‘ImAxes,’ a VR system for exploring
multivariate data. The user can manipulate and position single axes like physical
objects in a VR environment. Depending on the proximity and relative orientation,
the axes are automatically linked to multi-dimensional visualizations. The linked
axes correspond to well-established visualization types, such as 3D scatter plots
and parallel coordinates, but can also result in complex, emergent graphs like 3D
parallel coordinates or 3D scatter matrices. This allows for a high degree of flexibility
in terms of the visualizations that can be created, but at the same time requires
the user to have knowledge about suitable visualizations and the corresponding
arrangements of axes. Another work by Cordeil et al. [70] took a more technical
point of view and compared a CAVE environment with HMDs in terms of the collaborative analysis of network graphs. Whereas the accuracy of the analysis and the
affordances for the communication did not differ between the two technologies, the
HMDs lead to a lower task completion time.
In summary, previous work showed the suitability of immersive environments for
information visualization and demonstrated that HMDs can provide similar benefits
as extensive CAVE setups. In terms of visualizing abstract data in immersive environments, research is mainly limited to three graph types: 3D scatter plots, link graphs,
and parallel coordinates. Recent research [69] showed the potential of immersive
environments to making emergent 3D graphs or combinations of known graph types
experienceable.

7.1.2.3 Interaction with Immersive Environments
The interaction with visualizations in immersive environments is still an issue, in
particular given that “exploration and analysis are most strongly supported when
combining the best possible visual representations with the best possible interaction
techniques” [187]. Most commonly, spatially aware input controllers (e.g., HTC Vive
Controller [125]) or freehand gestures (e.g., with Leap Motion [174]) are used.
However, these input techniques suffer from the “touching the void” issue [36]. More
recent research in the field of immersive visualizations considered the combination
of immersive display technologies like HMDs or CAVEs with touch interaction as an
input style. Multi-touch devices can provide haptic feedback to the user which is
of high importance for both real and virtual environments [242]. Whereas HMDs
2

We refer to CAVE as the generic type of virtual environment systems described in [72].
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and stereoscopic displays facilitate depth perception and thus offer a high level
of visual immersion, touch-based interaction provides high immersion due to an
immediacy of the interaction [187]. Several research projects investigated the
combination of AR devices with multi-touch tables to perform object positioning
tasks [18, 20, 109, 283]. Hachet et al. [109] presented ‘Toucheo,’ a system which
used a mirror-based display to visualize 3D objects above a multi-touch table.
In a user study, the interaction through well-known 2D metaphors on the multitouch table received positive feedback in terms of user experience. However, the
system limits users’ freedom to move around. Sousa et al. [279] applied a similar
approach for the analysis of medical images. Their VR setting combined an HMD
with a touch-sensitive table. To manipulate the medical image, virtual controls
were mapped to the table in VR. Unlike mid-air controls, this setting provides the
advantage that mapping controls to physical objects provides somesthesis feedback
and therefore leverage users’ Body Awareness and Skills. López et al. [187] combined
3D visualizations on a stereoscopic wall display with touch-based navigation on a
tablet device. They identified a set of interaction modes and a workflow that helps
users transition between these interaction modes. Coffey et al. [65, 64] proposed
‘Slice WIM,’ a combination of a vertical stereoscopic wall display to visualize medical
volumetric data and a monoscopic horizontal multi-touch display which provides
interaction widgets. This setup creates the impression that the 3D object is hovering
above the table. In a first evaluation, users quickly learned the relation between the
tabletop and the 3D content hovering above.
In summary, previous research has combined multi-touch interaction with immersive
technologies and showed that interaction benefits from somesthesis feedback and
familiar touch operation. However, previous work focused on the combination
of immersive technologies with touch to either position objects or to navigate 3D
scenes. The linking between a feature-rich interactive graph visualization on a touch
table and a visualization in AR may support fluid interaction, but has not been
investigated yet.

7.1.2.4 Collaborative Immersive Data Analysis
Decision-making based on data analysis is often the result of a collaborative effort [112, 139, 215]. VR and AR environments seem to naturally support collaboration [70] as they provide the means to create a shared environment where
collaborators have a sense of each other’s presence. Some research has investigated
the influence of immersive environments on collaboration [19, 25, 70, 78, 80, 98,
211, 259, 284]. Billinghurst and Kato [25] pointed out that collaboration can
especially benefit from AR environments, because they can decrease the cognitive
and functional load on the user. The project ‘Studierstube’ [98, 259, 284] provides
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an AR environment in which users can collaboratively explore virtual objects situated in the space between them. The advantages of this AR setting are that users
can interact with the real and virtual worlds simultaneously, that spatial cues are
provided, and that natural collaboration is facilitated which leverages users’ Social
Awareness and Skills. In a manner similar to this project Benko et al. [19] developed
a collaborative mixed reality system for an off-site visualization of an archaeological
dig. Domain experts appreciated the combination of a 3D visualization of objects
visible through HMDs with additional contextual information visualized in 2D, as
well as the multi-modal interaction in terms of touch-input on a multi-touch table,
speech, and 3D hand gestures.
In summary, previous work showed great potential of immersive environments for
collaboration, whereby, in particular, AR environments can provide the means to
facilitate natural communication and coordination between users.

7.1.3 Design Goals
Based on the focus group with domain experts and previous findings identified
through the literature review, we derived a list of three design goals that guided the
design of ART with the aim to support the domain situation at hand:
G1 3D Visualization in AR: 3D visualizations showed to be a promising approach
for the visualization of high-dimensional data (e.g., [86, 66, 181]). Previous
work also showed the potential of AR environments for data visualization and
analysis [17]. Benefits are that AR environments support humans’ perception
through stereoscopic vision and provide large spaces for displaying information.
In addition, the interaction is grounded in the physical world which can
leverage users’ Body Awareness and Skills and their Environment Awareness and
Skills for changing the point of view on the virtual representation in terms of
navigating the physical space.
G2 Familiar Touch Operation: Interaction is an important part of most visualizations. Feature-rich systems allow, for example, for filtering and clustering the
data [86], or adding, removing, and rearranging the attributes [66, 91]. While
the benefits of AR have been established and the technology has matured, it is
still an open challenge to provide fluid interaction for immersive data analysis
scenarios with complex and feature-rich visualizations in AR environments. In
this context, fluidity can be described as “an elusive and intangible concept characterized by smooth, seamless, and powerful interaction; responsive, interactive
and rapidly updated graphics; and careful, conscientious, and comprehensive user
experiences” [88]. The combination of AR or VR environments with touch-input
has been researched before (e.g., [279, 109]) and showed potential to allow
for fluid and familiar Individual Interaction.
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G3 Natural Collaboration: AR seems to naturally support communication and
coordination, because collaborators can see each other and develop a situational awareness of each other’s actions [25]. This can facilitate collaboration
and leverage users’ Social Awareness and Skills for the Social Interaction. In
addition, collaborators should have equal access to the input devices and
therefore the possibility to have equal influence on the analysis process. This
can democratize collaboration.

7.2 Design: ART — Augmented Reality above the
Tabletop
Video

Guided by our design goals, we designed and implemented the ART system (for video,
scan QR code or go to URL [ 4]). ART addresses the described domain situation
and the related requirements for analyzing multi-dimensional, abstract data. Based
on findings from previous research that showed ways to facilitate immersion and
collaboration, ART uses AR HMDs to visualize a 3D parallel coordinates plot in
physical space. The visualization in AR is combined with a touch-sensitive tabletop
allowing for familiar operation. In this chapter we first introduce the conceptual
components in terms of the visualization and interaction and then present the
technical setting of ART.

7.2.1 Visualization
In a manner similar to previous approaches [66, 69, 91, 181, 302], ART links
individual plots to each other to create a multi-dimensional visualization. ART
consists of 2D scatter plots which are visualized linearly and linked to each other
to create a 3D parallel coordinates visualization (see Figures 7.1 and 7.3). Each
database item is represented by a single line cutting through the 2D scatter plots at
the corresponding positions. NULL values are represented by dashed lines which
cut through a dedicated area below the respective axis in the scatter plot (see
Figure 7.4). Visualizing 3D parallel coordinates in AR provides three advantages: the
AR environment provides a large space to visualize the information, it provides better
depth cues and thus simplifies the interpretation of distances, and the visualization
benefits from less occlusion (especially during navigation) and therefore facilitates
line tracing across multiple scatter plots (G1 ). The AR environment therefore provide
the means to leverage users’ knowledge about Naïve Physics, as well as their Body
Awareness and Skills and Environment Awareness and Skills for the perception and
navigation of information displayed within the physical space.
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Fig. 7.3: The detailed mode on the tabletop with the rotated scatter plot hovering above. The

rotation of the scatter plot facilitates the mapping between the table representation
and the representation in AR.

Each scatter plot has a representation in AR and a representation on the tabletop.
Both representations are spatially linked to each other so that the AR representation
hovers directly above the table representation (see Figure 7.1). The number of
visible table representations is limited by the table’s size, but the representations in
AR can exceed the size of the table and therefore provides a preview to all created
scatter plots.

7.2.2 Interaction
Interactivity is an important part of viewing both 2D and 3D parallel coordinates,
particularly for adding and rearranging attributes, or for changing aggregations.
Thereby users can compare two attributes, filter the datasets to avoid clutter, and
sort or highlight items to reveal correlations (G2 ). In addition to these general
operations, ART supports both an egocentric and a non-egocentric navigation style.
During egocentric navigation the users can benefit from their Body Awareness and
Skills and Environment Awareness and Skills for moving in space to change and
individually select their points of view (G3 ). The non-egocentric style allows for
navigating the visualization by scrolling through the list of scatter plots on the table
or by using the slider under a scatter plot to move the AR visualization towards or
away from the user.
The table representations of the scatter plots provide two modes: an overview mode
for exploring the visualization (see Figure 7.1), and a detailed mode for configuring
the plot (see Figure 7.3). In the overview mode, users can add, reorder, flip, sort,
and colorize scatter plots through several buttons at the bottom of the interface.
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Fig. 7.4: Scatter plots can be sorted based on their absolute values on the Y -axis. Items with

NULL values for the attribute are visualized as dashed lines cutting through the
lower end of the scatter plots.

• Add: New scatter plots are created (plus sign located on either side of the
tabletop) and can be directly dragged to the intended position.
• Move: Scatter plots can be moved to another location to facilitate the analysis
of relationships between neighboring plots.
• Sort based on absolute values: The X-axis of each individual plot is sorted by
the respective values of its Y -axis. This essentially disregards the X-dimension
in favor of an easy to interpret and detailed visualization of the distribution
of the Y -values (see Figure 7.4). In this mode the visualization also shows
the rank of the value of an item within the dataset (position on the X-axis).
Neighboring lines with the same Y -values appear as one line with a higher
width on the X-axis.
• Sort based on relative differences: The X-axes of two neighboring plots are
sorted based on their horizontal inclination (differences between the attributes
on the Y -axis). This allows for an easy interpretation of correlations between
two neighboring plots even when the distribution of Y -values in both plots is
large (see Figure 7.5).
• Colorize based on absolute values: One plot is selected to colorize the lines
in the entire 3D visualization. This makes tracing individual lines or the
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Fig. 7.5: Lines are sorted and colored by their relative differences of the Y -values between

two scatter plots.

identification of correlations over longer distances and multiple scatter plots
easier. By default, for ordinal and quantitative attributes the color of the lines
is set to a predefined gradient based on the Y -axis value. For categorical
attributes a random color is assigned. The line color can further be manually
set depending on the clusters defined in the detailed mode of the scatter plot
configuration (see Figure 7.6).
• Colorize based on relative differences: The color of the lines in the visualization is set by the relative difference of the Y -values between two neighboring
plots. Similarly to sorting based on relative differences, this allows for an easy
interpretation of correlations, or more specifically clusters of items with similar
correlations but different absolute values (see Figure 7.5).
• Flip: Because certain perspectives (e.g., looking from above) are difficult,
users can flip individual plots (swapping the X- and Y-axis), similar to the
rotation of visualizations in ‘VisLink’ [66]. This is equivalent to rotating the
visualization by 90°, making a side view to a top-down view.
Each scatter plot can be selected to open a detailed mode containing an interactive
representation of the plot. ‘VisLink’ [66] has already shown that providing 2D representation can be beneficial as interaction techniques developed for 2D visualizations
can be used. The AR representation of the plot turns by 90° to provide an orthogonal
view on the data which makes it easier to mentally link the AR representation to
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the table representation (see Figure 7.3). The detailed mode provides two additional functionalities: selecting the attributes visualized in the plot, and filtering or
clustering the dataset (see Figure 7.6).

Fig. 7.6: The detailed mode on the tabletop allows for the configuration of a scatter plot in

terms of setting the attributes and defining clusters.

• Attributes: The item attributes which should be assigned to the X- and Y -axes
can be selected separately from a simple scroll list. The scroll list can be filtered
depending on the aggregation level of the attribute (e.g., calories per meal, day,
week). The lines in the 3D graph visualization split up or combine between
scatter plots depending on the individual aggregation level (see Figure 7.7).
• Clusters: Clusters based on combinations of X- and Y -values can be directly
drawn into the scatter plot on the table. Clusters also act as filters. Thus, items
that do not belong to a cluster are removed from the AR representation but
are still visible in the table representation. A default color is automatically
assigned to each cluster. By tapping on a cluster, a menu will appear which
allows for changing the color. One can either assign a solid color or a color
gradient based on the X- or Y -values in the cluster. In a manner similar
to ‘ScatterDice’ [86] and ‘GraphDice’, [24] this allows for propagating and
manipulating clusters and filters to other plots which provides the means to
easily define multi-dimensional filters.
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Fig. 7.7: Lines split from the calculated average value to their individual values when the

aggregation level changes between scatter plots.

7.2.3 Technical Setting
ART is based on video see-through AR devices consisting of VR HMDs
(HTC Vive [125]) and stereo cameras (Ovrvision Pro [270]) mounted to the
headset (see Figure 7.8). Although these video see-through devices come with
some limitations (e.g., they are tethered) they have the advantage of a considerably larger field of view than current optical see-through devices (e.g., Microsoft
HoloLens [196]). The HMDs provide a diagonal field of view of 110° and a resolution
of 2160 × 1200 pixels. The Ovrvision cameras provide a resolution 960 × 950 pixels
per camera (1920×950 pixels in total) at 60 frames per second (fps). We use the HTC
Vive’s built-in tracking to align the real and the virtual world, as well as to calibrate
the table’s position. The trackable area has a size of 15 0 × 15 0 . For an input device we used a 84 00 multi-touch display with a resolution of 3840 × 2140 pixels
(Microsoft Surface Hub). The display has a built-in PC (Intel i7, 8 GB RAM,
NVIDIA Quadro K2200). The HMDs are controlled by two external PCs (Intel i7,
32 GB RAM, NVIDIA GTX 1080). The interface running on the touch-display is
web-based and the AR visualization was built with Unity3D [285].
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Fig. 7.8: The HMD HTC Vive ([125]) with Ovrvision Pro stereo cameras [270]) mounted to

it. This allows for video see-through AR.

7.3 Empiricism: Group-based Expert Walkthrough
We evaluated ART as a novel approach for combining a powerful visualization in AR
with the familiar touch interaction of a tabletop. We also aimed for an investigation
that goes beyond the analysis of the usability and focuses on the applicability of
the approach to the real-world domain situation described before. Therefore, we
conducted two group-based expert walkthroughs with domain experts who have an
understanding of the data and its context and can judge the system with respect to
their real-world analysis aims.

7.3.1 Research Questions
The evaluation focused on the applicability of ART for a real-world analysis use case.
The evaluation with domain experts was designed to especially answer four research
questions:
Q1 How does ART shape the analysis process applied by the domain experts?
Q2 Are domain experts able to interpret the visualized data and does ART help
them to identify clusters, trends, and outliers?
Q3 How do domain experts use the physical space to navigate the visualization
and does it help them to immerse themselves in the data?
Q4 Are the AR environment and the interaction techniques offered by ART suitable
for collaborative data analysis?
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7.3.2 Experimental Design
Our study had an open design in terms of the tasks the participants completed
with ART. We conducted the evaluation as a walkthrough in which the participants
followed their own analysis interests and aims (see Table 7.1 for an overview).
We opted for this study setup instead of a setup with predefined tasks to get the
impression of domain experts during the analysis of a familiar dataset. Familiar is
meant in terms of the structure of the dataset, not the information contained in the
dataset. The domain experts collected the data during an intervention study but did
not analyze the data before our evaluation. This allowed us to create a setting in
which the domain experts actually had a strong motivation to analyze the data and
not only investigate the ART system itself.
Tab. 7.1: Overview of the study setup.

design

group-based expert walkthrough (2 individual sessions)

participants

N = 10 domain experts (and N = 3 interaction designers)
participants per session: N = 5 domain experts
N = 3 interaction designers
professional background: health and nutritional scientists
gender: 8 female, 2 male

task

type: open-ended analysis task
topic: analysis of behavior signatures,
analysis of change in behavior over time

data
analysis

qualitative analysis of interview and video transcripts

7.3.2.1 Study Setup, Procedure & Task
The dataset used for the evaluation was collected during an intervention study which
investigated eating behavior (e.g., food intake), psychological aspects (e.g., eating
motives and emotional states), and context-related aspects (e.g., eating location and
social context). This data is combined with demographic information and clinical
measures. Thus, the dataset (1) is large, because it contains information of several
hundreds of participants who tracked their behavior over the course of several weeks,
(2) is high-dimensional, because the intervention study tries to collect a holistic
picture of the participants, and (3) contains mainly abstract information in terms
of numerical or categorical values. The dataset is the same as described in the
explanation of the domain situation.
We conducted two individual walkthrough sessions with different participants in
each session. A session lasted approximately two hours. It started with a discussion
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about the dataset and the analysis aims from the domain experts (approx. 15 min)
followed by an introduction to ART (approx. 15 min). In the subsequent session
(approx. 60 min) two real-world analysis aims were performed using ART. In a
first use case, domain experts explored the relation between food consumption
(e.g., portions of milk, meat, grains) and clinical measures like BMI. They further
investigated different aggregation levels (e.g., meal, day, user level) and tried to
identify clusters of people with similar behavior signatures. In a second use case,
domain experts analyzed the change of different attributes over the duration of the
study. Domain experts created a timeline visualization with which they were able
to track different measures over several weeks, with each week as a single scatter
plot. These two use cases were selected by the domain experts ahead of the analysis
session, whereas in both sessions the experts opted for the same analysis use cases.
During the session domain experts rotated from observers to actors approximately
every 10 min. While two experts analyzed the data, the others observed the analysis
process on two large screens situated in the same room and showing the augmented
view of the actors (see Figure 7.9a). This actual analysis walkthrough was concluded
with a group discussion in which specific characteristics of ART were discussed
(approx. 30 min). The discussion focused on the fluidity of the analysis process,
the legibility of the 3D visualization, the influence of representing information in
physical space, and the usefulness of the setting for collaboration.

7.3.2.2 Data Collection & Analysis
Three researchers were present throughout the study to observe and take written
notes of participants’ interactions with ART and with each other. All interactions
were video recorded using one camera providing a wide-angle shot of the room to
capture interactions with the table but also interactions between participants and
movements in space (see Figure 7.9a), and one camera providing a top-down view
of the table (see Figure 7.9b). All interviews and the audio track of the videos were
fully transcribed and qualitatively coded following a thematic analysis approach [34].
This analysis focused on the analysis process applied by the participants’, the legibility
of the visualization, the influence of the physical space and the immersion on the
data analysis, and the collaboration in terms of applied mechanisms and used system
features that facilitated shared interactions. Our findings, as described later, are
based on this qualitative analysis of participants’ interviews and interactions with
the ART systems. We illustrate our results with direct participant quotes which are
tagged with their individual IDs (‘g’ for groups, and characters ‘A’ to ‘E’ to identify
the participant within the group). All participant quotes were directly translated
from German into English.
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(a) Camera capurting the room.

(b) Camera capturing the table.

Fig. 7.9: During the expert walkthroughs two cameras captured the situation.

7.3.2.3 Participants
Ten participants took part in the two walkthrough sessions (five per session). The
participants are domain experts in terms of nutritional and behavioral science (health
psychologists and biological psychologists). The domain experts stated that they
validate hypotheses using statistical methods but also apply explorative data analysis
approaches to unveil unexpected effects and patterns. The explorative analysis,
especially, is sometimes conducted collaboratively. They typically use spreadsheets
(e.g., ‘Microsoft Excel’ [195]) or statistical applications (e.g., ‘IBM SPSS’ [135])
and only have basic knowledge in using visualization suites (e.g., ‘Tableau’ [276]).
Therefore, the researchers are experts in terms of domain knowledge and statistical
methods but are non-experts in terms of visual data analysis.
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7.3.3 Results
The thematic analysis of the collected data was guided by the four research questions
which refer to the analysis process (Q1 ), the visualization legibility (Q2 ), space and
immersion (Q3 ), and collaboration (Q4 ).

7.3.3.1 Q1 : Analysis Process
The domain experts mentioned that it was easy to familiarize oneself with ART as
well as to quickly identify the operations required to follow their analysis approach.
“I found it stunningly easy to get into the workflow. . . somehow, everything was totally
plausible.” [g1.A] To limit complexity scatter plots were configured most often with
the UserId attribute on the X-axis. This allowed for the creation of a visualization
in which each depth value represents a single user. Domain experts constantly
added scatter plots either to investigate relations between attributes or solely to
filter the dataset (e.g., plot with gender on the X-axis and age on the Y-axis). To
organize the visualization, plots that were intended to filter the dataset were placed
at the leftmost of the AR visualization. Plots which did not reveal any findings were
instantly reconfigured or removed.
Domain experts further changed aggregation levels during the analysis. If interesting
effects were identified in a higher aggregation level (e.g., participant level), they
added plots with a lower aggregation level (e.g., day level) to conduct a detailed
analysis. For example, this type of detailed analysis was performed to decide if an
item is an outlier. The plots were removed afterward to continue with the higher
aggregation level. During the analysis, domain experts dynamically created clusters,
colorized, and sorted the items. They deemed these functionalities as being essential
for efficiently analyzing the dataset.
Domain experts agreed that ART supports an explorative analysis workflow in which
findings can be fluidly investigated in more detail without discarding the previous
analysis. They stated that, “the tool allows performing quick and easy actions. Thus
the dynamic somehow remains in the workflow” [g1.E], or that, “if you see something
interesting you can directly investigate it in more detail” [g2.B], and, “if you have
a look at relationships between multiple variables with other tools it instantly gets
very complicated” [g2.A]. However, ART only supports a linear analysis workflow.
Domain experts wanted to be able to save snapshots of the analysis state at hand.
This would allow opening up new analysis branches without losing previous ones.
AR seems to be well-suited for this, because snapshots could be laid out in physical
space, relationships between the snapshots could be visualized, and they could be
easily accessed to continue the analysis from a previous state.
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Finding 1 ART provides an extensible visualization in combination with an easyto-learn and fluid way for configuring the visualization. This combination can
provide the means to dynamically analyze data. However, only linear workflows
are supported. An additional support for non-linear workflows is required (e.g.,
snapshots allowing for new analysis branches).

7.3.3.2 Q2 : Visualization Legibility
Domain experts gave positive feedback about the legibility of the visualization.
They mentioned that the 3D parallel coordinates are well suited to identify multidimensional trends and relations and to visualize timelines. One participant said:
“A pretty cool thing, because I can look at the data in a different way. . . . You get a
better understanding of trends, and you can see more than one relationship at the same
time” [g2.D]. Domain experts also mentioned that ART allowed them to identify
multi-dimensional clusters of persons with similar behavior signatures. Another
benefit identified by the domain experts is that multi-dimensional outliers are easy
to detect. Outliers are not only visible if their value is quite different from the rest of
the distribution, but also if the relationship to other attributes is different. This is
made visible through a line with a different slope between plots than the other lines
(see Figure 7.10).
Domain experts made frequent use of the sort, colorize, and cluster functionalities.
The experts sorted most of the scatter plots to reduce the complexity. Without
sorting, the lines create a lot of clutter which makes interpretation difficult. The
colorize functionality was used especially to compare relationships over multiple,
but not necessarily neighboring, scatter plots and to highlight created clusters. Also,
the visualization of relative differences between data points on two scatter plots in
terms of sorting or coloring by difference was assumed to be an important feature to
the analysis.
One problem that the experts mentioned was related to the fixed scales of the
scatter plot axes. The fixed scales facilitate the comparisons between plots, but to
some extent the distribution of the items span only a small part of the scale (see
Figure 7.11). An additional function to either automatically apply a suitable scaling
based on the currently filtered data over multiple scatter plots, or to manually adapt
the scales (either global for all scatter plots or local for individual scatter plots) is
required.
Another difficulty occurred during the comparison of clusters with different numbers
of items. The cluster containing more items is visually dominant and can occlude the
items in the other cluster. This makes the interpretation difficult. The domain experts
therefore recommended the integration of visual representations for descriptive
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(a) One item (line) has a different inclination

(b) Coloring the items (lines) based on their re-

than all other items. However, without additional functionalities this hardly visible.

altive differences between attributes makes
differing behaviours visible. Here, the items
are additonally sorted by their relative diferences.

Fig. 7.10: Outliers cannot only be defined as items having an attribute value that is strongly

different from the attribute values of all other items, but also as items that have
different relative difference between multiple attribute values compared to other
items.

Fig. 7.11: To allow for interpretation of line inclinations, the same scales are required for

neighboring scatter plots. This, however, can increase the line density for skewed
distributions, which in turn makes the visibility of smaller differences, of in this
example grain consumption, more difficult.

statistics. “Would it be possible to summarize [the clusters] as an average?. . . [The lines
in a cluster] could become one line, the more people are contained within [the cluster],
the thicker the line becomes” [g1.C]. In contrast to this more abstract information the
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domain experts also recommended integrating non-abstract information like images
of the single meals. This would allow the analysts to get a better understanding
of the data. An AR environment seems suitable for adding additional non-abstract
data, because it provides the large-scale space to visualize the non-abstract data
in the context of the abstract data. An example could be the respective pictures of
meals that hover above the filtered 3D parallel coordinates visualization.
Findind 2 The visualization legibility can be improved by functionalities to sort
and colorize items based on the value of a single attribute or based on the relative
differences between attribute values. Sorting 3D visualizations can reduce clutter
and therefore complexity. Colorizing items is essential for comparisons over
larger distances or to trace individual items. A further improvement of the
visualization legibility could be achieved by automatic or manual scaling of
axes based on the filtered dataset (see e.g., [69]), the integration of descriptive
statistics for clusters (e.g., clusters’ average line) or the integration of additional
non-abstract information (e.g., pictures).

7.3.3.3 Q3 : Space & Immersion
The domain experts perceived the immersive technology as valuable for data analysis.
They reported getting a better feeling for the data than they had using traditional
desktop tools. “I think this gives you a different feel for the data. . . . One has a
faster feeling of what is in there and how they behave” [g1.D]. The experts further
appreciated the large space that was available to visualize information. This allowed
them to visualize a large amount of data simultaneously. “I think it’s really great
that you can actually see all the data at once for each person. I think that’s a great
advantage, because otherwise we are not able to” [g1.C]. Participants did not actually
see all of the information at once, but perceived it as laying in physical space and
therefore being available all the time. In terms of the used AR devices the domain
experts stated that although the see-through functionality lowers the immersion
compared to a VR environment, they would prefer an AR environment for three
reasons: orientation is facilitated, co-located collaboration is supported, and the
analysis could be better integrated into their holistic workflow and daily working
routine.
The domain experts further reported that not only the visualization but also the
familiar and fluid interaction, which allows for dynamically changing visualized
information, increased their feeling of being immersed in the data. “You can change
things so easily, so you can really just move [the visualization] back and forth, or
somehow choose another type of aggregation, and thereby you can immediately solve
[the question you have]; otherwise it takes an eternity and one is out of the actual
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process already, here it is somehow done quickly and then one can continue with what
you actually aim for” [g1.D]. The mapping between the table and the AR visualization
was perceived as being easy. Some difficulties occurred during the creation of filters
or clusters. To create a cluster, users open the detailed view on the table. During
that time the AR scatter plot rotated to match the orientation of the detailed view.
As users focused on the table they did not observe this rotation and therefore had
difficulties identifying the areas of interest in the rotated scatter plot.
In terms of navigation, the domain experts stated that egocentric navigation facilitates the interpretation of the multi-dimensional information. However, due to the
immersion, users had the urge to additionally navigate the 3D visualization through
gestures. “When moving [the visualization]. . . you somehow have the urge to do it
directly, whereas selecting [attributes] and filtering. . . is fine [on the table]” [g1.D].
Finding 3 Combing visualizations in AR and interaction on touch-enabled devices provides benefits for data analysis. AR environments provide depth cues
and large spaces to visualize information. Displaying 3D visualizations in physical space allows users to utilize their knowledge about Naïve Physics and their
Environment Awareness and Skills for the visualization interpretation and additionally their Body Awareness and Skills for navigating the visualization through
natural body movements. Touch displays provide a familiar and fluid interaction
required for dynamic operation of the visualization. In order to avoid or limit
the negative effects of split attention (e.g., [87, 12, 122]) and change blindness
(e.g., [273, 216, 299]) special focus has to be placed on guiding users’ attention
between the visualization in AR and the configuration work on the touch device. Furthermore the distribution of interactions between the two spaces needs
further research into the combination of input styles in AR environments. The interaction on the table potentially allows for higher accuracy and therefore seems
to be suitable for fine-grained actions like for example filtering. Navigating the
visualization (e.g., rotating, repositioning or scrolling between plots) does not
require high accuracy and could therefore also be done through gestures.

7.3.3.4 Q4 : Collaboration
The domain experts perceived ART as being suitable for collaboration. They mentioned that with classic desktop applications one collaborator performs the actions
while the other collaborator only observes. The possibility for both collaborators to
access the tabletop as well as the possibility to select the individual points of view
gave the domain experts the feeling of being an active part of the analysis process.
They further mentioned that the collaboration fostered discussions and is helpful
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Fig. 7.12: A phase of closely-coupled collaboration during the group-based expert walk-

through. The domain experts selected a similar point of view and discussed the
next analysis steps. Deictic gestures were used frequently during discussions.

for explaining findings to others and thus facilitates a shared understanding of the
data.
We were able to observe phases of closely-coupled collaboration (working together)
and phases of loosely-coupled collaboration (working apart) [141]. During closelycoupled collaboration the domain experts configured the visualization and discussed
findings or next steps. In phases of loosely-coupled collaboration, participants mainly
tried to get an initial understanding of the currently visualized information. However,
the support of loosely-coupled collaboration was limited, because reconfiguring the
visualization would also change the collaborator’s view. This hindered users from
digging deeper into the data. Further support for loosely-coupled collaboration is
required to overcome this limitation. AR environments allow visualizing distinct
information by the collaborators if required. Still, the operation on the table also
has to be adapted to the collaboration style.
In terms of navigation styles, the non-egocentric scroll navigation on the tabletop was
applied more often during closely-coupled collaboration. It was preferred, because it
guides users’ attention to the same part of the visualization (see Figure 7.12). For a
loosely-coupled collaboration, the egocentric navigation was preferred, because the
points of view can be chosen individually (see Figure 7.13). During the evaluation
the experts often applied these two methods in the corresponding situations, because
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Fig. 7.13: A phase of loosely-coupled collaboration during the group-based expert walk-

through. Domain experts navigated egocentrically to select their individual points
of view.

they were aware of the social protocols in terms of their Social Awareness and Skills,
and tried not to negatively influence the collaborators’ environment.
During closely-coupled collaboration, participants applied two strategies: either they
tried to take similar points of view to the visualization to discuss the information, or
they took different points of view (e.g., one collaborator on each side of the table) to
combine their individual findings. In both situations they frequently applied deictic
gestures to make spatial references, but faced difficulties, because of virtual content
occluding the hand (see Figure 7.14). Therefore, precise pointing was hindered and
it was difficult to see exactly at what the collaborator was pointing. A 3D registration
of the hand or a virtual pointing and highlighting functionality was requested by the
experts and could help overcome this limitation.
Finding 4 A combination of navigation styles can support collaboration. Egocentric navigation has benefits during loosely-coupled collaboration as it allows
collaborators to select individual points of view. Non-egocentric navigation has
benefits during closely-coupled collaboration as it helps to set the same focus to
the collaborators. However, further research is required to provide an extended
support for closely-coupled collaboration, loosely-coupled collaboration, and
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Fig. 7.14: ART does not provide 3D registration of hands which leads to occlusion of hands

with digital content. This makes pointing difficult.

fluid switches between coupling styles. Loosely-coupled collaboration would
require individual AR visualizations that allow for operation independent of the
collaborator. Closely-coupled collaboration could benefit from the 3D registration of objects and users [97]. This would avoid occlusion and therefore support
spatial referencing in terms of pointing.

7.3.4 Discussion
We set out to explore how an immersive analysis tool can be designed to (G1 ) leverage the strength of an AR environment for the visualization, (G2 ) allow for a familiar
touch interaction, and (G3 ) supports natural collaboration and coordination.

7.3.4.1 G1 : 3D Visualization in AR
The 3D parallel coordinates visualization which ART displays in an AR environment
showed itself to be suitable for the analysis of multi-dimensional datasets. Participants were able to interpret the visualization and draw conclusions from what they
saw. Important for the legibility of the visualization was the possibility to easily
navigate the visualization through movements in space. This allowed participants to
change the point of view and thereby lowered the influence of clutter and improved
the legibility via an improved 3D perception. The 3D visualization in AR therefore
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provides the means for the users to draw from their preexisting and entrenched
knowledge about the real, physical world. Knowledge about Naïve Physics and
Environment Awareness and Skills facilitates the comprehension of the visualization,
because users are, for example, aware of the fact that closer objects occlude object
further away and are able to easily interpret perspective distortions. Users’ Body
Awareness and Skills and Environment Awareness and Skills allow for navigation
by natural body movement without the need to think about the navigation. This
therefore lets users focus on the actual goal of analyzing the data. However, it is
still yet to be investigated if the same visualization with the same features allows
interpreting the data in the same way when displayed on a 2D rigid display.

7.3.4.2 G2 : Familiar touch operation
Participants appreciated the touch input and it showed itself to be advantageous
for fluidly operating the analysis tool. In the detail mode of the table interface, all
features are visible to the user. Many controls designed for AR or VR environments
are designed as hierarchical menus which appear at differing positions. In contrast,
the always visible features of ART with their fixed positions in the detail view give a
good overview of the actions that can be taken. The study showed that although ART
is feature-rich, it is easy to learn and operate. However, an additional investigation
of and comparison with alternative input styles is required to make final claims. The
evaluation further showed that a more thorough investigation of how to distribute
features between the touch table and the AR environment itself is required. It could,
for example, make sense to allow for navigating the visualization through gestures
as they do not require high precision, whereas filtering requires higher precision and
could be more easily done on the touch interface. Although, the touch interaction
allowed for a fluid workflow, the workflow was only linear. The study showed that
this is a limitation which has to be addressed. Future research should investigate
approaches for non-linear workflows which allow the analyst to pursue different
branches and create snapshots of them. AR environments seem to be suitable to
support such a non-linear workflow, because branches or snapshots of previous
analysis can be laid out in the large physical space.

7.3.4.3 G3 : Natural collaboration and coordination
The AR environment allowed the participants to communicate and coordinate their
actions in a physical face-to-face environment. The participants therefore were
able to apply their Social Awareness and Skills and instantly collaborated in terms
of coordinating their actions and discussing the findings. Still, ART only provides
limited support for collaboration. Some limitations have technical reasons, like
that due to the HMDs collaborators were not able to see each others’ faces, or that
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pointing gestures suffer from occlusion. Other limitations like especially the not
sufficient support of loosely-coupled collaboration have conceptual reasons. In terms
of displaying different content for different users working on different tasks this
problem can be easily addressed by providing individual visualization in AR. For
independently controlling the individual visualizations, possible solutions could be
the creation of personal spaces on the tabletop or the replacement of the tabletop
with multiple smaller devices like tablets (see Subsection 8.2.2 for an example of
how the table of ART could be replaced by multiple tablets). However, this requires
further research about how to change between coupling styles. Switching from
loosely-coupled collaboration to closely-coupled collaboration could for example
be supported by combining individual visualizations in AR (e.g., displaying relations between scatter plots) and therefore facilitate the discussion, combination or
presentation of findings.

7.3.5 Limitations
The most serious limitation of the ART setting is the reduced quality of the video
see-through functionality (e.g., resolution, contrast). As a result, the domain experts
reported some uncertainty, especially in terms of navigating the physical space at the
beginning of the study. This effect subsided quickly, but did not vanish completely.
The experts also reported that if the camera image quality were better, they would
probably forget about the fact that it is a video see-through device. Further, the
video see-through setting induces some latency which can cause motion sickness
for sensitive people. However, although the vision was negatively influenced by
the cameras, the domain experts did not report on motion sickness. One reason
could be that the table served as an anchor point. Another limitation is that the
HMDs were tethered. During the evaluation a long cable allowed users to walk
around the table. Still, the wired connection negatively influenced users’ perception
of being able to move freely in space. The technical setting also had an influence
on collaboration, because the HMDs hindered the domain experts from seeing the
others’ faces (see Figure 7.14). This caused them to focus on the visualization and
not on the collaborator during discussions.

7.4 Synthesis
In this work we address the challenge of collaboratively analyzing multi-dimensional,
abstract data. We present ART, a system that leverages the strengths of AR environments. The stereoscopic presentation in large-scale space allows for egocentric
navigation and can therefore reduce the effects of overplotting when large datasets
are visualized. Furthermore, AR environments allow for natural communication
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and coordination between collaborators. ART combines the interaction on a touchsensitive tabletop with a 3D visualization in AR above the tabletop. This combination
of AR with touch input potentially enhances interaction over a gesture-based system
due to its familiar, precise, and physically undemanding interaction. The results
of group-based expert walkthroughs show that ART can facilitate immersion in the
data, a fluid analysis process, and collaboration. The interaction based on touch
input allowed participants to fluidly operate the feature-rich systems, whereas the
integrated features provided the means to analyze multi-dimensional clusters, trends,
and outliers.
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Idiom: ART
ART is an analysis tool which visualizes multi-dimensional data in AR using an
interactive, 3D parallel coordinates visualization. The visualization is anchored to
a touch-sensitive tabletop, benefiting from well-established interaction techniques.
ART can facilitate immersion in the data, a fluid analysis process, and natural
communication and coordination.

What: Data
ART supports multi-dimensional numerical and categorical datasets.
Why: Tasks
ART is designed to facilitate the identification and analysis of multidimensional clusters, correlations, trends, and outliers on differing aggregation levels.
How: Interaction & Visualization
3D Visualization in AR: A large-scale 3D parallel coordinates visualization allows for the analysis of multi-dimensional datasets. An AR environment
provides a large scale space and additional depth cues which facilitate
the analysis.
Touch operation of feature-rich system: An interface on a multi-touch table
allows for familiar operation of a feature-rich system. This enables the
easy operation of essential functionalities like the selection of attributes,
sorting, filtering, clustering or assigning colors.
Support for natural communication and coordination: An AR environment allows for face-to-face communication and an increased situational awareness of the collaborators actions.
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Abstract

Recent research has demonstrated the benefits of mixed
realities for information visualisation. Often the focus lies
on the visualisation itself, leaving interaction opportunities
through different modalities largely unexplored. Yet, mixed
reality in particular can benefit from a combination of different modalities. This work examines an existing mixed reality
visualisation which is combined with a large tabletop for
touch interaction. Although this allows for familiar operation,
the approach comes with some limitations which we address by employing mobile devices, thus adding tangibility
and proxemics as input modalities.
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Introduction

Hardware for mixed reality systems has now become widely
available, paving the way for widespread adoption of augmented reality (AR) and virtual reality (VR). Especially information visualisations can benefit from this development,
as mixed reality systems can, for example, facilitate com-

Sebastian Hubenschmid, Simon Butscher, Johanne Zagermann, and Harald Reiterer. “Employing Tangible Visualisations in Augmented Reality with Mobile Devices”. In:
Workshop on Multimodal Interaction For Data Visualization (MultimodalVis) (in companion with AVI ’18). 2018.

The responsibilities for this joint publication were divided as follows: Sebastian Hubenschmid, Johannes Zagermann, and I equally contributed in developing the concept. Sebastian Hubenschmid
spearheaded the writing. Johannes Zagermann and I helped in writing the paper. Harald Reiterer
supervised the work.

207

Contents
8.1

8.2

8.3

Summary of Contributions . . . . . . . . . . . . . . . . . . . . . 208
8.1.1

Methodological Contribution . . . . . . . . . . . . . . . . 209

8.1.2

Design and Empirical Contributions . . . . . . . . . . . . 210

Future Work: Increasing the Reusability . . . . . . . . . . . . . . 215
8.2.1

Decomposing Idioms into Design Patterns . . . . . . . . 215

8.2.2

Example: ARts — Augmented Reality with tablets . . . . 218

Closing Remarks . . . . . . . . . . . . . . . . . . . . . . . . . . . 222

This chapter concludes the work with a brief summary of the contributions and a
discussion about future work. The summary of contributions is separated according
to the type of contribution which is either methodological, design, or empirical.
The design and empirical contributions are integrated in terms of design guidelines
that can help with the creation of Reality-based Idioms for visual data analysis. The
chapter eventually discusses future work in terms of moving from design guidelines
to design patterns as small reusable parts with the aim to increase transferability of
solutions to other domain situations.

8.1 Summary of Contributions
The research presented in this dissertation investigates the interaction with visualizations in order to propose Reality-based Idioms for visual data analysis. Reality-based
Idioms aim for combining and enhancing the power of visualization to amplify
cognition with reality-based interaction to lower the cognitive resources required
for interaction. In that, this thesis contributes to a better understanding about how
reality-based interaction and related theories and models can be used to leverage
users’ preexisting knowledge and their most basic low-level bodily, spatial, or social
experiences for the interaction with visualizations.
The following section is structured according to the three types of contributions that
are provided by this dissertation: methodological, design, and empirical. (1) The
methodological contribution refers to the method that was applied to inform the
design of Reality-based Idioms. (2) The design contributions refer to the proposed
Reality-based Idioms themselves which provide valuable resources of inspiration for
further designs. (3) And the empirical contributions refer to the gained insights
into the benefits and drawbacks of Reality-based Idioms and the related reality-based
interaction and visualization techniques. Whereas the methodological approach
is a contribution which is independent of the three researched domain situations
(DS1-3 ), the design and empirical contributions can each be assigned to one of these
domain situations.
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8.1.1 Methodological Contribution
This dissertation contributes a model for the design of Reality-based Idioms for visual
data analysis. The Model for Reality-based Idiom Design integrates the Nested Model
for Visualization Design [209, 210] which has its origin in visualization research and
the framework of Blended Interaction [150, 151] which has its origin in the turn to
embodiment of HCI research.
The Model for Reality-based Idiom Design is a designsensitizing construct that provides ideas and inspiration
to design Reality-based Idioms for specific domain situations. According to the model, a domain situation can
be defined as an analysis activity that is embedded in a
larger workflow and conducted by one or multiple persons in a social and physical
environment. The model combines the perspectives taken within visualization research with those from interaction research and points to the theoretical foundations
which explain when a user interface is perceived as reality-based and therefore as
familiar.
From a visualization research point of view the domain situation can be abstracted
in terms of the data to analyze and the analysis task to fulfill. In turn, results from
visualization research can point to suitable approaches for visually encoding the
data at hand (e.g., parallel coordinates for multi-dimensional data) and also to the
required system functionalities which allow the user to manipulate, reduce or facet
the visual representation of the data (e.g., brushing and linking to connect different
views on the data).
Taking an interaction research point of view, the Model for Reality-based Idiom Design
does not only argue for considering the data and tasks in focus of a domain situation,
but also the domains of design introduced by the framework of Blended Interaction [150, 151]. These are the Individual Interaction, Social Interaction, Workflow,
and the Physical Environment. An analysis of the domain situation according to
these domains of design can point to interaction techniques and input and output
technologies that potentially leverage users’ entrenched skills and their preexisting
knowledge about the physical and social world for the interaction with the intended
system. According to the framework of Reality-based Interaction [145], these skills
and knowledge bases can be categorized as users’ knowledge about Naïve Physics,
their Body Awareness and Skills, Environment Awareness and Skills, and Social Awareness and Skills. The analysis of a domain situation according to the domains of
design could, for example, reveal that the Social Interaction is of high importance
because users within the domain situation typically fulfill their analysis tasks in a
co-located, collaborative setting. Previous research showed that AR environments
can be a suitable concept for this situation, because they allow users to utilize the
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Social Awareness and Skills that they gained from the face-to-face interaction with
people in the non-digital world.
The Model for Reality-based Idiom Design combines the perspectives from visualization and interaction research in order to guide the design of Reality-based Idioms.
According to the model, a suitable Reality-based Idiom for a specific domain situation
can be compounded by integrating or blending concepts originating from these
two research disciplines. Such an idiom can therefore be described in terms of a
blend between a visual encoding and a set of system functionalities (concepts from
visualization research) and a close-to-reality interaction technique and an enabling
technology (concepts from interaction research).
The Reality-based Idioms presented in this dissertation can be considered as cornerstones for a collection of reality-based solutions for specific domain situations.
The description of a domain situation using the structured approach provided by
the Model for Reality-based Idiom Design helps to disclose similarities to domain
situations. This in turn can allow for transferring idioms to other similar situations
as they were originally designed for it. The idioms can therefore serve as sources of
inspiration for future interfaces that aim for facilitating the interaction with tools for
visual data analysis.

8.1.2 Design and Empirical Contributions
The core contribution of this doctoral thesis are the five Reality-based Idioms. These
idioms strive for taking advantage of users’ preexisting and entrenched knowledge
about the real-world to facilitate interaction and perception during visual data analysis while targeting three domain situations: (DS1 ) multi-focus navigation in visual
information spaces, (DS2 ) filtering data, and (DS3 ) interacting with feature-rich
analysis tools. Each idiom comes with an evaluation that investigates the pragmatic
and hedonic qualities. The results contribute to a better understanding of how
reality-based approaches influence individual and shared interaction with visualizations. The following section summarizes the design and empirical contributions for
each idiom. The design contributions are summarized in terms of short recaps of the
idiom. The empirical contributions are summarized in terms of design guidelines
that are derived based on the empirical results.

8.1.2.1 DS1 : Multi-focus Navigation in Visual Information Spaces
The first domain situation in focus of this work is the multi-focus navigation in visual
information spaces and was selected due to the fact that many tasks that have to be
performed in multi-scale visual information spaces require several foci or at least
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benefit from having multiple foci [292, 6, 101]. The question we set out to explore
for DS1 is:
RQ1 : How can Reality-based Idioms for multi-focus navigation in visual information
spaces be designed, and with what benefits do they come?
To address this question, we contribute three Reality-based Idioms that are designed
according to the Model for Reality-based Idiom Design: SpaceFold, PhysicLenses, and
InformationSense. We further provide design guidelines that are derived based on
findings from the evaluation of these idioms.
SpaceFold is a distortion-based interface that facilitates
multi-focus tasks in visual information spaces. This
Reality-based Idiom can be considered as a blend between the concept of a zooming interface and the concept of folding a sheet of paper. Due to the application
of the real-world metaphor of a folded sheet of paper and the support of bimanual
input SpaceFold allows for lower task completion times and is preferred by users
compared to a traditional split screen interface.
PhysicLenses is a lens-based interface designed to facilitates multi-focus tasks in visual information spaces.
PhysicLenses can be considered as a blend of the concept
of a zooming interface and the concept of magnifying
glasses. PhysicLenses provides a physics engine to automatically arrange magnifying glasses in terms of virtual
lenses and allows for very high flexibility in terms of manual lens configuration.
The high flexibility also comes with a higher complexity and therefore lower task
completion times.
InformationSense is a large highly deformable cloth display that can be considered as a blend between the concept of a virtual information space that can be navigated
and in which changing information can be visualized
and the concept of a physical cloth, that can be freely deformed. InformationSense
allows for manipulating the display like one would manipulate a physical cloth and
therefore leverages users’ knowledge about Naïve Physics and there Body Awareness
and Skills for navigating virtual information spaces. This work further contributes a
low-cost approach for the tracking of large, highly deformable surfaces. However,
in its current state these kinds of displays are especially suitable when hedonistic
qualities are more important than pragmatic qualities.
The evaluation of these three idioms provides insights into the pragmatic and
hedonic qualities of Reality-based Idioms for multi-focus navigation and how they
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differ between in the real world and like the real world interfaces. The design
guidelines that can be derived based on our empirical findings can therefore be
separated according to these two interface classes. The design guidelines for like the
real world interfaces that are based on the evaluation of SpaceFold and PhysicLenses
are:
DG1 Prefer like the real world over in the real world interfaces if pragmatic qualities
are more important than hedonic qualities. In the real world interfaces can
be equipped with additional computational power that provides the means to
raise efficiency.
DG2 Use reality-based visualizations and interaction techniques that leverage users’
knowledge about Naïve Physics to facilitate Individual Interaction. One example
is the application of real-world metaphors for distortions of visual spaces in
combination with interaction that is in line with this metaphor.
DG3 Allow for bimanual input that leverage users’ Body Awareness and Skills for
tasks that otherwise have to be mentally composing at an unnaturally low
level, like it would be for example the case for unimanual folding of a sheet of
paper.
DG4 Allow for compatibility with standard gestures (e.g., pinch to zoom) as they
are already entrenched by the users. Dwell time works well for distinguishing
multiple functionalities while being consistent with standard gestures.
The design guidelines for in the real world interfaces for multi-focus navigation that
can be derived based on the comparison of SpaceFold and InformationSense are:
DG5 Prefer in the real world over like the real world interfaces if hedonic qualities
are more important than pragmatic qualities. Like the real world interfaces
emphasize reality over computational power and, by means of their physicality,
provide an increased haptic sensation.
DG6 Avoid altering the physical properties of objects used for in the real world
interfaces (e.g., changed stiffness of cloth due to attachment of bend sensors).
Only if the physical properties of objects are consistent with users’ expectations
can they easily use their knowledge about Naïve Physics and Body Awareness
and Skills for the interaction.

8.1.2.2 DS2 : Filtering Data
The second domain situation in focus of this work is the support of filtering activities
in large datasets and was selected as filtering the dataset enables users to further
focus their exploration and analysis on items of interest. An approach that showed
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beneficial for reducing the number or visibility of irrelevant items are dynamic
queries [292]. The question we set out to explore for DS2 is:
RQ2 : How can Reality-based Idioms for dynamic queries be designed to
simplify the creation of complex search or filter queries?
To address this question, we contribute the Reality-based Idiom CollectionDiver that is
designed according to the Model for Reality-based Idiom Design. We further provide
design guidelines that are derived based on findings from the evaluation of this
idiom.
The CollectionDiver is designed for a complex domain
situation in which all four domains of design that the
Model for Reality-based Idiom Design takes care of are of
high importance. The CollectionDiver supports systematic, in situ library search by combining tangible and
large display direct-touch interaction with visual representations of filter connections. The CollectionDiver makes systematic search more
accessible, motivates a proactive approach to search by adding transparency to
the search process, and facilitates shared experiences through touch and tangible
interface that is equally accessible for all collaborators. The CollectionDiver further
supports the workflow by providing a seamless transition between the interactive
system and the analog shelves. This is achieved by the provisioning of an information
slip and by the smooth integration into the physical environment of the library.
The evaluation of the idiom provides insights into the benefits and drawbacks of a
Reality-based Idiom for filtering data by means of tangible, dynamic queries. Based
on the findings gathered through the evaluation of the CollectionDiver we are able to
derive design guidelines that can inform the interface design for dynamic queries.
DG7 Materialize the query by means of tangible objects. This leverages users’ knowledge about Naïve Physics, their Body Awareness and Skills, and Social Awareness
and Skills to support the Individual Interaction and the Social Interaction in a
familiar and playful manner.
DG8 Visualize the individual query components in terms of filter settings for individual attributes and display how they are related to each other. This increases
the transparency, provides a rationale for the items contained in the result set,
and motivates a proactive approach to search.
DG9 Use entrenched concepts or image schemas like the distance between objects
to trigger functionalities in a familiar manner. Close objects are for example
perceived as belonging together (represents Boolean AND) whereas objects
farther away from each other are perceived as individuals (represents Boolean
OR).
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8.1.2.3 DS3 : Interacting with Feature-rich Analysis Tools
The third domain situation in focus of this work considers the interaction with
feature-rich analysis tools. The domain situation was selected as analysis tools
often provide features to select which data to visualize or how this data should
be visualized. Such features are essential to support the analysis of large highdimensional datasets. The question we set out to explore for DS2 is:
RQ3 : How can Reality-based Idioms be designed to facilitate the interaction with
feature-rich analysis tools for multi-dimensional data while not occupying
the space required for the visual representation of the data?
To address this question, we contribute the Reality-based Idiom ART that is designed
according to the Model for Reality-based Idiom Design. We further provide design
guidelines that are derived based on findings from the evaluation of this idiom.
ART is an analysis tool which visualizes multi-dimensional data in AR using an interactive, 3D parallel coordinates visualization. The stereoscopic presentation in
large-scale space allows for egocentric navigation and
can therefore reduce the effects of overplotting when
large datasets are visualized. The AR environment further allows for natural communication and coordination between collaborators. The
visualization is anchored to a touch-sensitive tabletop, which provides the means for
well-established interaction techniques which are familiar, precise, and physically
undemanding. With that ART facilitates immersion in the data, and a fluid analysis
process.
The evaluation of the idiom provides insights into the benefits and drawbacks of
a Reality-based Idiom for analyzing multi-dimensional data in AR. Based on the
findings gathered through the evaluation of ART, we are able to derive design
guidelines that can inform the interface design for combinations of AR environments
and touch operation.
DG10 Display 3D visualizations in AR. AR environments provide important depth
cues (e.g., through stereoscopic vision) and allow for natural body movement
to navigate the visualization. Users can therefore apply their knowledge
about Naïve Physics, their Body Awareness and Skills, and their Environment
Awareness and Skills for the Individual Interaction in terms of navigating and
interpreting the visualized data. The AR environment further allows for
natural communication and coordination and therefore leverages users’ Social
Awareness and Skills for the Social Interaction.
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DG11 Utilize touch input for AR environments to allow for familiar and fluid interaction. Combining visualizations in AR with operation on large touch
surfaces allows for both assigning large spaces for visualizing information but
also devotes visual resources for the graphical interface in order to facilitate
interaction.

8.2 Future Work: Increasing the Reusability
This dissertation applied the approach of creating and annotating idioms with the
help of the Model for Reality-based Idiom Design. The main limitation of this model
is that although it provides good support for structuring the problem space in terms
of the domain situation, the model itself is limited in disclosing a concrete solution
space. This is a limitation that the model shares with other design-sensitizing
constructs such as the framework of Blended Interaction. The idioms presented in
this dissertation provide a starting point for a collection of idioms that cover multiple
domain situations and therefore contribute to the solution space. These idioms in
combination with the presented guidelines can already point the designer to suitable
solutions for different domain situation. However, the Model for Reality-based Idiom
Design argues for a more structured approach, which is the blending of conceptual
spaces that represent solutions for the visual representation of data with those
spaces that represent solutions for close-to-reality interaction with the visualization.
Although these conceptual spaces are part of the presented Reality-based Idioms
they are not made explicit and therefore do not allow for easy reusability. In
what follows we will discuss design patterns1 as a solution to provide formalized
descriptions of conceptual spaces contained within Reality-based Idioms. With the
idiom Augmented Reality with tablets (ARts) we will further exemplify how design
patterns can facilitate the reusability of design knowledge extracted from the idioms
presented in this dissertation.

8.2.1 Decomposing Idioms into Design Patterns
Design patterns describe small reusable solutions to a reoccurring design problem [76]. Whereas idioms are tailored solutions that come with their particularities,
design patterns are formalized, domain-independent descriptions of the conceptual
spaces an idiom is built of. By means of abstraction, a pattern “describes the core of
the solution to [a] problem, in such a way that you can use this solution a million times
over, without ever doing it the same way twice” [4]. The primary goal of defining
1

Design patterns have their origin in architecture. With the two books A Pattern Language [4] and
The Timeless Way of Building [5], Christopher Alexander established the concept of patterns and
described multi-layered pattern language.
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or identifying conceptual spaces and describing them as patterns is to create an
inventory of solutions.2 Such an inventory can serve as inspiration and guide for the
comparison of design alternatives to resolve design problems [104] and therefore
contribute to the solution space for designing close-to-reality interfaces for visual
data analysis.
In accordance with the Model for Reality-based Idiom Design, design patterns contained in Reality-based Idioms can not only describe digital concepts but also concepts
from our physical and social world. The closer these patterns are to our most basic,
low-level bodily, spatial, or social experiences, the higher the probability that they
are familiar to the user. According to the blending theory such patterns can be combined within an idiom that has an emergent structure and its particularities but is
still perceived as familiar. Similarly, Tidwell [290] stated, referring to combinations
of patterns, that “as long as the parts are recognizable enough and the relationships
among the parts are clear, then people can apply their previous knowledge to a novel
interface and figure it out.” Therefore, decomposing idioms into design patterns as
small reusable parts, can contribute to a solution space that informs new design
artifacts and helps to transfer design knowledge to other domain situations. Tidwell
stated that “if you know what users expect of your application, and if you choose
carefully from your toolbox of idioms. . . and patterns. . . then you can put together
something that ‘feels familiar’ while remaining original” [290].
Figure 8.1 provides an overview of design patterns that can be extracted out of the
Reality-based Idioms presented in this dissertation. These patterns have their origin
not only in the digital world but also in the physical and social world. Important
to note is that Figure 8.1 only sketches the idea of decomposing idioms into design
patterns without the aim to provide formalized descriptions of these patterns and
without the claim to be complete. Parts of the patterns represent visualization
concepts that provide solutions to encode, manipulate, facet, or reduce information.
Others patterns describe concepts for interaction techniques that leverage reality
in terms of utilizing users’ knowledge about Naïve Physics, their Body Awareness
and Skills, Environment Awareness and Skills, or Social Awareness and Skills. Figure
8.1 further illustrates how the extracted patterns can be recomposed to create the
new Reality-based Idioms called ARts. This idiom will be described in more detail in
the following section. Although, the figure illustrates the process of extracting and
recomposing patterns, it is up to future work to provide a more extensive collection
of design patterns that provide formalized descriptions of close-to-reality concepts
or solutions which contribute to the solution space for the design of Reality-based
Idioms.

2
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Examples for inventories that target other domains can be found in the books of Borchers [30],
Tidwell [290], and Duyne et al. [82], or in several online resources (e.g., [291, 220, 293]).
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Fig. 8.1: Design patterns extracted from the Reality-based Idioms. Each pattern either aims

for leveraging computational power to encode, manipulate, facet, and reduce visual
information or for leveraging users’ knowledge about Naïve Physics (NP), their Body
Awareness and Skills (BAS), Environment Awareness and Skills (EAS), Social Awareness and Skills (SAS) for the close-to-reality interaction. The vertical alignment of
patterns and idioms does not represent a hierarchical organization but is only due
to less overlap of lines and therefore easier legibility.
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8.2.2 Example: ARts — Augmented Reality with tablets
The following section provides an example of how patterns included in the idioms
presented in this work (see Figure 8.1) can be reused and combined in order to
design an alternative visualization system. The domain situation in focus is similar
to the one considered for ART and therefore targets collaboratively analyzing multidimensional data (see Subsection 7.1.1). However, we assume a higher importance
of supporting multiple, non-linear analysis branches in order to allow for digging
deeper into parts of the data and in order to support loosely-coupled collaboration.
Due to the similarities in domain situations, Augmented Reality with tablets (ARts),
which is the idiom presented in this section, reuses some patterns contained in
ART. However, ARts does not only consist of patterns extracted from the idiom ART
but also combines these patterns with the design patterns contained in the idiom
CollectionDiver (see Figures 8.1 and 8.2). However, the alternative interpretation
of these patterns leads to ARts moving away from a monolithic tabletop towards
multiple location-aware tablets3 (see Figure 8.3). In the following section the design
patterns applied for ARts and their implementation is described in more detail.
Domain Situation
Reality-based Idiom
P9: Path/Goal
Network

Data
Abstraction

P6: Touch input
(NP / BAS)

(Encode / Facet)

P12: Separated
Input and Result
Spaces

P10: Tangible
Objects
(NP/BAS/SAS)

(Encode / Facet)

Task
Abstraction

P14: Scatter Plot

P11: Proxemics

(Encode)

(NP / SAS)

P15: 3D Parallel
Coordinates

ARts

(Encode)

P16: AR
Visualization
(BAS/EAS/SAS)

Individual
Interaction

Social
Interaction

Workflow

Physical
Environment

Fig. 8.2: The Model for Reality-based Idiom Design width the design patterns blended in the

idiom ARts.

The pattern is applied for encoding and
faceting both the dataset to analyze and the user interface widgets required for
the operation. The implementation of this pattern is inspired by the idiom ART
and combines a visualization of the results in an AR environment with widgets for
Separated Input and Result Spaces (P12):

3
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operating the visualization on multiple tablets. This combination provides enough
space to visualize user interface widgets on the tablet while still providing a large
scale space for the actual visualization of the data in an AR environment.
The pattern is applied to visually encode two-dimensional data.
For ARts multiple scatter plots can be configured. Each plot is assigned to one
tablet (see Figure 8.3a).
Scatter Plot (P14):

The pattern is applied to visually encode multidimensional data. This type of visualization consists of multiple, linked, scatter plots
and therefore theoretically allows for an infinite number of dimensions that can be
visualized (see Figure 8.3).
3D Parallel Coordinates (P15):

The pattern is applied to improve the depth perception of the users while investigating the 3D parallel coordinates visualization. The
AR Visualization Pattern (P16):

(a) Each mobile device represents a single scat-

ter plot.

(c) If a scatter plot is too far away, no links are

established.

(b) Links appear when scatter plots are close

together.

(d) Links are thus based on the proxemic dis-

tance between mobile devices.

Fig. 8.3: Mock-ups for linking scatter plots with ARts.
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AR environment further provides the means for navigating the visualization through
natural body movements and allows for a natural face-to-face communication and
coordination between collaborators. The implementation of the pattern therefore
leverages users’ knowledge about Naïve Physics, as well as their Body Awareness and
Skills and Social Awareness and Skills for the interaction.
The pattern is applied to allow for precise and familiar configuration of individual scatter plots on the tablets (see e.g., Sadana and Stasko [253] for
scatter plot interaction on a tablet). This provides advantages over gestures, because
touch provides haptic feedback and does not suffer from the problem of touching
the void.

Touch Input (P6):

The pattern is applied to increase the affordance of possible
interactions as well as the situational and social awareness. Thus, ARts aims at
leveraging users’ knowledge about Naïve Physics, their Body Awareness and Skills and
their Social Awareness and Skills for the interaction. By distributing individual scatter
plots onto different mobile devices, the modality for plot arrangement shifts towards
tangibility. Users can therefore arrange plots by physically arranging mobile devices,
allowing for flexible, linked visualization layouts (see Figure 8.4a) similar to systems
such as ‘VisLink’ [66] or ‘ImAxes’ [69]. This also enables users to fully utilize their
surroundings, for example, by mounting visualizations onto a wall (see Figure 8.4b).
Furthermore, previous research [8] suggests that co-located collaboration is more
Tangible Objects (P10):

(a) Mock-up for arranging scatter plots: Mobile

(b) Mock-up for room usage: Mobile devices can

devices allow for a flexible arrangement of
scatter plots, such as a two-to-one layout.

be arranged in any location in the room, for
example placed on a table or attached to a
magnetic wall.

Fig. 8.4: Distributing individual scatter plots onto mobile devices allows for alternative

approaches to plot arrangement.
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efficient when each participant has control over parts of the data. By distributing
the visualization onto different mobile devices, users can either work on different
plots of the same visualization simultaneously, or work on entirely independent
visualizations (see Figure 8.5).
The pattern is applied to encode the relations between
individual scatter plots. In contrast to ART, the idiom ARts not only allows for linear
arrangements of the scatter plots, but also for the creation of a directed network of
plots. As with the idiom CollectionDiver, the visual representation of this network
structure represents the stream of data that flows from one plot to the other. This
allows for faceting the data in terms of filtering individual plots and combining these
filters with conjunctions or disjunctions of the data streams.
Path/Goal Network (P9):

The pattern is applied to define the relations between the individual scatter plots. Links between scatter plots are automatically established based
on the proxemic distance and orientation between mobile devices (see Figure 8.3).
Proxemics (P11):

(a) Users working concurrently on different scatter plots.

(b) Users combining their results into a shared

(c) Users working concurrently on individual vi-

visualization.

sualizations.

Fig. 8.5: Mock-ups for collaboration with ARts.
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This allows for dynamic linking of scatter plots similar to ‘ImAxes’ [69] and allows
for cross-device interaction similar to ‘VisTiles’ [170].
The combination of these patterns extracted from the idioms ART and CollectionDiver
lead to an idiom that replaces the single tabletop of ART with multiple mobile devices
and allows for linking them through a mechanism similar to the one applied in
the CollectionDiver. Blending these concepts results in the idiom ARts which is
potentially more flexible and collaboration-friendly visualization system.

8.3 Closing Remarks
Our physical and social environment is rich of affordances, rules, and constraints
that we are unconsciously aware of and used to, and that frame our thinking and
our interaction with people and objects. The overall research aim of this dissertation
is to leverage this preexisting and entrenched knowledge of users and therefore
their most basic bodily and social experiences to allow for familiar interaction with
visualizations. This dissertation targets bridging the gap between visualization and
interaction research in order to inform novel ways of reducing the interaction costs
during visual data analysis. This is done by investigating ways to design Reality-based
Idioms in terms of interfaces consisting of visualization and interaction techniques
that blend reality with computational power. The overarching research question
addressed by this dissertation therefore is:
RQO : How can we guide the design of Reality-based Idioms and can these idioms
leverage human capabilities and human-embodied knowledge to facilitate
interaction with visual data analysis tools?
The Model for Reality-based Idiom Design showed benefits for the design of idioms
that draw from users’ preexisting and entrenched knowledge for the interaction with
visualizations within a specific domain situation. The model provides a guide for
analyzing and describing the domain situation and can inform the design choices
that have to be made when designing interfaces for visual data analysis. However,
the model does not provide a step-by-step guide for the design. This is still a design
process that is based on the skills, experiences, and knowledge of the interface
designer. In the design process sometimes, subjective design decisions have to be
made, multiple iterations are required, and it is a process which benefits from the
involvement of the user. However, the Model for Reality-based Idiom Design is a
design-sensitizing construct that provides inspiration for new designs and points to
the theoretical foundations that explain why certain interaction designs are perceived
as being familiar.
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This was exemplified with three domain situations that focused on the tasks of
navigating visual information spaces, filtering large datasets, and analyzing multidimensional data and five Reality-based Idioms that each address one of these domain
situations. As future work, decomposing these idioms into a collection of design
patterns as small reusable parts can provide the means to inform the design of
idioms also for other domain situations. The Model for Reality-based Idiom Design,
in combination with such a collection, does not only provide a guide for analyzing
the problem space in terms of the domain situation but also provide a structured
solution space in terms of idioms and design patterns that can be blended to create
interfaces that leverage users’ entrenched knowledge about the physical and social
world for the interaction with visual data analysis tools.
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A

Statistical Appendix
A.1 Statistical Appendix to Chapter 4
A.1.1 Task Completion Time
Tab. A.1: SpaceFold and PhysicLenses – Task completion times: ANOVA
df M

p

η2

13.56
128.27
8.77

<.01∗∗
<.01∗∗
<.01∗∗

.37
.85
.28

<.01∗∗
<.01∗∗
<.01∗∗

.53
.21
.20

>.05

.03

df R

F

Main Effects
Interface
Distance
Orientation

2
1
3

46
23
69

1.36
3.49
3

31.30
80.19
69

25.91
6.21
5.87

3.29

75.57

0.81

Two-Way Interactions
Interface × Distance
Interface × Orientation
Distance × Orientation
Three-Way Interactions
Interface × Distance × Orientation

probability value: * p < .05; ** p < .01
effect size (η 2 ): .02 ∼ small; .13 ∼ medium; .26 ∼ large

Tab. A.2: SpaceFold and PhysicLenses – Task completion times: Pairwise comparisons of

interfaces (t-tests with Holm-Bonferroni correction)
UI

M

SD

df

t

p

η2

1.35
2.74

191

−9.90

<.01∗∗

.34

1.35
2.05

191

−8.18

<.01∗∗

.26

191

3.22

<.01∗∗

.05

SpaceFold – PhysicLenses
SpaceFold
PhysicLenses

7.19
8.84

SpaceFold – Split Screen
7.19
8.21

SpaceFold
Split Screen

PhysicLenses – Split Screen
PhysicLenses
Split Screen
*

8.84
8.21

2.74
2.05
**

probability value: p < .05; p < .01
effect size (η 2 ): .02 ∼ small; .13 ∼ medium; .26 ∼ large
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Tab. A.3: SpaceFold and PhysicLenses – Task completion times: Pairwise comparisons of

interfaces and distances (t-tests with Holm-Bonferroni correction)
Dist.

UI

M

SD

df

t

p

η2

SpaceFold – PhysicLenses
long

SpaceFold
PhysicLenses

7.62
9.79

1.43
2.63

95

−9.88

<.01∗∗

.51

short

SpaceFold
PhysicLenses

6.77
7.89

1.11
2.52

95

−4.70

<.01∗∗

.19

SpaceFold – Split Screen
long

SpaceFold
Split Screen

7.62
8.26

1.43
2.16

95

−3.66

<.01∗∗

.12

short

SpaceFold
Split Screen

6.77
8.16

1.11
1.95

95

−8.23

<.01∗∗

.42

<.01∗∗

.26

>.05

.01

PhysicLenses – Split Screen
long

PhysicLenses
Split Screen

9.79
8.26

2.63
2.16

95

5.82

short

PhysicLenses
Split Screen

7.89
8.16

2.52
1.95

95

−1.02

*

**

probability value: p < .05; p < .01
effect size (η 2 ): .02 ∼ small; .13 ∼ medium; .26 ∼ large

Tab. A.4: SpaceFold and PhysicLenses – Task completion times: Pairwise comparisons of

interfaces and angles (t-tests with Holm-Bonferroni correction)
Ori..

UI

M

SD

df

t

p

η2

SpaceFold – PhysicLenses
0°

SpaceFold
PhysicLenses

7.33
9.80

1.35
2.77

47

−6.87

<.01∗∗

.50

45°

SpaceFold
PhysicLenses

7.42
8.73

1.40
2.43

47

−5.22

<.01∗∗

.37

90°

SpaceFold
PhysicLenses

6.65
8.63

1.10
3.24

47

−5.08

<.01∗∗

.35

135°

SpaceFold
PhysicLenses

7.37
8.19

1.40
2.23

47

−3.09

<.01∗∗

.17

SpaceFold – Split Screen
0°

SpaceFold
Split Screen

7.33
8.21

1.35
2.14

47

−3.27

<.01∗∗

.19

45°

SpaceFold
Split Screen

7.42
8.17

1.40
2.06

47

−3.14

<.01∗∗

.17

90°

SpaceFold
Split Screen

6.65
8.40

1.10
1.98

47

−7.36

<.01∗∗

.54

135°

SpaceFold
Split Screen

7.37
8.05

1.40
2.08

47

−3.09

<.01∗∗

.17

PhysicLenses – Split Screen
0°

PhysicLenses
Split Screen

9.80
8.21

2.77
2.14

47

3.71

<.01∗∗

.23

45°

PhysicLenses
Split Screen

8.73
8.17

2.43
2.06

47

1.51

>.05

.05

90°

PhysicLenses
Split Screen

8.63
8.40

3.24
1.98

47

0.62

>.05

.01

135°

PhysicLenses
Split Screen

8.19
8.05

2.23
2.08

47

0.38

>.05

.00

probability value: * p < .05; ** p < .01
effect size (η 2 ): .02 ∼ small; .13 ∼ medium; .26 ∼ large

256

Appendix A

Statistical Appendix

A.1.2 NASA-TLX
Tab. A.5: SpaceFold and PhysicLenses – NASA-TLX: Friedman’s ANOVA
UI

χ2

M dn

IQR

df

p

27.50
25.00
22.50

35.00
39.00
39.00

2

1.06

>.05

25.00
27.50
47.50

24.00
28.00
30.00

2

6.93

<.05∗

22.50
27.50
32.50

43.00
38.00
38.00

2

0.61

>.05

30.00
27.50
35.00

38.00
35.00
34.00

2

1.54

>.05

35.00
20.00
30.00

29.00
33.00
38.00

2

5.14

>.05

12.50
12.50
17.50

18.00
15.00
30.00

2

2.74

>.05

27.50
23.34
30.84

27.08
24.80
29.38

2

4.23

>.05

Mental Demand
SpaceFold
PhysicLenses
Split Screen
Physical Demand
SpaceFold
PhysicLenses
Split Screen

Temporal Demand
SpaceFold
PhysicLenses
Split Screen
Performance
SpaceFold
PhysicLenses
Split Screen
Effort
SpaceFold
PhysicLenses
Split Screen
Frustration
SpaceFold
PhysicLenses
Split Screen
Overall
SpaceFold
PhysicLenses
Split Screen

probability value: * p < .05; ** p < .01

Tab. A.6: SpaceFold and PhysicLenses – NASA-TLX (Physical Demand): Pairwise comparison

of interfaces (Wilcoxon signed-rank test with Holm-Bonferroni correction)
UI

M dn

IQR

Z

p

r

SpaceFold – PhysicLenses
SpaceFold
PhysicLenses

25.00
27.50

24.00
28.00

−0.23

>.05

−.04

24.00
30.00

−2.60

<.05∗

−.37

28.00
30.00

−2.72

<.05∗

−.39

SpaceFold – Split Screen
SpaceFold
Split Screen

25.00
47.50

PhysicLenses – Split Screen
PhysicLenses
Split Screen

27.50
47.50

probability value: * p < .05; ** p < .01
effect size r: +/ − .10 ∼ small; +/ − .30 ∼ medium; +/ − .50 ∼ large

A.1 Statistical Appendix to Chapter 4

257

Tab. A.7: SpaceFold and PhysicLenses – Simplicity: Friedman’s ANOVA
UI

M dn

IQR

df

1.0
1.0
0.5

2.0
1.0
3.0

3

χ2

p

Mental Demand
SpaceFold
PhysicLenses
Split Screen

4.59

>.05

probability value: * p < .05; ** p < .01

A.2 Statistical Appendix to Chapter 5
A.2.1 Task Completion Time
Tab. A.8: InformationSense and SpaceFold – Task completion times: Friedman’s ANOVA
UI

M dn

IQR

df

20.21
19.36
18.48

18.57
17.13
19.03

2

χ2

p

Interface
InformationSense
SpaceFold with Zoom
SpaceFold without Zoom

<.05∗

7.67

probability value: * p < .05; ** p < .01

Tab. A.9: InformationSense and SpaceFold – Task completion times: Pairwise comparisons of

interfaces (Wilcoxon signed-rank test with Holm-Bonferroni correction)
UI

M dn

IQR

Z

p

r

InformationSense – SpaceFold with Zoom
InformationSense
SpaceFold with Zoom

20.21
19.36

18.57
17.13

−1.80

>.05

−.06

−2.49

<.05∗

−.08

InformationSense – SpaceFold without Zoom
InformationSense
SpaceFold without Zoom

20.21
18.48

18.57
19.03

SpaceFold with Zoom – SpaceFold without Zoom
SpaceFold with Zoom
SpaceFold without Zoom
*

**

19.36
18.48

17.13
19.03

1.53

>.05

probability value: p < .05; p < .01
effect size r: +/ − .10 ∼ small; +/ − .30 ∼ medium; +/ − .50 ∼ large
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.05

Tab. A.10: InformationSense and SpaceFold – Task completion times:

Friedman’s ANOVA (interface × distance)
Dist.

UI

M dn

IQR

df

χ2

p

Interface × Distance
long

InformationSense
SpaceFold with Zoom
SpaceFold without Zoom

29.18
25.55
25.56

22.00
17.73
19.83

2

12.44

<.01∗∗

short

InformationSense
SpaceFold with Zoom
SpaceFold without Zoom

12.82
14.89
12.47

10.51
11.24
13.03

2

6.68

<.05∗

probability value: * p < .05; ** p < .01

Tab. A.11: InformationSense and SpaceFold – Task completion times: Pairwise comparisons

of interfaces and distances (Wilcoxon signed-rank test with Holm-Bonferroni
correction)
Dist.

UI

M dn

IQR

Z

p

r

InformationSense – SpaceFold with Zoom
long

InformationSense
SpaceFold with Zoom

29.18
25.55

22.00
17.73

−3.90

<.01∗∗ −.19

short

InformationSense
SpaceFold with Zoom

12.82
14.89

10.51
11.24

−1.71

>.05

−.08

InformationSense – SpaceFold without Zoom
long

InformationSense
SpaceFold without Zoom

29.18
25.56

22.00
19.83

−3.68

<.01∗∗ −.18

short

InformationSense
SpaceFold without Zoom

12.82
12.47

10.51
13.03

−0.52

>.05

−.03

SpaceFold with Zoom – SpaceFold without Zoom
long

SpaceFold with Zoom
SpaceFold without Zoom

25.55
25.56

17.73
19.83

−0.424 >.05

−.02

short

SpaceFold with Zoom
SpaceFold without Zoom

14.89
12.47

11.24
13.03

−1.83

−.09

>.05

probability value: * p < .05; ** p < .01
effect size r: +/ − .10 ∼ small; +/ − .30 ∼ medium; +/ − .50 ∼ large
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A.2.2 User Experience Questionnaire
Tab. A.12: InformationSense and SpaceFold – UEQ: Friedman’s ANOVA
UI

χ2

M dn

IQR

df

p

1.83
1.33
1.50

1.29
1.17
1.33

2

3.52

1.38
2.13
1.88

1.19
0.75
0.63

2

12.69

<.01∗∗

0.75
1.50
1.63

1.50
1.00
0.81

2

10.84

<.01∗∗

0.38
1.13
1.38

1.81
1.25
0.88

2

6.09

<.05∗

2.00
1.00
1.38

0.75
1.25
1.50

2

13.63

<.01∗∗

2.13
1.25
1.50

1.06
1.06
1.31

2

15.59

<.01∗∗

Attractiveness
InformationSense
SpaceFold with Zoom
SpaceFold without Zoom

>.05

Perspicuity
InformationSense
SpaceFold with Zoom
SpaceFold without Zoom
Efficiency
InformationSense
SpaceFold with Zoom
SpaceFold without Zoom
Dependability
InformationSense
SpaceFold with Zoom
SpaceFold without Zoom
Stimulation
InformationSense
SpaceFold with Zoom
SpaceFold without Zoom
Novelty
InformationSense
SpaceFold with Zoom
SpaceFold without Zoom

probability value: * p < .05; ** p < .01

Tab. A.13: InformationSense and SpaceFold – UEQ (Perspicuity): Pairwise comparisons of

interfaces (Wilcoxon signed-rank test with Holm-Bonferroni correction)
UI

M dn

IQR

Z

p

r

InformationSense – SpaceFold with Zoom
InformationSense
SpaceFold with Zoom

1.38
2.13

1.19
0.75

−2.98

<.01∗∗ −.50

−1.74

>.05

−.29

<.05∗

−.45

InformationSense – SpaceFold without Zoom
InformationSense
SpaceFold without Zoom

1.38
1.88

1.19
0.63

SpaceFold with Zoom – SpaceFold without Zoom
SpaceFold with Zoom
SpaceFold without Zoom
*

**

2.13
1.88

0.75
0.63

−2.69

probability value: p < .05; p < .01
effect size r: +/ − .10 ∼ small; +/ − .30 ∼ medium; +/ − .50 ∼ large
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Tab. A.14: InformationSense and SpaceFold – UEQ (Efficiency): Pairwise comparisons of

interfaces (Wilcoxon signed-rank test with Holm-Bonferroni correction)
UI

M dn

IQR

Z

p

r

InformationSense – SpaceFold with Zoom
InformationSense
SpaceFold with Zoom

0.75
1.50

1.50
1.00

−3.13

<.01∗∗ −.52

−3.02

<.01∗∗ −.50

InformationSense – SpaceFold without Zoom
InformationSense
SpaceFold without Zoom

0.75
1.63

1.50
0.81

SpaceFold with Zoom – SpaceFold without Zoom
SpaceFold with Zoom
SpaceFold without Zoom

1.50
1.63

1.00
0.81

−0.29

>.05

−.05

probability value: * p < .05; ** p < .01
effect size r: +/ − .10 ∼ small; +/ − .30 ∼ medium; +/ − .50 ∼ large

Tab. A.15: InformationSense and SpaceFold – UEQ (Dependability): Pairwise comparisons of

interfaces (Wilcoxon signed-rank test with Holm-Bonferroni correction)
UI

M dn

IQR

Z

p

r

InformationSense – SpaceFold with Zoom
InformationSense
SpaceFold with Zoom

0.38
1.13

1.81
1.25

−2.78

<.01∗∗ −.46

−2.24

<.05∗

−.37

>.05

−.01

InformationSense – SpaceFold without Zoom
InformationSense
SpaceFold without Zoom

0.38
1.38

1.81
0.88

SpaceFold with Zoom – SpaceFold without Zoom
SpaceFold with Zoom
SpaceFold without Zoom
*

1.13
1.38

1.25
0.88

−0.03

**

probability value: p < .05; p < .01
effect size r: +/ − .10 ∼ small; +/ − .30 ∼ medium; +/ − .50 ∼ large

Tab. A.16: InformationSense and SpaceFold – UEQ (Stimulation): Pairwise comparisons of

interfaces (Wilcoxon signed-rank test with Holm-Bonferroni correction)
UI

M dn

IQR

Z

p

r

InformationSense – SpaceFold with Zoom
InformationSense
SpaceFold with Zoom

2.00
1.00

0.75
1.25

−3.22

<.01∗∗ −.54

−3.22

<.01∗∗ −.54

InformationSense – SpaceFold without Zoom
InformationSense
SpaceFold without Zoom

2.00
1.38

0.75
1.50

SpaceFold with Zoom – SpaceFold without Zoom
SpaceFold with Zoom
SpaceFold without Zoom

1.00
1.38

1.25
1.50

−0.93

>.05

−.16

probability value: * p < .05; ** p < .01
effect size r: +/ − .10 ∼ small; +/ − .30 ∼ medium; +/ − .50 ∼ large
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Tab. A.17: InformationSense and SpaceFold – UEQ (Novelty): Pairwise comparisons of

interfaces (Wilcoxon signed-rank test with Holm-Bonferroni correction)
UI

M dn

IQR

Z

p

r

InformationSense – SpaceFold with Zoom
InformationSense
SpaceFold with Zoom

2.13
1.25

1.06
1.06

−3.19

<.01∗∗ −.53

−2.90

<.01∗∗ −.48

InformationSense – SpaceFold without Zoom
InformationSense
SpaceFold without Zoom

2.13
1.50

1.06
1.31

SpaceFold with Zoom – SpaceFold without Zoom
SpaceFold with Zoom
SpaceFold without Zoom

1.25
1.50

1.06
1.31

−1.12

>.05

probability value: * p < .05; ** p < .01
effect size r: +/ − .10 ∼ small; +/ − .30 ∼ medium; +/ − .50 ∼ large
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Figure 1. (left) Mutliscale space containing several veiled objects; (middle) FrameFold: Multiscale space is folded on the edges of the
viewport; (right) Evaluation setting showing the overview condition.

ABSTRACT
Distortion-based visualization techniques allow users to examine
focused regions of a multiscale space at high scales but preserve
their contextual information. However, the distortion can come at
the coast of confusion, disorientation and impairment of the users’
spatial memory. Yet, how distortions influence users’ ability to
build up spatial memory, while taking into account human skills of
perception, interpretation and comprehension, remains
underexplored. This note reports findings of an experimental
comparison between a distortion-based focus+context interface and
an undistorted overview+detail interface. The focus+context
technique follows guidelines for the design of comprehensible
distortions: make use of real-world metaphors, visual clues like
shading, smooth transitions and scaled-only focus regions. The
results show that the focus+context technique designed following
these guidelines help to keep track of the position within the
multiscale space and does not impair users’ spatial memory.

mélange [7], allow users to examine focused regions at high scales
but at the same time preserve their contextual information.
However, the distortion can come at the cost of confusion,
disorientation [4] and impairment of the users spatial location
memory [15].
Although, spatial memory plays an important role in graphical user
interfaces, research on the influence of focus+context interfaces on
users’ ability to memorize object locations is limited. In this context
fisheye distortions are the only focus+context technique which has
been investigated. Comparisons of fisheye visualizations with nondistorted interfaces showed a negative effect of distortions on the
memorability of object locations and claims were made that
distortions hinders the users from building up spatial memory.
However, how distortions influence users’ ability to build up spatial
memory, while taking into account human skills of perception,
interpretation and comprehension, remains underexplored.

1. INTRODUCTION

This note reports findings of an experimental comparison between
a distortion-based focus+context interface and an undistorted
interface using an overview+detail design pattern. The distortion of
the focus+context technique follows guidelines for the design of
comprehensible distortions derived from findings of Carpendale
et al. [4]: make use of real-world metaphors and visual clues like
shading, smooth transitions and scaled-only focus regions. The
distortion-based focus+context technique and the undistorted
overview+detail interface are compared in terms of spatial memory
and attention patterns.

Multiscale information offers an overview of data at small scales
and details at larger scales. Distortion-based visualization
techniques, such as fisheye views [5] or folding techniques like

2. SPATIAL MEMORY IN
MULTISCALE SPACES
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• Human-centered computing~Visualization techniques
• Human-centered computing~Graphical user interfaces
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Spatial memory; multiscale space; distortion; design guidelines;
focus+context; overview+detail

Permission to make digital or hard copies of all or part of this work for
personal or classroom use is granted without fee provided that copies are
not made or distributed for profit or commercial advantage and that copies
bear this notice and the full citation on the first page. Copyrights for
components of this work owned by others than the author(s) must be
honored. Abstracting with credit is permitted. To copy otherwise, or
republish, to post on servers or to redistribute to lists, requires prior specific
permission and/or a fee. Request permissions from Permissions@acm.org.
AVI '16, June 07 - 10, 2016, Bari, Italy
Copyright is held by the owner/author(s). Publication rights licensed to ACM.
ACM 978-1-4503-4131-8/16/06…$15.00

DOI: http://dx.doi.org/10.1145/2909132.2909284

Simon Butscher and Harald Reiterer.
“Applying Guidelines for the Design of Distortions on Focus + Context
Interfaces”.
In: Proceedings of the International Working Conference on Advanced Visual Interfaces (AVI ’16).
New York, NY, USA: ACM Press, 2016, pp. 244–247.

Knowledge about the interface layout and object locations can
substantially reduce the cognitive and physical effort required for
interaction [14]. Spatial consistency strongly influences the users’
ability to build up spatial location memory. In this context
consistency can be defined as the stable location of objects in
relation to a frame of reference like the borders of a window or the
display itself. In multiscale spaces this consistency is violated as
the position of objects change based on the zoom level or the
position of the viewport while panning.
The overview+detail design pattern tries to overcome this problem
by providing an overview in a distinct area. This helps to anchor
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Distortion-based visualization techniques allow users to examine focused regions
of a multi-scale space at high scales but preserve their contextual information.
However, the distortion can come at the cost of confusion, disorientation [55],
and impairment of the users’ spatial memory [274]. Different studies showed the
importance of spatial memory for the interaction with user interfaces, especially in
terms of locating items quickly [107, 258]. Knowing object locations in a visual
information space avoids the need for time-consuming visual search [117, 134].
Building up a spatial memory is facilitated through a spatial consistency of the
object locations relative to a frame of reference like the borders of the viewport.
For both zooming interfaces and focus + context interfaces this spatial consistency is
violated, because the position of objects change with respect to the magnification
or distortion. Although spatial memory plays an important role in graphical user
interfaces, research on the influence of focus + context interfaces on users’ ability
to memorize object locations is limited. In this context, fisheye distortions are the
only focus + context technique which has been investigated. Comparisons of fisheye
visualizations with non-distorted interfaces showed a negative effect of distortions
on the memorability of object locations and claims were made that distortions hinder
the users from building up spatial memory. However, how distortions influence
users’ ability to build up spatial memory, while taking human preexisting knowledge
about perspective distortions in our physical world, remains underexplored. The
question to answer therefore is:

Can focus + context interfaces based on real-world metaphors dampen the negative
effect of distortions on users’ spatial location memory?
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This chapter reports findings of an experimental comparison between a distortionbased focus + context interface and an undistorted overview + detail interface. The
focus + context interface follows guidelines for the design of comprehensible distortions derived from findings of Carpendale et al. [55]: make use of real-world
metaphors and visual clues like shading, smooth transitions, and scaled-only focus regions. The distortion-based focus + context technique and the undistorted
overview + detail interface are compared in terms of spatial memory and attention
patterns. The results show that the focus + context technique designed following the
mentioned guidelines helps users to keep track of the position within the multi-scale
space and does not impair users’ spatial memory.

B.1 Analysis: Spatial Memory
Spatial memory1 in terms of knowledge about the interface layout and object
locations can substantially reduce the cognitive and physical effort required for
interaction [257]. This is mainly because users who are familiar with a spatiallystable interface can avoid a time consuming visual search for items. This is especially
true for item-rich interfaces, because the time required for the visual search is
proportional to the number of items [124, 268, 61]. Spatial knowledge of item
locations enables interaction automaticity [260], which substantially frees the user’s
cognitive resources and allows the user instead to focus on higher-level tasks.
Knowledge about object location is encoded to something else. Users typically make
use of two kinds of reference systems to encode locations: frames of reference and
landmarks. Psychology research showed that often frames of reference are used
to encode locations and spatial structures of objects [269, 201]. In our physical
environment a frame of reference can be the walls of a room or the edges of a table.
For a virtual information space, the frame of reference typically consists of the edges
of the canvas. As an example of the influence of a frame of reference on a user’s
location memory, Igel and Harvey [136] showed that that the presence of a visual
frame increased participants accuracy in terms of remembering multiple locations
of dots. Huttenlocher et al. [133] showed that the encoding can even consist of
two levels: a high-level spatial category and a more fine-grained location. When
asked to recall a dot’s location within a circle, participants spontaneously divided the
circle into four quadrants and used the quadrants as implicit frames of reference to
increase their recall accuracy. A static object layout in terms of a spatial consistency
1

In HCI, research spatial memory is mainly considered in the context of two classes of tasks: navigating through environments (e.g., [189]) and remembering object locations (e.g., [229]). The
former task addresses, for example, the navigation through virtual environments (e.g., [74, 250]).
However, this thesis focuses on the latter task, which can be considered a “fundamental component
of everyday interaction with computing systems, such as finding items in a menu, finding files on a
desktop, or finding apps on an iPhone home screen” [257].
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of the object locations in relation to the frame of reference is essential for encoding
object locations. In spatially consistent interfaces, object locations can be encoded
both automatically and intentionally. However, there is evidence that, for spatially
consistent interfaces, spatial location memory largely develops as a byproduct of
interaction [155, 186, 84] and therefore automatically.
In contrast, landmarks can be described as visually salient or memorable elements
of a scene [144]. In contrast to encoding object locations in relation to a frame of
reference, landmarks are used to encode inter-object relations [202]. Landmarks
can therefore serve as an enhancement to a frame of reference, but are especially
important when no frame of reference is available or the object locations are not
spatially consistent in relation to the frame of reference. This is, for example,
the case for zooming and also many focus + context interfaces. The importance
of landmarks becomes especially noticeable when they are missing. In zooming
interfaces this situation is called ‘desert fog’ [153] which, for example, often occurs
when zoomed in too far. Doeller and Burgess [77] found a big difference between
the two reference systems is that object locations were learned automatically in
relation to a frame of reference, but spatial relationships between landmarks had to
be learned intentionally.

B.1.1 Spatial Memory in Multi-scale Spaces
Spatial consistency strongly influences the users’ ability to build up spatial location
memory. In this context, consistency can be defined as the stable location of objects
in relation to a frame of reference like the borders of a window or the display itself.
In multi-scale spaces, this consistency is violated because the position of objects
change based on the zoom level or the visible part of the canvas while panning.
The overview + detail design pattern tries to overcome this problem by providing
an overview in a distinct area. This helps to anchor the detailed view to the
absolute spatial position in the multi-scale space and enables the encoding of object
locations in relation to the borders of the canvas as a frame of reference. Different
studies for mobile devices showed that the presence of an overview increases spatial
recall accuracy [40] and facilitates incidental learning of spatial locations [217]. In
contrast to these results Hornbæk et al. [122] found no evidence for improved spatial
memory with an overview compared to a multi-scale space without an overview.
Instead of showing an overview, focus + context techniques integrate detailed information in their context. Several distortion-based focus + context techniques allow for
a magnification of focus regions while the entire canvas stays visible in the viewport
and can serve as a frame of reference (e.g., [256, 255]). However, a potential problem with distortion is the misinterpretation of the underlying data. Using distortion
can come at the cost of inconsistencies of object locations and can handicap the
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user in making spatial judgments. Users therefore face difficulties mapping objects
visualized in the distorted view to their absolute position in the underlying canvas
which can hinder the user’s remembering object locations [55]. Yet, research about
the influence of distortion based focus + context interfaces on user’s spatial location
memory is mainly limited to fisheye views [274]. The question to answer therefore
is if interfaces which take users’ abilities to interpret distortions into consideration
suffer from the same negative effect on users’ spatial location memory.

B.1.2 Spatial Memory and Embodiment
Recalling object location in user interfaces is based on the same mechanisms (frame
of reference and landmarks) as recalling object locations in our physical environment.
An eminent study in HCI investigated how users benefit from their ability to memorize object locations on an inclined plane in a virtual 3D environment. The so-called
‘Data Mountain’ is based on the assumption that we can use our “pre-attentive ability
to recognize spatial relationships based on simple 3D depth cues (like perspective views
and occlusion). . . and understand [the objects’] spatial relationships without thinking
about it” [240]. Robertson et al. [240] showed that in a document management
task ‘Data Mountain’ lead to an increased spatial memory performance compared
to a hierarchical tree view. With the ‘Data Mountain’ interface, users were able to
arrange thumbnails of web browser bookmarks on the inclined plane. The results
show that users recall bookmarks faster and more accurate when using the spatial
interface. This early study showed that users are able to apply their preexisting
knowledge about spatial arrangement in perspective distorted environments and
how this preexisting knowledge can positively influence users’ spatial memory. Yet,
how this can be applied in focus + context interfaces is an open research question.

B.1.3 Design goals for distortion-based interfaces
We are able to interpret perspective distortions and deformations of objects because
we perceive them every day in our physical environment. This knowledge can
be leveraged for the creation of focus + context interfaces. Carpendale et al. [55]
summarized findings about users’ abilities to interpret distorted spaces from which
we extracted three main design goals for focus + context interfaces based on realworld metaphors:
G1 Real-world metaphors: 3-dimensional distortions (e.g., [87, 138, 198]) based
on real-world metaphors provide rich visual information about how the space
is distorted and therefore allow the user to quickly and accurately interpret
the distortion. A combination of a perspective view and shading helps the user
to identify the 3-dimensional shape the distortion is based on [235].
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G2 Scaled-only focus region: Pure magnification is easier to interpret than distortions. Therefore, in regions in focus, only the scale factor should change and
the regions should be smoothly integrated into the distorted context [255].
G3 Smooth transitions: Many studies report on the need for continuous visual
transitions (e.g., [56]). Seeing how the distortion is created or being able to
reverse the transition allows the user to decode the distortion.

B.2 Design: FrameFold
Video

Like other techniques [87, 138] FrameFold is a focus + context interface which is
based on distortions using the metaphor of a folded sheet of paper (for video, scan
QR code or go to URL [ 5]). In contrast to other techniques, it is designed as a
single-focus technique which is optimized to fit the whole multi-scale space within
the visible viewport while panning and zooming. Instead of pushing parts of the
multi-scale space outside of the visible viewport FrameFold allows for scaling the
focus region while folding its context (G2 ). Folds are automatically created on
the edges when the scaled space exceeds the size of the viewport (see Figure B.1,
right). The width, the depth and the shading of a fold correspond to the space that
is aggregated within a fold (G1 ). The folds give a good awareness of the space
that is bridged [87] and therefore can help to encode the distance of an object
to the border of the multi-scale space as a frame of reference. The corners of the
viewport can be intersected by both a horizontal and vertical fold. This leads to
nonlinear distortions in these areas which are more difficult to interpret. In order
to assist in the perception of the distance to the edge of the multi-scale space, we
avoided overlaps of the horizontal and vertical folds (see Figure B.2, red circles).
Furthermore the 3-dimensional geometry of the folds is corrected with respect to
a virtual camera so that the valley of the fold is visible and not overlapped due to

Fig. B.1: (left) Mutli-scale space containing several veiled objects; (right) FrameFold: multi-

scale space is folded on the edges of the viewport.
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perspective distortion (see Figure B.2, right). During panning and zooming the folds
are instantly adapted to bridge the intervening space to the border of the multi-scale
space. This allows for a smooth transition between a distorted view while zoomed
in and an undistorted view while zoomed out (G3 ).

Fig. B.2: Perspective correction to make the valleys of the folds visible. (left) uncorrected

view; (right) corrected view.

B.3 Empiricism: Spatial Memory and Attention Patterns
FrameFold, as a distortion-based interface, addressed the stated design goals with
the aim of “leav[ing] the user confident the information they are exploring remains
consistent” [55]. In the evaluation we wanted to investigate if the real-world
metaphor used for FrameFold damped the negative influence of distortions on users’
spatial memory. We, conducted a comparative experiment between FrameFold as
a distortion-based interface and an undistorted Overview + Detail interface (see
Figure B.3a). Both interfaces provide a frame of reference that can be used to
anchor the view within the canvas and therefore help the user to build up spatial
memory. The overview in the Overview + Detail interface contains thumbnails and a
red rectangle that illustrates the currently visible area of the canvas. The overview
can help to encode object positions in terms of the distances to the border of the
multi-scale space as the frame of reference. Whereas this condition provides a
persistent and undistorted overview of the multi-scale space, it can lead to split
attention in terms of switching between the detail and the overview area which
requires mental effort and time [122].
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B.3.1 Research Questions
We were interested if the preexisting knowledge of users, which can help them to
interpret the distortion, counterbalances the negative effect distortions can have
on users’ spatial memory. Furthermore, these distortions imply a visual separation
between the scaled-only focus regions and the distorted context, which is important
to interpret the distortion. However, this visual separation can induce the problem of
split attention, similar to that of overview + detail interfaces. Our research questions
therefore are:
Q1 Does a distortion-based focus + context interface, which was designed following
the guidelines for the creation of comprehensible distortions, improve users’
spatial memory?
Q2 Does the distorted context catch the user’s attention and if so, does a visual
separation between a scaled-only focus region and its distorted context induce
problems of split attention?

B.3.2 Experimental Design
Participants had to complete a set of search and reconstruction tasks on a notebooksized display with the two interfaces. The following section describes the study
setup, the procedure and the tasks, the methods applied for data collection and
analysis as well as the participants we recruited for the study (see Table B.1).
Tab. B.1: Overview of the study setup.
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design

counterbalanced, within-subjects

participants

N = 12 (6 female / 6 male)
M = 25.9 years, SD=4.8; range: 23 − 39 years

tasks

search task, reconstruction task

independent
varibale (IV)

user interface: FrameFold, Overview + Detail

dependent
varibales (DV)

task completion time, focused areas (gaze),
gaze shifts, recall error

trials

search task: 144 trials
12 participants × 2 interfaces × 6 blocks ( × 8 objects)
reconstruction task: 24 trials
12 participants × 2 interfaces ( × 8 objects)
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B.3.2.1 Study Setup, Procedure & Task
The participants had to perform two different tasks: a navigation task and reconstruction task based on it. Within the navigation task participants had to successively
find eight objects placed on a multi-scale space (1920 × 1080 pixels in size, see
Figure B.1, left). To force the users to navigate the multi-scale space the objects
were unveiled on a certain zoom level (scale ratio of 1:8 between the viewport
size and the scaled size of the information space). Each object to be found was
visualized in the center of the screen (see Figure B.3). The participants had to bring
the corresponding object on the multi-scale space to overlap with the template in
the middle of the screen. For the reconstruction task, participants were instructed
to recall the positions of the eight objects and place them on the empty multi-scale
space as accurately as possible. During the reconstruction task it was still possible to
pan and zoom.

(a) Overview + Detail interface showing the

item to search and the mutliscale space
containing the veiled objects

(b) Evaluation setting consisting of a laptop and

an eye tracker.

Fig. B.3: Evaluation setting showing the Overview + Detail condition.

The study was conducted as a within-subjects factorial design with two independent
variables: interface (FrameFold, Overview + Detail) and object pool (Pool A, Pool B).
In each interface condition, participants used a separate object pool with different
symbols and positions. An object pool consisted of 8 objects which had to be found
and 14 objects which served as distractors to increase the difficulty of the task.
Because learning the location of objects is a natural side-effect of interacting with
them [74], the navigation task had to be performed six times in succession. This
results in 48 trials per participant (8 objects × 6 blocks). Each block started with
a scale ration of 1:1 between the viewport size and the size of the information
space, which allowed the entire canvas to fit into the viewport. The order of
the objects within a block was altered to prevent the participants’ remembering
the navigation steps instead of learning the object locations. After the 6 blocks,
participants performed the reconstruction task using the same interface as for the
navigation task. Before each condition, a training task with a training object pool
for the navigation as well as for the reconstruction was conducted. The study
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was systematically counterbalanced and each participant was randomly assigned
to one of the resulting four groups (combination of technique order and pool
assignment). In total we collected data from 144 blocks for the navigation task
(12 participants × 2 interfaces × 6 blocks) and 24 trials for the reconstruction task
(12 participants × 2 interfaces).
The experiment was performed on a notebook-sized display (15.4”) with a resolution
of 1920 × 1080 pixels (see Figure B.3b). Panning and zooming the multi-scale space
was done via mouse input.

B.3.2.2 Data Collection & Analysis
The dependent variable for the navigation task was the task completion time. Furthermore, we used an eye tracker to investigate attention patterns. For the reconstruction
task we calculated the recall error rate as the Euclidian distance in pixels between
the original location and the participants’ recalled location. We did not record the
time for the reconstruction task as participants were instructed to take as much time
as they needed to place the objects. We used parametric t-tests to analyze the data,
as the assumption of normality was met (Shapiro-Wilk test with p > .05 ).

B.3.2.3 Participants
We recruited 12 participants (6 female / 6 male) for the study. Participants were
between 23 and 39 years old (M = 25.9, SD = 4.8). Only one participant had a
background in computer science.

B.3.3 Results
The reporting of study results is structured based on our two research questions
which consider the influence of the two interfaces on users’ spatial memory (Q1 ),
and users’ attention patterns (Q2 ).

B.3.3.1 Q1 : Spatial Memory
Both the search and the reconstruction task are related to users’ spatial memory. During the search task the participants build up their spatial memory. The reconstruction
task was applied to measure users’ spatial memory.
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Task completion time (sec/block)

FrameFold

Overview+Detail

400
300
200
100
0
Block 1

Block 2

Block 3

Block 4

Block 5

Block 6

Fig. B.4: Search task: Mean navigation time per block.

The result for the search task is that the mean time to find an object in the
Overview + Detail condition (M OD = 156.5 sec, SD = 67.4) was slightly lower
than in the FrameFold condition (M FF = 170.4 sec, SD = 76.0; see Figure B.4). However, a two-tailed t-test revealed that this difference was statistically not significant
(p > .05, for details see Table B.2). Therefore, also the time the participants had to
memorize the object locations did not significantly differ between the interfaces.

Reconstruction error (pixel)

FrameFold

Overview+Detail

1500
1250
1000
750
500
250
0

Fig. B.5: Reconstruction task: Reconstruction error per interface condition.

The result for the reconstruction task showed that the mean distance in pixels
between the original object locations and the participants’ recalled locations for
the FrameFold condition (M FF = 136 pixels, SD = 98) was lower than for the
Overview + Detail condition (M OD = 154 pixels, SD = 114; see Figure B.5). The
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mean error for the FrameFold interface therefore corresponds to only 88% the error
for the Overview + Detail interface. However, the Wilcoxon signed rank test showed
that this difference is not statistically significant (p > .05, for details see Table B.2).
Finding 1.1 The efficiency in terms of time needed to find an object in a visual
information space is not significantly different between the overview + detail
interfaces and the focus + context interface based on a real-world metaphor.

Finding 1.2 The distortion based on a real-world metaphor used for the focus + context interface does not impair users’ ability to memorize object locations
compared to the undistorted interface.

B.3.3.2 Q2 : AttentionPatterns
Whereas we found no significant difference for task completion time and recall
accuracy, the attention patterns between the interfaces strongly differed. In the
Overview + Detail condition, the participants made excessive use of the overview
window to keep orientation. Participants focused a large amount of time on the
overview (gaze on overview: M = 20 %, SD = 15; gaze on detail: M = 68 %,
SD = 18). In the FrameFold condition, the folded areas were on average focused
during 4 % of the task completion time (gaze on folds: M = 4 %, SD = 3; gaze
on focus region: M = 85 %, SD = 7; see Figure B.6b). These differences are
statistically significant (see Table B.2).
Tab. B.2: Statistics for the search and reconstruction tasks.
DV

UI

M

SD

df

t

p

r

Search Task
completion
time (sec)

FF
OD

170.4
156.5

67.4
76.0

11

−0.51

gaze on focus/
detail (%)

FF
OD

95.0
76.7

3.3
17.9

11

gaze on folds/
overview (%)

FF
OD

5.0
23.3

3.3
17.9

time between
gaze shifts (sec)

FF
OD

6.8
5.2

FF
OD

1088.4
1235.3

>.05

.15

3.57

<.01∗∗

.73

11

−3.57

<.01∗∗

.73

4.4
4.3

11

2.25

<.05∗†

.56

356.8
390.9

11

−1.93

>.05

.50

Reconstruction Task
recall error
(pixels)

probability value: * p < .05; ** p < .01
effect size (η 2 ): .02 ∼ small; .13 ∼ medium; .26 ∼ large

† to meet the assumption of normality a log10 transformation was applied

The eye tracking data further confirmed the known split attention problem with
overview visualizations [122]. Participants who used the overview shifted their
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FrameFold
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*
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Time between Gaze Hits in
Folds/Detail Area (sec)

Gaze in Area (%)

100

Overview+Detail
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8
6
4
2
0

gaze on focus / detail gaze on folds / overview

(b) Time participants looked at interface areas in percent of

the time participants looked at the screen.

(c) Time span between partici-

pants’ gaze hit the folds or
overview area respectively.

Fig. B.6: Search task: Gaze patterns of the users (* indicates significant differences with

significance level of p < .05).

attention on average every 5.2 seconds (SD = 4.3) to the overview area. Previous
research [122] showed that the separate screen areas can induce spilt attention
which we were also able to observe in our experiment. A typical pattern was that
after the participant found an object, he or she had a look at the overview window
to encode the object location in relation to the frame of reference. The participants
reported that the necessity of frequent gaze shift was annoying because they had
to integrate the overview and the detailed view in their heads. In the FrameFold
condition participants shifted the attention only every 6.8 seconds (SD = 4.2) to the
folded areas. The gaze shifts in the FrameFold condition therefore correspond to only
76 % the shifts in the Overview + Detail condition (see Figure B.6c). This difference is
statistically significant (p < .05, for details see Table B.2). For FrameFold participants
reported that they did not make use of the folds intentionally. However, participants
reported that they perceived the folds in their periphery, which is also supported by
the eye tracking data.
Finding 2 The focus + context interfaces based on a real-world metaphor is less
prone to split attention than the overview + detail interface.
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B.3.4 Discussion
We set out to explore how a focus + context interface could be designed to (G1 ) use
a distortion based on a real-world metaphor, (G2 ) to support a scaled-only focus
region, and (G3 ) to provide smooth transitions. In the following we discuss how
FrameFold addresses these goals and how the design facilitates the navigation in an
information space and the user’s spatial memory.

B.3.4.1 G1 : Real-world metaphors
Fold-distortions provide a visual clue about the intervening distances [87]. However,
in our experiment the participants reported that, although they understood the
real-world metaphor of a folded sheet of paper, they were either not able to interpret
the distance accurately enough to help them anchor the absolute position of the
viewport or the interpretation of the accurate distance takes too much mental effort
to be handled during navigation. Still, the distortion did not impair users’ ability to
remember object locations.

B.3.4.2 G2 : Scaled-only focus region
FrameFold distorts the interface only at the border of the viewport while leaving the
focus region undistorted. The structure of the distortion allowed the participants
to focus most of their time on the easier to interpret undistorted area while using
the distorted context only if needed. The data show that participants paid attention
to the focus region 85 % of the time and that they shifted their gaze only 76 % of
the gaze shift for the Overview + Detail condition. This indicates that although the
participants did not use the folds intentionally they perceived them unconsciously.
However, participants did not perceive split attention.

B.3.4.3 G3 : Smooth transitions
Previous research showed that multi-scale spaces tax the short-term memory because
users must integrate the spatial layout of the information in their heads when
panning and zooming [15]. This holds true for the Overview + Detail condition,
because participants reported losing orientation sometimes when zooming. In
contrast, for the FrameFold condition participants did not mention any difficulties
integrating the pre and post zoom states. The continuous and reversible transition
between the folded view when zoomed in and the unfolded view when zoomed out
as well as the continuous adaption of the fold depth while zooming allowed the user
to keep track of the position within the multi-scale space. Whereas the real-world
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metaphor did not allow for an absolute positioning of the viewport it seems to allow
the users to keep track of their relative position while navigating the multi-scale
space.

B.3.5 Limitations
The study has three limitations which we want to discuss in the following. First, the
number of participants was limited and the spatial capabilities of the participants
were not considered. An investigation of larger populations with differing spatial
capabilities could show if the differences for spatial memory become significant or
diminish. Second, although building up a spatial location memory of object locations
is a natural side effect of interacting with them, the participants in our study often
learned the location intentionally. This was mainly because they knew that a
reconstruction task will follow the search task. We informed the participants about
the reconstruction task to provide comparable conditions of both interfaces. Further
research has to investigate if our results also hold for exclusively unintentional
learning. And third, the evaluation only considered short-term spatial memory. It
is still an open question how the interfaces influence users’ spatial memory if the
reconstruction task will not be a direct follow up of the search task.

B.4 Synthesis
With FrameFold we addressed the set design goals for a focus + context interface
that leverages users’ preexisting knowledge of our physical world. FrameFold is
especially designed to take into account human abilities to perceive, interpret, and
comprehend distortions. The interface shows the entire multi-scale space within
the viewport while still allowing for pan and zoom navigation. In contrast to
previous studies which explored fisheye views that do not consider these design
guidelines and claimed negative effects of distortions on the ability to memorize
object locations, our experiment showed evidence that this does not necessarily
hold true for distortion-based interfaces which make use of real-world metaphors,
visual clues like shading, smooth transitions, and scaled-only focus regions. Our
experiment showed that FrameFold does not impair users’ ability to build up spatial
memory. The undistorted focus region and the distortions which were placed at the
border of the viewport allowed users to pay attention to the distorted context only
when needed. Although the folds did not provide accurate cues about the distance
to the border of the multi-scale space as a frame of reference, they seem to help the
users keep track of the current position while navigating the space.
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Idiom: FrameFold
FrameFold, a distortion-based focus + context interface, can facilitate the navigation in visual information spaces and the search for objects. The application of
the real-world metaphor of a folded sheet of paper facilitates the interpretation
of the distortion and allows users to make use of their preexisting knowledge
about deformations in our physical world. The real-world distortion of FrameFold does not impair users’ spatial memory and induces less split attention than
overview + detail interfaces.

What: Data
FrameFold supports any data that can be represented on a visual information
space. It is especially suitable if the position of data on the information space
has a meaning.
Why: Tasks
FrameFold supports the search for and the examination of objects on high
scale factors. The real-world distortion does not impair users’ spatial memory
and therefore simplifies revisitation tasks.
How: Real-world Distortion
Real-world metaphor: The real-world metaphor of a folded sheet of paper
is applied to create folds at the border of the viewport and allows the
entire canvas to fit into the viewport.
Scaled-only focus region: A large scaled-only focus region simplifies the examination of details, because this area is not distorted. It further allows for
ignoring the distorted areas if not required.
Smooth transitions: Smooth transitions of the distortions are applied which
help users to keep track of their position on the canvas while panning
and zooming.
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