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Write a Poem on Mental Normalization

Mental normalization, a cognitive dance
Adjusting perspectives, enhancing glance
Allowing equal access, to information rich

Facilitating learning, without a hitch

From multiple points of view, we can see
The full picture, of reality
Mental normalization, makes it clear

Helping us to understand, without fear

So let us embrace, this mental feat
And use it wisely, to expand our seat
Of knowledge and understanding, evermore

Mental normalization, forever at the core

This poem was generated by the chatGPT Al (OpenAl, 2022) after the input of

the Discussion of this thesis.






Abstract

Equal access to information is a prerequisite for equal participation in collaborative
co-located group work settings. Working on Single Display Groupware, such as
Multi-Touch Tables, information is displayed with a specific point of view in mind.
This puts the users located around the table on a disadvantage in accessing the
information, thus reducing the effectiveness of the group work setting. This thesis
focusses on the cognitive processes of the individual user. It presents research on
the impact of mental normalization costs on the access to information presented

in rotated data visualizations and explores design options to reduce these costs.

The research was organized in two lines of study. The first line of study
was concerned with the confirmation of the cost of mental normalization for
rotated bar graphs and exploring possible design options to reduce these costs.
The additional burden of mental normalization processes on the cognitive system
was confirmed. Response times for rotated displayed diagrams where significantly
longer than for unrotated displays. A separate rotation of diagram labels and
diagram content revealed the written labels to be a major factor in the additional
mental normalization costs. Subsequently, the interventions to reduce the added
burden of mental normalization were focused on different label designs. Both,
the substitution of written labels with pictographs and color-coding the labels
showed to be effective in increasing overall response speed, with color-coding
being slightly more effective than pictograph labels. Additionally, the use of
redundant, but inverted labels was tested for its effectiveness. While initial
results seemed promising, the application to data visualizations where of limited

usefulness. Double label displays increased the overall response time for all
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rotation conditions, but reduced the difference between them. We called this the

" justice effect”.

In a second line of study, the potential benefits of mental normalization
for long-term memory formation were investigated. The findings showed no
such benefits and pointed towards potential adverse effects. Overall, this thesis
provides new insights into the impact of mental normalization for the access to
information presented in data visualizations in a collaborative work setting. it
also showed potential interventions to reduce these costs and thus levelling the

accessibility of the information for all users, regardless of their point of view.



Zusammenfassung

Der gleichberechtigte Zugang zu Informationen ist eine Voraussetzung fir eine
ausgewogene Teilnahme an kollaborativer Gruppenarbeits vor Ort. Bei der Arbeit
mit Single-Display-Groupware, wie z. B. Multi-Touch Tischen, werden die Infor-
mationen unter einem bestimmten Blickwinkel angezeigt, wodurch die um den
Tisch herum befindlichen Benutzer im Zugriff auf die Informationen benachteiligt
werden, was die Effektivitat der Gruppenarbeit beeintrachtigt. Die vorliegende
Arbeit konzentriert sich auf die kognitiven Prozesse des einzelnen Nutzers. Sie
stellt Untersuchungen zu den Auswirkungen der Kosten mentaler Normalisierung
auf den Zugang zu Informationen vor, welche in rotierten Datenvisualisierungen
prasentiert werden, und untersucht Gestaltungsoptionen zur Reduzierung dieser

Kosten.

Die Untersuchungen wurde in zwei Studienlinien organisiert. Die erste Studi-
enlinie befasste sich mit der Bestatigung der Kosten der mentalen Normalisierung
fur gedrehte Balkendiagramme und der Erkundung moglicher Designoptionen zur
Reduzierung dieser Kosten. Die zusatzliche kognitive Belastung durch mentale
Normalisierungsprozesse wurde bestatigt. Die Reaktionszeiten fiir rotierte Di-
agramme waren signifikant groBer als fur Unrotierte. Eine getrennte Rotation
von Diagrammbeschriftungen und Diagramminhalten ergab, dass die Beschriftun-
gen ein wesentlicher Faktor fir die zusatzlichen mentalen Normalisierungskosten
sind. In der Folge konzentrierten sich die Interventionen zur Verringerung der
zusatzlichen Belastung durch die mentale Normalisierung auf unterschiedliche
Beschriftungsdesigns. Sowohl die Substitution der Beschriftungen durch Pik-

togramme als auch eine Farbcodierung der Beschriftungen erwiesen sich als
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wirksam, um die Antwortgeschwindigkeit zu erhohen, wobei die Farbcodierung
etwas wirksamer war als die Piktogrammbeschriftung. Dariiber hinaus wurde die
Verwendung redundanter, aber invertierter Beschriftungen auf ihre Wirksamkeit
getestet. Wahrend die ersten Ergebnisse vielversprechend schienen, war die An-
wendung auf Datenvisualisierungen von begrenztem Nutzen. Die Anzeige von
doppelten Beschriftungen erhohte die Gesamtreaktionszeit fur alle Rotationsbe-
dingungen, verringerte aber den Unterschied zwischen ihnen. Wir nannten dies
den " Justice Effect”.

In einer zweiten Studienreihe wurde der mogliche Nutzen der mentalen Nor-
malisierung fur das Langzeitgedachtnis untersucht. Die Ergebnisse zeigten keinen
solchen Nutzen und wiesen auf mogliche negative Effekte hin. Insgesamt bietet
diese Arbeit neue Einblicke in die Auswirkungen der mentalen Normalisierung auf
den Zugang zu Informationen, die in Datenvisualisierungen in einer kollaborativen
Arbeitsumgebung dargestellt werden. Sie zeigt auch mogliche Interventionen auf,
um diese Kosten zu reduzieren und so die Zuganglichkeit der Informationen fur

alle Nutzer, unabhangig von ihrem Standpunkt, zu nivellieren.
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Chapter 1
Background

This thesis was part of a larger research project on the facilitation of group
decision making. The project was called " ldeas to Market”. It was constructed as
a cooperation between the Leibniz-Institut fiir Wissensmedien (IWM), the working
group on human-centered computing (HCC) of the department for computer
science at the Freie Universitat Berlin and the Center for Responsible Research
and Innovation (CeRRI) of the Fraunhofer-Institut fiir Arbeitswirtschaft und
Organisation (IAO). Ideas to Market aimed to foster untapped economic potential
of patents and ideas created by applied research institutes (especially member

institutes of the Fraunhofer society).

A motivating example for that project was the invention of the mp3 audio
format: In 1991, the Fraunhofer-Institut fiir integrierte Schaltungen (11S) presented
a new audio file format that could shrink audio files better than anything existing
to that date. The name of the format: MP3. To date, mp3 is the de facto
standard for audio files. The IIS was able to license the new format and selling
proprietary software for the encoding. The IIS even developed a first decoding
chip, setting the path for audio specialized hardware. The idea for an mp3-player
was not patented and not pursued further. This device, however, proofed to be a

huge commercial success in the early 2000's and it is seen as a missed economic
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opportunity, that the mp3 player was developed and sold by other companies
(Fraunhofer-Institut fir integrierte Schaltungen, 2022).

To avoid other missed opportunities like this, Ideas to Market aimed to
foster crowd ideation to generate atomic ideas. Stakeholders and experts from
different parts of society (Carayannis & Campbell, 2009), would then review
these ideas for their value. This evaluation process took place on a Multi-
Touch Table (MTT) that should augment the group decision making by providing
structure, documenting the process, and presenting information to all group

members.

1.1 Knowledge Work in Groups

Groups are defined as a collection of two or more people (Sherif & Sherif, 1965)).
A special kind of group is a team, which is a group that cooperates over a longer
period towards a common goal (Baker & Salas, |1997)). Effort in groups can be
distinguished in two classes: Effort that is directed towards achieving the common
goal of the group is called "taskwork” . Effort that goes into group coordination is
called "teamwork”. Group work should lead to faster and better outcomes, as the
work power of all group members is combined to achieve the goal (D. M. Fisher,
2014)), errors might be caught early as members might check on each other’s
work, and the expertise of multiple people come together (McGrath, 1984; Stasser
& Birchmeier, 2003). However, groups often fail to deliver on these expectations
(Kharrufa et al., [2010)). Groups members might agree on a suboptimal outcome.
to adhere to conformity or harmony (groupthink, Janis, |1972). In decision making,
they might stop to look for better alternatives as soon as one possible solution
is found (satisficing, Simon, 1955). If there is no obvious optimal solution, they
might pick one at random and start to selectively argue for its benefits (bolstering,
Tetlock et al., [1989). The absence of individual responsibility might aggravate
these tendencies (Latané & Nida, 1981). Friction losses might also occur in the
process (Stasser & Titus, |1985)). Failure to share information with other group
members, e.g., because of lack of opportunity to do so (production blocking),

contributes to friction loss, as well as a heightened need for groupwork or conflict
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(Bang & Frith, [2017)). Lack of or insufficient access to information might skew
the group decision making process towards a suboptimal outcome (Stasser &
Titus, |1985). A faulty heuristic for the importance of some pieces of information
also deters the group from the optimal outcome (Bause et al., 2018)). Groups
also need to establish a common ground to work together effectively (Clark &
Schaefer, 1989)).

While a group work process has the potential to foster higher quality
outcomes, than single work, additional factors must be accounted for to achieve
this. Technological aids were developed to promote the benefits of group work
and to facilitate collaboration in group settings, (e.g., Bodemer et al., 2018;
Jarveld et al., [2015; Phillips and Phillips, 1993). Multi-Touch Tables (MTTs)
have been shown to be effective in supporting equality in and enthusiasm for

participation in group work (Buisine et al., [2012)).

1.2 Multi-Touch Table

In 1999, Mark Weiser published an article that would foreshadow the development
of computer technology in the 21st century. He proposed many ideas for devices
and networks, that are now an integral part of our everyday life, e.g., tablet
computers, white boards, wireless home networks, etc. He also speculates about
desktop sized horizontal interactive surfaces, that would replace ordinary desks.
Although the technology already exists, this vision has not been fulfilled as of
yet (Weiser, 1999). MTTs are a Single Display Groupware (SDG), that allows
the simultaneous work of several users at the same screen. Today, Computer-
Supported Collaborative Work (CSCW) takes mostly place in a distributed setting,
with group members working on and being connected to each other through their
own devices. This setup is also used in co-located settings like offices, despite the
physical proximity of users. MTTs are rarely used, although they could enable new
ways of interactions between the users, enrich their collaboration facilitate peer-
learning (Stewart et al., 1999). To do so effectively, there are several affordances

for co-located group ware that need to be taken into account, such as content
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orientation, spatial requirements of the collaborators, their position around the

table, etc. (Shen et al., 2006; Westendorf et al., 2017)).

Figure 1.1: A group working at the Multi-Touch Table. Some participants have
to tilt their heads to ease their access to the presented information! ©IWM/
Sebastian Grotheloh

The MTT has some unique properties, that could be fostered for group
work, but are absent in other tools that might be employed. To identify these
idiosyncrasies, the MTT must be considered in comparison with other tools that
serve the same purpose, i.e., information display and communication. In the
context of this work, these tools are summarized under the term "knowledge
artifacts”. The following sections defines this term and the common properties

of its’ members.

1.2.1 Knowledge Artifacts

Popper (1978]), following Frege (1918), distinguishes three worlds. World 1 is the
physical world in which physical objects, such as rocks, plants, animals, mountains,

etc. exist. World 2 is the world of consciousness, thoughts and feelings and
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World 3 is, according to Popper, the world of products of human thought, such
as literature, music, scientific knowledge, but also machines and tools. World 3
objects have the property that they can have a special connection to (physical)
World 1. While there are some World 3 objects that are identical to World 1
objects, such as paintings or sculptures, there are other World 3 objects that
are more difficult to locate. For example, a novel is simultaneously located in
multiple World 1 objects. While each individual physical book of the novel is a
separate World 1 object in its own right, together they all represent one and the
same novel, the same story, which is a World 3 object. For this dissertation, the
term knowledge artifact is defined as a World 1 object that has a relationship to
a World 3 object.

1.2.2 The Interaction Between Knowledge Artifacts

and Users

Most interactions with knowledge artifacts constitute a 1-to-1 relationship between
user and artifact, i.e., knowledge artifacts are designed to interact with only one
user at any given time; each book has exactly one reader and each computer has
exactly one user. The information in the knowledge artifacts is presented in such

a way that it is optimally accessible to that user.

The term interaction as used in this context needs further precision. An
interaction consists of two channels, one for input, where the user manipulates the
knowledge artifact, and one for output, where the knowledge artifact presents a
piece of information. Indeed, many knowledge artifacts have a 1-to-N relationship
on the output side: for example, in the case of advertising posters, presentations,
and televisions. In these cases, the medium is designed to be consumed by
multiple addressees simultaneously. The input channel, however, i.e., the part
of the interaction in which the knowledge artifact is manipulated, nevertheless
remains a 1-to-1 relation: a book can only be turned by one person at a time,
a presentation is switched on by the presenter, the TV is only controlled by the
person holding the remote control, the computer terminal can only be operated

by the person at the keyboard, etc. In this sense, all these interactions remain
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a 1-to-1 relationship (There are also 1-to-0 relationships if no manipulation is

possible).

There is a plethora of attempts to establish 1-to-2 or 1-to-N on devices
designed for 1-to-1 interactions. For example, a computer game can be played
in pairs on the same computer, so that the same artifact interacts with two
different users. These solutions, however, remain an insufficient implementation
of a 1-to-N interaction. In this example, multiple players can indeed interact at
the same time on the same computer and keyboard, i.e., to play a game together.
However, the interactions fall back on emulated 1-to-1 relationships. On the
keyboard different key ranges might be defined that are used for the input of
the respective players and/or the screen might be split to show the respective

environment for each player.

1.2.3 Advantages of the 1-to-1 Relationship

The reason that the 1-to-1 relationship has prevailed in most interactions with
knowledge artifacts probably lies in its solution to a fundamental problem in
interaction design, namely the question of with whom the system interacts.
Norman (1986) defines two hurdles in the interaction between artifact and user:
the gulf of execution where the artifact responds to the user's input in a way
that is consistent with the user's intention, and the gulf of evaluation where
the artifact shows the user the result of the interaction in a way that the user
understands the resulting changes that occurred in the artifact. Both hurdles
are well-defined as long as there is exactly one user who interacts with and with
whom the artifact interacts. The artifact can trivially match the input since there
can be only one source of interaction. Similarly, the output does not need to be

matched either, since there is only one user with a perspective on the artifact.

When more than one user interacts with the artifact at the same time,
two questions arise that are difficult to resolve: From which user originated the
input, and to which user does it need to communicate the change in the artifact?

Both questions are non-trivial for an artifact because the usability of the artifact
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depends on how well it resolves them. There are several conceivable strategies

that can now be used in the artifact design process as a solution to this problem:

1. The 1-to-1 relationship is established through segmentation. Input and
output channels are segmented, and segments are attributed to individual
users. For example, in the case of "local co-op games”, the screen is split
for players and buttons are defined that are assigned to individual players.

In the case of MTT, interaction areas are defined for the individual userdl]

2. The knowledge artifact treats all users as one. In this case, it makes no
difference to the knowledge artifact from whom the interaction originates.

Each interaction is treated as if there were only one user.

3. The knowledge artifact identifies the different users. Once the knowledge
artifact can assign from which user which input originates, the knowledge
artifact can personalize the output accordingly. ldeally, the system also
locates the user in space so that the orientation of the information can
also be adjusted accordingly. Most MTTs do not have the inert ability
to discern the different users. Occasionally, additional peripheral input
is employed, such as fixed user positions (Dietz & Leigh, [2001), hand
detection (Ramakers et al., 2012), or personalized tangibles (Kupke et al.,
2019).

1.3 Motivation

This thesis project is concerned wit the display of information equally accessible
to users around a MTT. Usually, information is presented highly oriented, as
most forms of presentation are designed to be viewed from one specific angle or
point of view. Some examples for this property of information displays might be
paintings, that have a right way to be hung up at the walﬂ, books (and texts

in general) with an unambiguous optimal point of view and reading direction

1Like it is done in the MTT game ”Protect the Exhibit!” by ijsfontein for the Leibniz
research museums (IJsfontein, 2018)

2Sometimes, this is not obvious. The Museum of Modern Art (New York) displayed the
piece ”Le Bateau” by Henri Matisse upside-down for 47 days (Robertson, [1961)).
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(depending on the language, see also Chokron et al., 2009)) or maps, having a
compass rose for orientation and a main text orientation for legends and feature
names’| This seems also be generally true for data visualizations, which often
incorporate axes or data dimensions and labels, which indicate the orientation of

the diagram.

Oriented information is generally highly beneficial for single user applications,
providing quick orientation and reducing ambiguity. In a group setting however,
these benefits might turn into losses. Each group member would be inclined to
place themselves close to an optimal point of view. At the MTT, this would
prompt all members to gather on one side of the table, forcing the group members
to get closer than they would probably be comfortable with, due to the violation
of social norms on personal space (Hall, [1963; Tse et al., 2004). This might also
be one of the reasons, why single user displays are often abandoned in group work
settings (Heath & Luff, 1992, Kruger et al., [2004). Furthermore, it might reduce
the effectiveness of the group decision making process, as more coordination
would be necessary, shifting the focus from the reaching the common goal to
group coordination processes (D. M. Fisher, 2014). The group members could
also decide to use all four sides of the MTT, despite working with highly oriented
information. However, this would require additional mental effort from all group
members (except the ones on the optimal side), as they are now forced to mentally
rotate (also called mental normalization in this thesis, see also Chapter the
presented information (Shepard & Metzler, 1971)). This additional mental effort
would probably lead to disengagement with the task and thus deteriorate the
outcome of the decision-making process (Stasser & Titus, [1985)).

Therefore, presenting highly oriented information seems not to be a viable
option for group work at the MTT. The next best idea might be to present the
same information for all sides of the table. One could present the same (highly

oriented) information multiple times on the table to make it accessible from all

3Early medieval maps of the Mediterranean Sea (so called portolan charts) did not
indicate a clear orientation, as harbor names were often written perpendicular to the
coastline. Consequently, the maps were probably rotated when used (Kretschmer, 1962).
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sides. Unfortunately, the redundant display of information might introduce an

importancy biases in the group decision making process (Bause et al., [2018)).

An optimal solution, it seems, would be a "directionless” display of infor-
mation that would provide equal access to all group members around the MTT,
regardless of their point of view. Text is a highly oriented displaying method for
information by its nature. More flexible forms of information presentation are
graphics or data visualizations, as they rely less on a sequential display of informa-
tion (e.g., writing), but rather use spatial relationships (Larkin and Simon, 1987,
see also Chapter [2.1)). This thesis investigates the effect of mental normalization
processes on the access to information, presented as data visualizations. It ex-
plores different design options to mitigate adverse effects of mental normalization
requirements and looks at potential benefits of mental normalization processes

for long-term memory formation.






Chapter 2
Cognitive Processes

The affordances for collaborative work at the MTT are extensively discussed on a
group level (e.g., Buisine et al., [2012; Mateescu et al., 2021} Rogers et al., [2009;
Scott et al., [2004). Shen and colleagues (2006) did address design challenges for
MTT interfaces, but concentrated on physical limitations and group coordination
issues rather than individual perception. This thesis is concerned with design
challenges at the MTT addressing not the group, but the individual user. The
requirements and burden on the cognitive system, however, have scarcely been a
subject of interest. Wigdor and Balakrishnan (2005)) addressed the topic of mental
rotation at the MTT, stating that the impact of a rotated display was present, but
less severe than previously thought, thus partially contradicting earlier findings on
rotated stimulus presentation by Koriat and Norman (1985)) and Tinker (1956)).

However, they did not derive any design recommendations from their findings.

This chapter will provide an overview on the relevant literature for this
field of research. The first section (Chapter summarizes theoretical and
empirical work on the characteristics of Data Visualizations and provides the
reasons for the focus on this form of information presentation in the present thesis.
The following sections focus on the cognitive processes of the individual user
interacting with the MTT. The sections are arranged from lower to higher order

visual processes, starting with the perception of color and contrast (Chapter [2.2)),
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the most basic process in visual perception. The impact of suboptimal information
presentation and the display of conflicting visual information as well as the
cognitive processes to mitigate these are discussed in the chapter on the Eriksen
Flanker task (Chapter [2.3) and Mental Normalization (Chapter [2.4). Chapter [2.5]
is concerned with the processing of textual information, i.e., reading. This is
followed by sections on the short- and long-term retention of information. The
structure of the working memory model (Chapter is presented, followed by
the section on learning (Chapter [2.7]). The last section is concerned with high-
level cognitive strategies on Working Memory capacity management (cognitive
offloading, Chapter and their advantages and drawbacks.

2.1 The Spatial Presentation of Data

Data visualizations are preferable to other modes of data presentation. Their
features can be tuned to accommodate cognitive processes, e.g., by using depictive

features like icons or by employing other characteristics that are easily processed.

Compared with other cultural techniques like painting or writing, data
visualization is a young form of communication. The earliest cave paintings
known today are dating back more than 45.000 years (Aubert et al., 2019). The
first written language, Sumerian, emerged around 5000 years ago (Gelb, n.d.). In
comparison, the technique of data visualization is only dating back to the 18th
century (Schnotz, 2001; Tufte, (1983). Data visualizations are defined as the
visual presentation of (mathematical) data. (Cleveland & McGill, 1984; Wilkinson
& Wills, 2011)). They are used to show information, that is otherwise hard to
grasp, such as information that includes large (or very small) time frames or
large (or very small) physical dimensions (Moritz, 2019). Scholars have come up
with various taxonomies to classify information presentations. Considering these

provides a deeper understanding of the nature and variety of data visualizations.

Larkin and Simon ({1987)) distinguish between visual and sentential repre-
sentation. All visual representations (diagram, picture, data visualization, etc.),

have in common, that spatial positioning and relations are meaningful. This
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distinguishes them from sentential representations, that is information presented
in sentences and text (Larkin & Simon, |1987)). Although containing a certain
amount of written information, e.g., in labels and legends, data visualization
falls mainly in the category of visual representations, as the special relation of
its features is crucial in its information display. Other researchers focus on the
relationship between the actual object and its representation (Schnotz, 2001,
2002; Schnotz & Bannert, 2003)). If they are linked by common structural charac-
teristics, they are classified as depictive representations. If there is no recognizable
link, like with abstract symbols, words or letters, the representation is called
"descriptive”. Data visualizations might fall in either category, depending on the
choice of symbol. For example, an ISOTYPE-like bar graph (Haroz et al., 2015)
would use pictograms as labels, which share common characteristics with their
object and therefore be classified as " depictive”. If these labels would be words,

the same bar graph would fall in the category " descriptive”.

A similar distinction is made between pictorial and semantic displays. Pic-
torial visual displays use images to communicate information, while semantic
displays have the convention to use symbols (Carney & Levin, 2002; McCrudden
& Rapp, 2017)). Within the field of data visualization, Wilkinson and Willis (2011
) categorize information displays by originality. They define graphs as defined
categories of diagrams (such as choropleth maps, pie charts, bar charts, etc.)
while they see graphics as a more general term for data visualizations, that might
combine or exceed these categories. Finally, some researchers distinguish Informa-
tion graphics from data visualizations, as they are defined as a combination of
text, pictures and graphical means into a larger unit that aims to communicate
information (Holsanova et al., 2009, Weber & Wenzel, 2013). Zwinger and
Zeiller (2016)) report three basic categories of information graphics: Principle
representations, depicting causal relationships, cartographic infographics, that
communicate space-related information and statistical charts, that report on

quantitative information.

Using data visualization provides some benefits over other forms of data
communication, like plain text or tables. The mere presence of an external

representation may be enough to ease cognitive processing, e.g., by using data
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visualization (Scaife & Rogers, 1996). There is evidence, that people might get
the "gist” of a diagram at first glance, but need to take time for deeper processing
(Eitel et al., 2012)). Generally, data visualizations are able to communicate patterns
in data more efficiently and concise than other presentation formats (Cattaneo
et al., 2007; Dambacher et al., 2016). The reasons for these benefits might
be found in the pictorial nature of data visualizations. As pictures can contain
much more information than words and more information can be kept in working
memory. This is called the picture superiority effect (Cattaneo et al., 2007, Maisto
& Queen, [1992; McBride & Dosher, 2002; Standing, [1973; Whitehouse et al.,
2006). Also, pictures are more accurately remembered than words (Cattaneo
et al., [2007; Standing, [1973) and response latencies are shorter for pictures than
for words (Jenkins et al., (1967 Shor, 1971). Another explanation for the benefits
of data visualizations might be drawn from the Feature Integration Theory, which
describes basic visual features that the human visual system can process without
strict capacity limitations (Treisman & Gelade, |1980). These basic features are
therefore useful for the design of data visualizations (Nothelfer et al., [2017)).
Other researchers aimed to exploit the human capacity for facial recognition for
the efficient visualization of multivariate data (Chernoff, [1973)), but the success
of this approach is debated (Lee et al., |2003; C. J. Morris et al., 1999).

The topic of data visualization design has gained attention of cognitive
psychologists in recent years (Rensink, 2014, [2017; Rensink & Baldridge, 2010)
and theories on human perception are informing data visualization design (e.g.,
Evergreen, 2017)). There are different, sometimes conflicting standpoints on
the best practice of data visualization design. The economist and member of
the Vienna Circle Otto Neurath aimed to use data visualizations to educate the
working class about economic data. He invented the ISOTYPE (International
System of Typographic Picture Education) guidelines for data visualization design
(Neurath, 1936 Neurath & Odgen, [1937). It promotes the use of icons and
pictographs, reducing the need for labels and supports the depictive property
of the data visualization. By doing so, it claims to make the data visualization
more accessible. Recent research supports this claim, if ISOTYPE guidelines are

applied properly (Haroz et al., 2015). Other scholars are critical of additional
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embellishments on data visualizations and promote a data-only design approach
(Tufte, [1983). Indeed, for immediate information processing, embellishments
seem to have an adverse effect (Bateman et al., 2010; Skau et al., [2015)), while
others found no impact (Kosara & MacKinlay, 2013). For long-term retention,
embellishments seem to have a positive impact (Borgo & Abdul-Rahman, 2012;
Borkin et al., 2013; Hullman et al., 2011)). A big influence on the understandability
of data visualizations seems to be the familiarity with the display, especially for
lay people (Maltese et al., 2015). They found familiar visualization designs more
attractive (Quispel et al., 2016)) and were able to name and interpret them (Borner
et al., 2016)). Departing from familiar design patterns, such as color scales, might
negatively impact the understandability of data visualizations (Christen et al.,
2021). Training in basic statistics and data literacy might therefore improve the

effectiveness of data visualizations (Aung et al., [2019).

If applied correctly, data visualizations are a powerful tool for information
communication. The picture-like features can accommodate the natural visual
processing capabilities and therefore be highly efficient. However, the audience is
a key factor to be considered. For lay people, simple and familiar designs are to

be preferred for data communication.

2.2 Building Blocks of Visual Perception

The process of visual perception relies on the most basic information, the visual
system can detect in the environment. Before any higher order visual processes
can be initiated, both, color and contrast need to be detected. This is true for any
kind of stimulus, be it a written text, a landscape, a painting or, most relevant
for this project, at a Multi-Touch Table. Color and contrast of the stimulus both

have profound impact on the visual processings speed and accuracy.

The research on visual perception of contrast dates back to the early days
of psychophysics (Fechner, |1859). Despite such a long tradition of research, it
has not yet been possible to agree on a clear, universally accepted definition for
the concept of "contrast” (Beghdadi et al., 2020). There are multiple reasons
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for the slow advancement in this area. First, there is the complex nature of
the visual system. The process of visual perception spans over several levels of
abstraction, beginning with the physical interaction between light an receptors
in the eye, over preliminary information aggregation in the bipolar and ganglion
cells to the information processing in the visual cortex (Grondin, 2016). Another
reason is the intricate nature of "color”. Scholars have proposed a multitude
of color models (Fairchild, [2013)). The one most commonly used in perception
sciences is the HSB model (Grondin, 2016; Mausfeld, [2011)). It was proposed as a
color scheme for television (Valensi, [1939) and describes colors on the dimensions
"hue” (the main property of color, e.g., yellow, blue, etc.), saturation (intensity
of the color) and brightness (how light or dark the color is). However, Mausfeld
(2011)) also describes controversies around this subject that arose from different
requirements, for example the HSB model can describe the perceptual properties
of a colored surface but does not account for the true color. They therefore
propose a two-factor model with illumination (light) and object/surface color,
arguing that the color impression does not change by a different lighting in the
room. This also highlights another problem concerning variations in experimental
design. Some studies used surface reflection of light, while others use a computer
screen setup (Beghdadi et al., 2020)). Finally, the perceived contrast might be
dependent on interactions between environmental and physiological factors (Hou
et al., 2021). The combination of these factors leads to a multitude of different
contrast measurement constructs; Beghdadi and colleagues (2020) list over thirty
different formulas, customized to specific settings. The processing of color by
the visual apparatus seems to be incredibly efficient (Treisman & Gelade, 1980)).
Color coding has been shown to be a very efficient cue in several visual tasks such
as perceptual grouping (Palmer et al., 2003)), guiding attention (Carter, (1982;
Christ, [1975; Duncan & Humphreys, [1989) and visual search (Wolfe & Horowitz,
2004, [2017)).

In the context of this project, the impact of contrast and color on the
readability is the most relevant field of research. The first report of a systematic
assessment of paper-typeface contrast were conducted by Babbage (1832)), who

studied the best way to print logarithmic tables. He found a favorability of high
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contrast (yellow or white page to black ink). Tinker and Paterson published
an extensive article series called " Studies of Typographical Factors Influencing
Speed of Reading”, to assess various influences on readability. Experimenting
with different fore- and background colors, they confirmed this by reaching the
same conclusion (Tinker & Paterson, 1931). This also holds true for individuals
with visual impairments (Sloan, |1969, 1977)). Low contrast, on the other hand,
seems to have a negative impact on readability (Howell & Kraft, 1959), but
others found it negligible, except for very low contrast (van Nes & Jacobs, 1981)
or unusual big or small font sizes (Legge et al., |1987). The polarity of contrast
seems to have no impact on readability (Legge, Pelli, et al., [1985; Rubin & Legge,
1989)), but conflicting evidence exists (Tinker & Paterson, (1931).

In summary, color and contrast play an important role in the visual process-
ing. They influence the processing speed and accuracy of the individual user at
the MTT. High contrast can help to speed it up. However, while black/white
contrast conditions are researched in depth, color contrast is a very complex topic
that can lead to counterintuitive results. Nevertheless, color and contrast need to

be considered in designing effective data visualizations.

2.3 Processing Entangled Information

Traditionally, psychologists test the influence of a manipulation by presenting
one stimulus at a time. While this clean experimental setup allows a precise
manipulation of the stimulus, it might neglect interactions with and influences
from the environment, thus limiting the generalizability of findings to real-world
scenarios. Sometimes, relevant information needs to be discerned from irrelevant
or contradicting information that accompanies it. Obviously, the information
should be displayed unambiguously at the MTT, preventing additional strain
on the limited resources of the users’ working memory. However, it may be
hard to identify potentially interfering properties of information presentations.
The influence of additional stimuli on the processing of a main stimulus can be

investigated in experiments with the Eriksen Flanker paradigm.
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The Eriksen Flanker paradigm was first introduced by Barbara and Charles
Eriksen (B. A. Eriksen & Eriksen, 1974). The now famous paradigm is used to
investigate interferences occurring between stimuli. It consists of a target stimulus
that should elicit a predefined response. This target stimulus is accompanied by
additional, flanking stimuli that are either congruent (eliciting the same response),
incongruent (eliciting a conflicting response) or neutral (eliciting no response).
The time between stimulus presentation and response reaction is the indicator for
the influence of the flanking stimuli. In their seminal work, Eriksen and Eriksen
(1974) discovered, that the response times varied between these combinations.
Response times were shortest for trials with congruent flankers, followed by trials
with neutral flankers. Trials with incongruent flankers elicited the longest response
times. This effect was further moderated by the distance between the target
stimulus and the flanker stimuli. The closer the flanker was to the target, the
higher was the influence of the flanker on the response time. The influence of
flanking stimuli on the response on the main stimulus suggests a communally
processing for all presented stimuli. This effect has been replicated many times
with different sorts of stimuli, such as letters (B. A. Eriksen & Eriksen, (1974),
arrows (Kopp et al., 1994), numbers (Lindgren et al., [1996), colors (Rafal et al.,
1996), etc. It is not only used in the research on visual information processing
and attention but also in a wide range of other areas such as clinical settings
(Mullane et al., 2009), training (Aydmune et al., [2019) and second language
impact (Salwei & de Diego-Lazaro, 2021). The original paradigm has also been
expanded from visual perception to multimodal information processing (Ulrich
et al., 2021)).

The influence of flanking stimuli on the processing of a main stimulus was
reliably replicated for a vast variety of different types of stimuli. For the design of
the information display on the MTT, this influence must be considered. Whether
the display of redundant or similar information acts as a congruent or incongruent
flanker is hard to determine beforehand and needs to be subjected to experimental

evaluation.
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2.4 Recognizing Depicted Information From
Different Points of View

An interesting question about visual processing is, how humans can recognize
objects that have been rotated and now misalign with the initial position. With
the movement, the retinal impression of the object is changed, and therefore could
be something completely different, according to the pure sensory information. It
is not trivial, that humans are able to perceive these two retinal impressions and
still recognize the same object. At the MTT, rotation is an integral part of the
user interface functionality and group communication (Kruger et al., [2004; Shen
et al., [2006)). Users are therefor constantly confronted with the task of mentally

normalizing rotated displays to access the presented information.

In their seminal paper, Shepard and Metzler (1971) investigated how
participants would judge the (in-) congruency of two presented shapes that
were differently aligned. They found that the response time would increase
proportional to the three-dimensional angular deviation of two congruent shapes.
They therefore proposed some sort of mental rotation mechanism, that humans
would use to mentally align the two shapes to judge their similarity. The effect of
mental rotation on response time latencies was then replicated for other stimuli as
well, such as two-dimensional random shapes (Cooper, |1975) and letters (Corballis
& Mclaren, 1984; Riisseler et al., [2005)). Indeed, whenever two rotated stimuli
needed to be matched, response times would increase with the angle of deviation
up to 180° and decrease again, until both displays would have the same rotation.
Also, the response time increases with increasing complexity of the object to be
rotated (Bethell-Fox & Shepard, [1988)) while accuracy decreases (Meyerhoff et al.,
2021)).

The assumption of the mental rotation of a whole visual unit was soon to
be contested. It was critically noted that other mental transformations would
generate the same response time patterns, such as size comparison (Bundesen
& Larsen, |1975) and contrast (O'Donell et al., 2010). Other authors proposed
different mechanisms, such as storage of multiple points of view (Tarr & Biilthoff,
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1998; Tarr & Pinker, [1989), piece-meal rotations of visual units (Just & Carpenter,
1985; Xu & Franconeri, |2015; Yuille & Steiger, |1982)), the comparison to a mental
3D model of the object (Marr, 2010; Marr & Nishihara, 1978)) or some sort of
edge detection mechanism (Biederman, [1987)). Each transformation proposal
comes with their own evidence, and it seems, as if multiple mechanisms might be
at work, depending on the task. A distinction between them needs the use of

neuro-imaging procedures (Gauthier et al., 2002).

Apart from basic research, the cost of mental rotation has also been shown
to have an impact in more applied settings. For example, Montello (2010) showed
the real-life impact in errors an distress of misaligned you-are-here maps. Mental
rotation is costly enough that humans tend to avoid it by offloading it on their
body, e.g., by rotating their head (Risko et al., 2014). For the rotation of complex
structures such as molecules, trained people are using additional information and
properties to reconstruct the rotation (Stieff, |2007)).

For the current work, there are three main take-aways: First, there is
evidence for a general mental rotation cost, regardless of the underlying mechanism.
Whenever humans are faced with a need to mentally rotate an object, it comes
with additional strain on the visual processing system. Second, there might be a
benefit from reduced complexity of the presented stimuli, which would reduce the
additional rotation cost for the processing. Third, it might be interesting to gain
some insight in the applied strategy for mental rotation of rotated bar graphs. A
distinction between piece-meal and whole rotation might offer some insights for

design recommendations.

2.5 Processing Textual Information

In the first section of this chapter, the advantages of the presentation of infor-
mation as data visualizations instead of sequential text have been discussed (see
Chapter . However, most data visualizations still rely on a certain proportion
of their information to be communicated by text. They often contain some kind

of labels, legends or annotations. As text is an integral part of data visualizations,
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the factors that influence the readability of a text are relevant for a informed

design of information presentation at the MTT.

Reading is a highly complex cognitive task, and it involves several layers
of processing. First, the visual representation (grapheme) must be recognized.
Several physical factors can influence the "readability” of the grapheme, such as
font (Bigelow, 2019} Paterson & Tinker, |1931a)), color (Babbage, (1832 Legge
et al., 1990), size (Howell & Kraft, 1959; Paterson & Tinker, 1929; Rudnicky
& Kolers, [1984)), contrast (Howell & Kraft, |1959; Ohnishi et al., 2020; van Nes
& Jacobs, |1981)), orientation (Byrne, 2002; Yu, [2010), lighting condition (Legge
et al., [1990; Ohnishi et al., 2020) etc. Physiological characteristics of the reader,
such as visual impairments might also have an impact (Legge, Rubin, et al.,
1985)E].

If the grapheme is physical and physiological recognizable, its visual infor-
mation is passed through the visual cortex system, taking the ventral pathway
- "recognition route” - (Goodale & Milner, (1992} Milner & Goodale, |1993)) for
identification (Pegado et al., [2014). Meaning is then extracted in the visual
word form area (Dehaene & Cohen, 2011; McCandliss et al., 2003)). Dyslexia
(Richlan et al., 2011) and physiological impairments might have an impact on
the grapheme-to-phoneme translation (Norton et al., 2007)).

While the neurological processes are well researched, the body on the
process of reading regarding the working memory model is rather sparse. originally,
Baddeley (1979) summarized several results on acoustic and visual word processing
tasks, concluding that the auditory system, specifically the "articulatory loop”
(later a sub-system of the phonological loop) was probably not involved in reading,
except for some special cases (see Chapter for more information on the
Working Memory model). However, there is evidence for a hand-over of read
information to the phonological loop. Conrad (1964) found an acoustic confusion

for letter sequences, based on their phonemes, rather than ther graphemes.

!There are two major lines of research on readability that cannot be completely referenced
here. The earlier one is Studies of typographical factors influencing speed of reading by
Tinker and Paterson (see also Sutherland, |1989)), the second one is Psychophysics of reading
by Legge and colleagues.
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Zhang and Simon (11985)) obtained similar results with homophone, but visually
different Chinese characters. In 1986, Baddeley proposed an entry of non-speech
information into the phonological loop (Baddeley, 1986)), later highlighting the
importance for second language learning (Baddeley et al., [1998). The next steps
in the reading process would be higher order cognitive functions such as sentence
comprehension and context creation. As these areas are outside the scope of this

work, they will not be discussed!

The take-aways from reading science for this thesis are the following: First,
the influence of contrast on the reading performance is important to keep in
mind, when designing accessible information presentations for the MTT. The
second major take-away is the unique handling of text in contrast to other visual
information. At some point in the information encoded in the visual medium
"text" is handed over to the phonological loop, meaning that it is treated like
auditory information. This change of mode might indicate that text, as it is
handled differently than other visual information, might be impacted differently

by some of the presented influences than pictorial stimuli.

2.6 Memorizing Information

Once the user has successfully perceived the visual, the information needs to
be processed for further utilization. This happens in a cognitive instance called
the working memory. The concept of working memory (WM) evolved from
the concept of short-term memory (STM). The concepts of long-term memory
(LTM) and STM where solely focusing on information storage and did not include
any mechanisms on how information would be received, transformed, and stored
(Baddeley, 2012). Baddeley and Hitch (1974) proposed a three-component model,
to include these processes. These components are the visuo-spatial sketchpad,
the phonological loop, and the central executive (Baddeley & Hitch, |1974).
Later, Baddeley added a fourth component to the model, the episodic buffer
(Baddeley, [2000). Information enters the WM via visual or auditive channels on

the visuo-spatial sketchpad or the phonological loop, respectively.
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The visuo-spatial sketchpad is the part of the WM that is concerned with
visual and spatial information processing (Baddeley et al., [2009). While it is
mostly described as a single component (Buchsbaum, 2013)), some researchers
suggested a set of subsystems for it (Logie & Pearson, 1997)). The general
capacity of the visuo-spatial sketchpad is estimated of about three to four items
(Luck & Vogel, |2013). The second component of the WM is the phonological
loop, that contains auditory information for processing. It might contain two
subsystems, the phonological store, a passive buffer, holding around two seconds
of heard information and the articulatory control process, an inner voice to actively
hold information in WM by rehearsing it (Baddeley & Hitch, 1974; Buchsbaum,
2013).

The third and most peculiar component of Baddeley's model of WM is
the central executive. It is concerned with allocating resources on the other
systems. It also decides, which information is passed on and stored for long-term
retention in the LTM (Baddeley & Hitch, 1974). It is often criticized for being
ill-defined while also taken the most important role in the WM model. Baddeley
described it as a "homunculus” (Baddeley, 2012) that acts as a placeholder for
future research to work it out (Baddeley, 2012). There was evidence mounting
up, that information from the LTM is held in the WM without loading either
the phonological loop or the visuo-spatial sketchpad, so Baddeley added another
component to his working memory model, called the episodic buffer (Baddeley,
2000). This component is a place to hold information that is retrieved from the
LTM and for processing multimodal integrated information from the visuo-spatial
sketchpad and the phonological loop (Baddeley, 2000).

The overall capacity of the working memory is deemed to be seven plus
minus two elements of information (Miller, 1956)), but might be even more
constraint to three to four items (Cowan, |2001; Marois & Ivanoff, [2005). To
use this very limited capacity, humans can connect atomic elements to larger
conglomerations called chunks (Miller, |1956). This process of chunking is shown
in both, the phonological loop (Norris & Kalm, [2021; Norris et al., 2020) and the
visuo-spatial sketchpad (Meyerhoff et al., [2021)).
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Baddeleys' is the most prominent working memory model, but it is not
without criticism. Some researchers complained about missing information path-
ways of other sensory modes or proposed different models (Baddeley, [2012; Ward,
2001). Alternatives include the embedded processing model of working memory
(Cowan, (1999) which is focused less on components and more on processes
and cognitive architectures that comprise different conceptualizations of working
memory, like ACT-R (Anderson & Lebiere, |1998) or EPIC (Kieras, 2016)).

The main take-away for this project, is the general limited capacity of
the working memory. As only a certain amount of information can be retained,
the efficient use of this capacity, e.g., by chunking information is important.
The proposed sub-routines, especially the different processing paths for visual
and auditory information need also be taken into regard. As the subroutines
have different storages, this could be utilized for a more efficient information
processing. Once the information is successfully retained in the working-term
memory, it can be handled in different ways, depending on the users’ goals. It
might be processed for long-term retention (learned, see Chapter , it can be
processed deeper if it's not presented in an easy-to-digest format, e.g., containing
conflicting information (see Chapter , looked at from an unfamiliar angle
(see Chapter or an artificial encoding like text (see Chapter [2.5). For easier
processing, the information may also be stored in the body or the environment

(see Chapter 2.8).

2.7 Long-term Retention of Information

If the user at the MTT intends to gain knowledge, the presented information
should accommodate this goal. The best design for learning material for long-term
retention is a long-standing debate in learning science. In the discourse, different
theories emerged, aiming to describe and explain, how and why some study
material or strategies work better than others. There are several models to guide
the learning material design. In this section, five theories on learning material
design that are suited to guide information presentation at the MTT are briefly

summarized.
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The Cognitive Load Theory (Sweller & Chandler, |1994) identifies three
sources of load on the cognitive capacity, stemming from the learning material.
As the capacity of the working memory is limited (Miller, [1956)), it is crucial
to act economical on it. Intrinsic cognitive load stems from the subject of the
learning material itself. Complicated or complex subjects put a higher strain
on the cognitive system than easy and simple material. This load can hardly
be avoided. Bad material design, irrelevant information and repetitions put
additional, extraneous cognitive load on the cognitive capacity of the learner.
Careful material design should aim to keep it as low as possible, to free mental
capacities for the last type of cognitive load. Germane cognitive load is defined as
the effort, the learner makes to connect the new information to known concepts
and material. This should be as high as possible. It can be guided through good

instruction design.

Salomon (1984)) proposed a different model that accounted for the surface
difficulty of the learning material: The AIME (Amount of Invested Mental Effort)
theory. If the learning material seems to be difficult (perceived demand character-
istics), learners are inclined to invest more cognitive capacity in learning. The
second factor influencing the amount of invested mental effort is the metacogni-
tion on the own capabilities of the learner (perceived self-efficacy). While being
popular in different fields of learning science, some researchers are not convinced
of its relevance as an independent theory (Schwab et al., 2018). Other researchers

were unable to replicate the results of the original study (Beentjes, 1989).

Not every effort invested in studying is beneficial for learning (Bjork &
Bjork, 2009). Therefore, it is important to identify desirable difficulties, that
increase the load on the cognitive system, but also lead to better long-term
retention. Some beneficial strategies were identified, such as using tests as a tool
for learning (Kornell & Vaughn, 2016)) or rephrasing the material in own words
(Bertsch et al., [2007; Slamecka & Graf, (1978)).

The Dual Coding Theory (Paivio, 1991) and its successor, the Cognitive
Theory of Multimodal Learning (Mayer, 2005) take an integrative view on the

design of learning material. Most other theories rely on only one type of learning
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material, e.g., text, video or graph, or are agnostic to it. Dual Coding Theory
and Cognitive Theory of Multimodal Learning suggest a deeper processing of the
learning material if it is presented in multiple modes. This would cause the brain
to use different pathways to process the information, resulting in a more thorough
learning. Good design for the integration for text and picture information is
difficult (Eitel et al., 2012} Kombartzky et al., 2010; Scheiter et al., 2018).

Another concept on material design and its influence on cognition is Cogni-
tive fluency. It describes how easy it is for our brains to process the presented
information (Alter & Oppenheimer, |2009; Oppenheimer, 2008). The materials’
ease of processing depends on various factors, e.g., familiarity, rhyme, and repeti-
tion (Oppenheimer, 2008; Reber et al., 2004). Cognitive fluency also impacts
the metacognitve expectations (Song & Schwarz, 2008). Reducing the cognitive
fluency by adding additional obstacles (disfluencies) to the material might trigger
humans to invest more mental effort in general (Alter & Oppenheimer, 2009;
Oppenheimer, 2008). Some studies found beneficial perceptual disfluencies for
text retention like slight blurring of the text (Rosner et al., [2015), using an unusual
font (Diemand-Yauman et al., 2011)), or brief masking (Mulligan, 1996). However,
the benefits of perceptual disfluencies remain debated (Magreehan et al., 2016;
Rhodes & Castel, 2008, [2009; Xie et al., [2018} Yue, Bjork, & Bjork, 2013).

All theories have in common, that some mental effort needs to be invested
for efficient learning. The concept of cognitive fluency is especially relevant for
this project. Mental normalization (see Chapter could act as a perceptual
disfluency, prompting the user to invest more mental effort and result in better
long-term retention of diagram information. It is also possible, that mental nor-
malization acts as extraneous cognitive load (Cognitive Load Theory), occupying
cognitive resources that otherwise could be invested in a deeper processing of the

learning material.



Facilitation of Cognitive Processes 27

2.8 Facilitation of Cognitive Processes

As the capacity of the working memory is limited (see Chapter 2.6), humans deal
with this limitation by employing mitigation strategies. One of these is called
cognitive offloading. Cognitive Offloading is defined as "the use of physical action
to alter the information processing requirements of a task so as to reduce cognitive
demand” (Risko & Gilbert, 2016). External representations save computation
costs, memory capacity and might provide structure (Kirsh, 2010). Some examples
for cognitive offloading in everyday life are finger counting (Alibali & DiRusso,
1999; Costa et al., [2011), note taking (Eskritt & Ma, 2014) or tilting the head to
read rotated text (Risko et al., [2014). MTTs have also be shown to be suitable
as an offloading device for WM intensive tasks (Brich et al., 2019, [2021).

For short-term tasks, cognitive offloading strategies boost performance
(Beitzel & Staley, 2015; Grinschgl et al., [2021}; Kirsh, 2010; Risko & Gilbert,
2016)) but it might have a negative impact on long-term memorization. Sparrow
and colleagues (2011]) reported a loss in recall performance, when participants
were made aware of internet search engines. However, these findings failed to be
replicated (Hesselmann, 2020)). Other researchers reported an adverse effect of
cognitive offloading strategies for performance in follow-up trials in various areas,
such as navigation (Fenech et al., [2010; Gardony et al., 2013, 2015)), problem
solving (van Nimwegen & van Oostendorp, 2009), skill acquisition (Casner et al.,
2014; Ebbatson et al., [2010) and learning (Eskritt & Ma, 2014; Henkel, 2014}
Kelly & Risko, [2019a|, 2019b; Pyke & LeFevre, [2011). Some researchers proposed
to use the interruption of cognitive offloading as a desirable difficulty (Beitzel &
Staley, [2015} Morgan et al., 2009, [2013)).

Cognitive Offloading is a viable strategy to free working memory capacities
for other tasks. This can be beneficial for immediate task performance but might
be adverse for long-term memory formation. The consequences of Cognitive
Offloading can therefore support or hinder the user at the MTT in achieving their

goal, depending on the nature of it.






Chapter 3

Present Research

The present research focusses on the cognitive processes involved in the work
at the MTT. Users at the MTT can vary in the goal they try to achieve with it.
On one hand, they might want to use the MTT for decision support or group
work augmentation, both being short-term goals. On the other hand, the main
goal of the group might be to learn about the presented information. Depending
on the sizes of both the table and the group, some members will have to place
themselves on the non-optimal sides of the MTT, eliciting the need to mentally
normalize at least some information on it. This project investigates the short-
and long-term impact of mental normalization on the cognitive processing of

information in data visualizations

The first two chapters focus on the effect of mental normalization on short-
term retention and its possible mitigation. Chapter [4 aims to provide insights
on the short-term impact of mental normalization on the cognitive processing of
information in data visualizations. Furthermore, a series of modifications on the
data visualization are tested on their viability to reduce the mental normalization
effect. The modifications include the use of pictographs as labels and redundant
information coding with color. In Chapter 5] a different approach is tested. A

flanker-paradigm inspired approach of a redundant display of rotated words is
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tested on its impact on response time alterations und mental normalization. This

approach is subsequently applied to data visualizations as label manipulation.

The impact on long-term retention of mental normalization processes is
investigated in Chapter [0l The possible use of mental normalization to facilitate
long-term retention of information presented in data visualizations is tested. For
this, a device to control for the influence of participants (involuntary) head tilt

was developed and implemented. The specifics for this device can be found in
Appendix [A]

The chapters [4], B and [6] were designed to be stand-alone manuscripts.
Therefore, the content shows some overlap with the general introduction and the
general discussion of this thesis. Except for the parts with explicit statements,
this thesis is completely my own work. Chapter |4] and [5| do both include the work
of co-authors. Each chapter has a preceding declaration of co-authorships, stating
the co-authors and their respective share of the work. All co-authors agreed on

their stated share of work.
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Chapter 4

Two People, One Graph: The
Effect of Rotated Viewpoints on
Accessibility of Data

Visualizations

4.1 Introduction

Imagine you are sitting opposite to someone who has spread out a newspaper
across the table. One of the articles captures your interest, and despite the inverted
orientation, you will be able to read the teaser of this article. Nevertheless, you
might be slower and maybe less accurate than usual because the upside-down
view on the article requires additional mental processes for recognizing and
understanding the written text as well as the depictions (Hayward & Williams,
2000; Kolers, 1968). A similar situation arises when multiple users collaborate
sharing a single technical device. The range of technical devices for such a
scenario is large, ranging from smartphones on which multiple observers access
the same information simultaneously to complex multi-touch tables which are

explicitly designed to serve as a collaboration tool for co-located groups.
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Figure 4.1: Illustration of the collaborative settings with shared displays. A: Two
users study the same information on an iPad. B: Two users collaborate using a
multi-touch table, an interactive tool for group collaborations. In both scenarios,
the display is rotated for one of the observers.

With regard to the perception and recognition of objects, a substantial
body of previous research has confirmed the existence of canonical viewpoints
from which depicted information can be accessed the most efficiently in terms of
errors and speed. Deviations from this canonical viewpoint (i.e., non-canonical

views) typically come along with increasing access costs (Diwadkar & McNamara,

1997; Palmer et al., [1981; Tarr, 1995).

With regard to the collaborative view on the bar graphs depicted in Fig-
ure [4.1] the canonical view is the upright presentation of the graph. Even in
rather simple scenarios with only two users such as those depicted in Figure [4.1]
the viewpoint of one of the observers will deviate from the canonical upright
view, as collaborators tend to position themselves on distinct sides of the display
(Tang et al., [2006)). In other words, (at least) one of the collaborators will have
a non-canonical view, which is suboptimal for accessing the displayed informa-
tion. In the present project, we studied how deviations from non-canonical views

decrease the accessibility of the depicted information. Following an approach of
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use-inspired research, our aim was to investigate ways to reduce the detrimental
effects of non-canonical viewpoints based on psychological theories of feature and

information processing.

4.1.1 Information Visualization

With the tremendous increase of data and accessibility of data starting in the
late 20th century, data presentation has become an important topic of research,
as data visualizations can communicate patterns in data more clearly, efficiently,
and concisely than other presentation formats (Cattaneo et al., [2007; Dambacher
et al., [2016). In the present project, we chose to study bar graphs as one type of
data visualization which is commonly used to summarize frequentist information
and therefore reflects a plausible representation of data in collaborative group
settings. The challenge of designing intuitive (Neurath, |1936) as well as effective
visualizations (Cleveland & McGill, 1984) of data has been investigated across
scientific disciplines (e.g., Montello, 2010; Stieff, 2007)). The topic of optimizing
data visualization has also gained attention from cognitive psychologists (Rensink,
2017; Rensink & Baldridge, [2010), and basic theories on human perception
have influenced guidelines for the design of data visualizations (e.g., Evergreen,
2017). A good example of a psychological theory informing data-visualization
designers is the feature integration theory (Treisman & Gelade, 1980), which
describes a set of basic features that human observers can process without
strict capacity limitations. These basic features therefore reflect useful features
for graphs (Nothelfer et al., [2017). Another good example is the "picture
superiority effect” (Cattaneo et al., 2007; Maisto & Queen, 1992, McBride &
Dosher, 2002} Standing, [1973; Whitehouse et al., 2006), which describes the
phenomenon that pictures are easier to learn (and retrieve) than words. In the
visualization literature, this finding matches the ISOTYPE (International System
of Typographic Picture Education) guidelines. Emerging from early work of
Neurath (1936; see also Neurath and Odgen, (1937)), this framework suggests
using pictographs rather than written labels to represent units, concepts, and
frequencies in visualizations. This framework has received empirical support from

a study by Haroz, Kosara, and Franconeri (2015, who showed that pictographs
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indeed improve information processing relative to simple bar graphs with written
labels. Whereas these approaches have made substantial progress in improving the
accessibility of visualized information for individual observers, hardly any research
has attempted to optimize visualizations for non-upright viewing conditions. This
is not too surprising, as the pressing need for such research mostly arose with
relatively new presentation technology, such as multi-user touch-tables. However,
a substantial body of cognitive psychology research has investigated the question
of how human observers access and compare visual information from different

viewpoints, such as in the case of image or display rotations.

4.1.2 Accessing Rotated Information

Accessing visualized data and viewing and recognizing depictions, representations,
and text from unusual angles are common tasks in everyday life. Aside from
reading inverted news articles, this encompasses activities such as trying to orient
oneself on a city map (Aretz & Wickens, 1992)) or reading shop signs on a window
from the inside of the shop. In some cases, failure to correctly identify two
objects as the same or different from different viewpoints could have serious
consequences, for instance, chemists map depictions of molecules (Stieff, [2007)
in order to identify enantiomers, which could make the difference between a
cure and a poison. Further it is also a key skill for a physician’s success in
laparoscopic surgery (J. Conrad et al., [2006). Different mental processes have
been suggested for accomplishing the mapping operation between rotated views as
well as for accessing information from non-canonical viewpoints (see Peissig and
Tarr, 2007, for a review). In their seminal work, Shepard and Metzler (1971) asked
participants whether two cube structures, which were presented from different
viewpoints, were identical or mirrored images of each other. They observed a
linear relationship between the time that is necessary for an accurate decision
and the angular disparity between both cube structures. From these results, they
inferred a mental rotation process (with a constant rotation speed) to align the
different views for comparison. The capacity of this mental rotation process,
however, remains debated, with some researchers arguing for a holistic rotation

of the stimulus (Cooper & Podgorny, (1976), whereas other researchers have
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reported evidence for piecemeal rotations suggesting a limited capacity (Just and
Carpenter, (1985} Yuille and Steiger, 1982} see also Xu and Franconeri, 2015).
Whether mental rotation tasks are solved using holistic or piecemeal strategies
depends on various factors, such as mental rotation ability (Khooshabeh et al.,
2013), sex (Heil & Jansen-Osmann, 2008), and stimulus familiarity (Bethell-Fox
& Shepard, 1988)). Further, stimulus attributes such as the compressibility of the
depicted information influence the amount of simultaneously rotated information
(Meyerhoff et al., 2021)).

A central limitation in attributing the linear increase in response latencies
to a mental rotation process, however, is that such linear relationships also arise
in more generalized theoretical conceptualizations of the mapping of information
across different viewpoints (Jolicoeur, (1990; Tarr, |1995; Tarr & Pinker, 1989).
Among others, these conceptualizations encompass an internalization of 3D-
models (Marr, 2010; Marr & Nishihara, [1978)), an edge-detection mechanism
(Biederman, |1987)), or an internalization of multiple viewpoints (Tarr & Biilthoff,
1998; Tarr & Pinker, 1989)). In particular, there is neuroscientific evidence that
distinct mental operations compensating for deviations in the viewpoint (indexed
by distinct neural activity) can hardly be distinguished on a purely behavioral
level, as they result in indistinguishable response patterns such as increases in
response latency (Gauthier et al., [2002). The goal of our present research is not
to disentangle the different mental processes contributing to the compensation of
deviations in viewpoint. Derived from the work of Risko et al. (2014), we will
therefore use the theoretically neutral term mental normalization as an umbrella
for all mental operations contributing to solving this task. While the ubiquitous
occurrence of linear decreases in performance makes it difficult to isolate particular
mechanisms of mental normalization, it also emphasizes that — irrespective of
the exact underlying mechanism — the costs that come along with deviating

viewpoints likely affect a substantial number of practical tasks.

In the present experiments, we studied mental normalization for information
summarized in bar graphs. Although we are not aware of any direct test of
viewpoint costs on accessing information in bar graphs, there are good reasons

to propose that these costs follow the same pattern as all previously described
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tasks. Most relevant here are observations demonstrating that individual elements
of bar graphs themselves are subject to costs of mental normalization when
their presentation deviates from upright viewing conditions. For instance, such
detrimental effects have been consistently reported for shape information (Cooper,
1975)), cube figures (Shepard & Metzler, 1971)), letters (Corballis & McLaren,
1984; Riisseler et al., [2005), words (Koriat & Norman, [1985), sentences (Risko
et al., 2014), and pictures (Tarr & Pinker, 1989). As most of these effects
were observed in prolonged response latencies, it appears likely that extracting
information from bar graphs is also prolonged when the presentation deviates

from the upright view.

In our experiments, we followed a use-inspired rationale. First, we aimed
to establish the costs of mental normalization for accessing information depicted
in bar graphs. Second, we strove to understand whether such detrimental effects
arise from the rotation of the graph itself or merely due to the rotation of written
labels. Third, and finally, we aimed at reducing the costs of mental normalization
for information depicted in bar graphs by transferring effects from knowledge-
driven basic psychological research into our use-inspired scenario. We arranged our
experiment to closely resemble the situation of a collaborative setting as depicted
in Figure[4.1] For instance, the participants solved the task on a horizontal touch
display which has the same functionality as a smartphone or a multi-touch table.
Nevertheless, we tested participants individually in order to allow us to isolate

the effect of display rotations with full experimental control.

4.2 Experiment 1

With the first experiment, we aimed to demonstrate that rotated views of a bar
graph interfere with the extraction of the depicted information (i.e., the costs
of mental normalization). We focused mainly on response latency as a proxy
for task performance with prolonged response latencies signaling the proposed
interference. We asked our participants to answer comparative questions by
extracting the corresponding information from the bar graph. We hypothesized

that a rotated presentation of the bar graph would elicit longer response latencies.
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A rather obvious candidate for the expected detrimental effect of graph rotation
on response latencies are the written labels which identify the individual bars.
To investigate the impact of such labels further, we introduced two additional
manipulations. First, we compared words versus letters as labels. We expected
that the more simplistic shapes of the letters could be identified faster across
rotations, thus reducing the detrimental effects of display rotations. Second, we
compared two variants of presenting the labels: co-rotation in which the labels
rotate with the bar graph (similar to a physical rotation of a sheet of paper)
versus reformatted labels which maintain their upright orientation relative to the
observer (see Figure A for an illustration). If the detrimental effect of display
rotations on response latencies emerges only from difficulties in recognizing the
rotated labels, the conditions with reformatted labels should not differ from the

unrotated view.

4.2.1 Methods

Power Considerations

The most relevant manipulations in our experiments were the label rotation
scheme (reformatted vs. co-rotated labels) as well as the label type (e.g., different
labels such as text and letters in Exp. 1). Introspectively, both manipulations had
an influence on response onsets suggesting substantial effect sizes (nﬁ > .25).
However, there was no directly related prior work which could have served for
a more precise estimate for effect sizes. The closest related study investigated
response latencies for rotated textual stimuli (Risko et al., 2014 and observed
large effect sizes (1, = .81 in their Experiment 1; 772 = .68 in their Experiment 2).
However, this study did not involve representations of data such as ours so that
these estimates are probably too large. Consequently, as our study is the first of
its kind, we intended to power it appropriately for lower effect sizes (nﬁ = .10;
assuming correlations among repeated measures of r = .50). A corresponding
power analysis, (1 — ) > .95 at a = .05) suggested a minimum sample size
of 32 participants (G*Power, Faul et al., 2007). In order to compensate for

potential data exclusions, we slightly overpowered this sample size resulting
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Figure 4.2: Illustration of the design of Experiment 1. A: The baseline condition
is an unrotated bar graph labeled either with words or letters. Relative to this
baseline, we investigated three different angular rotations (90°, 180°, and 270°) and
two different categories of labels (co-rotating vs. reformatted). B: We manipulated
the labels of the bar graph (words vs. letters). There were six different arrangements
of the bars (each repeated three times), resulting in a total of 252 trials. C: In half
of the trials (selected randomly), the participants had to indicate the smaller bar
in the comparison. In the other half the participants indicated the larger bar. The
two bars involved into the comparison were selected randomly. Each participant

received a unique set of stimuli.
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in 33 participants in Experiment 1, and 35 participants in Experiment 2. In

Experiment 3, we accidentally overrecruited the sample resulting in 41 participants.

Participants

Thirty-three students (22 female, 18-35 years) from the University of Tiibingen,
recruited via an online platform for volunteer participants for experiments, took
part in Experiment 1. They received a compensation of 5€ for 40 minutes of
their time. The experimental procedure was ethically approved by the institu-
tional review board of the Leibniz-Institut fiir Wissensmedien, Tiibingen, and all

participants provided informed consent prior to testing.

Apparatus

The experiment was conducted on a horizontal 23" touch sensitive monitor (Dell
Panel Monitor S2340Tt) controlled by a HP Elitebook 8530p. The experimental
scripts were coded in Python using the PsychoPy libraries (Version 1.85.1; Peirce,
2007, 2008). The unrestricted viewing distance was approximately 60 cm.

Materials and Procedure

Our participants solved a series of 252 simple questions for which the answers
were depicted in a bar graph (see Figure [4.3)). Each trial started with a question
informing the participant of the names of two values that she/he should subse-
quently compare (e.g., "Is there more in A or B?" or "Is there less in A or B?").
This question was presented in font size 40 in the middle of the screen. The
participants preceded with the trial by putting their index finger down onto the
start position, which was horizontally in the middle of the screen, approx. 6.7 cm
from the bottom, and 4.5 cm in diameter. Next, a bar graph (15.2 x 15.2 cm),
consisting of three bars, appeared in the center of the screen. Two of the bars
corresponded to the values that the participants were asked to compare. The
third bar corresponded to the values of a related category but was irrelevant for
answering the question. It was added so that the participants would have to
identify and select the relevant bars first (see Figure 4.2 C).
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Figure 4.3: Schematic depiction of stimuli for the for experiments of study 1.
Experiment 1 used letter and word labels. Experiment 2 employed word and
pictograph labels. In Experiment 3, the coloring of the bars was manipulated. All
bars had either the same or different colors.

Diagram

All bars clearly differed in height, as all bars had a constant height and
constant height differences, with a bar height pool of 3.1 cm, 7.1 cm, and 10.9 cm.
To rule out potential influences from the relative bar positions, we presented all
possible permutations of the bars in each condition to each participant. The bars
that we asked participants to compare were chosen randomly. In one half of the
trials, the participants were asked to choose the larger of the two values. In the
remaining half of the trials, the participants had to choose the smaller of the two
values (see Figure C). We randomly generated a new set of trials for each

participant.

We manipulated the presentation of the bar graph. First, we manipulated
the orientation of the bar graph itself (0°, 90°, 180°, and 270°, clockwise with
0° being the standard upright bar graph view). Second, we manipulated whether
the labels of the bars rotated with the bars (co-rotate) or whether they remained
upright to the participant (reformatted). Third, we manipulated whether the
labels of the bars consisted of words or letters. We sampled the word labels from

a list of 20 topics containing three labels each (e.g., topic "male first names”
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with the labels " Anton”, "Malte", and " Georg”). To control for word length,
we included only words with two syllables consisting of a total of five letters. In
the condition with letters as labels, the letters were randomly sampled from the
following 17 letters: A, B, C, F, G, H, I, KL, O, R, S, T, U W, X, Z. The
remaining letters were excluded as their appearance is too similar to other letters

when being rotated.

The participants responded by moving their finger to one of two response
boxes below the bar graph, each of which corresponded to one of the values
in question. The response boxes were positioned at 9.5 cm from the bottom
and 20.2 cm from the left and right side of the screen and measured 2.4 cm in
diameter. As the dependent variable, we captured the latencies of the initiation
of a response by the participants (i.e., the time difference between onset of the
bar graph and the start of the movement of the index finger towards the response
box). For an illustration of the trial setup, see Figure .

Which value is greater:

Aor B

A

®-.
b |

Figure 4.4: Experiment 1 flow diagram. For each trial, participants were first
presented with a question. After putting their finger on the button, a diagram for
answering the question appeared. Participants gave their response by sliding the
button onto one of two options. The time to start the movement of the correct
trials was taken as the dependent variable.
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Design

All factors were manipulated in a within-subject design. Please note that in
the 0° rotation condition both the reformatted and the co-rotated text looked
identical. Therefore, this condition serves as a baseline. The response latencies
of this baseline are subtracted from each other condition in order to isolate the
effect of the rotation. The remaining combinations follow a 3 (angular rotation:
90°, 180°, 270°) x 2 (label rotation scheme: reformatted vs. co-rotated text) x
2 (label type: words vs. letters) within-subject design. Each factor combination
was repeated 18 times (including three repetitions of each permutation of the bar
heights), cumulating to 252 trials per participant (see Figure A & B).

Analysis Plan

Our research questions focused on the relative difference between conditions with
rotations of the bar graphs and the baseline condition without such rotations.
In order to isolate these effects of the rotation, we subtracted the mean of the
0° rotation condition (individually for each participant). Our analyses of the
data focused on two questions. First, we analyzed how label rotation scheme
and label type affected performance across the remaining angular rotations. For
this analysis, we conducted a repeated measures ANOVA on the differences in
response latencies between the conditions with rotation and the baseline without
rotation. Second, we analyzed whether the conditions with rotations differ from
the baseline without rotation (i.e,. whether the difference scores differ from
zero). We tested this with a series of t-tests. As analyses with multiple tests
are prone to alpha error cumulation, we used a Bonferroni-corrected alpha level
of p =.00416 for this series of 12 t-tests. Please note that this is a rather
conservative correction which comes along with the risk of incorrectly classifying
meaningful results as insignificant. The challenge for the current project was that
insignificant deviations from the baseline might signal the successful prevention
of prolonged response latencies; we therefore attempted to prevent that such a
conclusion would only be based on insignificant tests. Beyond pure significance,
we therefore also considered effect sizes as an indicator for the relevance of a

particular result.
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In accordance with Cohen (1969, p. 25), we considered effects with a
size of d, < 0.2 as negligibld] Therefore, for evaluating the reduction of costs
associated with rotations, we only interpreted insignificant results with d, < 0.2
as a successful reduction of rotation costs, whereas the results which were

insignificant (after the correction) with d, > 0.2 cannot be interpreted either way.

4.2.2 Results

Overall, accuracy was very high (M = 95.42%, SD = 3.1%). Accuracy levels for
all experimental conditions ranged from 94.8% to 95.9%. These discrepancies
were deemed negligible. For the analysis of response latencies, all trials with
incorrect responses were removed from the data set. Further, we excluded trials
for which we registered the motion onset of the index finger less than 250 ms
after stimulus onset, as they likely reflect anticipations, involuntary movements,
and measurement errors rather than regular task processing (6.46%) as well as
trials of which the response latency deviated more than 3 SD from the personal

mean (i.e., outliers, 1.32%).

Following the exclusions, we calculated the difference score in response
latencies between the experimental conditions with rotations and the baseline
without rotation (raw response latency data for all three experiments is available in
Table. Finally, we aggregated this difference score for all conditions separately
for each participant.

In order to examine differences between the conditions with rotations, we
conducted a repeated measures ANOVA with angular rotation (90°, 180°, 270°),
label rotation scheme (co-rotating, reformatted), and label type (word, letter) as
the independent variables, as well as the difference score in response latency as
the dependent variable. This analysis revealed a main effect of the label rotation
scheme, F'(1,32) =16.19, p < .001, 772 = .34, indicating larger deviations of
the response latencies from those of the baseline when the label orientation

rotated with the bar graph rather than when it remained upright relative to

Bootstrapped 95% confidence intervals (10,000 repetitions) for all effect sizes are
available in Table
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the observer (see Figure . Further, we observed a main effect of the label
type, F'(1,32) =49.21, p < .001, 77]% = .61, indicating that words revealed larger
deviations from the baseline than letters. There was no main effect of the three
different angular rotations of the bar graph, F'(2,64) = 0.11, p = .89 and neither
the two-way interactions, all F's(2,64) < 1, all ps > .376 and F'(1,32) = 1.723,
p = .198, nor the three-way interaction, F'(2,64) = 0.137, p = .872, reached

significance.

Furthermore, we compared the difference scores of all rotation conditions
to zero with a series of ¢-tests (Bonferroni-corrected p = .00416). All conditions
in which words served as labels showed significant differences to the baseline
(all ts(32) > 3.64, all ps < .001, all d.s > 0.634). For the conditions in which
letters served as labels, none of the ¢-tests showed significant difference (after
the corrections) to the baseline (all ¢s(32) < 2.32, all ps > .02). The effect sizes
for letter label conditions varied: Reformatted letter labels showed negligible
effects (all d,s < 0.122), while co-rotated letter labels showed small effect sizes
(all d,s > 0.21 and < 0.41).

4.2.3 Discussion

The results of this experiment highlight that the written label provided a central
challenge in accessing information from rotated bar graphs. Labels consisting of
written words (rather than letters) that co-rotated with the bar graph (rather
than being reformatted) revealed the largest mental normalization costs. The
attribution of normalization costs to written labels is further supported by the
results in the conditions with letters as labels. In particular, we did not observe
substantial costs when the letters remained upright to the observers, signaling
that it was not the rotation of the bars that induced the mental normalization
costs. These results are particularly challenging, as written labels that co-rotate
with the bar graph reflect the most authentic instance of mental normalization
"in the wild", as reformatted labels cannot be realized for more than one viewer,
and letters are hardly ever appropriate descriptions of depicted data. In the

following experiments, we therefore implemented modifications of the labels and
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Figure 4.5: Results of Experiment 1. Mean differences of the response onset
relative to the baseline without rotation. Error bars are based on Fisher’s Least
Significant Difference (R. Fisher, 1935).

the presentation of the bar graph that were intended to improve the accessibility

of the depicted information during rotated views.

4.3 Experiment 2

As Experiment 1 revealed that word labels seem to be the Achilles’ heel of mental
normalization processes for information depicted in bar graphs, we explored the
potential of pictorial labels for overcoming such normalization costs. We opted
to try pictographs, as pictures seem to have a general superiority for information
transportation. They are more accurately remembered than words (Cattaneo et al.,
2007; Standing, 1973). Furthermore, response latencies are shorter for pictures
than for words (Jenkins et al., [1967; Shor, |1971)). In the context of information
visualization, ISOTYPE-esque pictographs have been demonstrated to promote

the understanding of bar graphs (Haroz et al., 2015). These studies suggest that
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pictures may act as good substitutes for word labels in data visualizations. In
Experiment 2, we therefore explored whether the benefit of pictographs as labels
for bar graphs also applies to mental normalizations. Although the costs of mental
normalization for image stimuli have been demonstrated previously (Quaiser-Pohl,
2003)), it remains possible that these costs are less pronounced for very simplistic
pictographs (for an example of the pictograph label condition, see Figure .
Also, it is unclear how potential mental normalization costs of pictograph labels
relate to those of written labels. As in Experiment 1, we manipulated whether the
label rotated with the bar graph or whether it maintained its orientation relative
to the observer. If normalization costs arise from the rotation of the labels, the
conditions with reformatted labels should be at the level of the unrotated baseline
(i.e., a difference score around 0 ms). Finally, we again manipulated the angular
disparity between the presented bar graph and its upright orientation. Although
this manipulation had no effect in Experiment 1, we decided to maintain this

manipulation for exploratory purposes as well as consistency across experiments.

4.3.1 Methods

Participants

Thirty-five new students (28 female) from the University of Tibingen (18-33
years), recruited via an online platform for volunteer participants in studies took
part in this experiment. They received 5€ for approximately 40 minutes of their

time.

Stimuli and Procedure

All stimuli and procedure were identical to the first experiment with the following
exceptions: As label types, we compared written words with pictographs as
labels (see Figure . We used the pictographs reported in the study by
Haroz et al. (2015)). The written labels were chosen to match the meanings in

the pictographs.
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Design

The experiment followed a 3 (angular rotation: 90°, 180°, 270°) x 2 (label rotation
scheme: reformatted vs. co-rotated text) x 2 (label type: words vs. pictographs)
within-subject design. As in the first experiment, we subtracted the baseline
without any rotation from all other conditions in order to isolate the effect of

display rotation.

4.3.2 Results

The overall subject accuracy was 94.37% (SD = 4.6%). Accuracy levels for the
different factors fell between 93.65% and 95.16%. Trials with a motion onset
of the index finger below 250 ms were excluded (8.7%) as were outliers (1.4%).

The analysis plan was identical to Experiment 1.

In order to examine differences between the conditions with rotations, we
conducted a repeated measures ANOVA with angular rotation (90°, 180°, 270°), la-
bel rotation scheme (co-rotating, reformatted), and label type (words, pictographs)
as the independent variables, as well as difference scores in response latency as
the dependent variable. Again, the rotation of the bar graph did not create a sig-
nificant increase in the difference score, F'(2,68) = 0.94, p = .39. However, the
label type showed a significant difference, F'(1,34) = 22.42, p < .001, 7, = .40,
indicating larger difference scores in response latencies for text than pictographs.
Further, there was an effect of the label rotation, F'(1,34) = 12.71, p = .001,
7712, = .272, indicating larger difference scores with co-rotated than reformatted
labels. No interaction reached significance with F's(2,68) < 2.48, ps > .091 and
F(1,34) = 1.03, p = .317. The results are depicted in Figure .

Furthermore, we tested whether the difference score in response latencies
deviated from zero with a series of Bonferroni-corrected ¢-tests (p = .00416).
In the word condition, the difference score for the word labels that maintained
their upright orientation to the observer in the 90° and 270° diagram rotation
condition did not reach significance with ¢(34) = 1.825, p = .076, d, = 0.31
and t(34) = 2.73, p = .01, d, = 0.46, respectively, whereas the remaining four
conditions reached significance, all ts(34) > 3.12, ps < .0037, all d,s > 0.527.
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In the conditions with pictorial labels, none of the tests reached significance,
all s(34) < 2.03, all ps > .05. The stably displayed pictograph labels showed
negligible effect sizes with all d,s < 0.2, while the co-rotated pictograph labels
showed small effect sizes (0.28 < all d.s < 0.34).

Label Condition
co-rotating | | reformatted
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90 180 270 90 180 270
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Figure 4.6: Results of Experiment 2: Mean differences in response onset relative
to the baseline without rotation. Error bars indicate Fisher’s Least Significant
Difference.

4.3.3 Discussion

While the rotation of the diagram itself did not cause significant increases in
response time relative to the unrotated condition, rotating the label did. Consistent
with Experiment 1, there was a significant difference between reformatted and
co-rotated labels, signaling that identifying the labels from rotated views was
the weak spot in accessing depicted information from rotated bar graphs. With
regard to the label type, there was a significant difference between word labels
and the corresponding pictograph labels. Pictograph labels deviated less from

the unrotated baseline. Furthermore, the comparison of each condition with the
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baseline (i.e., the difference score) showed a similar pattern of Cohen's d values
as in Experiment 1. In particular for the pictographic labels, only the conditions
with stably oriented labels to the observer revealed negligible effect sizes, whereas
there remained substantial effects sizes for the conditions in which the pictographs
rotated with the bars of the graph. As reformatted labels cannot be realized
for more than one viewer at a time, using pictographs as labels is therefore not
sufficient to (fully) compensate for the effects of mental normalization in bar

graphs.

4.4 Experiment 3

In this experiment, we tested the potential of colored text labels for reducing
the detrimental effects of graph and label rotation. As color is considered to
be processed efficiently (i.e., in parallel for the entire display) (Treisman, 1986),
coloring labels might not impose an additional load on working memory but
may support a faster mental normalization instead. An example for the color

intervention stimuli is given in Figure [4.3] Experiment 3.

4.4.1 Methods

Participants

Forty-one students (33 female) from the University of Tiibingen, aged 18-27 and
recruited via an online platform for voluntary student participants, took part in

this experiment and were paid an allowance of 8€ for 40 minutes of their time.

Stimuli and Procedure

Stimuli and procedure were identical to Experiment 1 with the following exceptions:
The label type factor consisted of a " multicolor” and a "monocolor” condition.
In the multicolor condition, each bar was filled with a different color and the
associated word labels were highlighted in the same color, in the question as well
as in the diagram (see Figure [4.6). The colors were selected randomly in order to
avoid systematic influences from semantic associations between the selected color
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and the corresponding label (S. Lin et al., [2013). In the monocolor condition, all

bars were filled with the same color and their labels where not highlighted.

With regard to the monocolor condition, we expected to replicate Experi-
ment 1: Diagrams with co-rotating labels should show longer response latencies
than diagrams with reformatted labels (and all conditions should differ from the
baseline). Further, we expected the multicolor condition to (at least partially)
reduce the costs of mental normalization. Furthermore, we explored how this
expected reduction of mental normalization costs relates to the baseline without

rotations.

4.4.2 Results

The overall subject accuracy was 94.9% (SD = 3.1%). Accuracy levels of the
factors were between 93.43% and 95.49%. Trials with a motion onset of the

index finger below 250 ms were excluded (9.5%) as were outliers (1.5%).

Analogous to the previous experiments, we conducted a repeated measures
ANOVA with three factors: angular rotation (90°, 180°, 270°), label rotation
scheme (co-rotating, reformatted), and coloring type (monocolor, multicolor).
The difference score in response latency was again used as the dependent variable.
In contrast to Experiments 1 and 2, the label-rotation did not reach significance
in this experiment, F'(1,40) = 2.91, p = .096. However, the coloring type yielded
significant differences, F(1,40) = 57.05, p < .001, 77,3 = .588, indicating a re-
duced deviation from the baseline for multicolor than monocolor labels. Finally,
the difference score in response latencies increased with angular deviation in
this experiment, F(2,80) = 10.11, p < .001, 7, = .202. None of the two- or
three- way interactions reached significance, F's(2,80) < 2.69, all ps > .07 and
F(1,40) = 1.09, p = .302. The results are depicted in Figure [4.7]

To further explore these results, we tested the difference score in response
latencies against zero with a series of Bonferroni-corrected ¢-tests (p = .00416).
The difference scores for response latencies reached significance in all mono-
color conditions, all ts(40) > 4.925, all ps < .0001, all d,s > 0.76. However, the
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difference score did not reached significance in any of the multicolor condi-
tions, all £s(40) < 1.5, all ps > .029. All effect sizes but one were negligible with
all d,s < 0.2. Only the multicolor condition with 270° diagram rotations and

co-rotated word labels showed a small effect size with d, = 0.237.
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Figure 4.7: Results of Experiment 3: Mean differences of the response onset
relative to the baseline without rotation. Error bars are based on Fisher’s Least
Significant Difference.

4.4.3 Discussion

Contrary to the previous experiments, the rotation of the label had no significant
effect on response latencies in this experiment. Numerically, it seems as if there
was a small effect on the label rotation scheme in the monocolor condition but
clearly absent in the multicolor condition. However, as there was no significant
label type x label rotation scheme interaction, such a conclusion cannot be drawn
directly from the data of this experiment. What also deviates from the preceding
experiments, is that there was an effect of the angular rotation of the graph which

we did not observe in the previous experiments. A (rather speculative) explanation
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for this is that the coloring reduced the contrast between the labels and the
background what might have reduced the readability of the labels. In return,
this might have induced additional normalization costs which might increase
with the angle of rotation. Nevertheless, what is consistent with the preceding
experiments (numerically as well as statistically) in this experiment is that in the
multicolor conditions, the difference score in response latencies hardly increased
with rotations of both graphs and labels (in terms of negligible effect sizes).
Multicolored bars and labels therefore appear to be a promising approach in

reducing the costs of mental normalizations in bar graphs.

4.5 General Discussion

In this study, we investigated how non-upright viewing conditions impact the
extraction and processing of information from bar graphs. We followed a use-
inspired research approach by converting a practical problem (i.e., that only one
user could have upright viewing conditions on shared graphs in collaborative

settings) into a laboratory research paradigm.

A first major result of our study is that bar graphs in non-upright viewing
conditions indeed pose an additional burden on cognitively processing the depicted
information. In all three experiments, the standard condition (i.e., word labels)
yielded significant normalization costs (i.e., the difference in response latency
relative to the baseline). With regard to our practical collaboration setting
outlined in the introduction (see Figure , this finding confirms that in most
cases a collaborator with non-upright viewing conditions would have to invest
additional cognitive resources in order to access the same information as the other
collaborator with upright viewing conditions.

A second major result of our study is identifying the rotation of the labels
as the "Achilles’ heel” in terms of normalization costs for compensating for
non-upright viewing conditions. This conclusion stems from the observation that
normalization costs were remarkably reduced (in most cases to negligible effect

sizes) when the labels maintained their upright orientation relative to the observer.
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Whereas these conditions with reformatted labels are helpful in identifying the
origin of the largest proportion of the normalization costs, it appears unlikely that
this finding could be part of an intervention aiming to reduce the normalization
costs. The reason for this is because maintaining the upright orientation of the
labels can be realized for multiple collaborators only by introducing additional,
redundant labels with different orientations so that each observer has his/her own
label with an upright orientation. Such an approach, however, would be challenging
technically as well as psychologically. From the technical perspective, it would
be necessary to track the number as well as the location of collaborators with
non-upright viewing conditions and add the necessary labels at their corresponding
orientation. While this technical challenge can be met (e.g., Dietz and Leigh,
2001; Ramakers et al., [2012| for multi-touch tables), the psychological challenge
is more difficult. Psychologically, the inflation of labels at different orientations
would provide an additional burden on the perceptual and cognitive processing of
the depicted information. Given the known capacity limitations for attentional
processing (e.g., Meyerhoff et al., 2017)), it seems unlikely that human observers
can deal with the inflation of labels. Consequently, all collaborators would have to
ignore the additional labels while focusing only on those labels presented upright
from their current point of view in order to reduce the information load. However,
an extensive body of research has shown that irrelevant stimuli in the visual field
cannot always be ignored even when processing them is harmful for performance
in the task at hand (B. A. Eriksen & Eriksen, 1974; C. W. Eriksen & Schultz,
1979; Kopp et al., |1994).

As an alternative approach to reducing the costs of mental normalization
in bar graphs, we therefore investigated two candidate modifications of the
labels and/or bars. In Experiment 2, we investigated pictographs as labels for
which we observed a substantial reduction in normalization costs. However, in
particular when the pictographs rotated with the bar graph, the effect sizes were
— at least for the critical " co-rotation” condition - not in the negligible range
(although not significant due to the Bonferroni-corrections). Please note that we
changed only the label to its corresponding pictograph, not the bars themselves,

as has also been done in previous work (Haroz et al., 2015). It therefore remains
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possible that changing the bars themselves into pictographs would further diminish
normalization costs to the negligible range. However, it appears more likely that
pictographs would persist in showing small normalization costs even under these
circumstances, as pictures clearly have canonical viewpoints facilitating their
identification (Palmer et al., [1981). As picturizing labels is restricted to contents
that can be turned into intuitive pictographs, we instead investigated the coloring
of bars and labels in the remaining third experiment. In line with the intensive
research demonstrating the efficiency of color processing in terms of visual search
(Wolfe & Horowitz, [2004, |2017)), perceptual grouping (Palmer et al., [2003), as well
as attentional efficiency (Carter, 1982; Christ,|1975; Duncan & Humphreys, 1989),
we also observed that this coloring manipulation reduced mental normalization
costs to the negligible range of effect sizes. In sum, both pictographs and coloring

reduce normalization costs, but coloring appears to be slightly more efficient.

Although our experiments were not designed to disentangle different pro-
cesses involved in the processing of rotated displays, there are two findings in
our results which we would like to elaborate. First, in contrast to the many
previous studies exploring normalization costs for rotated stimuli (for an overview
see Khooshabeh et al., 2013), the angular deviation from upright viewing condi-
tions played only a minor role in our results. Although the rotated display was
generally harmful in all three experiments, normalization costs only increased with
angular deviation in Experiment 3. The most plausible reason for this reduced
relevance of angular rotation is that we studied orthogonal or opposite viewpoints
which are known to be less prone to normalization costs than angular deviations
between these orientations (Hintzman et al., 1981; Montello, [1991). In the
present project, however, we focused on the orthogonal and opposite viewpoints
because these seem to be the most common perspectives in the collaborative
group settings with multi-touch tables (e.g., Bause et al., 2018; Higgins et al.,
2011, [2012; Rogers et al., 2009), which inspired our project.

Second, our results revealed less pronounced normalization costs when the
labels remained in their upright orientation to the observer. This observation is
consistent with a piecemeal mental normalization strategy rather than a holistic

mental normalization strategy. The reason for this is because a holistic mental
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normalization would result in the opposite effect. Such a holistic normalization
would turn the labels away from an upright orientation, thus increasing response
latencies. Overall, this finding is consistent with the literature on classical mental
rotation which has observed holistic strategies mostly for shape information
(Cooper, 1975; Cooper & Podgorny, 1976; Cooper & Shepard, [1973) but not
for stimuli that required the integration of multiple visual feature (Hochberg &
Gellman, 1977; Xu & Franconeri, [2015).

Given the complexity of a graph (relative to simple shapes), it appears likely
that multiple processes contribute to the overall performance as well as the normal-
ization costs. One candidate mechanism that might speed up the processing of the
depicted information is feature-based visual search (e.g., Treisman, [1986; Wolfe
and Horowitz, [2017)). In particular, our final experiment showed that color-coding
reduced normalization costs toward the negligible range. Combining a selection of
relevant information based on the color with a piecemeal rotation strategy might
allow participants to mentally normalize only relevant information thus reducing
the overall costs. Future research is necessary to disentangle such combined
processes of mental normalization. Such a line of research would probably have
to combine behavioral and psychophysiological methods in order to isolate the
individual components of rather complex mental normalizations (Gauthier et al.,
2002)). Another promising venue would be to investigate individual differences, as
many mental normalization tasks are known to be subject to individual differences
arising from spatial abilities (Collins & Kimura, |1997; Khooshabeh et al., [2013}
Peters et al., [2006; Tapley & Bryden, 1977; Tarampi et al., 2016), general
intelligence (Varriale et al., [2018), or expertise with the stimulus materials (Stieff,
2007)). In the present project, we neglected these differences (we drew the sample
from our rather homogenous group of students), as we focused on the basic effects
that most likely arise across all participants (although they might be differently
pronounced). For the same reason, we neglected the differences for sex (Burnett,
1986; Jones & Anuza, 1982; Semrud-Clikeman et al., 2012) and age (Hertzog &
Rypma, [1991)), which have been reported for many tasks.
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4.5.1 Limitations and Outlook

To the best of our knowledge our project is the first to address the impact of
mental normalization as it would appear in collaborate settings dealing with the
extraction of depicted information from graphs. Given the novelty of this research
approach, there of course are limitations which should be further explored in
future research. A first limitation addresses the coloring intervention. Although
coloring clearly reduced normalization costs, it seems likely that color coding
works only for a limited number of depicted elements. With an increasing number
of elements in a graph, the colors will, by nature, become more similar in the
color space, making it more difficult to distinguish the colors efficiently (Cahill &
Carter, |1976)). Thus, there will certainly be a threshold after which color coding
of graph elements will not be helpful anymore. Furthermore, coloring the bars
uniquely gets more challenging when the bar graph depicts more than one data
dimension. As such bar graphs typically uses color or shading information to
group bars, adding (further) color cues to link the labels with the bars might be
confusing. Thus, future research should attempt to replicate the usefulness of
the color intervention with more complex data structures. Relatedly, it would be
useful to extend the general research approach to other types of data graphs in
order to ensure that the normalization costs which we observed in the present
experiments as well as the success of the interventions generalize beyond bar

graphs.

A further interesting venue for prospective research would be to extend
our methodology to generally more complex problems. In the present study, we
intended to isolate normalization costs and effects of interventions, and therefore
used rather simplistic tasks. As our tasks could be solved at a single glance (we
intended to get high accuracy in order to study response latencies), it would be
worth to study whether the observed effects would also emerge in experiments
studying accuracy as dependent variable, or whether they would scale up in
displays which contain more complex data structures or combinations of multiple
graphs (see Moritz et al., [2020)).
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Finally, our project has established normalization costs as well as inter-
ventions to reduce these costs on the level of an individual observer. As our
research question has been inspired by a collaborative setting in which two (or
more) observers access the same depicted data from different viewpoints, an
urging follow-up research question would be how the observed normalization
costs as well as the interventions alter subsequent collaborative processes such as

communication (Lyons, [2009) or joint problem solving (Bause et al., 2018).
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4.6 Tables

Absolute latencies for response onsets by condition test statistics for differences to baseline
intervention diagram rotation label condition mean (sd) |t (df) p d. [95% CI]
Experiment 1

letter baseline 1574 (283)

letter 90 co-rotate 1693 (344) | 1.210 (32) .235  0.21 [-0.12, 0.63]
letter 180 co-rotate 1750 (420) | 2.322 (32) .027 0.40 [ 0.08, 0.78]
letter 270 co-rotate 1737 (380) | 2.152 (32)  .039 0.37 [ 0.06, 0.71]
letter 90 reformatted 1683 (408) | 0.702 (32)  .487 0.12 [-0.25, 0.45]
letter 180 reformatted 1668 (417) | 0.360 (32) .721  0.06 [-0.31, 0.40]
letter 270 reformatted 1679 (389) | 0.700 (32)  .489 0.12 [-0.24, 0.43]
word baseline 1736 (371)

word 90 co-totate 1904 (408) | 6.883 (32) <.001 1.20 [ 0.85, 1.75]
word 180 co-rotate 1917 (433) | 5.334 (32)  <.001 0.93 [ 0.63, 1.36]
word 270 co-rotate 1904 (414) | 6.535 (32) <.001 1.14 [ 0.76, 1.67]
word 90 reformatted 1834 (390) | 4.705 (32) <.001 0.82 [ 0.54, 1.19]
word 180 reformatted 1817 (390) | 4.533 (32) <.001 0.79 [ 0.46, 1.23]
word 270 reformatted 1793 (358) | 3.643 (32) 001  0.63 [ 0.32, 1.03]
Experiment 2

pictograph  baseline 1496 (425)

pictograph 90 co-rotate 1703 (581) | 1.943 (34) .060 0.33 [-0.02, 1.00]
pictograph 180 co-rotate 1682 (539) | 2.029 (34) .050  0.34 [ 0.00, 0.90]
pictograph 270 co-rotate 1698 (570) | 1.705 (34) .097  0.29 [-0.05, 0.89]
pictograph 90 reformatted 1629 (458) | 1.169 (34) .250  0.20 [-0.12, 0.66]
pictograph 180 reformatted 1517 (444) | -1.124 (34) .269  -0.19 [-0.43, 0.16]
pictograph 270 reformatted 1630 (517) | 1.036 (34) .308  0.18 [-0.15, 0.57]
word baseline 1636 (465)

word 90 co-rotate 1783 (507) | 4.189 (34) <.001 0.71 [ 0.31, 1.38]
word 180 co-rotate 1882 (592) | 6.007 (34) <.001 1.02 [ 0.64, 1.63]
word 270 co-rotate 1778 (559) | 3.120 (34) .004  0.53 [ 0.10, 1.58]
word 90 reformatted 1798 (577) | 4.433 (34) <.001 0.75 [ 0.50, 1.13]
word 180 reformatted 1684 (484) | 1.826 (34) .077 0.31 [-0.04, 1.11]
word 270 reformatted 1751 (555) | 2.726 (34) .010  0.46 [ 0.07, 1.32]
Experiment 3

multicolor  baseline 1306 (356)

multicolor 90 co-rotate 1385 (448) | -0.928 (40) .359  0.14 [-0.48, 0.16]
multicolor 180 co-rotate 1357 (462) | -1.607 (40) .116  -0.25 [-0.57, 0.05]
multicolor 270 co-rotate 1472 (470) | 1.520 (40) .136  0.24 [-0.07, 0.60]
multicolor 90 reformatted 1397 (469) | -0.549 (40) .586 0.09 [-0.40, 0.22]
multicolor 180 reformatted 1331 (399) | -2.252 (40) .030 -0.35 [-0.70,-0.05)
multicolor 270 reformatted 1416 (450) | -0.035 (40) .972  0.01 [-0.32, 0.31]
monocolor  baseline 1526 (469)

monocolor 90 co-rotate 1615 (526) | 4.955 (40) <.001 0.77 [ 0.45, 1.19]
monocolor 180 co-rotate 1641 (487) | 6.924 (40) <.001 1.08 [ 0.81, 1.47]
monocolor 270 co-rotate 1701 (551) | 7.065 (40) <.001 1.10 [ 0.79, 1.56]
monocolor 90 reformatted 1562 (439) | 4.925 (40) <.001 0.77 [ 0.45, 1.18]
monocolor 180 reformatted 1607 (499) | 5.403 (40)  <.001 0.84 [ 0.55, 1.24]
monocolor 270 reformatted 1648 (466) | 6.915 (40) <.001 1.08 [ 0.82, 1.45]

alpha-level bonferroni-corrected to .00416

Table 4.1: Statistical details for the experiments in Chapter
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Chapter 5

The Justice Effect: An
Interaction Between Rotation

and Contrast

5.1 Introduction

Imagine you are one of the two collaborators depicted in Figure [5.1] A. Your task is
to discuss the implications of the data depicted on the multi-touch Table between
you and your collaborator. Which of the two collaborators would you like to be?
Based on the layout of the depicted bar graph, you would probably prefer being
the collaborator at the right edge of the image. In this case, the bar graph would
be upright to you, making it easy to identify the depicted information. For your
collaborator, however, the task is much more difficult, as all labels are upside
down from his point of view. These suboptimal viewing conditions will slow
down your collaborator and most likely also affect your collaboration. As previous
research has traced back the detrimental effect of non-upright viewing conditions
in such collaborative settings to the inverted labels (Miiller et al., [2021), a rather
straightforward attempt to solve this problem would be to include redundant
upright and inverted labels on the graph (see Figure B). By doing so, both
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collaborators in our example would be able to access the label in an upright
manner. In this report, we investigate how such additional labels affect the time

that is needed to extract the meaning of the label for both viewing conditions.

Label A Label B Jeqeq Label D 3 [2qe
4 [9qe7 Label C

Figure 5.1: A: Illustration of a collaborative setting in which one of the collabo-
rators perceives the depicted bar graph from an upright viewpoint, whereas the
other collaborator sees the bar graph upside down. B: Illustration of the different
variants of labels which might improve the accessibility of the depicted information
from upright as well as non-upright viewing conditions.
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5.1.1 Accessing Non-Upright Labels

Numerous reports have repeatedly demonstrated that accessing information with
deviations from non-upright viewing conditions (Diwadkar & McNamara, |1997;
Palmer et al., [1981; Tarr, 1995) as well as deviations in the viewpoint between
two views (Bundesen & Larsen, |1975; Jolicoeur & Besner, 1987; Shepard &
Metzler, [1971)) is more effortful and/or error-prone than accessing information
without such deviations. Regarding to parts of the graphical depictions of data,
such detrimental effects of deviations in the viewpoint have been reported for
2D shapes (Cooper, [1975)), letters (Cooper & Shepard, 1973), words (Koriat &
Norman, 1985; Risko et al., 2014), or maps (Montello, 2010)).

In their seminal work, Shepard and Metzler (1971 observed a linear rela-
tionship between the response latency in identifying objects across rotations and
the angular deviation between the two views. From these results, they inferred
a mental rotation process which would be a cognitive equivalent to a physical
rotation. However, similar patterns in response latencies have also been observed
in broader conceptualizations of object recognition between views (Besner, |1983;
Bundesen & Larsen, [1975] Ellis et al., [1989; Jolicoeur, 1987 Jolicoeur & Besner,
1987)). For instance, Biederman ({1987)) proposed an edge detection mechanism,
Marr suggested a 3D model storage (Marr, 2010; Marr & Nishihara, 1978)), or
Tarr proposed the simultaneous storage of multiple points of view (Lawson et al.,
1994; Tarr & Biilthoff, 1998; Tarr & Pinker, 1989)). As it is almost impossible
to distinguish these different processes with purely behavioral data (Gauthier
et al., 2002), we use the theoretically agnostic term mental normalization as an
umbrella for all processes contributing to overcoming deviations in viewpoints.
One striking observation in mental normalization is that only parts of an object
or a graphical representation might be normalized at a time (i.e. piecemeal vs.
holistic processing, Just and Carpenter, [1985} Xu and Franconeri, |2015} Yuille
and Steiger, 1982)), although grouping mechanisms can improve performance
(Meyerhoff et al., 2021)).

Regarding more applied stimuli such as information depicted in data vi-

sualizations, different parts of the stimulus might also be more susceptible to
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normalization costs than others. For instance, Miiller et al. (2021) recently
studied such a scenario for bar graphs. They asked participants to solve simple
tasks based on the information depicted in a standard bar graph. They observed
increasing response latencies when the orientation of the bar graph deviated from
an upright viewpoint. Most importantly, this research has identified the labels
of the bar graphs to be the Achilles’ heel of accessing information in bar graphs
from non-upright viewing conditions. When Miiller et al. rotated the bar graph
but reformatted the labels so that they maintained the upright orientation to the
observers, the mental normalization costs were rather negligible. The latter finding
suggests that the largest proportion of the mental normalization costs in the study
of Miiller et al. (2021) emerged from the need to access the inverted labels. In
the present project, we aimed at reducing these mental normalization costs by
introducing a redundant label rotated by 180°. This additional label allowed the
collaborator on the top edge of the multi-touch table in Figure A to read this
label upright, thus circumventing this critical proportion of normalization costs.

5.1.2 Location a Second Label

As illustrated in Figure B, there are several options for the implementation of
a redundant, inverted label into a bar graph. A first consideration addresses the
question of which of the two labels should appear in the upright versus inverted
orientation. On the one hand, it seems reasonable to plot the label closest to
the corresponding collaborator in the upright orientation (Labels C, D, & F in
Figure B). In this case, the lower label would be upright, whereas the upper
label would be inverted. On the other hand, it also might be reasonable to place
the upright label above the inverted label (Labels B, E, & G in Figure B), as
subjects from western cultures tend to start reading the topmost text (Chokron
et al., 2009).

A second considerations addresses the location of both labels which has
an immediate effect on the contrast between the labels and the background.
First, both labels could be placed below their corresponding bar (Labels B & C
in Figure B). In this case, both labels would have a high contrast. Second,
one label could be placed below the bar, whereas the other could be placed
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within the bar (Labels D & E in Figure B). In this case, the label below the
bar would have a high contrast, whereas the other would have a lower contrast.
Third and finally, both labels could be placed within the bar (Labels F & G in
Figure B). In this case, both labels would have a low contrast. This is relevant
as the contrast between label and background could affect the accessibility of
the label. In the article series "Studies of Typographical Factors Influencing
Speed of Reading”, Tinker and Paterson extensively studied various combinations
of ink color and paper color. They observed the fastest reading speed in the
condition with the highest contrast (i.e., black ink on white paper; Tinker and
Paterson, 1931). This confirmed earlier findings of Babbage (1832)) and also
matched later reports investigating patients with visual impairments (Sloan, (1969,
1977)). Further research points to a negative influence of lower contrast, as it
may increase reading time (Howell & Kraft, |1959)); however, subsequent research
pointed out that this detrimental impact might be negligible unless for very small
or very large letters (Legge et al., [1987) or only for very low contrast (van Nes
& Jacobs, |1981). The polarity of the contrast, however, seems not to have a
systematic influence on the readability of textual stimuli (Legge, Pelli, et al.,
1985; Rubin & Legge, 1989), but there exists also conflicting evidence (Paterson
& Tinker, 1931b).

Given that the contrast between text and a background might influence
reading performance under at least some circumstances, we considered it relevant
to test the impact of contrast with regard to our redundant labels. Beyond
affecting readability, the contrast of the labels might also influence how the
presence of the redundant label affects the processing of the upright label or how

both labels might interfere with each other.

5.1.3 Potential Effects of Redundant Labels

Although the redundant labels are designed so that each collaborator needs to
read only the label which is upright from his/her viewing position, it seems likely
that both labels also influence each other when considering research on the effect
of flanker stimuli. This consideration emerges from the seminal work of Eriksen
and Eriksen (B. A. Eriksen & Eriksen, 1974, who set up the first version of
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what today is called the Eriksen Flanker paradigm. In this paradigm, participants
respond to a letter stimulus while ignoring flanking letters which could either
elicit neutral, congruent, or incongruent responses with the response to the target
letter. Effects of such flanking stimuli have been observed with various kinds of
stimuli including arrows (Kopp et al., [1994), colored tiles (Rafal et al., 1996),
and numbers (Lindgren et al., [1996).

In the original study of Eriksen and Eriksen (1974)), the presence of all
flanking stimuli interacted with responding to the target stimuli when target
and flanking stimuli were spatially close, but incongruent flankers were more
harmful for performance than neutral flankers. Congruent flankers produced
even better performance and were capable of accelerating response times in
comparison to neutral flankers. The redundant labels in our study are similar to
congruent flankers, as they refer to the same information (despite that the rotation
reduces their surface similarity). As the redundant label reflects a rather applied
variant of the flanker task (we are not aware of a similar preceding study), we
decided to compare the effect of all variants of redundant labels with a standard
condition of just one label (upright as well as inverted). To highlight the structural
differences between our redundant labels and the classical flankers, we call them

pseudo-flankers.

5.1.4 The Present Project

In the present research project, we followed a use-inspired basic research approach.
To do so, we translated the applied question of the effects of redundant labels
in graphical representations of data such as bar graphs into a basic research
paradigm that allows for full experimental control. We investigated how fast
observers can extract the meaning out of a stimulus that mimics a unique or a
redundant label of our applied scenario. Inspired by the examples depicted in
Figure B, we investigated word stimuli that appeared either in isolation or
were accompanied by an inverted version of the same word either at the same or
different contrasts. Considering the practical scenario of the two collaborators
at the multi-touch table, our first research question was whether the additional

label would improve the performance of the collaborator seeing the display upside-
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down. In our experimental study, such a beneficial effect would appear, as faster
response times for word stimuli with pseudo-flankers than single inverted words.
We expected such an improvement in identification performance given that the
second label allowed for circumventing mental normalization costs. As a second
research question, we intended to study how the addition of a second label would
affect the identification performance of the collaborator who sees the depicted
information in an upright manner. In our study, this effect can be investigated
by comparing response times for single upright labels with the response times
of redundant labels. The prediction here was less clear. It seems unlikely that
the redundant label improves the identification performance; however, both the
absence of an effect (if participants can successfully process only the upright
word) as well as a detrimental effect of the redundant label (i.e., additional noise

in the display) on response times seemed equally likely.

5.2 Experiment 1

In the first experiment, we investigated whether the presentation of redundant
labels would alter response times relative to rotated or unrotated labels. In our
design, we included the three factors (pseudo-flanker, contrast, rotation) that we
considered to possibly influence response times. For our analysis, we investigated
the factors using ANOVAs as well as the individual factor combination using a

multiple regression model.

5.2.1 Methods

Participants

The final sample consisted of 158 students (102 females, 55 males, 1 diverse;
18 — 35 years, M = 23.9 years, SD = 3.3 years) of the University of Tiibingen.
The experiment was conducted online. The participants were recruited from
a mailing list for voluntary study participants. The experimental procedure
was ethically approved by the institutional review board of the Leibniz-Institut
fur Wissensmedien, Tibingen. All participants provided informed consent prior

to testing and confirmed that their data could be used for scientific purposes
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at the end of the study. Data from participants who did not complete the
experiment were excluded from the analyses. Additionally, we excluded the data
of 17 participants, as their average response times deviated more than 1.5 times
the interquartile range from the median of all participants. In return for their
participation, the participants had the opportunity to enter a lottery of 8 x 20€

vouchers for a big online marketplace at the end of the experiment.

The sample size resulted from the following considerations/constraints. A
power-analysis with G¥*Power 3.1 (Faul et al., 2007, 2009) revealed a suggested
sample size of 91 participants for ANOVAs with within-factors having a small
effect size (f = 0.1) and standard power of 0.8 for 8 measurements. We chose
to power our study for such a rather small effect size, as we are not aware of any
study which would provide sufficient evidence for a larger effect size. In order to
achieve the corresponding rather large number of participants, we recruited our
participants for an online experiment using an open mailing list at the University
of Tubingen. Due to an unexpected resonance, this procedure resulted in an

overshot of the intended sample size.

Apparatus

The participants used their personal computers to complete the experiment online.
The responses were entered with the corresponding keyboard. The experiment
was coded in lab.js (Henninger et al., [2019) which runs on all common browsers

and delivers reliable response times (Bridges et al., 2020)).

Stimuli and Procedure

The task of the participants was to answer simple categorization questions. At the
beginning of each trial, a new question asking for the membership to a particular
category was presented centrally on the screen for 2,000 ms (e.g., "Is this an
animal?”, or "Is this a country?”, font size 32 pt). Immediately after this question,
the target word (font size 32 pt) for which the participants had to answer the
question appeared onscreen and remained onscreen until a response was recorded.

The spatial location of the target word randomly varied on an invisible circle
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(300 pixel in diameter) around the center of the screen. The participants were
instructed to press the "y"-key of their keyboard for confirming or the "n"-key for
rejecting that the target word was part of the questioned category. Thereafter,
the participants received feedback regarding their accuracy. If the response was
correct, a screen filling green frame appeared for 100 ms. However, if the response
was incorrect, the German word " Falsch!” (engl. wrong) with a surrounding red
frame appeared for 3000 ms. The increased presentation time of the feedback
following incorrect answers was intended to encourage accurate task performance.
As the dependent variable, we measured response times (i.e., the latency between
onset of the target word and the registration of a response; see Figure for a

depiction of the experimental flow).

We manipulated the appearance of the target word along three dimensions
(see Figure5.3)). The target word could appear in high contrast (web color value
#000000) or low contrast (web color value #DDDDDD). Further, the target
word could appear upright or upside down (i.e., rotated by 180°). Finally, the
target word could be accompanied by a matching but rotated flanker (i.e., the
same word rotated by 180° presented below the target word). As this flanker was
both more complex and less controlled than in usual flanker task experiments, we
named this factor " pseudo-flanker” to provide a more concise description. Taken
together, the experiment followed a 2 (contrast; high vs. low) x 2 (orientation;
upright, upside-down) x 2 (pseudo-flanker; present vs absent) within-subject
design. Each factor combination was repeated 20 times, resulting in a total of
160 experimental trials. Prior to the test trials, each participant completed three
practice trials which were accompanied by a rehearsal of the central elements of

the instructions (task, response keys, etc.).

5.2.2 Results

As intended, response accuracy was high (M = 94.01%, SD = 3.93%). For
the subsequent analysis of the response times, we only included the trials which
were answered correctly. Further, we excluded trials for which the response time
deviated more than 43 SDs for the corresponding participant and condition (1.1%

of all trials).
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Figure 5.2: Illustration of the trial sequence in Experiment 1. The participants
received a categorization question followed by a target word for which they com-
pleted the categorization. The target word appeared randomly on an invisible circle
around the center of the screen. Following the response, the participants received
accuracy feedback.

We conducted a repeated measures ANOVA with the three factors (pseudo-
flanker, rotation, and contrast) as independent variables and with response time as
dependent variable. The ANOVA revealed a three-way interaction between stimu-
lus rotation, contrast, and the presence of pseudo-flankers, F(1,157) = 11.04,
p = .001, 7]1% = .07. Additionally, we observed a two-way interaction between
contrast and the presence of pseudo-flankers, F(1,157) = 43.06, p < .001,
7];2, = .22, as well as a two-way interaction between rotation and the presence of
pseudo-flankers, F'(1,157) = 234.68, p < .001, 772 = .60. The remaining two-way
interaction between contrast and rotation was not significant, F'(1,157) = 0.21,
p = .649. There were, however, significant main effects of the factors rotation,
F(1,157) = 413.33, p < .001, 772 = .72, contrast, F'(1,157) = 114.53, p < .001,
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Without pseudo-flanker With pseudo-flanker
Rotation 0° 180° 0° 180°
High Contrast Stimulus snihwns Stimulus Sn|nlu|.1§
Stimulus
Low Contrast
snihwns

Figure 5.3: Illustration of the target word presentation in Experiment 1. The
appearance of the target words varied with regard to contrast (high, low), orientation
(upright, upside-down), and whether it was accompanied by a matching rotated
pseudo-flanker (with, without).

7)12) = .42, and the presence of pseudo-flankers, F(1,157) = 140.02, p < .001,
1. = 47 (see Table 5.1 for an overview).

A visual inspection of the depicted means in Figure [5.4] suggests that the
three-way interaction is driven by the rotation influencing the two-way interaction
between contrast and the presence of pseudo-flankers. To confirm this impression,
we ran two reduced ANOVAs, one for the data of unrotated trials and one for the
rotated trials. In both ANOVAs, the two-way interaction between contrast and
the presence of pseudo-flankers was significant, but it appears that the rotation
increased the impact of the contrast manipulation in trials without pseudo-
flankers, F'(1,157) = 36.84, p < .001, 7, = .19, whereas it reduced the impact
of the contrast manipulation in trials with pseudo-flankers, F'(1,157) = 7.53,
p = 0.007, 772 = .05.

With regard to the interpretation of the data, however, the most rele-
vant finding is the strong interaction between the factors rotation and presence
of pseudo-flankers. When pseudo-flankers are absent, stimuli in both the low
and high contrast conditions are susceptible to the effect of rotations (low con-
trast: t(157) = —17.34, p < .001, d = —1.37; high contrast: ¢(157) = —17.23,
p < .001, d = —1.30). When pseudo-flankers are present, however, the influence
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of rotation appears to be absent or starkly reduced (low contrast: ¢(157) = —1.03,
p = .30; high contrast: ¢(157) = 4.59, p < .001, d = —0.24).

without pseudo-flanker pseudo-flanker present
1300+ 1
,A

'@ 1200- F T
£
[0)
£ contrast
o 1100 —— high
@ - low
(o)
aQ
n
2 1000-

9001

0 ’1_80 . 0 180
stimulus rotation [°]

Figure 5.4: Results of Experiment 1 presented as factorial design with the three
independent factors: contrast (high vs. low), orientation (upright, upside-down),
and pseudo-flanker (present vs absent). Error bars indicate 95% confidence intervals.

Regarding the practical implications of our findings, it is of relevance how
the response times for the individual factor combinations relate to those conditions
that reflect the standard views in our collaborative scenario. For the collaborator
with the upright view, this would be the single upright label (i.e., no pseudo-
flanker, 0° rotation, high contrast), whereas it would be the single inverted label
(i.e., no pseudo-flanker, 180° rotation, high contrast) for the collaborator facing
the bar graph upside down. To explore this question, we have replotted the factor
combinations in the order of the elicited response latencies (see Figure [5.5). As
visible in this plot, the single upright label elicited the fastest responses, whereas
the condition mimicking the inverted label elicited almost the slowest responses
(with only the low contrast variant being even slower). To probe this pattern

statistically, we conducted two mixed linear regressions. The regressions included
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individual intercept and slope parameters for each participant. Both regressions
were conducted with response time as the dependent variable, and the type of
stimulus as the independent variable. The only difference between both regressions

was the definition of the reference category.

The first linear regression used the condition mimicking the inverted label
as the reference category. This regression confirmed that response times in all
conditions differed from the response time in the condition without a pseudo-
flanker, 180° rotation, and high contrast, all |z|s > 9.881E], all ps < .001. In
other words, all relevant conditions elicited faster response latencies than the
condition with mimicking the inverted label. The second linear regression used
the condition mimicking the upright label as a reference category. This regression
confirmed that all other conditions elicited longer response latencies than the
condition without pseudo-flankers, 0° rotation, and high contrast, zs > 7.017,
all ps < .001 (see Table 5.2 for full statistical details on both regressions).

5.2.3 Discussion

The main analysis showed large effects for all main factors (contrast, rotation, and
presence of a distractor). The most relevant effect, however, appears to be the
two-way interaction between the rotation and presence of a pseudo-flanker, hinting
toward a beneficial effect of a second, rotated label. This pattern of results is in
accordance with our hypothesis that a second label would reduce response time
(as it probably reduces the mental normalization costs for inverted labels). The
interaction between the contrast manipulation and the presence of pseudo-flankers
is also of relevance. The presence of pseudo-flankers seemed to compensate for
the lower readability in the low contrast condition. This potentially could be the
result of the presence of more high contrast displays on trials with pseudo-flankers.
For instance, it might indicate a preference for reading high contrast labels even
if this implies the necessity of a mental normalization. Due to the design of the

experiment, the interpretation of this effect is hard and might be contaminated

'Due to high degrees of freedom (> 151) and problems in interpretations of degrees
of freedom in linear mixed models (Baayen et al., 2008]), we decided to report z-values
instead of t-values.
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Experiment 1: condition means and Cls
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Figure 5.5: Mean response time by condition of Experiment 1. Gray cycles
indicate the baselines for both linear regressions. The error bars indicate 95%
confidence intervals.

(see Experiment 2 for further considerations). The interaction between contrast
and rotation was inversely pronounced with and without pseudo-flankers, which
likely also caused the significant three-way interaction. For the interpretation of
our results, however, this three-way interaction seems not to be of relevance so

that we will not discuss it any further.

Regarding the use-inspired research question whether it would be sensible
to include a rotated second label in bar graphs to improve the accessibility of
the depicted data from multiple viewpoints, our results show that this decision
requires situation-dependent considerations. For observers with upright viewing
conditions, the additional label is harmful in terms of processing time (i.e., in

the unrotated label with high-contrast stimulus condition, the pseudo-flankers
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acted as distractors). For an observer with rotated viewing conditions, however,
the additional label is beneficial (i.e., when compared with the 180°-rotated,
single-display high contrast condition, the pseudo-flankers acted as facilitators).
This observation suggests that in the case of two viewers, the additional label
could establish a compromise equalizing the processing time for the label for both
viewers (this is what we refer to as the justice effect). Please note, however, that
Experiment 1 did not include all possible combinations of high- and low-contrast
labels due to the factorial design. We therefore explored all possible combinations
in Experiment 2.

5.3 Experiment 2

The results of Experiment 1 showed that an additional label improves performance
for the viewer with the rotated viewpoint but decreases performance for the viewer
with upright viewing conditions. It therefore might be sensible to implement
a second, inverted label when two viewers attend to the same bar graph from
opposing viewpoints. With regard to the exact design of such a redundant
label, however, Experiment 1 left some of the possible combinations of high and
low-contrast labels untested. Most importantly, we did not explore the option
that a low contrast pseudo-flanker could appear upside down above an upright
high-contrast target word. This seems to be of interest, however, because if the
upper label would be presented within the bar, it would appear at a lower contrast,
and in this scenario the observers might be inclined to read the label closer to
their own viewing location. We therefore tested all potential combinations of

high and low contrast labels in Experiment 2.

5.3.1 Methods

Participants

The final sample consisted of 155 students (110 females, 44 males, 1 diverse;
18 — 34 years, M = 23.2 years, SD = 4.0 years) of the University of Tiibingen.
We excluded the data of an additional 10 participants, as their average response

time deviated more than 1.5 times the interquartile range from the median of all
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participants. As Experiment 1, this experiment was conducted online. Following
the protocol of Experiment 1, we again used the open mailing list at the University
of Tubingen to recruit our participants. The participants had the opportunity
to enter a lottery of 8 x 20€ vouchers for a big online marketplace in return
for their participation. This procedure again resulted in an over-recruitment of

participants.

Apparatus, Stimuli, and Procedure

All apparatus, stimuli, and procedure were identical to those of Experiment 1 with
the following exceptions. We implemented ten different variants of the target
word(s) mimicking the labels; in contrast to Experiment 1, they were not arranged

along experimental factors but chosen for practical considerations.

The conditions with isolated upright (0°) or rotated (180°) target words
were the same as in Experiment 1. In the conditions in which the target words were
accompanied by pseudo-flankers, we realized combinations of high/low, low/high,
and high/high contrast. For these contrast combinations, we also realized both
possible orientations (i.e., the upright word above or below). However, we dropped
the low/low contrast condition from this experiment, as it was unlikely to be
reasonably applied to real-world scenarios and therefore was deemed uninformative
(for all tested combinations, see Figure .

5.3.2 Results

The overall response accuracy was high (M = 94.42%, SD = 3.01%). For the
subsequent analysis of the response latencies, we only included the trials which
were answered correctly. From the remaining data, we excluded the trials for
which the response latency deviated more than +3 SDs for the corresponding

participant and condition (1.0% of all trials).

For the analysis of the response times, we followed the approach for the
practical implications of Experiment 1. For this approach, it is relevant how
the individual factor combinations relate to those conditions that reflect the

standard views in our collaborative scenario. As in Experiment 1, we conducted
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Figure 5.6: Illustration of the target word presentation in Experiment 2. The
appearance of the target words varied regarding contrast (high, low), orientation
(upright, upside-down), and whether it was accompanied by a matching rotated
pseudo-flanker (with, without). In conditions, with pseudo-flanker, we also manip-
ulated whether the upper or lower word was upside down or inverted. Note that
his experiment does not follow a factorial design but merely extends the findings of
Experiment 1 to additional conditions which are of practical relevance.

two mixed linear regressions with individual intercept and slope parameters for
each participant. Again, the only difference between both regressions was the

definition of the reference category (i.e., single upright vs. single rotated label;

see Figure [5.7)).

The first linear regression used the condition mimicking the inverted label
as the reference category. This regression confirmed that response times in all
but one condition differed from the response latency in the condition without a
pseudo-flanker, 180° rotation, and high contrast, all |z|s > 5.71, all ps < .001.
The only exception was the condition without a pseudo-flanker, 180°-rotated,
and low-contrast, z = 1.78, p = .077 (see Table for full statistical details).
Replicating Experiment 1, this shows that all relevant conditions (i.e., those with
a pseudo-flanker) elicited faster response times than the condition mimicking the
inverted label (see Table |5.2| for full statistical details).
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The second linear regression used the condition mimicking the upright
label as the reference category. This regression confirmed that all but one
condition elicited longer response times than the condition without a pseudo-
flanker, 0° rotation, and high contrast, all zs > 4.70, all ps < .001. The only
exception was the condition in which an inverted low-contrast pseudo-flanker
appeared below the upright high-contrast target word, z = 0.75, p = .454 (see
Table for full statistical details).

Experiment 2: condition means and Cls
1300

1200

mean response time [ms]
S
o

1000

'Y [ ]
+ [}
900 . : . . .
Stimulus  SNINWAS - Stimulus SNINWRS  Stimulus  SNNWRS
Stimulus ) Stimulus . ) SNNWIRS  sninwis
SNINWINS - Stimulus  sNinWRS Stimulus SNINWAS  Stimulus

Figure 5.7: Mean response times by condition of Experiment 2. Gray cycles
indicate the baselines for both linear regressions. The error bars indicate 95%
confidence intervals.

The Justice Effect

One striking observation from Experiment 1 was that the additional label could
potentially reduce the performance differences between accessing the bar graph
in an upright versus. inverted manner. We labelled this the justice effect as the
reduction in performance differences emerged from faster responses for inverted

viewing conditions that were accompanied by slower responses for upright viewing
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conditions. To further explore this justice effect, we conducted an additional
analysis of the relevant conditions of this experiment. In particular, our experiment
involved four pairs of matching label conditions, allowing a direct investigation of
the justice effeclﬂ These pairs of matching conditions are those that constitute
rotations of each other (inward rotated with one label in high contrast and the
other in low contrast, outward rotated with one label in high and low contrast, the
single label in high contrast, and the single label in low contrast; see the labels of
Figure . For these pairs of conditions, we analyzed the difference scores in

response times, as they simulate upright versus. inverted viewing conditions.

We conducted a repeated measures ANOVA on the difference scores in
response time between the matching conditions. The ANOVA was significant,
F(3,462) = 38.57, p < .001, 12 = .20 (see Table [5.4| for detailed results). Post-
hoc pairwise comparisons showed significant differences between both double
display differences and both single display differences, all ts > 5.65, all ps < .001,
a significant difference between the two single display differences, ¢(154) = 3.24,
p =.001, d = 0.20, but no significant difference between both conditions with
redundant labels, ¢(154) = 0.07, p = .942, d = 0.01 (see full results in Table5.5)).

5.3.3 Discussion

There are two key insights that emerge from this experiment. First, we were
able to replicate the principal findings of Experiment 1, as the overall pattern of
the results suggests that the additional label increased performance relative to
inverted viewing conditions but was harmful for performance relative to upright
viewing conditions. This suggests that the design of labels for bar graphs in
collaborative scenarios needs to adhere to situational considerations, as a second

label could have beneficial as well as detrimental consequences.

Second, this experiment provides evidence that the pseudo-flankers were the
least harmful when the upright display was presented in high contrast. Regarding

practical applications, this finding suggests that in cases in which a second label is

2The two conditions with both labels in high contrast would be self-similar in 180° rota-
tion, so we could not compute any differences between them. Therefore, they were excluded
from the subsequent analysis.
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Figure 5.8: Mean difference scores for response times between the rotationally
symmetrical conditions. Error bars indicate 95%-confidence intervals.

considered to be of benefit, presenting the unrotated one in high contrast would
be a sensible design choice. Remarkably, we did not observed evidence for any

differences between "inward” and "outward” redundant labels. This suggests
that there is no strong preference for accessing the upper or the lower part of a

redundant label.

The additional analyzes of the difference scores in the response times
of those conditions that would be rotational symmetric further highlighted the
advantages of using redundant labels. The differences between the simulated
upright and inverted views were significantly smaller than for single display stimuli.
With regard to the collaborative setting that inspired the present research project,

this finding suggests that the redundant label would reduce the performance
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differences when two participants approach the depicted graph with upright versus.

inverted viewing conditions.

5.4 Experiment 3

In the first two experiments, we used words as stimuli which mimicked the
corresponding label conditions. Consistently across both experiments, we observed
that a redundant label at an inverted orientation could potentially equalize the
processing time of two people who assess the depicted information from opposing
viewpoints such as illustrated in Figure 5.1 A. In this final experiment, we aimed
at testing whether (and to what extend) these findings transfer to knowledge
work with real bar graphs. We therefore implemented redundant labels similar to
those of Experiments 1 and 2 into bar graphs that the participants accessed in an
upright or inverted manner. Based on the depicted information, the participants
answered simple frequency questions to make sure that they actually had to
process the labels as well as the magnitude of the corresponding bar. Based on
the promising effects in Experiments 1 and 2, we expected to observe a similar
pattern within this transfer experiment; that is, we expected that the additional
label would be beneficial relative to a traditional inverted view on the bar graph

but likely harmful relative to a traditional upright view on the same graph.

5.4.1 Methods

Participants

The final sample consisted of 139 students (102 females, 36 males, 1 diverse;
18 — 34 years, M = 23.2 years, SD = 3.6 years) of the University of Tiibingen.
The recruitment of the participants was identical to Experiments 1 and 2 and
again resulted in an over-recruitment of participants. We excluded the data of
an additional 14 participants, as their average response time deviated more than
1.5 times the interquartile range from the median of all participants. Participants
gave their informed consent at the beginning of the experiment. Incomplete data
(including participants who did not confirm that their data could be analyzed

for scientific purposes after the experiment were discarded). In return for their



84 THE JUSTICE EFFECT

participation, the participants who completed the experiment had the opportunity

to enter a lottery for 8 x 20€ vouchers for a big online marketplace.

Apparatus

As both preceding experiments, this experiment was conducted as an online

experiment coded with lab.js (Henninger et al., 2019).

Stimuli and Procedure

In each trial, the participants attended to a bar graph (584 x 438 pixels) consisting
of three bars of different magnitude (101 px, 202 px, 302 px). Based on the
depicted information, the participants answered simple comparison questions that
involved two of the bars (e.g., "which value is bigger: leopard or hummingbird?";
"Which value is smaller: Antenna or Obelisk?"). At the beginning of each trial,
the question was presented for 2500 ms. Then, the bar graph appeared and
remained onscreen until a response was recorded. The participants indicated their
responses with the y- and n-keys (y-keys on German keyboards are at the location
of the z-key on American keyboards). Feedback was provided identically to
Experiments 1 and 2 (see Figure for an illustration of the trials). Within each
graph, the labels of the bars emerged from a common theme (e.g., " country” or
"animal”). Each label (13 px; 17 px with descenders) consisted of three syllables
/ seven letters (except for one out of the 58 different labels which accidentally

consisted of eight letters).

Following Experiments 1 and 2, we manipulated the design of the labels.
Because we investigated real bar graphs in this experiment, we rotated the bar
graph by 180° in one half of the trials (rather than mimicking different rotations
with variations of isolated labels). The labels could be placed either inside the
bars (low contrast) or outside of the bars (high contrast). Beyond the contrast,
we also manipulated whether the labels were rotated inwards or outwards. (see
Figure for an overview displaying all conditions).

Each permutation of the three bars was displayed three times, with each

possible comparison appearing once. The direction of the comparison was deter-
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Figure 5.9: Illustration of the trial structure of Experiment 3. First a question
appears onscreen, which the participants answer based upon a subsequently pre-
sented bar graph. We manipulated the design of the labels as well as the rotation
of the bar graph.

mined randomly (bigger vs. smaller value). This resulted in 18 trials per label
condition (i.e., 180 trials in total).

5.4.2 Results

Overall, task accuracy was high (M = 88.22%, SD = 7.6%). For subsequent
analyses, only correct trials were included. Additionally, we excluded outliers for
which response latencies deviated more than 3 SD from the individual mean of the
corresponding condition (0.7% of all trials). Identically to the first two experiment,
we conducted two linear mixed models to analyze the response latencies that
differed only regarding the reference condition (see Figure for an overview of

the results).
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In the first model, the (traditional) single upright condition was used as
the reference condition. All other conditions different significantly from this
reference; that is, they revealed longer response times than the single upright
label (all zs > 6.67, all ps < .001, see Tablefor an overview).
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Figure 5.11: Experiment 3. Mean response times separated by condition. The
circles refer to the reference conditions for the two linear regressions. The error
bars refer to 95% confidence intervals.

In the second model, the single, 180°-rotated condition was set as the
reference. This model showed a more complex result pattern. Four conditions
elicited significantly smaller response times than the reference condition: The
single upright label (z = 13.89, p < .001), the unrotated both-labels-inside-bar
condition (z = 8.60, p < .001), the unrotated one-label-inside-one-label-outside
condition (z = 8.88, p < .001 and z = —8.05, p < .001) as well as the unrotated
stimulus condition with both labels outside the bars (z = 3.86, p < .001). The
180°-rotated both-labels-inside-bar condition elicited significant larger response
latencies than the reference condition (z = 3.41, p < .001) as did the 180°-rotated
both-labels-outside-bar condition (z = 3.41, p < .001).
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Both the 180° rotated half-inside, half-outside stimulus conditions did not
show significant differences, neither if the labels were rotated inwards (z = 0.21,

p = .832) nor if they were rotated outwards (z = 1.32, p = .189, see also Ta-

ble [5.6]).

Justice Effect

As in Experiment 2, we computed the difference scores for response times between
matching conditions (i.e., the conditions mimicking upright vs. inverted viewing
conditions on otherwise identical labels). This analysis again aimed at investigating
whether some conditions can reduce the difference in access costs to the presented
information (i.e., which label condition would elicit the most similar performance

for participants with upright vs. inverted viewing conditions).

As in Experiment 2, we conducted a repeated measures ANOVA for which
the five difference scores of the matching conditions served as the dependent
variable (see Figure . This ANOVA indicated significantly different difference
scores across the matching conditions, F'(4,552) = 13.95, p < .001, 775 = .09
(see Table . Most importantly, Bonferroni-corrected post-hoc tests showed
that all but one condition differed significantly from the single upright label
reference condition, ts < 5.32, ps < .001. Only the inward rotated labels placed
outside the bar did not show such a significant difference, ¢(138) = 2.43, p = .017,
d = .26. Further, the outward rotated labels which are located outside the bars
showed significant differences not only to the reference condition but also to the
inward rotated labels placed outside the bar, ¢(138) = 4.06, p < .001. This pair of
matching conditions also showed the smallest difference score in response latencies.
The remaining difference scores were not significant, ts < 2.60, ps > .01. (see
Table for a complete list of post-hoc pairwise t-test results).

5.4.3 Discussion

We set up this experiment in order to transfer the results from text stimuli
mimicking labels (i.e., words without any associated graph) to scenarios which

involve actual bar graphs. The participants had to compare bars that were
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Figure 5.12: Difference scores in response times between the rotationally sym-
metrical conditions. The error bars refer to 95% confidence intervals.

indicated by traditional labels or the promising variants of the double labels
introduced in Experiments 1 and 2. The results were mixed. On the one hand,
the conditions with the redundant labels again reduced the differences in response
latencies between the upright and inverted viewing conditions. On the other hand,
however, this more equalized performance arose to the level of a singular but
inverted label. Transferred to a collaborative scenario this finding is challenging,
as the results imply that the redundant label has a detrimental influence on
the performance of the collaborator with upright viewing conditions, whereas
there appears to be no equivalent beneficial impact on the performance of the
collaborator with the inverted viewing conditions. There are numerous reasons
that could be responsible for this pattern of results. We will return to this within

the General Discussion.
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5.5 General Discussion

Collaborative work on a depiction of data such as the setting in Figure A
implies that at least one of the collaborators accesses the graphical information
from non-upright viewing conditions. Previous research has demonstrated that
such non-upright viewing conditions come along with detrimental performance
in accessing the depicted information and further has identified the rotated
written labels as a key factor for this effect (Miiller et al., 2021)). In the present
study, we followed up on this finding. We investigated whether adding a second,
redundant label at an inverted orientation would be able to reduce this discrepancy
in performance between the two collaborators. We hypothesized that such an
additional label would limit the deviation from upright viewing conditions to a
maximum of 90° (instead of 180°) and therefore should reduce the maximal
mental normalization costs. In order to investigate this question, we divided
our research project into two parts. In the first part (Experiments 1 and 2), we
approached the impact of this intervention from basic psychology research. In
the second part (Experiment 3), we applied the findings from the first part to an

investigation of bar graphs.

5.5.1 Basic Experiments on Redundant Labels

In the first two experiments, we used a basic research approach to investigate
the potential of a redundant label isolated from the more complicated interplay
with graphical information (Nothelfer et al., 2017)). In other words, we studied
how fast our participants were able to categorize target words that mimicked
different variants of labels. As outlined in the introduction, our experiments were
inspired by a set of findings from related basic research (e.g. B. A. Eriksen and
Eriksen, [1974; Shepard and Metzler, [1971)). First, a redundant label appears to
be promising from the viewpoint of mental normalization processes. In the case of
a non-upright viewing condition, such a redundant (inverted) label would remove
the necessity to perform mental normalization. Further, research on flanking
stimuli suggested that a redundant label might generally speed up processing,
as both labels imply the same response (B. A. Eriksen & Eriksen, [1974; C. W.
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Eriksen & Schultz, 1979) (although the inversion of one of the labels might
diminish this effect). Beyond the presence of a redundant label, we also varied
whether the orientation of the labels faced inwards or outwards as well as the
contrast between the labels and the background. These two manipulations were
implemented for the practical purpose of informing the subsequent application of
the redundant label in a bar graph (Experiment 3).

In general, Experiments 1 and 2 showed remarkably matching results. Most
importantly, they showed that a redundant label most likely cannot be introduced
without costs for the participant with the upright viewing conditions. This is
because all conditions that mimicked a set of redundant labels resulted in longer
response latencies than the condition with a singular upright target word that
mimicked a traditional bar graph label. In scenarios in which only one person
works with the depicted information (with an upright viewpoint), introducing a
redundant label therefore seems not only to be pointless but also detrimental with
regard to performance. However, relative to an inverted target word mimicking a
singular label from an upside-down viewpoint, all conditions mimicking a redundant
label revealed shorter response times. Thus, in a collaborative setting with two or
more people working with the same bar graph, a redundant label potentially might
help those collaborators who access the information upside down (M. R. Morris
et al., 2006). As the conditions mimicking a redundant label accelerate one of
two potential collaborators while slowing down the other, we refer to this effect
as the justice effect (i.e., both collaborators become more equal in their level of

performance).

With regard to the manipulation of the orientation of the redundant target
words (i.e., inward vs. outward) and the contrast between the target words and
the background, the results of the basic experiments did not reveal a clear pattern
of results. This lack of consistent evidence suggests that at least on the basic
level in which participants are required to classify a target word, the impact of the
orientation (Koriat & Norman, |1985; Risko et al., 2014; Shepard & Metzler, [1971)
as well as perceptual contrast (C.-C. Lin, 2003)) appear to be of minor relevance

at best, but no clear recommendations can be derived from these findings.
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5.5.2 Advancing to Real Bar Graphs

A central motivation of this project was to investigate the impact of the redundant
label on identifying depicted information in bar graphs from an inverted viewpoint.
With regard to this purpose, the results from the basic Experiments 1 and 2
were encouraging, as they indicated that the redundant label might balance the
performance between two collaborators with opposing views (i.e., the justice
effect). In the final Experiment 3, we therefore transferred our experimental
paradigm to real bar graphs. Instead of identifying target words mimicking labels,
the participants had to compare two bars of a bar graph in which we implemented

different variants of the singular and redundant labels.

The main finding of this experiment was that the redundant label again
balanced the performance from both viewpoints; however, this balanced perfor-
mance was at the absolute level of a singular inverted label. In other words,
instead of increasing performance from the inverted viewpoint at the costs of the
performance from the upright viewpoint, there appear to be only costs from the
upright viewpoint without any benefits. This finding shows that the observed
justice effect from the target word categorization task in Experiments 1 and 2
does not directly transfer to a bar comparison task that involves real bar graph

tasks.

There are some technical differences between the first two and the third
experiment that could potentially account for the different result patterns with
regard to absolute response times. While participants in the first two experiments
were asked to classify a target word, participants in the third experiment were asked
to compare bar heights and indicate the larger or smaller one. The differences in
the tasks might trigger different ways to compensate for the necessary mental
normalization. The higher amount of cognitive load from the visualized information
that needed to be extracted could have also contributed to the differences in the
experiments’ results. This also showed up in the lower accuracy of the answers
with only about 88% of the trials being answered correctly. Additionally, in the
first two experiments, we also controlled for familiarity of stimulus location by

placing the stimuli randomly on the screen. With real bar graphs, however, this
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was not possible. Thus, familiarity with uptight but not with inverted labels may

have contributed to the prolonged response times with redundant label conditions.

Besides these differences emerging from the tasks, there are at least two
further possibilities how the lack of direct transfer can be explained. First, it of
course is possible that the additional label overloads the amount of information
presented in the bar graph (Meyerhoff et al., [2021) which might result in a
detrimental extraction of the depicted information. In this case, the redundant
label would not be able to offer a solution for inverted viewpoints on graphical
information such as in the collaborative scenario depicted in Figure A. Second,
the redundant label rather clearly deviates from the standard layout of bar graphs,
which likely everybody in the western world has seen multiple thousands of across
her/his lifespan. Therefore, routines that have likely been developed across the
previous encounters with bar graphs (Borner et al., 2016; Maltese et al., 2015)
might not work with the variant with the redundant label. In this case, the
acquisition of new routines would be necessary to bring back performance to
the optimal level. However, this would likely require substantial training (Borner
et al., [2016) and might be worth it only for those individuals who are involved in

collaborative work on graphs on a regular basis.

5.5.3 Strengths, Limitations, and Future Research

In this project, we aimed at investigating whether a redundant label in a bar
graph could potentially improve the information processing performance of a
person accessing the information upside down (e.g., as part of an in-person
collaboration). One central strength in our approach is that we built it upon basic
psychology findings and then attempted to transfer these findings to more applied
stimuli. Doing so, we observed that the redundant label works on the level of
word classification but that it is yet unclear how to transfer this beneficial effect to
real bar graphs. The central limitation of our study refers to the generalizability
of the findings, which is a common limitation for almost every attempt to transfer
a finding from basic psychology research to an applied problem. We only tested
one instance of transferring the redundant label to a bar graph; and of course,

there might be other implementations which could potentially have more success.
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A similar critique might apply for the sample, which consisted of students who
likely have a lot of experience with depicted information in general. It thus
remains possible that the effect of the redundant label could be different across
varying backgrounds of the participants (e.g., the redundant labels might have
more success with rather inexperienced participants). In any case, our study is
in accordance with other projects highlighting that a transfer from an effect in
basic research to an applied problem cannot be taken for granted (LaFortune &
Macuga, 2018; Lleras et al., |2017; Sobkow et al., 2019). For future research
(including our own), one might consider two relevant lines of research. The first
line should attempt to investigate whether practice in reading with bar graphs
with redundant labels can unfold the effectiveness of the redundant label that we
have observed in the basic word classification task. The second line of research
should take a step back and explore other possibilities to improve the accessibility
of depicted information from inverted viewpoints that might work without further

practice.

5.5.4 Conclusion

In this project, we investigated whether a redundant label is beneficial for process-
ing the depicted information in a bar graph from an inverted viewpoint as it could
arise from collaborative scenarios. On the level of the identification of a target
word in basic psychology experiments, the redundant label was indeed beneficial
for performance from the inverted viewpoint; however, it came along with costs
from the upright viewpoint (i.e., the justice effect). Applied to a more ecologically
valid information extraction task with bar graphs, however, the redundant label
was mostly harmful from the upright view without increasing performance from the
inverted view. Therefore, redundant labels might only be useful in rather specific
settings (e.g. Chvatil, 2015). Further research therefore needs to explore whether
practice might establish the beneficial effect of redundant labels in bar graphs or
whether other interventions might improve the accessibility of information from

inverted viewing conditions.
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5.6 Tables
ANOVA Experiment 1
DF, DF; F P
contrast 1 157  114.53 .42 <.001 *
rotation 1 157 41333 .72 <.001 *
distractor 1 157  140.02 .47 <.001 *
contrast*rotation 1 157  0.21 .00 .649
contrast*distractor 1 157  43.06 .22 <.001 *
rotation*distractor 1 157 234.68 .60 <.001 *
contrast*rotation*distractor 1 157  11.04 .07 .001 *

Table 5.1: Results of the ANOVA on the data of Experiment 1.



96 THE JUSTICE EFFECT

Linear Mixed Models Fxperiment 1

Estimate SE DF t p
single display high contrast unrotated reference
(Intercept) 919.78 10.26 171.20 89.62 <.001 *
single_180_low 350.41 16.28 162.48 21.52 <.001 *
single_180_high 247.01 14.82 165.06 16.67 <.001 *
single_0_low 69.23 8.46  1050.01 8.19 <.001 *

double_both_high  94.64 8.62 829.99 10.98 <.001 *
double_upper_high 58.99 8.41 1290.26 7.02 <.001 *
double_lower_high  101.35 8.69 431.36 11.67 <.001 *
double none_high  109.67 8.66 566.87 12.67 <.001 *

single display high contrast upside-down reference

(Intercept) 1166.47 18.36 156.22 63.53 <.001 *
single_180_low 103.83 835 2736.16 1243 <.001 *
single_0_high 246,70 1423 163.58 -17.33 <.001 *
single_0_low 17744 14.67 151.06 -12.10 <.001 *

double_both_high  -152.08 14.49 155.00 -10.50 <.001 *
double_upper_high -187.57 13.84 164.68 -13.55 <.001 *
double_lower_high  -145.32 12.61 163.64 -11.52 <.001 *
double none_high  -137.09  13.87 154.27 -9.88 <.001 *

Table 5.2: Overview of the results of both linear mixed model regressions performed
on the data of Experiment 1.
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Linear Mixed Models FExperiment 2

Estimate SE DF t P
single display high contrast unrotated reference
(Intercept) 935.90 10.83 166.21  86.40 <.001 *
single_0_low 80.92 9.25 505.54 8.74 <.001 *
inner_both_high  44.10 8.90 966.38  4.96 <.001 *
inner_lower_high  122.14 9.71 326.38 12.58 <.001 *
inner_upper_high 6.52 8.70  1681.71 0.75 454
outer_both_high  88.41 9.55  239.57 9.26 <.001 *
outer_lower_high  41.40 8.80 1248.18 4.70  <.001 *
outer_upper_high 155.79 11.97 170.86 13.01 <.001 *
single_180_high 272.54 21.97 15546 1240 <.001 *
single_180_low 301.98 21.53 155.01 14.03 <.001 *
single display high contrast upside-down reference
(Intercept) 1208.44 24.37 153.73 4959 <.001 *
single_180_low 29.44 16.54 155.14  1.78 077
inner_both_high  -228.45 22.15 154.70  -10.31 <.001 *
inner_lower_high  -150.40 20.25 155.08 -7.43 <.001 *
inner_upper_high -266.03 22.11 155.04 -12.03 <.001 *
outer_both_high  -184.13 21.51 154.09 -8.56 <.001 *
outer_lower_high -231.14 22.11 154.12 -10.45 <.001 *
outer_upper_high -116.75 20.43 153.96 -5.71 <.001 *
single_0_high -272.54 21.98 155.17 -12.40 <.001 *
single_0_low -191.62 22.27 154.56 -8.60 <.001 *

Table 5.3: Results of the two linear mixed model regressions performed on the

data of Experiment 2.
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ANOVA on rotationally symmetrical conditions in Fxperiment 2
DF, DF; F P

(Intercept) 1 154  240.05 .61 <.001 *

condition 3 462 38.57 .20 <.001 *

Table 5.4: Results of the ANOVA on the ”rotation twin” condition differences on
the data of Experiment 2.

Post-hoc t-tests on rotationally symmetrical conditions in Experiment 2

]Weandiff SDd,,;ff SE 95% CI t DF d pl
Difference to single display with high contrast
single_low 50.74 194.15 1559 [19.94,81.55] 3.25 154 0.20 .001 *

inner_upper_high  156.65 257.50 20.68 [115.79,197.51] 7.57 154 0.77 <.001 *
outer_lower_high  157.47 260.33 20.91 [116.16, 198.78] 7.53 154 0.74 <.001 *
Difference to single display with low contrast

inner_upper_high 105.91 233.28 18.74 [68.89,142.92] 5.65 154 0.57 <.001 *
outer_lower_high  106.72 231.75 18.61 [69.95,143.50] 5.73 154 0.54 <.001 *
Difference to inward rotated double display

outer_lower_high 0.82 139.76  11.23 [-21.36, 23.00]  0.07 154 0.01 .942

lalpha level was bonferroni-corrected

Table 5.5: Results of the post-hoc tests on the ”rotation twin” condition differences
of Experiment 2.
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Linear Mixed Models Experiment 3

Estimate SE DF t P
single display high contrast unrotated reference
(Intercept) 1797.32 2890 144.88 62.20 <.001 *
half-inner_0 140.57 21.08 2770.14 6.67 <.001 *
half-inner_180 378.57 25.92 22344 14.61 <.001 *
half-outer_0 177.58 22.48 417.64 7.90 <.001 *
half-outer_180 404.14 2741 202.85 14.74 <.001 *
full-inner_0 161.87 22.57 251.84 7.7 <.001 *
full-inner_180  455.46 26.98 209.53 16.88 <.001 *
full-outer_0 277.70 21.97 336.45 12.64 <.001 *
full-outer_180  452.30 26.55 203.35 17.03 <.001 *
trad_180 374.14 26.72 219.45 14.00 <.001 *
single display high contrast upside-down reference
(Intercept) 2171.41 36.42 140.48 59.62 <.001 *
half-inner_0 -233.45 26.28 170.95 -888 <.001 *

half-inner_180 4.50 21.27 6179.49 0.21 .832

half-outer_0 -196.52 24.41 196.01 -8.05 <.001 *
half-outer_180 30.13 22.88 282.29 1.32 189

full-inner_0 -212.19 24.67 17525 -8.60 <.001 *
full-inner_180  81.37 23.89 201.99 3.41 .001 *
full-outer_0 -96.41 25.01 186.32 -3.86 <.001 *
full-outer_180  78.32 2296 233.00 3.41 .001 *
trad_0 -374.09 26.94 175.65 -13.89 <.001 *

Table 5.6: Results of the two linear mixed model regressions performed on the
data of Experiment 3.
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ANOVA on rotationally symmetrical conditions in Fxperiment 3
DF, DF; F P

(Intercept) 1 138 270.11 .66 <.001 *

condition 4 552 1395 .09 <.001 *

Table 5.7: Results of the ANOVA performed on the ”rotation twin” condition
differences of Experiment 3.

Post-hoc t-tests on rotationally symmetrical conditions in Experiment 3

Meandiff SDdiff SE 95% CI t DF d p1
Difference to single display outside bar
full-inner  77.98 379.10 32.15 [14.40, 141.56] 2.43 138 0.26 .017

half-inner  133.90 296.66 25.16 [84.14, 183.65] 5.32 138 0.46 <.001 *
half-outer 150.12 317.86 26.96 [96.81,203.43] 5.57 138 0.53 <.001 *
full-outer 204.86 352.90 29.93 [145.67,264.04] 6.84 138 0.69 <.001 *
Difference to inward rotated completely outside bar

half-inner  55.92 365.41 30.99 [-5.37,117.20] 1.80 138 0.19 .073
half-outer 72.14 327.68 27.79 [17.19,127.10] 2.60 138 0.26 .010
full-outer  126.88 368.42 31.25 [65.09,188.67] 4.06 138 0.43 <.001 *

Difference to inward rotated half outside bar

[
[
[
[

half-outer 16.23 350.51 29.73 [-42.56, 75.01] 0.55 138 0.06 .586
full-outer  70.96 382.00 3240 [6.89,135.03] 2.19 138 0.24 .030
Difference to outward rotated half outside bar

full-outer  54.73 324.32 2751 [0.34,109.13] 1.99 138 0.19 .049

Lalpha level was Bonferroni-corrected

Table 5.8: Results of the post-hoc tests performed on the "rotation twin” condition
differences of Experiment 3.
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Chapter 6

Mental Rotation is not a
Perceptual Disfluency for

Diagrammatic Learning

6.1 Introduction

6.1.1 Should Learning be Easy or Tough

Remember being a student approaching the end of a term. While preparing for
all sorts of tests, a friend informs you about an upcoming exam that you had
completely forgotten. Now you need to squeeze the additional learning load into
your already packed revision schedule. How can you achieve this? Most education
researchers seem to agree, that learning needs to be "hard”. They disagree,

however, on which aspect should be effortful.

The Cognitive Load Theory, proposed that easy and accessible learning
material frees cognitive capacities, that can then be used to encode the new
information more thoroughly (Sweller & Chandler, |1994). Load on the working
memory during learning has three possible sources. First, it can be generated

by the material itself, by the complexity of the information to be learned. This
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"intrinsic cognitive load” can hardly be avoided. The second source of cognitive
load stems from the design of the learning material. This "extraneous cognitive
load” is put on the working memory by badly presented material e.g., with
additional, irrelevant information and repetition. Careful design of the learning
material can reduce this kind of cognitive load to a minimum. Finally, there is
"germane cognitive load”, the effort the student puts into connecting the new
information to similar known subjects ("schemas”). This should be high and can
be guided by good instruction design. As the capacity of the working memory is
limited (Miller, [1956)), it is crucial to reduce intrinsic and extraneous cognitive

load to free capacities for germane cognitive load.

The AIME theory (Amount of Invested Mental Effort) by Salomon (1984)
argued that television is perceived as a medium that is easy to consume. In
contrast, text presentation seems to be a more demanding material. The amount
of invested mental effort is influenced by two factors: the perceived demand
characteristics (PDC) and the Perceived self-efficacy (PSE). TV imagery has
a low PDC, and therefore, as it is perceived as an easy medium, little mental
effort invested, thus barring deep processing of the presented information. In
contrast, the effort needed to read and understand a text is perceived as far more
demanding and therefore ensure a deeper processing. While the AIME-theory is
often cited and applied in various contexts, some researchers doubt its relevance
as an independent theory (Schwab et al., 2018)). It also failed to replicate in
a Dutch sample (Beentjes, |1989), weakening its plausibility or generalizability.
Nonetheless, the notion of perceived characteristics influencing the effectiveness

of learning material remains popular (Schwab et al., 2018).

Bjork and Bjork (2009) noticed that some efforts students make to achieve
sustainable knowledge do not work as well as suspected, therefore one needs to
identify fruitful strategies of making learning hard, but in the right way (called
desirable difficulties). In this line of research, some useful strategies for sustainable
learning have emerged, such as using tests as a tool for learning (Kornell & Vaughn,
2016) or reproduce the learned information in ones own words (Bertsch et al.,
2007; Slamecka & Graf, 1978).
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The dual coding theory (Paivio, 1991)) states, that learning is more effective
if information is presented both as text and as an image. This would lead to
the activation of two information processing pathways (textual /phonological and
visual) which would ensure deeper processing. In considering multiple pathways,
the dual coding theory opens a broader view on what can be learned. Most of the
presented research traditions are either focussed on text information (Cognitive
Load Theory, Desirable Difficulty) or are agnostic to the media that presents
the information (Cognitive Offloading). While Dual Coding Theory is extending
this view, only AIME centers around the medium that presents the information.
Multimodal learning has gained some track in recent years, with an extension
of the Cognitive Theory for multimodal learning (Mayer, 2005) and extensive
research on text picture integration (Eitel et al., 2012; Scheiter et al., 2018).

Another approach to make learning harder is derived from the already men-
tioned concept of cognitive fluency (Alter & Oppenheimer, 2009; Oppenheimer,
2008)). To nudge humans towards investing more mental resources in learning,
one could manipulate the perceived difficulty of the material. This concept is
called "disfluency” (Alter & Oppenheimer, 2009; Oppenheimer, 2008). There is
some evidence that e.g., text retention might be improved by making it harder to
read by using an unusual font (Diemand-Yauman et al., 2011), blurring (Rosner
et al., 2015)) or briefly masking it (Mulligan, 1996). These perceptual disfluency
effects should make the material seem and feel harder to learn than it actually is
(Geller et al., 2020). However, the existence of this influence remains debated
(Magreehan et al., 2016; Rhodes & Castel, [2008, 2009; Xie et al., 2018} Yue,
Castel, & Bjork, 2013).

6.1.2 On Diagrams

Diagrams are visual depictions of quantitative information (Cleveland & McGill,
1984) and are widely used as they can be superior in communicating this infor-
mation (Dambacher et al., 2016). This advantage of a graphical depiction of
data over other forms of data presentation (such as tables) might be attributed
to several aspects of both the medium and the cognitive processing of it. There

is a generally described " picture superiority effect” for memory (Cattaneo et al.,
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2007; Standing, [1973; Whitehouse et al., 2006). The higher memorability of
pictures might be due to more distinctive markers of the image than flowing
text. There are also some aspects of visual information that can be processed
almost effortlessly, such as color and in some cases shape (Treisman & Gelade,
1980)). Additionally, in contrast to e.g., tables, data visualizations can transport
additional information, besides the pure values. Tufte (1983) describes three
"viewing depths”, simultaneously present in data visualisations: "what is seen
from a distance”, the overall structure of the displayed data, "what is seen from
up close”, the presented data itself and "what is seen implicitly”, the story,
the graphic tells. So multiple layers of potentially learned information must be
accounted for, when considering learning from data visualisations. The general
debate about the best design for learning material is repeated on a small scale for
diagrams, following similar lines of discussion. Some researchers see additional
visual components similar to the concept of germane load from the Cognitive
Load Theory, guiding the learner's attention. Otto Neurath (1936)), for example,
regarded additional "chart junk” as beneficial for understanding. Evidence that
supported this claim was found for both short term (Borgo & Abdul-Rahman,
2012; Haroz et al., [2015)) and long-term memory (Bateman et al., 2010). Other
data visualisation experts, like Tufte (1983), argue more in line with the Cognitive
Load Theory's definition of extraneous cognitive load, advocating for a strict
no-nonsense approach to data visualizations, as any unnecessary elements might
confuse the reader, increase the printing costs of charts and might even open
the door for subtle manipulations. Some found no significant influence (Kosara
& MacKinlay, [2013)) or negative impact of "chart junk”, depending on the type
of data visualization used (Skau et al., 2015). Overall, a balance of processing
speed and long-term retention (called desirable visual difficulty) needs to be found
when additional, non-informative elements are presented in a data visualization
(Hullman et al., [2011; Salomon & Perkins, 2005)).

6.1.3 Mental Normalization

Apart from the visual design of the diagrams, one can think of other manipulations

that can be used to influence learning e.g., the overall rotation. Presenting a
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diagram in a non-canonical rotation triggers mental normalization (Miiller et
al., 2021)) which in turn puts a higher load on the working memory (Shepard
& Metzler, 1971). First described by Shepard and Metzler (1971)) as mental
rotation, the effect of longer response times for higher deviations from a canonical
point of view has been shown for various materials, such as box figures (Shepard
& Metzler, [1971)), letters (Cooper & Shepard, 1973), maps (Montello, 2010),
molecules (Stieff, 2007)), arbitrary shapes (Cooper, [1975), text (Koriat & Norman,
1985; Risko et al., [2014) and bar graphs (Miiller et al., 2021)). Besides the model
of a whole stimulus being virtually rotated in working memory, other processes
have been proposed, such as piece-meal rotation (Just & Carpenter, (1985; Yuille
& Steiger, 1982), mental storage of a3D model (Marr, 2010; Marr & Nishihara,
1978)) or an edge detection mechanism (Biederman, 1987)). However, the exact
process is still disputed and might even be only distinguishable with neuroimaging
techniques (Gauthier et al., 2002). Therefore, we use the theory agnostic term

"mental normalization” as umbrella term for all mechanisms.

As mental normalization puts a higher load on the working memory, a
rotated display of data visualizations might either trigger a more intensive analysis
of the stimulus (acting as a desirable difficulty) or make the material seem to be
less accessible and therefore more complicated than it is (acting as a perceptual

disfluency).

6.1.4 The Influence of Cognitive Offloading

The concept of cognitive offloading (Risko & Gilbert, [2016)) proposes, that load
on the working memory is something humans tend to avoid. They do so by using
external devices or physical motion, effectively storing information in the world
instead of in their heads. By storing information in the environment, humans can
overcome their biological limitations, in this case the working memory capacity
(Dror & Harnad, 2008). Cognitive offloading seems to boost short term task
performance (Beitzel & Staley, 2015; Grinschgl et al., [2021; Kirsh, 2010) but it
might hamper long term memorization. If the external device that participants
used to offload is taken away, insufficient performance in follow-up testing was

reported for problem solving (van Nimwegen & van Oostendorp, 2009), navigation
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(Fenech et al., 2010; Gardony et al., 2013, 2015), and skill acquisition (Casner
et al., [2014; Ebbatson et al., 2010). The idea that cognitive offloading might
hamper long term memory formation gained some popularity under the term
" Google effect” (Sparrow et al., 2011)), but these findings could not be replicated
(Hesselmann, 2020). Other researchers reported the adverse effect of cognitive
offloading on learning in different domains (Eskritt & Ma, 2014; Henkel, [2014;
Kelly & Risko, 2019a, [2019b; Pyke & LeFevre, 2011). Some results suggest, that
interrupting cognitive offloading could be used as a desirable difficulty (Morgan
et al., 2009, 2013). The effect of cognitive offloading on long term memorization
is disputed.

Mental normalization has been shown to be a task that humans tend to
load off (Risko et al., 2014)). To investigate the influence of mental normalization

on long term memory formation, cognitive offloading needs to be controlled for.

6.1.5 Present Research

In this paper, we report an experiment on the long-term memorization of informa-
tion displayed in bar graphs, presented either upright or rotated, to investigate if
mental rotation acts as desirable difficulty or perceptual disfluency. If this is the
case, we would expect information from rotated diagrams to be more accurately
recalled than information from unrotated diagrams. On the other hand, if mental
rotation is an additional load on working memory, we would expect the opposite
effect, that information from unrotated diagrams is recalled more accurate than

from rotated diagrams.

To account for Tuftes (1983) multiple depths model, multiple learning
targets were defined. The "from a distant” level was captured with a diagram
shape recognition task (called recognition questions). To represent the " close up”
level, questions on the data itself were asked. We specified two distinct conclusion
that could be drawn from the data, the individual values of separate bars (called
factual questions) and a height comparison between two bars (called comparison
questions). The "story” level was neglected as diagrams were generated with
bogus data and did not have a story to tell.
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6.2 Methods

6.2.1 Participants

Ninety-one students (70 female) from the University of Tiibingen, age 18-35
(M = 23.39 years, SD = 3.35 years) took part in this experiment. All participants
were recruited via the volunteer platform for experiment participation of the
Leibniz-Institut fir Wissensmedien. All participants received 5€ in compensation
for 40 minutes of their time. The study was ethically approved by the institutional
review board of the Leibniz-Institut fir Wissensmedien. All participants provided
informed consent prior to testing. As spontaneous learning was investigated,
participants were not informed of a knowledge test in the second phase of the
experiment. After completion, participants were informed about the true goals of

the study and were given the opportunity to withdraw their consent.

6.2.2 Apparatus

Participants were seated in front of a HP Elitebook 8530p with a 15.4” display
with an approximate viewing distance of 60 cm. Participants were also fitted
with earmuffs that had an Arduino Nano and a Gyroscope GY-521 on top of it
to monitor the head movements. The gyroscope was adjusted to sit horizontal
on the participants head (see Figure for a depiction of the setup). To allow
for a bit of leeway in adjustment, the gyroscope had to sit within a deviation of
+1° (dotted lines) before the experiment started. If the participants tilted their
heads more than +4° (+3-5° in total, accounting for the leeway of gyroscope
attachment, lower lines) the screen was blacked out until participants levelled

their head out again.

6.2.3 Procedure

The experiment was set up in a within-subject design and consisted of a familiar-
ization phase and a surprise test phase (see Figure [6.2)).

In the familiarization phase, participants were presented with 10 diagrams,

five of which were rotated by 150° and five unrotated. Beneath each diagram
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Figure 6.1: Illustration of the experiment setup (A) and a depiction of the
gyroscope attachment shown as headphones (B). If the head was held level (within
a +5° margin) participants could work on the task. If the head was tilted beyond
the threshold (C) the screen was blacked out and a message appeared to level
the head again. This was implemented to prevent cognitive offloading of mental
normalization.

(size 14.2 x 14.2 cm), participants were presented with 6 questions (font size 40)
in sequence that should be answered with the information within the diagram.
The diagram contained 5 bars with labels from a common topic and a y-axis with
a topic-specific labelling and magnitude. The bars were labelled with words of the
same topic consisting of seven letters in three syllables to control for reading speed.
The questions displayed beneath the diagrams fell in two categories. " Factual”
questions asked for the specific height of one of the displayed bars. " Comparison”
questions asked to indicate which one of two bars was bigger/smaller. Each
question type was presented three times. To control for cognitive offloading
(Risko et al., [2014) effects participants were required to keep their head in an
upright position. To enforce this, participants wore the gyroscope sensor on their
head during the learning phase, which would trigger the screen blackening if a

head tilt over 5° was detected.

After the familiarization phase, participants were asked to take off the
sensor and to wait for 30 seconds until a test phase started. Participants were
than shown the same questions as before, but without diagrams. The questions
were displayed in the middle of the screen. Additionally, following each block of
questions, a "recognition” question was presented, showing the diagram they had
seen before and a bogus one with the same labels but different values. Participants

should indicate, which diagram they had already seen. To avoid influences due
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to the random generation of the diagrams and questions, a unique set of stimuli

was generated for each participant.

Is the Y of D X? z
No j)
Is the Yof D X?
Yes No
Familiarization Phase ﬂ Testing Phase N

Figure 6.2: Flow diagram of study 2. In the familiarization phase participants
were exposed to 10 diagrams with six question each. They needed to keep the
gyroscope (here displayed as headphones) on during the learning phase. In the
test phase, participants were taking the gyroscopes off and answered the same six
question again plus one about the general shape of the diagram.

6.3 Results

8.37% of data points were excluded, because participants did answer these
questions wrongly in the learning phase and therefore couldn't be considered
as learned. We fitted two separate logistic models for factual and comparison
questions in one model and recognition questions in the other model due to
different data structures (see Figure for an overview of the results). The
dependent variable in both models was the correctness of the participants answers.
In both models, participant and trial were set as random effects with fixed means.
Accuracy rates for comparison questions were higher than accuracy rates for
factual questions (Z = 9.519, p < .001). Differences for the rotation of the
diagram (0°, 150° ) could not be detected (Z = 0.845, p = .398). Similarly, no

differences for the rotation of the diagram regarding accuracy rates in recognition
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questions were found (Z = 0.801, p = .423). Generally, recognition questions had
the highest probability to be answered correctly (75.16%), followed by comparison
questions (67.30%) and factual questions (56.01%).

0.8+

Orientation

-, o
BE 150°

mean accuracy
o
e

0.4

0.2

comparison factual recognition
question type

Figure 6.3: Box plot of mean accuracy of information recollection by diagram
orientation and information type.

Confronted with the unconclusive results of the experiment, we conducted
further investigation that was not pre-registered. We hypothesized, that mental
rotation may have hampered the extraction of information. As we did not control
the exposure time to the stimuli, it might have counterbalanced the adverse
effect of mental rotation. Subsequently, a post-hoc analysis of the exposure times
was conducted. Indeed, participants spend more time with the rotated diagram
(M = 5.37 s per question) as with unrotated diagrams (M = 4.86 s per question).
This difference was significant (¢(90) = —5.472, p < .001). This confirmed our
post-hoc hypothesis that mental normalization did hamper learning but also lead

to longer self-exposure, which counterbalanced the effect.



Discussion 113

6.4 Discussion

The analyses showed a significant difference between question types. Questions
that concerned only one value from the diagram (factual questions) were less likely
to be remembered correctly than questions that compared two values (comparison
questions) and were indeed very close to guessing probability. The general shape
of the diagram (recognition questions) was remembered or recalled best. In
context of Tuftes (1983) multiple depths model, these findings indicate that
a) indeed multiple levels of information coding seem to exist and b) that the
individual data points are less significant to the onlooker than the overall shape
of the diagram. As the "story” level was neglected in this study, no conclusions
could be drawn on its significance for the data visualisation. Future research into
this area might be fruitful.

Curiously, there was no significant difference between the two rotation
conditions. This was most unexpected, as the theoretical background suggested
a difference, just the direction was unclear. If mental normalization would act as
a desirable difficulty (Bjork & Bjork, [2009; Diemand-Yauman et al., 2011; Paivio,
1991)) or would increase the perceived difficulty (Salomon, |1984), information from
rotated diagrams should have been easier to recall and thus show higher accuracy
rates than information learned from unrotated diagrams. On the other hand,
if easier access to the presented information frees resources for more thorough
learning (Sweller & Chandler, 1994)), we would expect information learned from
unrotated diagrams to be more accurately recalled than information from rotated

diagram.

A possible explanation for the inconclusive results might the extended
exposure time on rotated stimuli trials. As exposure time was not controlled for,
participants might have spent more time on rotated trials than on unrotated trials,
counterbalancing the adverse effect of mental normalization costs. The results of

the analysis of this post-hoc hypothesis seem to support this explanation.

Mental normalization indeed puts additional load on the working memory,

but this additional load could not be fostered as a disfluency or desirable difficulty
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measure to support learning. The additional load seems to rather have hampered
learning, which the participants seem to have mitigated by longer material exposure.
Controlling for exposure time would have been beneficial for a clearer insight into

this phenomenon and future research should account for that.

6.4.1 Conclusion

We investigated whether the resource-intensive process of mental normalization
can be fostered for better long-term retention. Some theories point in that
direction (Bjork & Bjork, 2009; Salomon, (1984). The results could not find any
benefits of mental normalization on learning. A post-hoc analysis of the data
rather points to the opposite. The negative effects of mental normalization on
memory were mitigated by longer exposure times. This suggests that mental
normalization cannot be fostered as a strategy for long-term memory retention.
Further research might focus on the exact processes that make additional mental
load a viable endeavour for learning, as not every additional mental load seems

to have a positive effect.
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Chapter 7

Discussion

In co-located collaborative work settings, equal access to information is important
for efficient group work. Single Display Groupware like Multi-Touch Tables is
designed to be accessed from all sides. To provide equal access to all participants,
the different points of view need to be considered. Most information, however, is
displayed in a distinct orientation, designed to be accessed from a certain point
of view. Users with differing points of view need to engage in the costly cognitive
process of mental normalization. The additional mental load might prevent equal
access to the presented information. This dissertation focused on the individuals’
cognitive processes (i.e., visual preception) and aimed to achieve three goals in

two major lines of study.

The first line of study aimed at two goals. The first goal was to confirm the
cost of mental normalization for rotated diagrams. The second goal was to explore
ways to ease mental normalization costs. To allow equal access to the displayed
information, the diagram should be modified to accommodate multiple points of
view. This line was conducted in the manuscripts in Chapter [4] and Chapter 5
The second line investigated whether mental normalization yields benefit, e.g.,
facilitating long-term retention of the presented information. Chapter [f] was

devoted to this question.
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The confirmation of the hypothesis of an additional strain of mental normal-
ization of data visualizations on the cognitive system was addressed with the first
experiment in Chapter [l Mental normalization costs had been shown for several
other types of stimuli, including cube shapes (Shepard & Metzler, [1971), letters
(Corballis & McLaren, 1984; Riisseler et al., 2005]), words (Koriat & Norman,
1985; Risko et al., 2014)), molecules (Stieff, [2007)), arbitrary two-dimensional
shapes (Cooper, 1975)), and pictures (Tarr & Pinker, 1989)), but not for diagrams.
By comparing response times for unrotated bar graphs and rotated bar graphs, the
significant additional cost of mental normalization for the cognitive system was
confirmed. Participants responded significantly slower to rotated bar graphs with
co-rotating labels than to unrotated bar graph displays. This pattern was also
present in the base-line conditions (bar graphs with word labels) for the other two
experiments reported in Chapter [l These results confirmed the additional costs
of mental normalization of diagrams for the cognitive system. The findings were
also in accordance with the above-mentioned results on other types of stimulus
material. Additionally, the independent manipulation of the overall rotation of
the bar graph and the separate rotation of the labels revealed the label rotation
to be a major factor in response time latencies. Labels were either shown in
the same rotation as the entire diagram (" co-rotating with the diagram™) or,
aligned upright relative to the subject, independent of the diagram’s rotation
(" reformatted display”). Normalization costs were significantly reduced in the
latter manipulation, indicating a piece-meal mental normalization process that

normalized different parts of the diagramm seperately.

The second question addressed design options to lessen the strain from
mental normalization. As the first experiment revealed the label rotation as
a critical factor in graph rotation, changing label characteristics would benefit
rotational access the most. As a constant orientation towards the subject would
not be feasible in a multi-subject setting, other approaches were tested. In the
second experiment of Chapter [, the use of icons as replacement for written
labels were tested. Otto Neurath created an icon-based data visualization system
as a mean to communicate important information to lesser educated classes

(Neurath, [1936). He argued that the use of self-explaining icons would benefit
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the understandability of data visualizations. Later research was able to support
this claim (Haroz et al., [2015)). In the second experiment, we used the same
icons as Haroz et al. (2015). The results added further support to some of the
claims. Response time latencies were overall reduced in icon conditions, showing
a decrease in mental normalization cost. However, despite not showing significant
impact, the differences between the rotation steps remained in non-negligible
effect size range, at least for the critical "rotating with the diagram” condition.
Therefore, the intervention was only partially successful. Although reducing the
overall response time compared to word labels, the mental normalization costs
are still affecting the response time latencies. The persistence of the mental
normalization effect might be explained by the "orientatedness” of the icons.
While being processed faster than words, pictographs still possess an optimal
point of view (Palmer et al., 1981)) and therefore contribute to the access cost
differences for different perspectives. Additionally, icons might only be used in

certain contexts, but might not be suitable for all topics or themes.

A color manipulation was chosen as a second approach. Color cues have
been shown to be processed very fast (Treisman, |1986)). They have been proven
to be very effective for perceptual grouping (Palmer et al., [2003)), visual search
(Wolfe & Horowitz, 2004, 2017)) and attentional efficiency (Carter, |1982; Christ,
1975; Duncan & Humphreys, |1989). The influence of color coding of the labels to
reduce mental normalization costs was tested in the third experiment of Chapter [4]
Like the effect of the pictograph manipulation, the response time latencies were
reduced in rotated trials with color cues to a negligible difference compared
with unrotated trials. Both, pictograph, and color cues reduced the response
time latencies significantly, but the color intervention seemed to be slightly more

efficient.

A third approach was investigated in Chapter [5] displaying a second, redun-
dant, but 180°rotated label. A previous experiment (Experiment 1 in Chapter
revealed the label rotation as a key factor for mental normalization costs. Ideally,
the label would always be oriented towards the onlooker, but as there are multiple
points of view on the data visualization on the multi-touch table, the implication

of a rotating label is not feasible. However, a double display of unrotated and
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upside-down displayed labels could eliminate mental normalization costs for view-
ers positioned on the opposite sides of the MTT and lessen the mental burden
for subjects positioned at the small sides (£-90°) of the table. The effect of such
a double display was unclear. The investigation of the feasibility of a redundant
label display was split in two parts. The first two experiments of Chapter |5 were
concerned with the impact of double label display from the perspective of basic
psychological research. Literature on the influence of congruent flankers on the
response time showed a beneficial effect for processing speed in reducing the
response time (B. A. Eriksen & Eriksen, [1974). As the same label was displayed,
we hoped to find similar results, although the effect might be diminished by the
rotated display. Additionally, to the double display of labels, we also manipulated
the orientation of the labels, either facing inwards or facing outwards. This was
done to draw informed decisions for the application on bar graphs. For the same

reason, the contrast of the labels was also manipulated.

The first two experiments of Chapter [5] yielded similar results. In both
cases, the introduction of the redundant label increased response time for upright
viewing conditions. However, the use of redundant labels seemed to have a
leveling effect on the response times from different perspectives. Experiment 2
showed a decrease in response time differences between upright and upside-down
presentation of otherwise similar stimuli conditions. We called this the " justice
effect” of double label display. The other manipulations did not show a clear
pattern. It seems that the label orientation (Koriat & Norman, (1985 Risko
et al., 2014; Shepard & Metzler, 1971)) and perceptual contrast (C.-C. Lin, 2003)
have only minor influences on the response time. In the final experiment of
Chapter 5], the double label display approach was applied to rotated bar graphs.
The results of the first two experiments were encouraging. We were able to
reproduce the balancing " justice effect” of double label displays on bar graphs,
but in the applied setting, both viewing conditions (upright and upside-down)
showed higher response times for double label displays. The additional label might
have caused an information overload on the cognitive systems of the participants
(Meyerhoff et al., 2021)). It is also possible, that the differing task designs between

the experiments had led to the differing outcomes: In experiment 1 and 2, the
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participants were asked to classify the stimulus, the third experiment contained a

comparison task.

The first line of research was concerned with the mitigation of the higher
demand on the cognitive system stemming from mental normalization. In a second
line of research, possible benefits of mental normalization load were investigated.
Previous research suggested that additional cognitive load might increase the
effort put into learning by setting up additional hurdles (Diemand-Yauman et al.,
2011; Mulligan, 1996; Rosner et al., 2015)) or displaying the learning material as
harder than it is, thus mobilizing additional cognitive resources (Geller et al., 2020).
Thus, " perceptual disfluencies” might support long-term memory formation (Alter
& Oppenheimer, 2009; Oppenheimer, 2008). As mental normalization puts
additional load on the cognitive system (Shepard & Metzler, 1971)), the utilization
of mental normalization tasks as a perceptual disfluency was investigated in
Chapter [6] Participants were asked to answer questions on rotated and unrotated
bar graph stimuli. The questions were focused on different types of information,
one could derive from the presented stimuli, such as absolute values of single bars
or comparison between two bars. After a short break, they were presented with a
second phase, testing the implicit learning of the first part of the experiment. The
experiment did not show any positive or negative impact of mental normalization
on subsequent recall performance. Additional analyses revealed a longer exposure
time for rotated stimuli, which might have counteracted a general harmful effect
of mental normalization on long-term memory formation. We were not able to
identify a positive influence of mental normalization tasks, as they did not act as

perceptual disfluency.

7.1 Implications

The results of the three presented studies hold implications for both basic and
applied research. As presented in the introduction, mental normalization costs
are a well-researched area of cognitive psychology. They have been shown for
various types of stimuli, including words (Koriat & Norman, |1985)), sentences
(Risko et al., 2014), arbitrary shapes (Cooper, [1975)), maps (Aretz & Wickens,



122 DISCUSSION

1992), and many more. Here, the first major implication for basic research
derives from the first experiment in Chapter [d] The experiment aimed to show
the presence of mental normalization costs. Indeed, the hypothesis of mental
normalization costs for data visualizations (here: bar graphs) was confirmed.
Researchers came up with many different models of the mechanism behind mental
normalization (Biederman, 1987 Just & Carpenter, 1985, Marr, 2010; Marr &
Nishihara, [1978; Tarr & Biilthoff, [1998; Tarr & Pinker, (1989, Xu & Franconeri,
2015; Yuille & Steiger, |1982). Some researchers proposed different mechanisms
for different tasks and reported difficulties in discerning the different mechanisms
without imaging procedures (Gauthier et al., 2002)). Additionally, in Chapter ,
the response time difference between trials with " co-rotated” and "reformatted”
labels points towards a piece-meal mental rotation process (Just & Carpenter,
1985; Xu & Franconeri, [2015; Yuille & Steiger, 1982) rather than a holistic
rotation of the stimulus (Shepard & Metzler, 1971). One possible explanation
lies in the structural difference between labels and bars. Labels can be described
as a sequential and descriptive presentation of information, while the bars are
rather pictorial and diagrammatic. This claim is supported by the results of the
second experiment. In the pictograph conditions the response time differences
between the unrotated baseline trials and the rotated trials was smaller for
trials that showed the pictographs reformatted than for trials with co-rotating
pictograph labels. However, none of the rotated trials with pictograph labels
showed a significant difference in response times compared to the pictograph
baseline, so the reason for a piece-meal mental rotation requires more research. A
second explanation might be, that holistic rotation was mostly observed for shape
information (Cooper, 1975 Shepard & Metzler, 1971)), but not for stimuli that
integrated multiple visual features (Hochberg & Gellman, 1977; Xu & Franconeri,
2015)).

The results of the second experiment also contributed to the research on
data visualization design. The use of pictographs as means to communicate
complex information in a concise form was proposed by Otto Neurath ((1936)).
This claim was supported by research of Haroz et. al. (2015)), who found empirical

evidence for benefits of the use of ISOTYPE-like icons in terms of processing speed
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and clarity of communication. The results of the second experiment in Chapter
are in line with the findings of Haroz and colleagues. Trials with pictographs
as labels elicited an overall shorter response time latency than trials with word
labels. The response time difference for co-rotating trials did however not drop
below the effect size threshold that was deemed as being a negligible difference
to normal, upright viewing conditions. As pictures — like words — usually have an
optimal point of view (Palmer et al., |1981), the additional mental normalization
cost for label rotation was probably not eradicated but just diminished. It should
also be noted that we did not fully replicate the study of Haroz and colleagues
(2015)), but just one condition. The use of stacked pictographs instead of bars

for example might have a completely different effect.

The final intervention tested in Chapter [4] was the use of color as a support
or bypass for mental normalization needs. Instead of manipulating the label itself,
we manipulated the color of the associated bars and used that same color scheme
on beforehand shown the selection task prompts. Color coding is more versatile in
its’ applichation than pictographs, as pictographs can only be used for categories
that can be represented by icons. Color coding has been shown to speed up
visual processing tasks such as perceptual grouping (Palmer et al., 2003)) or visual
search (Wolfe & Horowitz, [2004, [2017)). It can also help to guide attention more
efficiently (Carter, 1982 Christ, [1975; Duncan & Humphreys, (1989). Indeed, the
results of the third experiment in Chapter [4] supported these claims, as color coding
reduced the response times below the threshold of negligibility. However, color
coding might not be a feasible intervention for every type of data visualization,
as the increased use of colors reduced the distance in the color space between
them. Also, research shows that increasing the number of colors might hamper
performance in visual processing tasks such as feature detection (Haroz & Whitney,
2012).

A different intervention was tested in Chapter [5] Instead of altering or
replacing the word label on the bar graph stimuli, we added a second instance of
the same label, but rotated it by 180°. We argued that the second label might
not only reduce the need for mental normalization, as for each 180° section of the

rotation one of the two displays of the label is within 4290°. Additionally, research
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within the flanker paradigm (B. A. Eriksen & Eriksen, |1974) implies, that the
second display of the label might work like a congruent flanker, that supports faster
mental processing in decision tasks. The results reported in Chapter [f are mixed.
All three experiments showed that the additional upside-down label is acting like
an incongruent flanker instead of like a congruent flanker (B. A. Eriksen & Eriksen,
1974), adding additional load on the cognitive system. However, we discovered a
positive effect of the additional label display: While putting additional load on the
working memory for the processing for upright viewing conditions, double label
displays elicited reduced response times for upside-down displays compared to
single label display conditions in experiment 1 and 2. We called this the " justice
effect” of double display presentation. It seems as if the redundant display helps
for accessing the rotated information (M. R. Morris et al., 2006). We could not
find any significant difference between outward and inward rotation of the double
display (Koriat & Norman, |1985; Risko et al., 2014; Shepard & Metzler, [1971) or
contrast manipulation (C.-C. Lin, [2003). In case of the application to bar graphs,
the additional display might overload the information display and hamper menal

processing (Meyerhoff et al., 2021)).

Possible benefits of mental normalization efforts on long-term memory
formation were investigated in Chapter [l Some researchers proposed that
additional load on the visual cognitive system by using so called perceptual
disfluencies (Diemand-Yauman et al., [2011; Mulligan, |1996; Rosner et al., 2015))
might lead to a deeper processing of the presented information (Geller et al., [2020)
while others disagreed (Magreehan et al., [2016; Rhodes & Castel, 2008, [2009; Xie
et al., |2018; Yue, Castel, & Bjork, 2013). The results of the experiment presented
in Chapter [6] suggest that mental normalization does not yield any benefits for
long-term memory formation for information presented in data visualizations. It

might even be harmful.

In addition to the contributions to basic research, the reported results
of this dissertation also yield implications for applied settings. The first major
practical implication concerns the group interaction at the multi-touch table. The
studies in this paper highlight the influence of mental normalization affordances

on the information access. In the first experiment in Chapter [4] the hypothesis
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of additional load generated by mental normalization was confirmed for data
visualizations. Therefore, the impact of mental normalization processes on equal
access to information in group ware settings needs to be considered when designing
and applying multi-user interfaces. Several approaches to mitigate this adverse
effect were subsequently tested. The use of pictographs instead of word labels
showed to be an insufficient solution to the problem of unequal information
access. They elicited faster response times than word labels but didn't change
the response time structure for different points of view. Therefore, pictographs
should be preferred over word labels in group ware interfaces, whenever feasible,
but are an inferior solution to color coding the labels. Color coding did not only
speed up the visual information processing, but also providing equal access to
the information in the data visualization, independent of the point of view. For
reasons described earlier in the section of implications for basic research, color
coding might not always be feasible, for example if a very large number of shades
of color need to be employed. Besides equal group access, quick information
communication regardless of the point of view might be low or zero gravity
environments (Kanas and Manzey, 2008, p. 59ff), where the spatial orientation

of the users cannot be assumed.

If speed of access is not a concern, a double display of word labels can be
employed. The double display puts additional strain on the cognitive processing of
the presented information. At the same time the justice effect might equalize the
access speed for all present users. However, this trade-off needs to be thoroughly
considered before implementation, as the additional load might outweigh the

benefits of equal access.

We also considered potential long-term benefits that might arise from the
additional computing requirements of the cognitive system caused by a divergent
point of view such as better long-term memory formation. However, we couldn’t
find any evidence for a beneficial role of mental normalization load on learning.
This does not only highlight the negative impact of divergent points of view on
group ware, but also has implications for other areas of learning, such as exhibition
design for museums. Information texts and data visualizations might be presented

at an angle or in inaccessible areas. This could be a hindering factor for the
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learning goals of visitors. The results also add to a growing body of research that
denies the possible benefit of perceptual fluencies for learning material design
(Magreehan et al., 2016 Rhodes & Castel, 2008, 2009; Xie et al., [2018; Yue,
Castel, & Bjork, 2013).

7.2 Strengths and Limitations

A considerable strength of the presented research is the compliance to several
open science standards (Nosek et al., [2015). Data and material of the presented
studies were made accessible via the repository of the open science framework
(OSF). The study presented in Chapter|§]was also pre-registered. The experiments
also adhered to common standards of good scientific practice, such as a-priori

estimation of sample size requirements to detect a certain effect size (Faul et al.,
2009).

The inspiration for all experiments were drawn from real-world settings
and were subsequently transferred in a laboratory setting. The laboratory setting
allowed for controlled experimental designs that minimized the influence of external
factors. The inspiration from - and modelling of - applied settings ensured the
relevance outside of basic research. This approach allowed for maximization of
both internal (Campbell, 1957, H. Lin et al., [2021) and ecological validity (Kieffer,
2017)) without sacrificing one for the other.

Furthermore, the design of the experiments provided some unique advan-
tages. All experiments relied on automatic stimulus generation. All stimuli were
based on parameter sets randomly drawn from pre-defined pools. This allowed for
(true) randomization of the potential confounding influence of material effects on
the results. In chapters[4 and [0} each participant received their own set of stimuli
that only matched on the relevant factors for the experiments. Due to limitations
in the online data collection process for Chapter 5], this complete randomization of
study material was not feasible. In Chapter , however, an online data collection
approach was applied. While the data for the experiments in the chapters[4] and [f]

was collected in a laboratory setting in presence, the data for Chapter |5 was
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derived from an online sample. This approach allowed to a massive upscaling of

data collection and allowed for the investigation of smaller effect sizes.

For the experiment in Chapter [0} a low-cost head tracker was invented and
used. To control for the head position of the participants, an Arduino based device
was developed, that used an electronic gyroscope to track the head position.
Other researchers in the lab expressed their interest in using the device, but
ultimately chose a different experimental design. The device and an investigation

of its accuracy can be found in Appendix [Al

Despite all the strengths of this project, some limitations also need to be
addressed. All data was collected from student samples which might limit the
applicability of the results to other populations. There is some evidence that the
interpretation of data visualization needs some previous exposure and knowledge
on the type of graph (Borner et al., [2016; Maltese et al., 2015). However,
bar graphs were seen as widely familiar to a diverse population and as we were

investigating basic cognitive processes, the results should be generalizable.

In contrast to other research on mental normalization (Koriat & Norman,
1984) stimuli rotation was not conducted in 60° but in 90° steps. This reduced
resolution was chosen to reflect real-world conditions more accurately. For
collaboration around a multi-touch table, group members are usually distributed
around the different sides of the table, hence heightening our interest in these
angles. The difference in step size might have caused less comparable results as the
human visual system is tuned to find right angles (Leibowitz et al., [1955; Smith,
1962). However, the general pattern of the response time latencies matched those
of previous findings (Koriat & Norman, 1984)), so the loss of resolution in the

mental normalization process seems to be acceptable.

The individual studies also suffered from some limitations in their design. In
the first experiment in Chapter [4} two independent factors collapsed two condition
cells to one, making the preferred analysis method (ANOVA) not applicable. This
shortcoming was recognized before data collection, but the experimental design
did not permit for a different approach. The analysis with two linear regressions

instead of an ANOVA showed to be a sufficient alternative that was fitting better
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to the collected data. All experiments in Chapter |5 included the manipulation of
contrast. All experiments showed no or negligible influence of contrast on the
response times elicited by the stimuli. The reason for the lack of influence of
contrast might be the non-linear nature of contrast (Beghdadi et al., 2020) and
accordingly a too weak manipulation of the different contrast conditions. Contrast
might still influence the readability and the potential information overload of
the double display of labels in data visualizations, but the presented setup could
not detect it. Further research might be needed. The study in Chapter [f] also
showed some shortcomings in the design. We did not account for the influence of
exposure time on the implicit learning of the data visualization information. This
confounded the initial results and made them hard to interpret. Only an additional
analysis that partialed out the influence of exposure time shed some light on the
underlying mechanisms of mental normalization and long-term memory formation.
While these insights were still valuable, the analysis was not included the pre-
registered analysis plan and therefore needs to be treated with caution. A second
limitation stems from the short delay between the implicit learning phase and
the testing phase. Participants were only required to wait for thirty seconds in
between both parts of the experiment. A bigger delay or a later follow-up phase
would have granted deeper inside on the effectiveness of mental normalization as
perceptual disfluency. As the experiment did not show the expected results, the
impact of this shortcoming was very limited. Nevertheless, it would have had a
major impact if mental normalization had acted as a perceptual disfluency and

therefore needed to be addressed.

All studies presented in this dissertation use bar graphs as a data visualiza-
tion. The simplicity of the bar graphs allowed for a controlled manipulation of
various aspects of the data visualization. While the experimental design benefitted
from the reduced design, it remains open if the findings can be generalized to
other types of data visualizations. While the motivation for this dissertation was
inspired by the scenario of co-located group work around a multi-touch table, a
study on the effects of unequal access to information presented on the Table was
not included. More than 150 ms of additional response time latency on average

for non-optimal points were deemed as sufficient evidence for the hampering effect



Future Directions 129

of mental normalization on the group work. There were also practical concerns
to be considered. Group work includes verbal and non-verbal communication
to coordinate the collective effort influence the outcome. Controlling for these
factors is complicated and neglecting these processes might confound the results.
Therefore, it was decided against the venture for a group experiment although

the generalizability of the results of this project might be somewhat reduced.

7.3 Future Directions

The presented research could be continued in various directions. An exploratory
study of group work at the multi-touch Table and the impact of optimized data
visualizations would be another tempting extension of the current work. It would
be interesting how the interaction between and the participation of the group
members is altered by different designs. The development of a concise framework
to track group interactions would be advisable. It could extend on previous works
of Leilah Lyons (Roberts & Lyons, 2017 Tissenbaum et al., [2017)) and the work
on epistemic analysis (Andrist et al., [2015; Shaffer et al., 2009; Wooldridge et al.,
2018). The potential benefits of point-of-view agnostic data visualizations could
also be applied to user interface design for space flight controls. Interviews with
astronauts could help to analyze the needs for directionless information displays.
A fruitful strain would be the application of the present findings to a broader set
of data visualizations. While this dissertation is focused on mental normalization
of simple bar graphs, a wide variety of data visualizations is currently employed
for information communication. Presenting more complex data could add value
to the use of multi-touch tables, but additional affordances might need to be
addressed. The independent rotation of labels and the plot also sparks some
interesting questions. As text and plot are both visual features of the data
visualization and to the best of the present knowledge, both types of information
are processed on the same pathways, why then would the different parts of data
visualization be treated differently? The independent rotation seems also be
activated for pictograph labels despite their more pictorial qualities? What are
the factors determining the use of piece-meal instead of holistic mental rotation?

It would also be interesting, which features of data visualizations are remembered
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by participants. The experiment in Chapter [6] showed differences between the
different information levels that where tested, prompting the questions what
the central information is, that is communicated by a data visualizations and
how different types of data visualizations differ in their central messages. A free
recall experiment for previous presented data visualization might shed light on
the advantages and drawbacks of different types of data visualization. Another
interesting pursuit would be to further investigate ISOTYPE properties. In the
present research, we built on the results of Haroz and colleagues (2015]), whose
results supported the claim that pictographs are beneficial for information transfer.
However, the ISOTYPE system of Otto Neurath (1936]) also comprised other
rules for data visualization, the benefits of which is not yet supported by scientific
evidence. Finally, a further investigation of the potential benefits and applicability
of the " byproducts” of this project would be compelling. Both the Random stimuli
generation method and the low-cost head tracker would benefit from thorough

research on their potentials and limits.

7.4 Conclusion

The topic for this thesis was derived from research on group work in a co-
located setting at a single display groupware, i.e, a Multi-Touch Table. The
presented research was concerned with the impact of mental normalization of
data visualization on the individual users’ visual processing. First, it addressed
the question of whether or not the requirement of mental normalization for users
located at non-canonical points of view puts additional strain on these users’
cognitive systems. Secondly, design options for data visualizations to lessen this
additional strain were explored. Finally, the potential benefits of fostering the

mental normalization costs for long-term retention were addressed.

The first line of research was concerned with the cost of mental normalization
of data visualizations. It encompassed Chapter [4] and Chapter 5] Chapter
addressed both, the question on the occurrence of additional strain and design
variations to lessen it. The additional burden of mental normalization on the

cognitive system was confirmed in the first experiment: Participants reacted
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slower to completely rotated bar graph diagrams than for both, reformatted and
unrotated diagrams. Mental normalization processes therefore do indeed put
additional strain on the cognitive system. The second and third experiment
in Chapter [4] explored different design options to lessen this additional burden,
by employing pictographs as labels and color coding the labels and bars. Both
interventions successfully reduced the overall response times to rotated diagrams,
with a slightly greater reduction in the color conditions. Chapter [5 exploring more
design options on their feasibility to relieve some mental normalization strain. The
impact of a double display of the written labels was explored. Displaying the same
label twice, but one copy being presented upside-down would limit the extend of
mental normalization to 180°at the most, but might come with issues of flanker
or contrast inferences. While the results of the first experiment, which focused on
the double display of words where promising, the application of this design option
to bar graphs showed limited use. The double display put additional strain on the
cognitive system, regardless of the diagrams rotation. However, this additional
load was higher for unrotated diagram conditions than for rotated displays. This
resulted in a levelling of the accessibility of the data visualization for all points of
view, but at the cost on a generally less accessible design. The additional strain
of mental normalization processes on the cognitive system showed overall to be

very robust and resilient to different design interventions.

A second line of study revolved around potential benefits of mental normal-
ization costs for long-term memory formation. In Chapter [0 this was explored.
The results suggested an adversal effect of rotated presentation of diagrams on
the long-term retention of the displayed information. Thus, mental normalization

processes seem not to yield benefits for long-term memory formation.

The thesis provided new insights on the impact of mental normalization
demands for rotated display of data visualizations and pointed towards some
design options to reduce this impact. The findings have implications for User
Interfaces aiming to support collaborative co-located group work on Single Display

Groupware like Multi-Touch Tables.






Appendix A

A 7 Dollar Head Tracker

A.1 Introduction

Head-tracking is a crucial procedure in medicine and cognitive psychology. In the
medical field, head roll might be an indicator for several diseases and maladies,
including Congenital fourth nerve palsy (Kekunnaya & Isenberg, 2014)), strabism
and nystagsm (Kim et al., [2004). In cognitive psychology, tracking head positions
is part of eye-tracking research and offloading literature (Risko & Kingstone, 2011;
Risko et al., 2014).

To track the head position several methods are commonly used. Often head
roll is measured manually or semi-manually from photos (Farah et al., [2017; Guan
et al.,2015) or videos (Risko et al., 2014; Zikovitz & Harris, [1999). Both methods
have their drawbacks as the data is not closely linked to other collected data and
additional coding by hand is needed. There are specialized instruments to assess
head roll (CROM - Cervical Range-of-Motion Instrument — Inclinometer, n.d.)
and some mobile eye tracking devices include gyroscopes to log head rotation
(Risko & Kingstone, |2011)). As mobile eye trackers are rather expensive and
Inclinometers also need manual readings, we present a cheap, digital device to

measure head roll in experimental conditions.
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Arduino devices with gyroscope breakout boards have been used in other
application settings, such as human factors and have shown reasonable accuracies
(Huang et al., [2018).

A.1.1 Device Description

The device consists of an Arduino Nano V3.0, a Gyroscope GY-521 a USB cable
(USB2.0 to Mini-USB, ca. 1.5m), a bread board and four male-to-male jumper

wires.

The Arduino platform is an open-source project with the goal to make
microcontroller programming accessible to everybody (Arduino.cc, [2021). Arduino
boards come in various shapes and sizes. For this project, we decided to use the

Arduino Nano board, due to its small size.

For the gyroscope we opted for the GY-521 breakout board with gyroscope
and acceleration sensors (AZ-Delivery, 2021). Breakout boards are designed to
ease the use of electronic sensors for laypeople. Both components are wired onto

the breadboard in a layout as seen in Figure[6.3]

As a platform to mount the device on, we used acoustic earmuffs, but
anything with a head band would do, such as headphones or Alice bands The
breadboard with the arrangement of the electronic components is fitted to the

platform with some zip ties to give it some space for placement correction on the
participants’ heads (see Figure |A.2)).

Using the Arduino IDE 1.8.13 (“Arduino IDE", 2020) and the libraries
"MPU6050_tockn.h" and "Wire.h", we upload a program on the Arduino to read
the x-angle of the gyroscope and send it via the serial connection (see Figure .
To help the initial adjustment of the gyroscope, we make use of the on-board LED
of the Arduino. The script includes a code block to light the Arduinos on-board
LED if the absolute x angle is greater than 1°, helping the experimentator to
adjust the device on the participants’ heads at the beginning of the experiment.
We were satisfied with an accuracy of +1°, but this margin was arbitrary and can

be set to the researchers liking. The baud rate was set to 9600.
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Figure A.1: Wiring on the breadboard for Arduino Nano and the Gyroscope,
generated with Fritzing®.

The experiment was conducted in PsychoPy Version 1.85.1 (Peirce, ,
2008). To read the most recent data from the serial port, we used multi-threading
approach, establishing an additional thread to read and hold the latest sensor
reading, that could then be used in the main program (see Figure .

To show the use and accuracy of the device we conducted two demonstra-
tions. In demonstration 1, we show the accuracy of the head tracking gyroscope.
For this, we take the breadboard with the Arduino and the Gyroscope and place
it on a horizontal line displayed on a screen. In demonstration 2, the head tracker
is mounted on the head of participants, who were asked to adjust their head

position so that displayed lines are standing perfectly vertical in their field of view.
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Figure A.2: The assembled head tracker.

A.2 Demonstration 1

In demonstration 1, the Gyroscope was used without subjects to show the general

feasibility of using a gyroscope.

A.2.1 Methods

Apparatus

The demonstration was conducted on a HP Elitebook 8530p with PsychoPy 1.85.1.
The stimuli were presented on a 23" monitor (Dell Panel Monitor S2340Tt). The
described device for head tracking was used, but without the head mount (see

Figure A).
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Procedure

Thirteen horizontal lines, encompassing angles from -30° to 30° in 5° steps, were
presented on the monitor in a random order. The breadboard with the mounted
Arduino and gyroscope were held against the monitor. When the experimenter
was satisfied with the alignment, they pressed space to record the gyroscope

angle. This procedure was repeated 5 times.

A.2.2 Results

The recorded angles deviated by +1.5° from the stimuli lines (see Figure B).
It is unclear if this is due to the imprecision of the gyroscope or inaccuracy by
the experimenter. The bimodal distribution of residuals (see Figure C) might
suggest, that imprecision is more to blame to the experimenter than to the device
itself.
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Figure A.3: A: Depiction of the demo 1 procedure. B: Line graph of the recorded

angles by trial angles. C: Histogram of the residual angles (recorded angles - trial
line angles).

A.3 Demonstration 2

In demonstration 2 we show an example use of the gyroscope for data collection

with participants.
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A.3.1 Methods

Apparatus

The head tracker from experiment 1 was mounted to the ridge of a pair of

earmuffs. Stimuli were presented on an elevated

Procedure

10 participants (6 female), age 26-52 (M = 32.1, SD = 8.2) were asked to
roll their head until they see a vertical line and then log the roll of their head
by pressing the space bar on the keyboard. The experiment was set up on an
HP Elitebook 8530p with an external monitor (Dell Panel Monitor S2340Tt)
elevated to be level with the participants’ heads (see Figure .

Figure A.4: Setup for demonstration 2.
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A.3.2 Results

The head-mounted head-tracker showed reliable data transmission. Every time
the demonstration required to record data from the head tracker, the data was
tracked. Although they are not as perfectly aligned with the trial angle, all
recorded data points seem to be plausible (see Figure . Deviations from the
trial angles seems to be rather due to human imperfection than tracking device

inaccuracies — especially in combination with demonstration 1.
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Figure A.5: head tracking data for all 10 participants.



140 A 7 DOLLAR HEAD TRACKER

A.3.3 Discussion

In this short paper, we proposed a cheap, lightweight Arduino-based device for
head position tracking. We demonstrated reasonably high accuracy of the tracking
device, making it suiTable for head position tracking in psychological experiments.
The device is less expensive than a full head-mounted eye-tracking device, making
it suiTable for medium to large scale testing. However, the device has to be
carefully calibrated each time it is used to give accurate sensor readings. We could
also not do away with the concerns of (Risko et al., 2014), who mentioned that
wearing a head tracking device might alter behavior as participants are constantly
reminded that they are tracked. Our experiments only covered the "roll” axis of

head rotation and thus cannot be extrapolated to other head motion patterns.
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