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Abstract

This research tackles the question of how unconscious cognitive effects affect map
reading. The project explores the theories of how the human mind processes infor-
mation in a way that does not follow logical reasoning, causing secondary effects like
erroneous interpretations and having a selective memory that retains particular fea-
tures, together with changes in attention. A new concept, perceptual distortions was
proposed as an umbrella term that could contain different cognitive effects emerging
from visual perception. Then, theoretical and practical criteria were applied to select
and test a handful of the impacts in an experiment that translated these concepts
into cartographic designs; ve cognitive biases were tested to nd their potential to
be related to cartography. A re ection on the results, which includes a signi cant
positive result for one of the effects (the Ostrich effect), highlights the relevance of
this topic and the need to expand the knowledge boundary for these effects; they
could play a signi cant role in how humans read and interpret maps.

Keywords: cognitive biases, optical illusions, perceptual distortions, psychology,
cognitive cartography, map reading
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Preface

There must have been moments even that
afternoon when Daisy tumbled short of his
[Gatsby's] dreams — not through her fault, but
because of the colossal vitality of his illusion.

— F. Scott Fitzgerald
The Great Gatsby

All humans are susceptible to misinterpreting reality and will mistake falsehood
for truth at some point in their lives. That is probably why Gatsby, the protagonist
in the famous novel by F. Scott Fitzgerald, became iconic: he lives in a world of
illusion, an experience everyone can relate to. He is trapped in the delusion of living
a perfect life rich in wealth and corresponding love with Daisy; his illusions collide
with reality throughout the novel. Although the present work does not deal with all
the intricacies of a character like Gatsby, it deals with the all-too-human experience
of seeing reality with tainted eyes. Gatsby falls into a misconception of his life and
relationship because he is unconsciously selective about what he wants to show the
world, his memories, and how he interprets the outcome of his actions.

F. Scott Fitzgerald contrasts fantasies with reality and warns readers against totally
surrendering themselves to the former. For him, people must not only know the
actual truth hidden by these illusions but also try to understand why they are believed
in the rst place. Even if readers are still prey to misinterpretation occasionally,
they can identify and recognize their mistakes, and their lives, unlike Gatsby's, will
not be lifelong tragedies. With the same spirit, this research aims to show hidden
mechanisms in the human mind and visual perception. In particular, it will deal
with maps. This ubiquitous and ever-present communication medium is widely
consumed and crucial to understanding and addressing signi cant global concerns
of the present.

Throughout the following chapters, this research project will seek to understand
how the human mind interprets cartographic information in modes that don't follow
formal logic. Which effects make the reader interpret data in a particular manner?
How do map readers tacitly choose what to pay attention to? And what do people
remember from the maps they see? The following research will aim to answer these
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questions by exploring theories of human cognition and perception and then putting
these ideas into practice with an experiment. The results of this experiment will
show which effects could be related to cartography.

Chapter 1  Preface



Introduction

2.1 Motivation and research problem

One of the reasons humans read and interpret information without perfect accuracy
is their innate tendency to search for and identify patterns; this unconscious search is
an integral part of their relationship with the material world. All of the observations
they make have the potential to be tainted by these effects; several disciplines,
mainly cognitive science, have documented the biases that affect the senses and,
in turn, the judgments made by humans.! So far, this has not been the case for
cartography, and the present research acts as a rst step in Iling this signi cant gap.
For many decades, the primary concern of cartographers has been to highlight how
maps need to oversimplify and always fall short of representing reality; it is also
clear now that cartography, like any other communication medium, is not neutral
and is always in uenced by political ideology. 2 In the theoretical model, where the
shortcomings of maps in representing objective rational truth are identi ed, the
role of the reader has yet to be fully understood. How do their cognitive processes
interact with the already imperfect and heavily edited information displayed on the
maps they read?

Some information visualization and cognitive science researchers provide the rst

hints to answer this question. They have discovered that visual perception processes
and attributes, such as contrast, size comparison, shading, and depth comprehension,
cause optical illusions and lead to misconceptions® These features are connected
to map design in elements such as elevation tints and labels. However, there are
crucial gaps in the research done so far. First, different terms are associated with

1. George A Miller, ,The cognitive revolution: a historical perspective,” Trends in Cognitive Sciences
7, no. 3 (March 2003): 141-144, https://doi.org/10.1016/S1364-6613(03)00029-9.

2. Mark Monmonier, How to Lie with Maps, Third Edition(Chicago, IL: University of Chicago Press,
April 2018), 1SBN: 978-0-226-43592-3; Daniel Weissenrieder, ,Critical Cartography,“ in Exploring
Platform Urbanism Using Counter-Mapping: Opening the Black Bad. Daniel Weissenrieder (Wiesbaden:
Springer Fachmedien, 2023), 57-81, https://doi.org/10.1007/978-3-658-40648-6_5.

3. Eric Alexander et al., ,Perceptual Biases in Font Size as a Data Encoding|EEE Transactions
on Visualization and Computer Graphic24, no. 8 (August 2018): 2397-2410, https://doi.org/10.
1109/TVCG.2017.2723397; Cindy Xiong et al., ,Investigating Perceptual Biases in Icon Arrays," in
Proceedings of the 2022 CHI Conference on Human Factors in Computing Syst€iik'22 (New York, NY,
USA: Association for Computing Machinery, 2022), 1-12, https://doi.org/10.1145/3491102.3501874;
Douglas J. Gillan, William Schmidt, and Richard J. Hanowski, ,The effect of the Muller-Lyer illusion
on map reading,” Perception & Psychophysi€d, no. 6 (August 1999): 1154-1167, https://doi.org/10.
3758/BF03207620.
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misapprehending the content of information visualizations. There can be illusions
and deceptions (when information is misunderstood) and cognitive biases (which
can cause many different effects related to remembering, associating, and estimating
probabilities, among others). These concepts explain speci ¢ effects, and there is no
sense of how they can be connected. Second, in the case of cartography, research has
been conducted to prove the effects of singular cognitive effects. For this reason, the
big picture is being missed: how do the particular conditions of human perception
that alter map reading be conceptualized with a more holistic approach?

This research answers these two challenges. First, it aims to create a new theoretical
framework that will encompass the different cognitive effects, whether biases or
optical illusions, into one group of phenomena that pertain to cartography. By
elaborating on this theory, it will be possible to understand the potential of map
design to trigger different unintended mental impacts on map readers. Second,
the research will use an empirical user studies method to evaluate the effects of
distortions on map readers but not on the scale of singular phenomena. On the
contrary, it will attempt to test the impact of multiple biases and illusions to obtain
the rst panoramic overview of the relationship between cognitive distortions and
cartography.

The newly proposed concept isperceptual distortions which will be used as an
umbrella term containing all cognitive effects. This idea initially emerged from
the context of computer science, suggesting that all human perception occurs as
a two-way process between what the eyes perceive and what the mind expects to
be seen? Because of this tension, human minds are prone to perceive nonexistent
patterns or relationships. This concept is broad enough to accommodate the already
identi ed distortions and new phenomena yet to be determined.

The second part of this research is the design and application of a user studies
methodology to determine empirically the proposed hypotheses. For this purpose,
a survey will be conducted to compare users' performance on two sets of maps.
One will be elaborated with standard authoritative cartographic design guidelines.
The second one will contain maps designed to trigger the cognitive distortions
explicitly. The users will be asked a series of questions regarding understanding and
interpreting the information afterward. After comparing users' performance when
reading the distortion-triggering map and the non-distortion-triggering map, the
signi cance of the effect can be evaluated.

4. Matthew M. Nour and Joseph M. Nour, ,Perceptual distortions and deceptions: what computers
can teach us,“BJPsych BulletiM1, no. 1 (February 2017): 37-40, https://doi.org/10.1192/pb.bp.115.
052142.

Chapter 2  Introduction



The results of the user studies will be analyzed to determine the signi cance of the

effects and the relationships between the different types of distortions. The survey
results will be used to judge the appropriateness of the conceptual framework and
its capacity to approach the different perceptual distortions affecting map reading.
Finally, the research results will be used to conceptualize the creation of an atlas
designed for a broader audience; it will try to show the readers how visual perception

might not deliver a clear picture of data during map reading.

The widespread creation of maps through accessible cartography tools can spread
distortions and unintended effects. The surge of Al technologies will accelerate this
trajectory. This research raises awareness among cartographers and cognitive scien-
tists about developing map guidelines. It helps experts and non-experts approach any
map more cautiously. The following sections establish the main questions, objectives,
and overall framework used during the research process.

2.2 Research objectives and questions

2.2.1 Main objective

This research aims to identify the perceptual distortionsthat map reading can trig-
ger and to determine their effects on how map readers understand cartographic
products.

2.2.2 Secondary objectives

1. Study the literature on cognitive effects that subconsciously alter the interpreta-
tion of visual information and review their effects in the context of information
visualization and cartography to discern which could be relevant to map
reading.

2. Synthesize the ndings into a new theoretical framework that can group these
mishaps into a distinct group of phenomena that studies perceptual problems

of vision in the context of reading cartographic products.

3. Develop a user testing methodology to empirically demonstrate these distor-
tions' presence and impact on map reading.

4. Analyze the results of the user testing data and re ect on the effects of the
effects studied.

2.2 Research objectives and questions 5



5. Examine the distinct implications of the studied cognitive effects for carto-
graphic elaboration and design theories.

6. Develop the process for creating an open-access publication to present research
ndings to a broader audience.

2.2.3 Research questions

1. According to the literature, which cognitive effects could be relevant to map
reading?

2. Which cartographic design elements could be used as stimuli to trigger the
effects?

3. What is an appropriate user testing methodology to empirically test the impacts
of these stimuli on map reading?

4. How can the results of the user testing be analyzed?

5. How can the academic knowledge of the found cognitive effects be translated
into a wide-access publication that would illustrate the phenomena to a broader
audience?

2.3 Anticipated limitations
Due to time constraints, the following limitations are anticipated:

» Because of the duration and resources of the present research, only a handful
of phenomena can be examined; their selection will be thoroughly discussed.
The remaining effects will need to be studied in the future.

» Contemporary cartography has many interactivity possibilities in the digital
realm. These aspects are also beyond the reach of this research project. The
complexity of interactive interfaces also requires separate, further specialized
research.

» Cartography is not limited to the visual realm; map elaboration makes other
perception channels possible. Due to the already extensive reach of this
research, only visual perception stimuli are considered. Further research must
include different kinds of perception, such as hearing or tactility.

Chapter 2  Introduction



2.4 Thesis structure

Chapter 3: Literature Review

This section will explore the literature on human cognition and how different effects
have been studied in the context of cartography and information visualization.
Reviewing this literature aims to synthesize a list of the impacts that can be triggered
during map reading for the testing phase. This section will also discuss how the
concept of perceptual distortiongepresents an opportunity to consolidate the research
about cognitive effects that impact map-reading.

Chapter 4: Methodology

In the third chapter, the design and implementation of the user study will be
discussed. It will explain how the different maps were created and evaluated and
the various design choices made to create the two sets of maps that will be tested.
Additionally, details will be provided on which performance metrics were measured
during the study. The distribution of the survey to users and the technological
interface used for the testing will also be discussed.

Chapter 5: Results

The statistical results from the study will be shown. The data will be visualized in
graphs, and statistical tests will be run to evaluate the signi cance of the outcomes.

Chapter 6: Discussion

A comprehensive discussion of the interpretation of the data will be offered. The
discussion aims to shed light on the impact of the effects selected during the rst part
of the study, con rming or rejecting the hypotheses related to these phenomena.

Chapter 7: Atlas

This chapter provides a detailed plan for creating an atlas to effectively convey the
results of this research. The atlas will summarize the theoretical approaches explored
in the research and demonstrate various examples of the studied effects and their
in uence on map reading.

Chapter 8: Conclusion

The conclusion will evaluate if the present research ful lled its objectives. The prior-
ity will be to discern if the study of perceptual distortionsis relevant for cartography.
Final considerations about the implications of the results will be offered, and paths
for further research will be discussed.

2.4 Thesis structure






Literature review

3.1 Introduction

This review will establish the essential bodies of work that deal with cognitive
effects triggered by visual perception. Initially, the discussion will revolve around
the general cartographic notions necessary to connect the study of cognitive effects
with map design. The concepts dealing with forms of misapprehension in the human
mind will be addressed, allowing for synthesizing these effects into a new conceptual
framework. Subsequently, state-of-the-art knowledge of how misapprehension
operates, the impact it produces, and its testing in cognitive science in the context of
information visualization will be discussed. An overview of different categorizations
and mental effects of information perception will be provided. Then, a list of selected
distortions relevant to cartography will be proposed, and some hypotheses about
their relationship to cartography will be formulated.

3.2 Cartography: a communication and
visualization medium

In the past 70 years, different perspectives emerging from theoretical and emerg-
ing technological possibilities shaped cartography. The theorists Azécar Fernandez
and Buchroithner extensively review these academic endeavors. Their theoret-
ical framework is based on the concept ofparadigm posed by Thomas Kuhr? A
paradigm is a foundational epistemic view that becomes the dominant perspective
of a scienti ¢ discipline; each paradigm has a distinct set of methods and research
agendas. The view of paradigmatic perspectives in cartography is widely accepted
and further used in more discipline analyses, such as the one done by Gartner
and Fairbairn.® Azécar and Buchroithner identi ed four paradigms in cartography:

1. P.ILA. Fernandez and M.F. Buchroithner,Paradigms in Cartography: An Epistemological Review of
the 20th and 21st CenturiegSpringer Berlin Heidelberg, 2013), 1sBN: 978-3-642-38893-4.

2. Thomas S. Kuhn,The structure of scienti ¢ revolutions International encyclopedia of uni ed
science, 2,2 (Chicago: Univ. of Chicago Press, 1994),SBN: 978-0-226-45803-8 978-0-226-45804-5.

3. David Fairbairn, Georg Gartner, and Michael P. Peterson, ,Epistemological thoughts on the success
of maps and the role of cartography,” Publisher: Taylor & Francis, International Journal of Cartography
7, no. 3 (September 2021): 317-331, https://doi.org/10.1080/23729333.2021.1972909.
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cartographic communication, cartographic visualization, analytical cartography, and
cartosemiotics.

The most relevant theory for the present research, shared by both classi cations
of paradigms, is the school of cartographic communication and information visual-
ization. The former was the primary model for understanding the role of maps in
society in the 60s. It emerged as a theoretical proposal that framed maps inside of
communication theories. The mapmaker works with data and builds a message with
cartographic techniques, which is transmitted to the viewer when she reads the map.
Through maps, complex geographical data can be distilled into clear and concise
visual representations, enabling ef cient communication of spatial relationships,
distributions, and patterns.

Due to increased computational capacity, cartographic research has transitioned from
the cartographic communication paradigm to the scienti ¢ visualization paradigm. *
The communication theory struggled to keep pace with the rapid progress in com-
puter graphics, data integration with databases, and the emergence of the World
Wide Web. However, there was a research component of cartographic communica-
tion that was reinvigorated. The aspect in question is the cognitive questions about
maps, in which researchers studied patterns of map reading. In the cartographic
communication paradigm, researchers began answering questions like how a reader
approaches a map and how they direct their gaze; which graphic elements of carto-
graphic design are perceived rst?® This is the rst link between cartography and
guestions regarding cognition.

With the emergence of the scienti ¢ visualization paradigm, the possibilities of

maps have multiplied, adding an interactive dimension that has made the cognitive
guestions even more far-reaching. This connection is also the starting point for
introducing the problems of cognitive biases and other forms of visual trickery into

cartography. The following section will discuss the history of the concepts relevant
to illusion and deception in cognitive science to provide an overview of the domain

knowledge required to pursue this research project.

4. A. Antle, ,Shifting paradigms: from cartographic communication to scienti ¢ visualization,*
Publisher: NRC Research Pres$GEOMATICAS3, no. 2 (April 1999): 149-155, https://doi.org/10.
5623/geomat-1999-0023.

5. Daniel R. Montello, ,Cognitive Map-Design Research in the Twentieth Century: Theoretical and
Empirical Approaches,“ Publisher: Taylor & Francis,Cartography and Geographic Information Science
29, no. 3 (January 2002): 283-304, https://doi.org/10.1559/152304002782008503.

Chapter 3  Literature review



3.3 Forms of misapprehension: a conceptual
review

3.3.1 A revision of basic concepts regarding cognition

Questions about how human minds process information have troubled thinkers for
centuries. The current approach to understanding the vast amalgam of misapprehen-
sion connected to the human mind's intricacies is inextricably linked with the concept
of heuristics.® This term emerged in Western philosophy right at its beginning, as
discussions on the nature of knowledge and society in ancient Greece took place. In
its original context, heuriskowas a term associated with discovery; it was the method
through which answers are found; ancient Greeks used this concept, for example, to
nd solutions for geometrical problems. The term does not necessarily suggest an
erroneous deviation from reality. It portrays the opposite in a way, as it was initially
formulated as a mental tool used to approach reality and gain or con rm knowledge
by extracting previously unknown information.

Different heuristics were applied in philosophical inquiry for hundreds of years
according to distinct epistemological interests in particular historical contexts. The
understanding of the term shifted for contemporary scholars, who have heavily
criticized this notion. The work of Kahneman and Tversky, which started in the
1970s, is the cornerstone of this effort.” These psychologists showed that mental
problem-solving methods are not always reliable® They showed that humans reach
conclusions by relying on mind systems derived from perception and memory rather
than pure logic; this causes us to have an incorrect grasp of reality, For example, an
experiment proved that people trying to estimate the probability of an event would
assess their answers by trying to remember instances of that incident rather than by
observing statistical data. This evidence proved that humans have speci ¢ systematic
patterns of erroneous deviations in our perception of reality; this description of an
effect was coined as the standard de nition for cognitive bias'®

6. Mohamad Hjeij and Arnis Vilks, ,A brief history of heuristics: how did research on heuristics
evolve?,“ Publisher: Palgrave,Humanities and Social Sciences Communicatioh8, no. 1 (February
2023): 1-15, https://doi.org/10.1057/s41599-023-01542-z.

7. It's important to note that heuristics is a currently controversial and debated term; although
Kahneman and Tversky's approach became widely popular, there is currently no dominant de nition.

8. Daniel Kahneman and Gary Klein, ,Conditions for intuitive expertise: A failure to disagree.,”
American Psychologi#t4, no. 6 (2009): 515-526, https://doi.org/10.1037/a0016755.

9. Jeffrey J. Rachlinski, ,Heuristics, Biases, and Philosophy,Cornell Law Faculty Publicationg3, no.
Paper 1080 (2008), http://scholarship.law.cornell.edu/facpub/1080.

10. The concept of cognitive bias should not be confused with the everyday use of the word bias,
which means to favor something or someone over other choices.

3.3 Forms of misapprehension: a conceptual review
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Since Kahneman and Tversky's proposition, several other researchers have expanded
on the ideas of heuristics and cognitive biases. The latter notion has been signi cantly
broadened, and hundreds of biases have been documented in the literaturé?!
This concept has become paramount in any eld related to human behavior, such
as psychology, information visualization, cognitive science, evolutionary biology,
behavioral economics, and marketing. Because of this accelerated development and
bifurcations into the interests of various research agendas, consolidating a complete
list of cognitive biases is an enormous task. Throughout the years, authors have
constructed different categorizations of all biases and tried to provide a holistic view
of the phenomenal? The approaches used for this effort try to pinpoint the criteria

to group them. One of the main approaches was proposed by Kahneman and Tversky
themselves; their taxonomy is based on heuristics, and they try to establish biases
related to particular mind processes?!® There are other categorizations according to,
for example, the kind of situation in which the bias is triggered. An example is the
Codex of biases shown in Figure 3.1. These biases might be triggered by seeing too
many details at once or, on the other hand, not having enough information available,
being in a situation where fast action is necessary, or trying to select elements to be
remembered.

These broad categorizations of cognitive biases show how scholars try to classify
them from a general comprehensive list. However, disciplines usually have to deal
with a smaller subset of biases and speci ¢ categorization classes related to the
eld's particular points of interest. Because of the relationship between cartography
and information visualization, a way to approach cognitive biases in cartography
is to evaluate the taxonomies already suggested in this related eld. The most
exhaustive is the study mentioned above by researchers led by Dimara* In this
work, a complete list that compiled all known biases was ranked according to which
of them had been proved or theoretically linked with information visualization. The
researchers categorized bias based on users' tasks in related studies. They sorted the
effects into the following classi cations: 1) Estimation, 2) Decision, 3) Hypothesis
Assessment, 4) Causal Attribution, 5) Recall, 6) Opinion Reporting, and 7) Other.
This classi cation is shown in Figure 3.2.

11. André Calero Valdez, Martina Zie e, and Michael Sedimair, ,,Studying Biases in Visualization
Research: Framework and Methods," inCognitive Biases in Visualizationsed. Geoffrey Ellis (Cham:
Springer International Publishing, 2018), 13-27, https://doi.org/10.1007/978-3-319-95831-6_2.

12. Evanthia Dimara et al., ,A Task-Based Taxonomy of Cognitive Biases for Information Visualiza-
tion," Conference Name: IEEE Transactions on Visualization and Computer GraphicdEEE Transactions
on Visualization and Computer Graphic&6, no. 2 (February 2020): 1413-1432, https://doi.org/10.
1109/TVCG.2018.2872577.

13. Kahneman and Klein, ,,Conditions for intuitive expertise.”

14. Dimara et al., ,A Task-Based Taxonomy of Cognitive Biases for Information Visualization.”
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Fig. 3.1.: Buster Codex of biases, redesign by Valdez. Calero Valdez, Zie e, and Sedimair,
"Studying Biases in Visualization Research," in Cognitive Biases in Visualizations,
ed. Ellis, 2018.

Researchers led by Valdez added another method to classify biases in information
visualization.'® This proposal differs from the previous one regarding how categories
are formed. Instead of following user tasks, the researchers focused on different
moments in the cycle of reading and interpreting information. They conceptualized
three stages of cognition in which biases can occur. The rst level appears at the
moment of perception on the psycho-motor level; these are named perceptual
biases. The second level occurs during the processing and mapping of perceived
information into a cognitive model and is called action bias. The nal stage of biases
is social biases. These biases affect judgment as people consider the implications of
perceived information inside their social context. Social biases are likely in uenced
by the social and cultural contexts of the subject; this is not the case for action
and perceptual biases. This classi cation is illustrated in Figure 3.3. The various
categories used by these taxonomies will be discussed in section 3.4 to support
selecting a group of cognitive biases relevant to cartography.

Although cognitive biases have a vast amalgam of effects, not all perceptual mishaps
occur because of them. Another essential concept in identifying perceptual prob-

15. Calero Valdez, Zie e, and SedImair, ,Studying Biases in Visualization Research.”
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Fig. 3.2.: A taxonomy of biases for information visualization. Dimara et al., "A Task-Based
Taxonomy of Cognitive Biases for Information Visualization," IEEE Transactions
on Visualization and Computer Graphics, 2020.

lems in visualization and cartography is the notion of optical illusion.'® Optical
illusions are images that deceive human vision and alter how the material world
is perceived!’ The most signi cant difference they have from cognitive biases is
that historically, illusions exist in contrast to a veri able reality that directly clashes
with them. While cognitive biases also have a tension with reality, the deviation
they produce on the observer is more nuanced than the stark disparity between the
illusion and the faithful truth. Another difference between both concepts is that
cognitive biases occur in various scenarios. Some tasks are related to reading data,
but biases can occur in different settings and everyday tasks. In contrast, illusions
arise when looking at speci ¢ visual patterns found in images. An example of an
illusion is the Muller-Lyer type in Figure 3.4. In this vision trap, the lines with arrows
are perceived as having different lengths; a careful observation reveals that they are
the same size.

Several studies have shown that certain optical illusions can in uence how maps are
read. Although these studies are limited in number and lack a clear connection to a
broader research agenda, they should still be included in any comprehensive effort
to understand the different cognitive effects played during map reading. Further
discussion with a detailed explanation of optical illusions related to cartography will
be done in section 3.4.

16. In the literature, they are sometimes called visual illusions.
17. Dejan Todorovic, ,What Are Visual lllusions?," Publisher: SAGE Publications Ltd STMPerception
49, no. 11 (November 2020): 1128-1199, https://doi.org/10.1177/0301006620962279.
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Fig. 3.3.: Cognitive biases in different phases of cognition. Calero Valdez, Zie e, and
Sedlmair, "Studying Biases in Visualization Research," in Cognitive Biases in
Visualizations, ed. Ellis, 2018.

3.3.2 Perceptual distortions: a broad view to the possibilities
of trickery

Revising the concepts mentioned above reveals a rich panorama for visual trickery.
Nevertheless, there are signi cant tensions and disconnections. The ideas of cog-
nitive biases and optical illusions have a close relationship, but in the literature,
a comparison or a theoretical relationship between them is rarely discussed. Fur-
thermore, the division of these categories is ambiguous; they are sometimes used
interchangeably. They are both placed at the center of different studies and in turn,
the opposing term is used based on its dictionary de nition and not on its whole
conceptual baggage.

Because of this lack of discussion and connections, a new concept that can be an
umbrella term for optical illusions and cognitive biases is proposed. This idea doesn't

3.3 Forms of misapprehension: a conceptual review 15
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Fig. 3.4.: A graphic example of the Muller-Lyer illusion. Gillan, Schmidt, and Hanowski,
"The Effect of the Miller-Lyer Illusion on Map Reading," Perception & Psy-
chophysics, 1999.

have the baggage and development as the former ones. Still, it has a straightforward
and clear de nition with the potential to work as a bridge between these concepts.

The idea in question is perceptual distortion it was coined by the psychiatrists Nour

and Nour.18

The authors of the given text present a unique perspective on perception and
deception. They argue that the problem of misunderstanding reality arises from the
con ict between what is observed and what is expected to be seen. Visual perception
is impossible without expectations, and the ow of information from the eyes to the
brain goes in both directions. The mind tries to understand what it observes, which
involves constantly comparing expected outcomes with the actual image. This theory
has been validated in machine learning, where advanced neural networks have
successfully emulated human vision patterns to create computer systems capable of
identifying objects with equal or better accuracy than people.

Both concepts of cognitive biases and optical illusions are compatible with the
model of perceptual distortions Scientists studying phenomena related to both
concepts have pointed out that human perception is fallible because the mind
constantly searches for recognizable patterns-® This predisposition to seek patterns
can lead to cognitive biases, where subjective factors rather than objective evidence
in uence judgment and decision-making processes. Additionally, optical illusions
demonstrate how visual perception can be manipulated, leading to misinterpretation
or misjudging the information received by the senses. These phenomena highlight

18. Nour and Nour, ,Perceptual distortions and deceptions.”

19. Richard L. Gregory, ,Knowledge in perception and illusion,” ed. J. Anderson, H. B. Barlow, and
R. L. Gregory,Philosophical Transactions of the Royal Society of London. Series B: Biological Sci@x&s
no. 1358 (August 1997): 1121-1127, https://doi.org/10.1098/rsth.1997.0095.
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the intricate nature of human perception and the potential for distortions to occur in
various scenarios.

Several psychological and physiological systems are related to this dual model. From
a psychological standpoint, cognitive biases can be attributed to mental shortcuts and
heuristics that the brain employs to process information more ef ciently. Meanwhile,
the study of optical illusions sheds light on how the visual system processes and
interprets sensory input, revealing the complexities of perception at a physiological
level. Understanding these interconnected systems provides valuable insights into
human perception and cognition circumstances.

3.4 Selecting phenomena: perceptual distortions
involved in map reading

3.4.1 Cognitive biases selection criteria

The various phenomena of visual trickery are now grouped into the concept of
perceptual distortions A limited number of these phenomena will be selected for
user-testing experiments. The rst major consideration is the decision to focus
only on cognitive biases, leaving optical illusions aside. As stated, the study of
optical illusions emerges from optics and neuroscience, two highly specialized
knowledge domains that require more specialized approaches from experts in these
elds. Regarding cognitive biases, an initial inquiry will be conducted using several
ltering methods, which will be clari ed in this section. The primary criterion for
selection will involve identifying biases that have a well-established association with
information visualization. Subsequent criteria will include the selection of biases
that speci cally occur during map-reading, with effects not contingent on contextual
information related to memories of speci c individuals or cultural values of particular
groups of people. The complexity of considering such contextual details cannot
be adequately controlled in the present study due to limited time and resources.
Notably, many excluded biases should not be discarded altogether, as they could still
be signi cant in cartography.

The initial list of biases comprises over 170 identi ed by researchers led by Dimara,
which were subsequently ltered to 150 phenomena with empirical evidence suf -
ciently supported in scienti c literature. ?° A review of the studies related to each
bias by these authors revealed that only speci ¢ biases had the potential to be related
to information visualization, and they were ranked according to the level of research

20. Dimara et al., ,A Task-Based Taxonomy of Cognitive Biases for Information Visualization.”

3.4 Selecting phenomena: perceptual distortions involved in map reading

17



18

that has been able to substantiate their purported relationship. They ranked the
biases with numbers from one to eight. A higher number indicates more evidence for
a signi cant relationship with information visualization. At the top level, evidence
suggests reducing cognitive bias in visualization (8), followed by evidence of its pres-
ence (7). Some topics are studied within visualization, but there's no clear evidence
of their presence or reduction (6). Others are considered essential but have not yet
been studied (5). Then, there are phenomena not yet discussed in visualization but
likely relevant (4), those probably pertinent (3), and those potentially relevant (2)
to visualization. At the lowest level, some aspects' relevance to visualization remains
unclear (1). A threshold was applied after an initial assessment, starting at category
four. Cognitive biases below this level don't show enough potential to be related to
cartography and, thus, are excluded from further consideration. Nevertheless, there
is a possibility that some of them should be reconsidered in the future.

After Itering the list, the number of elements was reduced to 73. Theoretical
criteria based on the Valdez model were applied to re ne the selection further. As
explained, this model describes three stages in a cycle of perception, each subject
to a speci c kind of bias. The third stage, susceptible to social biases, reveals that
biases can occur concerning particular societal beliefs and culture$! These biases
were not chosen in the present selection, as they are subject to more granular
differences between individuals and their contexts. To apply this Iter, an analytical
evaluation of which biases must be executed since Valdez's brief taxonomy doesn't
comprehensively classify the whole list. Therefore, the taxonomy of Dimara was
used as a starting point to determine how the remaining list ts into the categories
proposed by Valdez. The research group identi ed seven types of biases, including
biases in opinion reporting and decision-making groups, which are secondary effects
related to perception: they involve considering other individuals and the cultural
and social values of the subject. They are connected to perception, but further
considerations of societal level have an essential role, which means they t the
criteria to be considered social biases. Thus, they were also excluded from the
analysis.

Looking further into the Dimara taxonomy;, there is a subcategory of biases created by
the authors that they refer to as avors within the type of task involved, which was

devised to elaborate on further connections within the different types of biases. The
identi ed types are association, where cognition is biased by associative connections
between information items; baseline, where cognition is biased by comparison
with what is perceived as a base value; inertia, where cognition is biased by the
prospect of changing the current state; outcome, where cognition is biased by how
well something ts an expected or desired result; and self-perspective, where a

21. Calero Valdez, Zie e, and Sedlmair, ,Studying Biases in Visualization Research.”
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self-oriented viewpoint biases cognition.?? The intersection between the rst level of
task-based categorization and the avors is presented in Figure 3.5.

Fig. 3.5.: Flavors of biases in task-based taxonomy, colors encode task-category: estimation
is blue, decision is red, hypothesis assessment is dark green, causal attribution is
light green, recall is pink, opinion reporting is yellow, and other is orange. Dimara
et al., "A Task-Based Taxonomy of Cognitive Biases for Information Visualization,"
IEEE Transactions on Visualization and Computer Graphics, 2020.

Among these subcategories, biases about the groups of self-perspective and inertia
also possess societal dimensions that extend beyond the scope of the discussed
parameters. These two categories deal with aspects of cognition in which individuals
necessarily re ect on themselves, as in the case of self-perspective; on the other
hand, they manage preconceived expectations shaped by societal and cultural values.
The latter is the case for inertia biases, which deal with preconceived notions of a
baseline state predetermined before the subject interacts with data. These sub-tasks
connect the cognition of a subject with an inner or outer sense molded by individual

or collective aspects that belong to the social realm.

After conducting multiple selection processes, the potential biases are narrowed to 35
elements. However, further ltering is still warranted. The remaining consideration

is that graphic communication must be the main factor that triggers biases during
map reading. Some remaining biases are rooted in statistical considerations and
calculations involving any numerical value presentation, whether through charts,
graphs, or maps. In these instances, cognitive errors occur as humans interpret
and establish relationships between the values, irrespective of how those numbers
are communicated. Other remaining biases manifest in various scenarios, such as
hearing stories, recalling items from lists, constructing arguments from previous
experiences, and recalling experiences of events that occurred before the bias was
triggered; this is why they can also be considered outside of the scope of this research.

22. Dimara et al., ,A Task-Based Taxonomy of Cognitive Biases for Information Visualization.”
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The remaining selection of biases will be discussed in the following Table 3.1, which
provides names and brief explanations from the taxonomy led by Dimara?? In the
third column of the table, an evaluation of the biases assesses if they can be related
to cartography, making it possible to formulate a hypothesis. It is essential to state
that biases discarded at this stage still have the potential to be studied; the main
reason for not pursuing them is the requirement of very specialized knowledge in
other domains and particular aspects that make the research design too complex for
the scope of this investigation.

Bias

Description

Main Focus

Anchoring

Estimation by rst piece of infor-
mation

Deals with memories

Availability bias

Events are more probable if they
are easy to remember

Deal with previous mem-
ories

Base rate fallacy

Ignore base rate probability of
general population

Based on numerical rea-
soning

Bizarreness effect

Easier to recall bizarre items

Possibly map-reading re-
lated

Clustering illusion

Seeing patterns in noise, e.g.,
clusters in a dot eld

Possibly map-reading re-
lated

Con rmation bias

Favor reasoning or information
that con rms preferred hypothe-
sis

Deals with memories

Congruence bias

Seeking con rmation of the pre-
ferred hypothesis, but not for al-
ternatives

Focuses on creation of ar-
guments

Conjunction fallacy

Speci c outcomes more probable
than general

Based on numerical rea-
soning

Cue-dependent
ting

forget-

Failure to recall information with-
out memory cues

Deals with memories

Dunning-Kruger effect

Low-ability people overestimate
their performance (opposite for
high-ability)

Focus on self-evaluation

Exaggerated expectation

Exaggerating evidence to ta con-
clusion

Focuses on the creation
of arguments

Gambler's fallacy

Current outcome that is more fre-
guent will be less frequent in fu-
ture

Based on numerical rea-
soning

Hindsight bias

Recall past predictions as more ac-

curate after seeing the outcome

Deals with memories

23. Dimara et al., ,A Task-Based Taxonomy of Cognitive Biases for Information Visualization.”
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Bias

Description

Main Focus

Hot-hand fallacy

Current outcome that is more fre-
quent will be more frequent in fu-
ture

Based on numerical rea-
soning

lllusion of validity

Overcondence in judgment

based on intuition and anecdotes

Focuses self-

evaluation

on

lllusory correlation

Perceived relationship between
variables that do not exist

Possibly map-reading re-
lated

lllusory truth effect

Statement considered accurate af-
ter repeated exposure to it

Deals with memories

Information bias

Seek additional information irrel-
evant to a hypothesis or action

Focuses on the creation
of arguments

Insensitivity to sample
size

Estimate probability ignoring sam-
ple size

Based on numerical rea-
soning

Leveling and sharpening

Recall sharpens some features
weakens others

Focuses on a speci ¢ acH
tivity: hearing stories

Levels of processing ef-
fect

Easier to recall the result of
deep-level analysis

Possibly map-reading re-
lated

List-length effect

Harder to recall items from longer
lists

Happens in lists

Modality effect

Easier to recall items presented
auditorily than visually

Not studying auditory
stimuli

Ostrich effect

Avoiding negative information

Possibly map-reading re-
lated

Pareidolia

Seeing faces in noise, e.g., in
your toast

Possibly map-reading re-
lated

Part-list cueing effect

Harder to recall material after re-
exposure to subset

Deals with memories

Picture superiority effect

Easier to recall images (symbolic
representations) than words

Possibly map-reading re-
lated

Planning fallacy

Overoptimistic task completion
predictions, especially for self

Focuses self-

evaluation

on

Processing dif culty ef-
fect

Easier to recall information
which was hard to comprehend

Possibly map-reading re-
lated

Regressive bias

Overestimate high probabilities
underestimate low ones

Based on numerical rea-
soning

Serial-positioning effect

Best recall rst (priority) and last
(recency) items in a series

Happens in lists

Subadditivity effect

Overall probability less than the

probabilities of the parts

Based on numerical rea-
soning

3.4 Selecting phenomena: perceptual distortions involved in map reading
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Bias Description Main Focus

Time-saving bias Overestimate time saved when in-| Focuses on a speci ¢ ac-
creasing speed tivity: transportation

Von Restorff effect Distinct items are better remem- | Possibly map-reading re-
bered lated

Weber-Fechner law Failure to perceive slight differ- | Possibly map-reading re-
ences in large quantities lated

Tab. 3.1.: Selection of candidate biases from the list

This selection narrows down the possible biases to a handful of elements. In the
following section, each bias will be elaborated upon. It will also be assessed whether
the current research can study these biases by evaluating the feasibility of proposing
a hypothesis regarding their relationship with cartography.

3.4.2 List of potentially relevant cognitive biases

Clustering illusion:

The Clustering illusion is the effect by which people perceive clusters or inexistent
data patterns when observing a random distribution of points.?* This phenomenon
is related to the representative heuristic in which people make false generalizations
based on the data they have available at the moment due to thought patterns that
seek to achieve some kind of interpretation, even when there's not enough data to
support it. Theoretically, this effect would impact the perception of point data in
maps, causing false impressions in the map reader's understanding. An experiment
will determine if the clustering illusion leads users to see some non-existent patterns.
In this case, bias affects visual information processing and the users' reasoning,
leading to an erroneous data reading.

lllusory correlation:

The lllusory correlation produces the false impression that two variables are corre-
lated, but they are not, or the effect is much weaker than assumed?® When people
try to understand relationships or causality between events, they tend to think
that things that co-occur must have a connection. This bias is also related to the
availability heuristic described before, as people reach conclusions based on the

24. Geoffrey Ellis and Alan Dix, ,Decision Making Under Uncertainty in Visualisation?,“ 2015, accessed
August 30, 2024, https://kops.uni-konstanz.de/handle/123456789/32219.

25. Loren J. Chapman and Jean P. Chapman, ,The basis of illusory correlation.,Journal of Abnormal
Psychology84, no. 5 (October 1975): 574-575, https://doi.org/10.1037/h0077112.

Chapter 3  Literature review



partial information they can access. The upcoming experiment will test if visual
representations on maps can in uence users' perceptions of relationships between
variables, and bi-variate maps will be used to test this effect. By creating a map that
visually exaggerates the association between two variables, it should be possible to
amplify a false sense of connection between the datasets. This bias, as the previous
one, has the effect of deception, which misleads people into having false beliefs.

Levels of processing effect:

This effect impacts the recalling of information; it states that data apprehended
with a deeper level of analysis will be remembered more effortlessly than the results
of a shallower level.?® The levels of analysis described by the effect are semantic;
re ecting on the meaning of things and their connection to other concepts creates a
more profound cognitive process than just apprehending their basic structure. An
example is learning words; the vocabulary learned by thinking about the meaning of
words and their connection to other words would be remembered more easily than
vocabulary just memorized by its spelling or pronunciation. This effect could be
related to cartography, but eliciting this semantic connectedness and introspection
for the readers is a complex task that requires a specialized research design. It would
also encompass knowing and considering participants' interests, a specialized task
requiring a more focused research design.

Ostrich effect:

The Ostrich effect impacts people's viewing time when facing harmful and distressing
information, which they try to avoid and, therefore, is observed for shorter periods.
An example is people's nancial information; it was found that during economic
crises, investors don't look at their portfolio as often as in a thriving market because
the value of their assets is declining?’ In the present research, undesirable infor-
mation will be represented on maps to study viewing time patterns. An experiment
will test this effect by trying to increase negative emotions on map design by using
in ammatory visual design and evaluating how long people will observe the map.
This bias impacts the temporal attention span, unlike the rest of the ones listed
here.

Pareidolia:
Pareidolia is the phenomenon of identifying visually familiar objects in unrelated
images?® A classic example is identifying human faces or animal silhouettes on

26. Fergus |. M. Craik and Endel Tulving, ,Depth of processing and the retention of words in episodic
memory,”“ Place: US Publisher: American Psychological Associatiorlournal of Experimental Psychology:
Generall04, no. 3 (1975): 268-294, https://doi.org/10.1037/0096-3445.104.3.268.

27. Niklas Karlsson, George Loewenstein, and Duane Seppi, , The ostrich effect: Selective attention
to information,” Journal of Risk and Uncertainty38, no. 2 (April 2009): 95-115, https://doi.org/10.
1007/s11166-009-9060-6.

28. Joel L. Voss, Kara D. Federmeier, and Ken A. Paller, ,The potato chip really does look like
Elvis! Neural hallmarks of conceptual processing associated with nding novel shapes subjectively
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cloud shapes. It is possible that people would nd familiar objects in map designs.
Sitill, it is unclear how this phenomenon would be meaningful in changing how the
reader interprets the information. After all, these occurrences are spontaneous and
sporadic. It's also dif cult to study since it would require knowing which objects are
familiar to different map readers, which is a high-complexity task. This effect was
not chosen to be studied in this research design.

Picture superiority effect:

The Picture superiority effect dictates that people remember more information
transmitted in image form than in words. 2° This effect could be related to cartography.
Nonetheless, it is complicated to test since maps are always a combination of image
and text, making it hard to isolate the effect. Perhaps tests about replacing speci ¢
labels with symbols could be evaluated, but in cartographic designs, usually, all
symbols should be textually described in legends. Because of these dif culties, it
was decided not to pursue research on this element.

Processing dif culty effect:

This effect describes how memorization processes are more ef cient for complicated
and complex information that is hard to understand. Due to the dif culty of pro-
cessing the data, people are more focused, which increases the chance that they
will remember what they learned in the future, in contrast to quickly forgetting
information that was easier to digest.3° For the experiment, a test will evaluate if the
complexity of map design can impact how effectively users remember map features.
Unlike the previous effects, this effect has an impact on memory.

Von Restorff and Bizarreness effect:

The Von Restorff effect dictates that when presented with similar elements, people
are more likely to remember the one that had some distinct feature that broke
from the homogeneity of the group.3! The different element instantly becomes
more salient, which is why its memorability increases. The Bizarreness effect is
highly related to the Von Restorff effect. Still, the former is speci ¢ in describing
that the memorability of some elements is because they surprise the user and are
unexpected, and thus, become more memorable. In simplest terms, the Bizarreness

meaningful,“ Cerebral Cortex (New York, N.Y.: 199122, no. 10 (October 2012): 2354-2364, https:
//doi.org/10.1093/cercor/bhr315.

29. Dawn M. McBride and Barbara Anne Dosher, ,A comparison of conscious and automatic memory
processes for picture and word stimuli: a process dissociation analysis,Consciousness and Cognition
11, no. 3 (September 2002): 423-460, https://doi.org/10.1016/s1053-8100(02)00007-7.

30. Edward J. O'Brien and Jerome L. Myers, ,When comprehension dif culty improves memory for
text,” Journal of Experimental Psychology: Learning, Memory, and Cognitiéd, no. 1 (1985): 12-21,
https://doi.org/10.1037/0278-7393.11.1.12.

31. A. Parker, E. Wilding, and C. Akerman, ,,The Von Restorff effect in visual object recognition
memory in humans and monkeys. The role of frontal/perirhinal interaction,” Journal of Cognitive
Neurosciencd0, no. 6 (November 1998): 691703, https://doi.org/10.1162/089892998563103.
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effect describes how unusual and bizarre information is easily recalled®? Some
authors establish that this bias is a sub-type of the Von Restorff effecé® Because of
the high similarity between these ideas, they will be studied under the more general
concepts of the Von Restorff effect in this research project. In the experiment, the
participants will be exposed to map symbols that will try activating these effects and
later have to recall them. As with the previous bias, this effect impacts memory.

Weber-Fechner law:

This effect describes how humans visually perceive differences in size between sym-
bols. It states that to produce optimal visual contrast with sizes between objects, they
must be logarithmically enlarged in a constant pattern. As the intensity of a stimulus
increases, the amount of increase needed for a noticeable difference also increasés.
This phenomenon has been thoroughly tested in information visualization; ndings
suggest that many different visualization techniques should consider this law to
make the data easily readable.

The awareness of the Weber-Fechner law is well-known in cartography. Almost all
cartographic guidelines consider a logarithmic increment necessary to optimize the
contrast between size differences®® Since it has been established that the symboliza-
tion of quantities through proportional symbols follows this law, the research will
not consider designing an experiment for this effect.

3.4.3 Optical illusions in cartography

A couple of optical illusions have been documented in the literature for cartography:
the Terrain reversal effect and the Miller-Lyer illusion. The study of optical illusions
is mainly in the domains of neuroscience and optics; even though some effects can
be used for certain types of design, there is not an active development of research
since many of these effects occur with speci c visual patterns that are not usually
found outside of concrete designs used for research. For that reason, in the present
study, the optical illusions that can be included are the ones that have already been
documented. No current framework could help determine possible relevant optical
illusions for cartography. Therefore, the illusions will be explained and made part of

32. M. A. McDaniel et al., ,The bizarreness effect: it's not surprising, it's complex,“ Journal of
Experimental Psychology. Learning, Memory, and Cogniti@d, no. 2 (March 1995): 422—-435, https:
//doi.org/10.1037//0278-7393.21.2.422.

33. Jason Hreha,What is The Von Restorff Effect In Behavioral Sciencacessed September 6, 2024,
https://www.thebehavioralscientist.com/glossary/von-restorff-effect.

34. Lane Harrison et al., ,Ranking Visualizations of Correlation Using Weber's Law,IEEE Transactions
on Visualization and Computer Graphicg0, no. 12 (December 2014): 1943-1952, https://doi.org/10.
1109/TVCG.2014.2346979.

35. Meno-Jan Kraak et al.,Mapping for a sustainable worldUN, 2020), 1SBN: 978-92-1-604046-8,
accessed May 21, 2024, https://digitallibrary.un.org/record/3898826.
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the compilation. Further study to determine the relevance of more optical illusions
in cartography is still possible in further research.

Mdller-Lyer illusion:

The phenomenon where people cannot distinguish between the relative lengths of
lines is known as the Miller-Lyer illusion. When dealing with maps, this illusion
may impact perceptions of distance. In previous research, individuals were asked
to estimate the lengths of road segments framed by outward or inward lines3®
According to the ndings, participants saw lines pointing outward to be longer than
ones pointing inside, creating false interpretations of the distances between points
in the maps.

Fig. 3.6.: Two maps used in Gillan's led experiment. Two groups of participants were asked
to estimate the distance between Thomasville and Valdosta; one group used image
A, and the other, B. Gillan, Schmidt, and Hanowski, "The Effect of the Miller-Lyer
Illusion on Map Reading," Perception & Psychophysics, 1999.

Terrain reversal effect:
The Terrain reversal effect confuses map readers when observing terrain features
on a map; they perceive peaks as valleys and vice-vers¥. This confusion occurs

36. Gillan, Schmidt, and Hanowski, , The effect of the Mdller-Lyer illusion on map reading.”
37. Arzu Coltekin and Julien Biland, ,Comparing the terrain reversal effect in satellite images and in
shaded relief maps: an examination of the effects of color and texture on 3D shape perception from
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because of several factors: the map's orientation, how the elevation information
is presented (with contours and shading), and the level of user's experience with
this kind of representation. When people encounter a map in which the depicted
landforms are unfamiliar or are seen from an uncommon perspective, it is more
likely that the effect will occur.

Fig. 3.7.: Testimage used by Coltekin et al., most participants identi ed the area ABC as
a ridge; in reality, it is a valley. Coltekin and Biland, "Comparing the Terrain
Reversal Effect in Satellite Images and Shaded Relief Maps," International Journal
of Digital Earth, 2019.

3.5 Summary: perceptual distortions in
cartography

This chapter began by examining the pivotal role of cartography as a potent tool
for visually representing spatial information. The emphasis was placed on the sig-
ni cance of visual variables in map design for effectively communicating complex
geographical data, highlighting their role in creating visually appealing and infor-
mative maps that facilitate the understanding of spatial patterns and relationships.
Furthermore, it delved into the conceptual review of forms of misapprehension,
particularly exploring the historical evolution of the term heuristics and its con-
temporary critique. The discussion revolved around how scholars, notably through
the work of Kahneman and Tversky, have challenged the reliability of heuristics in

shading,” Publisher: Taylor & Francis, International Journal of Digital Earth 12, no. 4 (April 2019):
442-459, https://doi.org/10.1080/17538947.2018.1447030.
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cognitive processes, demonstrating that human problem-solving methods in uenced
by perception and memory may lead to erroneous conclusions.

Since Kahneman and Tversky's initial work on heuristics and cognitive biases, numer-
ous researchers have built upon these concepts, documenting hundreds of biases in
various elds related to human behavior. As a result of the substantial expansion and
diversi cation of research interests, creating a comprehensive list of cognitive biases
has become a signi cant challenge. Different taxonomies have been developed to
understand biases comprehensively, with approaches aiming to group biases based
on criteria such as the processes they are related to and the situations that trigger
them.

Then, the concept of optical illusion is discussed, highlighting their difference from
cognitive biases. It explains that optical illusions are images that deceive human
vision and alter the perception of the natural world, contrasting them with cognitive
biases that produce more nuanced deviations. The text also mentions that optical
illusions arise from speci ¢ visual patterns found in images, using the example of
the Muller-Lyer illusion. Additionally, it remarks that certain optical illusions can
in uence how we read maps, emphasizing the importance of including these effects
in understanding cognitive processes during map reading.

A new umbrella concept is proposed: perceptual distortions are used as a bridge
between optical illusions and cognitive biases. It highlights the interconnection
of cognitive biases and optical illusions with the model of perceptual distortions,
emphasizing the fallibility of human perception and the potential for distortions in
mental processes. Finally, the selection criteria for cognitive biases for the upcoming
experiments were outlined. Five cognitive biases were selected for the study. They
have different effects; two will possibly misdirect readers into false notions, another
couple of biases affect memory retention, and one remaining bias affects attention
time. Finally, the optical illusions related to cartography were also found in the
literature, and it was explained that the present study will only focus on cognitive
biases.

A table summarizing the ndings of the literature review is represented in Table 3.2.
Ten perceptual distortions that could be or are proven to impact cartography were
found. The next chapter will delineate the methodology to study the ve candidate

cognitive biases.

Chapter 3  Literature review



Perceptual distortion

Description

Hypothesis

Clustering illusion (cogni-
tive bias)

Seeing patterns in noise, e.g., clus-
tersin a dot eld

Humans nd patterns
in randomly distributed
data symbolized in maps

lllusory correlation (cog-
nitive bias)

Perceived relationship between
variables that do not exist

Presenting multivariate
information, and creating
associative connections
with visual variables cre-
ate a false impression of
causality

Ostrich effect (cognitive
bias)

Avoiding negative information

Using associative ele-
ments to create negative
emotions in the design
will make the wuser's
attention span shorter

Processing dif culty ef-
fect (cognitive bias)

Easier to recall information which
was hard to comprehend

Making elements of a
map more challenging to
read makes them more
memorable

Von Restorff effect (cog-
nitive bias)

Distinct items are better remem-
bered

Adding small details to
homogeneous icons can
make them more memo-
rable

Weber-Fechner law (cog-
nitive bias)

Failure to perceive slight differ-
ences in large quantities

Already proven

Muller-Lyer illusion (opti-
cal illusion)

Depending on line orientation dis-
tance is misjudged

Already proven

Terrain reversal effect

(optical illusion)

Land-forms are misinterpreted in

topographic maps

Already proven

Tab. 3.2.: Table of perceptual distortions which have been proven or that would theoretically
be related to map-reading and cartography.
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Methodology

4.1 An overview

After selecting the ve cognitive biases to be empirically tested in a user study, the
following design criteria were applied for the experimental part of the research.! The
objective of the research is to test the effects of the biases on different performance
map reading metrics, such as correctly interpreting data patterns, the duration of
attention time, and remembering map features. The basic concept of the experiment
is to create maps that can trigger the biases and measure the differences of map
reading metrics against a benchmark, which would be a more conventional design.

An online survey methodology was chosen since the study's objective is to nd
empirical evidence. A survey will allow for measuring these metrics in a controlled
and consistent manner. Being done online has the added benet of reaching a
signi cant number of people because of its wide accessibility on the internet. The
target of the study is a broad audience of people interested in cartography and
data visualization. Because the survey is done online and shared by social media
and word of mouth, it will likely be lled by young people who are predominantly
reached by these recruiting methods.

A/B testing was chosen to conduct the survey; with this type of study, users are
exposed randomly to different versions of the same image to see how they respond
to the differences between them? This controlled setting provides a framework to
test differences between the two stimuli, as participants are only shown one of these
versions, and, at the same time, other contestants will be exposed to the other at
random. They are unaware of this setup and thus act without knowledge of an
alternative version showing a slightly different version of the image. In this case, the
methodology will compare a traditional map design with one designed to trigger
a speci c bias. Participants were randomly shown one of two maps in this test,
and some map-reading performance metrics were recorded. Since ve biases were
selected for the study, ten maps were created.

1. The documentation for the experimental part of the research is accompanied by a digital repository
referenced in section A; links to download each le will be displayed in this annex. The ITC at the
University of Twente hosts the repository.

2. Amy Gallo, ,A Refresher on A/B Testing,"Harvard Business Reviewlune 2017, 1ISSN: 0017-8012,
accessed August 19, 2024, https://hbr.org/2017/06/a-refresher-on-ab-testing.
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The design of the maps started by exploring how cartographic language could
trigger biases. This phase involved creating prototypes and interpreting how the
de nitions of the biases could be translated into cartographic language. After
nding which design elements could be changed, an original, standard design was
developed following one of the most recent guidelines established by the United
Nations in cooperation with the International Cartographic Association.3 This guide
demonstrates the state-of-the-art knowledge of map-making regarding technical
aspects such as projections and information visualization techniques such as types
of thematic maps. It also offers advice on map design, such as using text, symbols,
and color palettes. These design considerations were applied to create what will be
called the standard map design. In turn, the bias-inducing version of the map was
created by altering the standard design according to the ndings of the prototyping
phase. All maps were elaborated with QGIS, ArcGIS Pro, and Adobe lllustrator; the
color palettes are sourced from ColorBrewer.

A team of experts evaluated the rst map design prototypes. The maps were shown
to a small group of four cartographers, and they were asked to rank how well the
designs accomplished the study's objectives. The experts rated the adequacy of
the maps' design to study each bias on a scale from one (poorly designed) to ve
(excellently designed). Then, they commented in an open question about the map
elements that could distract the user's attention and change their reading outside
the effects of the biases* Based on the feedback received, adjustments were made
to the design elements. These changes helped to isolate the impact of biases so that
they are unequivocally the primary factor that altered the map reading processes.

After completing the stimulus design, the survey was created® In the basic structure
of the survey, the users are shown a page with the A/B testing methodology; in
other words, they are displayed either the standard or the bias-inducing version of
the map. After observing the map, they do a set of map-reading tasks on the next
page; in these questions, they are asked to remember features of the map or give a
correct interpretation of the datasets presented. By comparing the performance of
users exposed to the different versions of the map, the experiment would be able to
ful Il its objective. The methodology process will be discussed in more detail in the
following sections.

3. Kraak et al., Mapping for a sustainable world

4. The questionnaire and data for this preliminary study can be accessed in section A.1 and sec-
tion A.2 respectively.

5. The survey design is included in the digital annex section A.3.
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4.2 Further survey considerations

These are some further decisions that were taken regarding the functioning of the
survey according to particular requirements for the study:

* Requirement: The conditions to observe both map versions must be consistent
to obtain meaningful results, especially in the tests that evaluate memory
retention abilities.

Solution: To ensure consistent comparison between the images in the survey,
a timer is used to restrict navigation to the following page until a set amount
of time has elapsed. A timer of one minute was selected for the users to
study each map, with ten extra seconds to give them enough time to read the
instructions. Additionally, the back button navigation was deactivated in the
survey to prevent users from double-checking the maps after they had been
observed.

» Requirement: It's important to avoid any previous associations and subjective
elements that could interfere with the effects of the biases.

Solution: Dummy data was used to create the maps used in the study. The
maps were created using data from OpenGeo ction, an online database with a
robust dataset similar to OpenStreetMap but entirely ctional. ® The thematic
layers used on the maps were created with random number generators or
manually crafted according to the requirements of each experiment.

* Requirement: To create a consistent context with which the contestants can
work, allowing them to engage with the content more effortlessly.

Solution: One of the countries from the OpenGeo ction database was se-
lected. Various layers and data types were used to create the maps, giving
users a single context and familiarizing them with the topology of this country.
An additional map was also designed to introduce users to the ctitious country,
familiarize them with the layout, and educate them about some administra-
tive areas that will be used as the scale for analysis. This map is shown in
Figure 4.1.

* Requirement: Introduce some distracting elements to prevent contestants
from becoming used to repetitive tasks so that they would be trained and know

6. OpenGeo ction Contributors, OpenGeo ction: About - OpenGeo ctionaccessed July 22, 2024,
https://wiki.opengeofiction.net/index.php/OpenGeofiction:About.
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which elements to pay attention to towards the end of the survey.

Solution: One possible solution for this problem was to randomize the order of

the maps and the subsequent questions, but that wouldn't solve the underlying

problem. Theoretically, there is the possibility that some users would face simi-
lar questions in sequence depending on the order shown to them, which would

make the effect even more pronounced. For this reason, a set of unrelated fake
tasks was included in the survey, and graphs and images with more dummy
data were added between the maps to avoid the user becoming too familiar
with the patterns of questions. These fake tasks included interpreting graphs
and images and additional questions on the maps unrelated to the research's
core.

Requirement: Provide a demographic pro le for the survey contestants for
further research insights and discussion.

Solution: Questions to establish the demographic qualities of the respon-
dents were added at the end to understand which groups of people are repre-
sented in the answers. The questions were gender, country of birth, age, and
colorblindness.

Requirement: Since the survey is distributed by word of mouth and social
networks, it is possible that a signi cant portion of the contestants will have
professional or academic relation to cartography since that is the social circle
of the research team. For research transparency, it is important to see how
many people with this background participated in the experiments.

Solution: An additional question at the end establishes if users have profes-
sional experience in cartography, geography, or geo-information. This question

was posed to potentially establish if having an education in sciences related to

cartography would protect people against falling into cognitive biases.

4.3 Map design and assessment from experts,

guestion design

The rst steps in creating the stimuli were prototyping and determining which types

of maps could be used to study each bias. After choosing a way of representing the
bias and making the maps, a small qualitative survey in which expert cartographers
analyzed the study's objectives and assessed the map design's quality for the intended
purpose. In the following sections, the different design considerations and feedback
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Fig. 4.1.: Map showing the states of the ctional country used for the study

from the experts that shaped the design of the nal maps are explained in more detail.
The guestions formulated to assess the effects of the biases are also presented.

4.3.1 Clustering illusion

The Clustering illusion map was elaborated by considering one of the most famous
examples of said phenomena. During World War Il, the air forces from the Axis
bombed the city of London. Some of the inhabitants of the town believed that their

neighborhoods were being explicitly targeted since many bombs fell around them,
and they decided to leave these parts of town. This rationale did not make them

safer from further bombings; when observing them on a larger scale, the pattern did

not hold, and the allocation leaned more towards a random distribution. ’ Based on
this example, the prototype of a map based on point data was elaborated. There
was a signi cant problem: in the example, people fell into cognitive bias since they

could not access the entire dataset and could only rely on what happened in their
surroundings. In cartography, showing a small portion of a known complete dataset

wouldn't be considered a correct approach.

7. Bryce Hoffman, The Clustering lllusion: What It Is And How To Overcome Bection: Leadership,
June 2024, accessed July 23, 2024, https://www.forbes.com/sites/brycehoffman/2024/06/16/the-
clustering-illusion-what-it-is-and-how-to-overcome-it/.
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The solution was to consider the granularity level of the information; at a more coarse
level, the user is exposed to more details and local patterns, and the bigger picture of
the data is more challenging to observe. For this reason, it was decided to create maps
with randomly distributed point data at different aggregation levels; the coarser and
more detailed one would theoretically show more local patterns that might deceive
the user into believing there was a higher point concentration in certain areas. Since
the base layer for the map was the layer with administrative boundaries, the point
data was created by generating several points proportional to each state's area size.
The standard design map (Figure 4.2a) uses more generalization; each dot re ects
2500 units. The bias-inducing map in Figure 4.2b uses a ve times coarser level;
each dot is 500 units. A ctional theme was selected to provide the data with a
meaningful context; in this case, the dots symbolize the distribution of a tree species.
After creating the maps, the experts assessed their appropriateness; they scored 3.5
out of 5. They mentioned that the distribution of the points in the states was dif cult

to observe due to the low visibility of the borders. For this reason, the thickness of
these borders was increased.

After seeing the map, the question to evaluate the effect of the bias was to ask the
users if they thought any of the states had a higher concentration of points than the
other. This question was formulated as a multiple-choice question, and the users
could select more than one state from the whole list. Two extra options were added;
one was the correct one,no state had a higher concentration of poinisand another
one was for users that couldn't offer an answer,| have no clue The participants were
also asked to rate their con dence in their previous answers on a scale from one
(not con dent) to ve (extremely con dent).
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(a) Standard design map for the clustering illusion

(b) Bias inducing design map for the clustering illusion

Fig. 4.2.: Maps designed to test the Clustering illusion
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4.3.2 lllusory correlation

In this bias type, people are misled into thinking that two events are related because
they are noticed to co-occur in the environment; in reality, there is no connection
between them. A map was created using a bi-variate visualization method to
demonstrate this concept. Two made-up data sets were used to show the map of the
states. The numbers in the datasets were randomly generated until the correlation
between the two datasets was almost zero (the actual value is -0.00017). Spatial
correlation of the variables was also avoided; the bi-variate Moran's | between the
datasets was calculated with a value of -0.059 and a p-value of 0.329, which means
this relation is also at insigni cant levels. One dataset was displayed on the map
using the choropleth technique, while graduated symbols represented the other. The
ctitious numbers were depicted as an index and quantities of an imaginary material.
This kind of depiction between indexes and other quantities is a common choice of
bi-variate datasets for representation.

Ways of increasing the impression of relatedness between the variables were explored
to elaborate the bias-inducing map. It was decided to use colors since they are con-
sidered one of the most substantial visual variables for communicating associatior?
In the standard design map (Figure 4.3b), the choropleth and the graduated symbols
have contrasting colors to differentiate both visualizations. On the bias-inducing
map, seen in Figure 4.3a, the color of the graduated symbols was changed to have the
average color of the shades of green used in the choropleth. By using this associated
color, the hypothesis is that users would unconsciously create a connection. Color
similarity detection is one of the essential processes of classi cation. The tendency
to develop associations between similar color items would create the impression of a
connection between the datasets. The experts rated the maps with an average score
of 4.25 and pointed out no signi cant drawbacks in the design.

Users were asked about the relationship between the datasets on the next page. The
guestion was phrased as:What is the relationship between the index and reserves of
the material? The options were, as one increases, so does the other; as one increases,
the other decreases; no relationshignd no clue Once again, the readers are asked to
indicate how con dent they feel about this answer on a scale from one to ve.

8. ukasz Halik, ,The analysis of visual variables for use in the cartographic design of point symbols
for mobile Augmented Reality applications,” Geodesy and Cartograph§l, no. 1 (November 2012):
19-30, https://doi.org/10.2478/v10277-012-0019-4.
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(a) Standard design map for the illusory correlation bias

(b) Bias inducing map design for the illusory correlation bias

Fig. 4.3.: Maps designed to test the Illusory correlation bias
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4.3.3 Ostrich e ect

The ostrich effect creates an innate rejection of negative information, so people tend
not to want to look at it. Dummy datasets showing the incidence of an imaginary
disease and excess mortality were made to associate the maps with the negative
experiences of illness and death. Again, the choropleth and proportional symbols
visualization methods were used to show these datasets in a way that is easy to
understand for a broad public of experts and non-experts in cartography. In this case,
the datasets are consistent with the expected disease incidence and excess mortality,
which is a clear positive correlation. The standard map shown in Figure 4.4a
was created with a neutral and abstract graphic language. The bias-inducing map
(Figure 4.4b) was created with bright red colors and skull symbols to emphasize
danger and lethality. The experts assessed the quality of the design with an average
score of 4.25 and provided no signi cant suggestions to improve the design. This
bias has an essential difference from the others. While the other biases studied
affect how information is interpreted and remembered, in this case, the ostrich
effect produces changes in attention span. For this reason, the testing of this bias is
different than the others; there was no use of the timer for this bias; the users could
instead skip the map and go to the next page.

A different approach was taken to test this bias. Instead of basing the assessment
on the questions, the user's time observing the map was measured. In theory, the
bias-inducing map would produce discomfort in the readers, prompting them to
skip it faster than the standard designed map. An additional question regarding
map comprehension was added to examine if there was a cognitive effect on data
interpretation. The question was about identifying the positive correlation between
the datasets. The following question assessed again the con dence level of the
previous answer. Another question examines the emotional associations produced by
the maps and observes if the readers felt the intended negative feelings that would
lead to triggering the ostrich effect.
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(a) Standard design map for the ostrich effect

(b) Bias inducing map design for the ostrich effect

Fig. 4.4.: Maps designed to test the Ostrich effect
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4.3.4 Processing di culty e ect

The Processing dif culty effect impacts the way readers retain information. In
principle, information that is harder to comprehend will be more memorable. A
layer of labels the survey participants would recall was laid on the state's base map
to create the maps for this effect. The layer of information that was used for this
purpose is the major cities of the country. The standard designed map is simple, with
points for locations and the corresponding labels; this map is shown in Figure 4.5a.
The bias-inducing map (Figure 4.5b) introduced an extra layer to increase the visual
complexity by including the country's road network. In theory, the increased visual
complexity would create a higher cognitive effort than the standard designed map,
and thus, the readers would be able to recall more city names.

In the expert review, the maps were scored with a value of 4.5; the cartographers
pointed out that since there are cities that have higher connectivity, then they would
become the center of attention. Thus, people would probably remember these highly
connected locations more. On one side, this appears to be a deviation from the
original bias. Still, it is essential to point out that this extra layer of information
provides a new feature that offers a new dimension to the original dataset, so these
nuances and differences in the road network represent the additional cognitive load
that will make the information more memorable for the map readers. No signi cant
changes were made to the designs. On the following page, the users are again
prompted to recall as many city names as possible.
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