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Abstract

This thesis investigates the effectiveness of a proposed design update to the Swiss

1:500,000 VFR area chart using eye-tracking methods. Drawing from ICAO Annex 4,

which outlines worldwide design standards, the updated chart features reduced visual

clutter and enhanced visual saliency. Both expert and non-expert participants, represent-

ing student pilots, completed visual search tasks on both charts in two separate regions,

each exhibiting different levels of visual complexity. A within-subject, counterbalancing

study-design was implemented to strengthen the internal validity. Results show that

both task completion time and time to first AOI hit were significantly reduced with the

updated chart design, while answer accuracy remained stable. Non-expert participants

benefited more noticeably from the improved layout, and no systematic bias toward the

current chart could be observed for expert participants. Findings from previous literature

regarding differences between experts and non-experts could not be recreated for sac-

cade and fixation metrics. However, heat maps and scan paths indicated more focused

attention under the updated design. The study demonstrates that a more effective chart

design is achievable. In light of the ongoing transition from paper charts to electronic

flight bags, such updates to existing charts should be considered.

Keywords: Cartography, aeronautical chart design, visual clutter, eye movement analysis,

aviation, map reading
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Chapter 1

Introduction

1.1 Background

From the very beginning, pilots are introduced to the fundamental principle of "Aviate,

Navigate, Communicate." While maintaining control of the aircraft is the top priority,

in-flight navigation is the second most critical task. To achieve that, pilots rely on a

combination of onboard instruments and a variety of maps, usually referred to as charts,

either in electronic form, or traditional paper maps, to determine their position and

further routing.

Early Days

Aviation cartography arguably traces its origins to the late 19th century when Prussian

artillery balloonist Lieutenant Colonel Hermann Moedebeck recognized the necessity

of maps that depicted suitable landing sites for balloons, making him the "spiritual

godfather" of aviation charts (Steele, 1998; Svatek, 2014). In 1911, an international

commission agreed on the implementation of standardized mapping practices under

the supervision of a global governing body, a principle that has been upheld ever since.

While Europe initially led charting advancements, the impact of World War I propelled

the United States ahead in aeronautical development (Steele, 1998).

Throughout the early decades of the 20th century, the foundations of air traffic control

began to take shape (Gilbert, 1973). As airline traffic increased, area controls were

introduced to prevent mid-air collisions. A milestone came in 1938 with the first formal

draft of flight rules, which established controlled airspaces around certain airports and

made compliance with air traffic control instructions mandatory. This also marked the

introduction of the two distinct rule sets, instrument flight rules (IFR), and visual flight

rules (VFR), both of which remain in use to this day. VFR pilots navigate using visual

1
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references in the environment, whereas IFR pilots rely solely on their flight instruments.

Since IFR operations hence do not require external visual cues, flights can operate in all

weather conditions, including at night (International Civil Aviation Organization, 2024).

During the same period, the first dedicated airway charts for IFR operations emerged.

Recognizing the need for reliable navigation aids, Captain E. B. Jeppesen began compiling

notes and charting air routes based on his own flight experiences, enabling him to conduct

precise instrument flights when other peers remained grounded. His efforts laid the

foundation for Jeppesen, a company that remains a leading provider of aeronautical

charts today (Steele, 1998). A few years later, in November 1944, the establishment

of the International Civil Aviation Organization (ICAO) in Chicago, Illinois, marked a

determining moment in aviation history (Mackenzie, 2010). It serves as an international

governing organization, with the aim of unifying procedures and regulations worldwide.

Already four years later, in 1948, the newly founded ICAO introduced standardized

symbology for various aeronautical charts types among its member states, forming the

basis of what is now known as ICAO Annex 4. Still, the individual national aviation

authorities remain responsible for the maintenance and publication of these charts

(International Civil Aviation Organization, 2022).

Technological advancements

Over the past decades, technological advancements have significantly reshaped aviation,

particularly for commercial IFR operations. One of the most fundamental changes has

been the shift away from conventional radio-based navigational aids toward satellite-

based navigation (GNSS), which has rendered many traditional ground-based navigation

systems obsolete (ICAO, 2005). The introduction of glass cockpits has modernized aircraft

instrumentation by replacing analogue gauges with multifunction displays (MFD). By

consolidating critical flight information into a single interface, thereby saving space and

improving situational awareness. The information displayed is dynamically adapted

to the phase of flight, allowing pilots to selectively display relevant data and hide

non-essential information (Young et al., 2006).

Similarly, at an individual level, the adoption of electronic flight bags (EFB), usually in the

form of tablet devices, has revolutionized how pilots access and manage personal flight

documentation and information. Previously, physical flight bags were filled with paper

charts, flight plans, regulatory documents, and aircraft manuals, requiring painstaking

manual updates, cross-checking multiple charts, and physical route plotting (Fitzsim-

mons, 2002). Today, EFBs have replaced nearly all paper-based documentation, on the one

hand reducing payload, on the other hand providing up to date documentation and on

other hand real-time integration of critical flight related data such as weather conditions

or airspace restrictions directly into navigational documents. Newest generation aircraft
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even allow for the communication between EFBs and cockpit avionics, enabling pilots to

even more intuitively operate flight management systems (Skaves, 2011).

While commercial flight enjoys such innovations, VFR flying continues to rely on more

rudimentary technologies. This is also due to the nature of VFR flight, which is not

performed commercially, follows simpler principles, and is commonly performed with

older aircraft. It is not uncommon for the age of single-engine piston aircraft usually

used for leisure VFR flights to be well over thirty to forty years (ASFG Ausserschwyzer

Fluggemeinschaft Wangen, 2025), meaning many pilots still rely on conventional flight

instruments, unless their aircraft has been retrofitted with modern avionics. Paper

charts remain a widely used, cost-effective method, as they do not require expensive

subscription models or adequate devices to be displayed on (Techau, 2018). Nonetheless,

EFBs are gradually gaining traction among VFR pilots as well. Moving maps, which

provide real-time positional updates, can enhance situational awareness in flight when

compared to stationary paper charts. Nonetheless, regulatory requirements still mandate

that pilots carry paper maps as backups (Babb, 2016).

Swiss VFR Chart

In Switzerland, the VFR aeronautical chart is published annually in mid-March by

Skyguide, the organization responsible for managing Swiss airspace, in cooperation with

swisstopo, the federal office for topography. The Swiss VFR chart covers the entire country

and its immediate surroundings at a scale of 1:500’000. Vertically, it spans from surface

level upwards to Flight Level 195 (FL195), corresponding to approximately six thousand

meters. The aeronautical chart is based on the CH1903+ coordinate system, which utilizes

the Bessel ellipsoid and an oblique conformal cylindrical projection (Mercator projection)

(Skyguide, 2025b).

Due to the contrast in navigational needs, IFR and VFR charts are designed with fun-

damentally different priorities. IFR charts mostly rely on abstract, fictional GPS or

radio-based way points, often with minimal geographic reference. As they are intended

for instrument-based navigation, topographic information is limited to essential elements

such as major water bodies and terrain elevations, primarily to guide pilot attention

and maintain spatial awareness, resulting in more uncluttered designs. In contrast, VFR

charts are designed to support visual navigation and must incorporate both aeronautical

data and detailed topographic features. This dual requirement significantly increases the

visual complexity and feature density of VFR charts (Federal Aviation Administration

(FAA), 2025a).

Like other VFR aeronautical charts around the world, the Swiss VFR area chart is

composed of three distinct layers. The base layer consists of a topographical map
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featuring land cover such as lakes, glaciers, and infrastructure such as highways, major

roads, railways, and settlement boundaries. Smaller towns are represented by circular

point symbols, while prominent landmarks such as castles, churches, monasteries, power

plants, and tank farms are specifically marked. Additionally, mountain passes are

displayed, as the performance limitations of piston-engine aircraft often require pilots

to navigate through lower-lying valleys rather than flying in a direct line. Relief color

grading and hillshading are used to enhance terrain comprehension (Skyguide, 2025c;

Swisstopo, 2025).

Overlaying the base topographic layer is the aeronautical information essential for safe

VFR flight. Airfields are depicted with their runway orientations, with their point symbols

varying based on runway surface type, ownership (private or public), and usage (military,

civil, or mixed operation). Controlled airspace boundaries (Class C and D airspaces) as

well as restricted and danger areas, though these may not always be active, are shown to

avoid infringements. Lastly, ground-based navigational aids (navaids) used for in-flight

navigation are represented with the standardized ICAO symbol set (Skyguide, 2025c;

Swisstopo, 2025).

Finally, a third layer contains all aviation obstacles represented using both line and

point symbols. The most prominent line symbols is high-voltage power line network

as well as spanned cables, particularly in mountainous regions. Point symbols indicate

single object obstacles such as poles, masts, transmission towers, and wind turbines.

Additionally, areas with increased aerial activity, like paragliding, parachuting, and glider

operations, are marked to alert pilots to potential enhanced flight activity (Skyguide,

2025c; Swisstopo, 2025).

Map elements from all three layers are labeled to provide pilots with the information

necessary for safe navigation. Mountains and hilltops are marked with spot elevation

labels to assist pilots in maintaining terrain clearance. Airspace boundaries include

annotations of both upper and lower altitude limits, frequencies for air traffic services,

and the ICAO airspace class. Navaids are labeled with their identifiers, frequencies, and

Morse code representations for signal verification. Airfields are shown with their most

important details such as ICAO identifiers, elevation, runway lengths, and communication

frequencies. Additionally, minimum sector altitudes (MSA) are indicated for every 30-arc-

minute quadrant in both latitude and longitude directions (Skyguide, 2025c; Swisstopo,

2025).
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1.2 Motivation

Since VFR aeronautical charts are notoriously dense and visually cluttered, efficient map

reading becomes a challenge, especially with added time pressure. This issue poses a

real challenge, especially for student pilots. Based on personal experience during flight

training, it can be confirmed that students struggle to interpret the charts confidently

and must invest significant time and effort to master the efficient reading of aeronautical

charts.

Despite the central role of VFR charts in flight planning and navigation, the design of the

official Swiss VFR aeronautical chart has remained largely unchanged for decades. A

second set of maps at a larger 1:250,000 scale was introduced in 2010 to address clutter

in the two busiest areas around Geneva and Zurich. But, these charts only cover those

two regions, and the smaller map extent increases the need for in-flight folding. In this

context, improving chart readability and overall efficiency remains a key concern, best if

achieved directly on the 1:500’000 area chart (Swisstopo, 2025).

Piloting an aircraft is a multifaceted task that involves managing high cognitive loads.

Unlike driving, where pulling over is an option, pilots cannot simply stop to reassess a

situation mid-flight. They must always mentally stay “ahead” of the aircraft, especially

if any changes in plans should occur. This continuous situational awareness must be

maintained while simultaneously monitoring and adjusting flight parameters such as

speed, heading, and altitude, and, when applicable, communicating with air traffic

control, executing procedures, or running through checklists.

This need to juggle multiple tasks during flight makes piloting an aircraft inherently

demanding and time-critical. As a result, efficient time management is essential. As noted

by Aretz (1991), "navigation competes with flight control for limited spatial processing

resources." Recent advancements, as discussed in Section 1.1, therefore aim to reduce

this workload and improve pilot performance, yet VFR flight has not progressed at the

same pace.

The official Swiss VFR chart is still distributed in raster format, effectively a digital

reproduction of the paper map. It remains non-interactive, lacks georeferencing, and does

not support different zoom levels, making it unsuitable for integration into modern digital

tools. Already in 1993, Leary (1993) recognized the need to digitize and standardize

aeronautical charting across nations. Yet, over three decades later, VFR pilots often

continue to rely on fragmented sources that must be manually checked and cross-

referenced, especially during pre-flight planning.

Popular EFB applications provide hybrid solutions by overlaying aeronautical data onto
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open-source base maps such as OpenStreetMap or satellite imagery. These platforms offer

a wide range of functions and a high degree of customization. However, they are not

specifically optimized for aeronautical information communication. Therefore, there is a

growing need for a modernized VFR chart that is compatible with digital platforms. As

EFB use continues to rise and reliance on paper maps declines, it is a perfect moment to

rethink how aeronautical information is visually communicated (ForeFlight, 2025) and

possibly adapt the current map design.

To better understand how effectively pilots interpret visual information on VFR aero-

nautical charts, this study employs eye-tracking technology. Given that approximately

80% of human cognitive input is estimated to stem from visual perception (Hubel, 1988),

eye-tracking offers a direct and unfiltered method to observe the perceptual and cognitive

processes involved when interacting with a given stimuli. Since its early adoption in

cartographic research, eye-tracking has gained widespread popularity due to its capacity

to reveal user attention and behavior, or vice versa, the effectiveness of different presented

designs (Fairbairn and Hepburn, 2023).

Human eye movements are characterized by two primary components: fixations, where

the eye momentarily pauses to process information, and saccades, the rapid movements

between fixations. Analyzing these elements enables both quantitative assessments

through metrics such as fixation duration, saccade length, and saccade velocity, as well as

qualitative insights, such as the visual scan paths and attention “hot spots” at individual

task levels. While qualitative analyses of Swiss VFR charts and adaptations have been

conducted, no prior studies have extracted and compared quantitative eye-tracking

metrics in this context (Holmqvist et al., 2011).

The findings of this study aim to improve the understanding of how a redesigned VFR

chart impacts visual behavior. These insights may inform future iterations of the Swiss

VFR chart, especially in light of potential vectorization and integration into existing EFB

systems.

1.3 Research Objectives

This study investigates the impact of an updated map design on participants’ performance

compared to the current map design. The redesigned chart aims to address existing

challenges by reducing visual clutter and enhancing saliency. To evaluate and quantify

the effectiveness of the new design, both expert and non-expert participants are tasked

with solving a series of visual search tasks. By solving these tasks, expert and non-expert

participants’ eye-tracking data will give insights into the performance of the map designs.
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From this framework, the following research questions are derived:

• RQ 1: How is an improvement in readability reflected in eye-tracking results?

• RQ 2: How is a potential bias towards the current map influencing map reading

skills between non-expert and expert groups?

• RQ 3: What are differences in map reading patterns between the existing and

proposed map designs?

1.4 Thesis Structure

This thesis is structured into six chapters. Chapter 1 introduces the research topic,

motivation, and objectives. Chapter 2 reviews the current state of research on visual

perception, aeronautical cartography, and eye-tracking. Chapter 3 outlines the method-

ological framework, including participant recruitment, experimental design, and the

development of the updated map. Chapter 4 presents the results of the eye-tracking

experiment, combining quantitative metrics and visual analysis. Chapter 5 discusses

the findings in relation to the research questions and situates them within the broader

context of eye-tracking. Chapter 6 concludes the thesis and outlines implications for

future work.

1.5 Terminology

Throughout this thesis, the terms "map" and "chart" will be used interchangeably to refer

to the 1:500’000 Swiss VFR aeronautical chart. Likewise, "new" and "updated" both refer

to the chart version created for this project.



Chapter 2

Related Work

2.1 Eye-tracking to understand Map Use

Eye-tracking as an experimental method, originally rooted in fields such as psychology

and neuroscience, has been adopted in cartography, based on the assumption that maps

function as visual stimuli (Cio!kosz-Styk, 2012). It is a powerful method for obtaining

an unfiltered view into participants’ thinking. According to the eye-mind hypothesis

(Chekaluk and Llewellyn, 1992), eye movement recordings can serve as a direct proxy

for the current contents of conscious processing. Early examples of eye tracking in

cartography date back to the 1970s, with Williams (1971) exploring symbol selectivity

and Jenks (1973) analyzing visual attention on dot maps. Steinke (1987) was among

the first to provide an in-depth review of eye movement studies in cartography, and

in other disciplines such as psychology. Similarly, early research by Çöltekin et al.

(2010) contributed to a deeper understanding of how people engage in visual interaction

strategies and decision-making in pattern recognition.

Since then, the application of eye tracking has become increasingly influential in car-

tographic research. According to Krassanakis and Cybulski (2019), out of the existing

experimental techniques, eye-tracking represents one of the most valuable methods

towards the evaluation of different aspects related to map reading process. Krassanakis

and Cybulski (2019) also highlights the growing integration of eye tracking technology

within spatial research, including domains of spatial cognition, geographic information

science, and cartography.

Cartographic symbolization plays a critical role in the readability and usability of maps.

Based on Bertin (1983)’s visual variables, symbol priorities such as size, color, shape, and

orientation guide how users perceive and interpret spatial data. Eye tracking studies

8
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have increasingly been used to evaluate the effectiveness of these variables. A study of

Çöltekin et al. (2009) assessed visual variables in change detection tasks and found that

symbol size was the most effective and efficient user performance, while orientation was

least effective. These findings align with the concept of visual selectivity - the ability

of the visual system to isolate relevant symbols from a complex background Çöltekin

et al. (2009); Krassanakis and Cybulski (2019). Several eye tracking studies have further

examined how visual search behavior is influenced by symbol location and complexity.

Krassanakis et al. (2011b,a, 2013) showed that symbols placed in the periphery resulted

in more complex scan paths compared to centrally located ones. Moreover, the visual

search in subsequent tasks was influences be the target’s previous location, indicating

memory effects and learning patterns in visual navigation. Fixation clusters also tended

to concentrate on symbol-rich areas of the map, particularly where point symbols were

used.

Eye tracking research also plays a significant role in exploring the differences between ex-

pert and novice map users in cartography. Fairbairn and Hepburn (2023) emphasize that

grouping participants into experts and novices prior to the data collection is essential for

meaningful comparison. Their study highlights how eye tracking can reveal differences

in visual attention, search strategies, and interpretation between user different groups,

helping improve map usability through targeted design adjustments.

Recent research also explores the use of entropy in eye tracking heatmaps as a quantitative

measure of interface complexity. According to Lee et al. (2023), heat map entropy can

serve as a predictor of judgment time, making it a valuable indicator for evaluating the

suitability and usability of visual designs.

2.2 Visual Clutter

Visual clutter has been extensively studied due to its direct impact across various research

domains. It is commonly defined as an excess of visual information that slows information

retrieval and negatively affects search performance. In cartography, visual clutter plays

an important role in map design and the effective communication of spatial information.

However, there is no universally correct metric for measuring visual clutter. In their

work, Rosenholtz et al. (2007) aimed to quantify visual clutter across different images.

They demonstrated that three distinct clutter metrics—feature congestion, sub-band

entropy, and edge density—can effectively predict search times and other task-related

performance measures. Lohrenz et al. (2009) developed a refined model incorporating

color density and saliency, which returned improved predictive results over the approach

of Rosenholtz et al. (2007), which can be used to determine visual clutter levels.
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The well-known memory model developed by Atkinson and Shiffrin (1968) introduces a

three-layer structure, demonstrating that visual and auditory cues of a presented stimuli

are initially processed by the sensory register, passed on to the short-term memory,

often referred to as "working memory", before being permanently saved in the long-

term memory. Items stored in the working memory can then be recalled within 30

seconds of the initial exposure to be processed. Intuitively, an increasing map complexity

will therefore negatively affect memory performance, as demonstrated by Bestgen et al.

(2017). Their study indicates that certain cartographic elements, such as grid overlays,

facilitate the recollection of spatial relationships, enabling users to recall information

more accurately from memory.

Zhang et al. (2022) further support the role of visual structuring in cognitive efficiency,

showing that color-coding icons on mobile app displays leads to significantly faster visual

search times. This finding highlights the importance of thoughtful styling in cartographic

design to enhance information retrieval. Nonetheless, ICAO Annex 4 imposes certain

limitations, for example explicitly restricting airspace boundaries to two colors and

mandating a single color hue for all other aeronautical map features (International Civil

Aviation Organization, 2022). Consistent with Zhang’s findings, Cybulski and Ledermann

(2024) report that as point symbol similarity increases, visual search times become longer,

further emphasizing the necessity of differentiation in cartographic symbology.

In their overview, Doyon-Poulin et al. (2012) examined the effects of varying levels of

visual clutter on pilot performance. Their findings indicate that a moderate level of

clutter is generally preferable for optimizing task completion times. Still, they emphasize

that visual clutter alone is not a sufficient parameter for evaluating the effectiveness

of a display. Instead, they argue that “the optimization of clutter ought to be linked

with the particular task, context, and settings the display has to support” (Doyon-Poulin

et al., 2012, p. 7), stating the need for dynamic display styles that adapt to task-specific

demands. Additionally, (Doyon-Poulin et al., 2012) highlight that piloting an aircraft

involves considerably greater cognitive complexity than the controlled visual search tasks

commonly studied in traditional research, thereby mitigating the expected impact of

increased search times due to increased clutter. Nonetheless, Liu et al. (2023) found that

increased levels of clutter on head-up displays make fixations longer, but saccade lengths

stayed the same.

2.3 Aviation Cartography

Most research to date has focused on IFR (Instrument Flight Rules) charts, largely because

the majority of commercial flights operate under IFR conditions. Multer et al. (1991)

explored potential design improvements for Instrument Approach Procedure (IAP) charts
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developed for the Federal Aviation Administration (FAA) of the US Department of

Transportation. The authors recommend that 40% of the chart area should be reserved

as white space. Unfortunately, this not applicable to VFR charts, given their denser

information requirements. Still, their experiments with various highlighting techniques

revealed that font size had a significant impact on readability and performance, which

can be considered in VFR chart design. Around the same period, Osborne et al. (1992)

investigated the use of icon-based representations for missed approach instructions in

place of textual descriptions. The study found that participants performed significantly

better with the visual icons. To this day, US charts feature this method in their IFR

approach charts.

Butchibabu et al. (2012) investigated the impact of de-cluttering IFR approach and arrival

charts by splitting up different arrival procedures across separate sheets. Their findings

showed that pilot performance significantly improved across all airports included in the

study. Similarly, Yeh et al. (2021) conducted a questionnaire-based study with pilots

to assess which elements on IFR approach charts should remain permanently visible

and which should be toggled on or off. Of 364 determined chart elements, only 173

(47%) were considered essential for permanent display. The studies highlights a direct

impact on pilot performance through adjustments that are easily implementable within

the scope of modern EFBs, even enabling personalized configurations without omitting

safety-relevant information.

The use of EFBs in general is well studied, especially in context of pilot performances

compared to paper charts. For example, Winter et al. (2018) found that pilots reported

significantly lower workload when using electronic charts compared to traditional paper

maps. The study also noted a negative correlation of response times and number of flight

hours when using EFBs, whereas performance with paper maps remained constant across

flight experience. A very recent study of Sarbach et al. (2025) analyzed the effects of three

dimensionally displaying live weather into flight plan charts and its effect on situational

awareness. Although a planar representation yielded highest situational awareness levels,

these developments show the vast possibilities and potential of EFB technologies.

2.4 Swiss VFR charts

In the context of this thesis, only little research directly aligns with its specific focus

of comparing chart design efficiencies. In particular, studies addressing the Swiss VFR

aeronautical chart are very scarce. Two exceptions include a research paper by Sarbach

et al. (2023) and a Master’s thesis by Juliette Marx (2015) at the Department of Geography

at the University of Zurich.
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Sarbach et al. (2023) conducted a qualitative analysis comparing the Swiss VFR chart to

three other national charts, namely the United States (FAA), Austria (Austro Control),

and Australia (CASA). They developed a cartographic evaluation framework based on

general design principles such as color hues, font sizes, and map symbolism. The Swiss

chart consistently ranked first or second across all metrics according to the framework.

In a second phase, the authors assessed user perception through a combination of visual

search tasks and qualitative questionnaire among 27 participants. The results showed

that the Swiss chart was the overall favorite, receiving the highest scores. Nevertheless,

the rankings were of qualitative nature.

In her Master’s thesis, Juliette Marx (2015) explored the redesign of selected elements on

the visual approach charts (VAC). These charts are intended for use during the departure

and approach phase of flights, unlike the 1:500,000 VFR area chart examined in this thesis,

which is used for preflight planning and in-flight area navigation. Marx’s modifications

included eliminating township names, repositioning airspace vertical limit labels to

the edges of airspace boundaries, and adjusting the color hues of lakes, forests, and

settlement areas. She then evaluated these changes using visual search tasks, performed

under increased cognitive load through visual and auditory stimuli designed to simulate

an in-flight environment. Importantly, her study included both experts (pilots) and non-

experts (geography students) as participants. While non-experts generally appreciated

the modified designs, pilots tended to prefer the original charts, suggesting a possible

bias toward familiar layouts. A similar trend emerged in Sarbach’s study, where Swiss

pilots showed a strong preference for their national chart, also likely due to familiarity.
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Methods

This chapter outlines the methodology used to conduct the eye-tracking study. It details

the steps taken from participant recruitment to map preparation and the evaluation of

results. The chapter is divided into four main sections:

• Section 3.1 describes the characteristics of the study participants, including demo-

graphic information, flight experience, and how participants were grouped.

• Section 3.2 explains the process of creating the updated map design used in the

study. It covers everything from data acquisition to post-processing for the final

visual stimuli.

• Section 3.3 details the structure and procedure of the eye-tracking experiment,

including the tasks given to participants, the setup of the experimental environment.

• Section 3.4 outlines the statistical analysis methods used to evaluate performance

and eye-tracking metrics collected in the study.

3.1 Participants

Participant recruitment took place through the personal network on a voluntary basis.

There were no health requirements in place to participate in this study. Colorblindness,

as with the pilot medical certificate, not allowed.

The study included 31 participants (M: 25, F: 7) with an average age of 33 years (M =
33.55, SD = 13.09). Of those 31 participants, 11 own a pilot license (7 PPL, 1 CPL, 3 ATPL),

2 are air traffic controllers, and 3 are in pilot school. On average, the pilots had roughly

250 hours of VFR flight experience. 9 of the pilots are based in the German speaking part

13
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Figure 3.1: Extent of the updated Map (pink) and two Task Areas (black)

of Switzerland, 1 in Austria close to the Swiss border, and 1 in Ticino. All of the pilots

stated using EFBs.

3.2 Map Design

This section outlines the process of creating the updated Swiss VFR map design developed

for this thesis. The design integrates multiple cartographic elements in alignment with

ICAO Annex 4 specifications, with adjustments to the current map aimed at improving

visual clarity and usability for pilots. Although the current study focuses on static map

outputs, the map was designed in vector format to support future adaptation for EFB

use.

3.2.1 Data Collection

Base Map

The basemap geodata for the official Swiss VFR area chart is based on the 1:500,000

national topographic map. Vector features such as roads, railways, lakes, forested areas,

and permanent snow cover are imported from the Swiss Map Vector 500 geodatabase1, or

the Swiss TLM Regio dataset2. The following datasets and selection criteria were applied:

• Roads: Imported from DKM500_STRASSEN dataset. Only freeways (OBJEKTART=100),

expressways (OBJEKTART=200), large roads (OBJEKTART=1200), and small roads up

to 4m in width (OBJEKTART=1400) are included. Smaller roads and pathways are

1swisstopo Swiss Map Vector 500: https://www.swisstopo.admin.ch/de/
landeskarte-swiss-map-vector-500

2swisstopo SwissTLMRegio: https://www.swisstopo.admin.ch/en/landscape-model-swisstlmregio

https://www.swisstopo.admin.ch/de/landeskarte-swiss-map-vector-500
https://www.swisstopo.admin.ch/de/landeskarte-swiss-map-vector-500
https://www.swisstopo.admin.ch/en/landscape-model-swisstlmregio
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excluded. Only above-ground segments are retained, tunnels are omitted. Freeways

are extracted into a separate layer.

• Railways: Imported in the same manner as roads, without additional filtering.

Underground segments are omitted.

• Flowing Waters: Sourced from the SwissTLMRegio2 dataset, with values higher

than 9 in BREITE excluded.

• Forest cover: Imported from the DKM500_BODENBEDECKUNG dataset, with patches

smaller than 500’000m2 (0.5km2) excluded.

• Lakes: Included from the Swiss Map Vector 500 dataset without further filtering.

• Settlement boundaries: Imported from SwissTLMRegio2.

• Permanent snow cover: Imported from SwissTLMRegio2.

• Hillshade: The digital elevation model used for the hillshade was retrieved from

the DHM25 / 200m dataset of swisstopo3

The udpated map design does not include any data from neighboring countries, except

for areas below Swiss airspaces that stretch abroad.

3swisstopo DHM25 / 200m https://www.swisstopo.admin.ch/en/height-model-dhm25-200m

https://www.swisstopo.admin.ch/en/height-model-dhm25-200m
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Aeronautical Data

The aeronautical data used in to create the new map consists of airspace boundaries,

airfields, navaids, and certain airports’ reporting points:

• Airspaces: Official airspace data is only available in raster format, which is not

suitable for the purposes of this study. As an alternative, the airspace database

of the Swiss Hang Gliding and Paragliding Association4 was used. Their data

is parsed from official documentation and made available for download in the

OpenAir5 format, which can be converted into an ESRI-Shapefile format for further

geo-processing and.

• Airfields: Airfields and heliports were manually compiled into a .csv file contain-

ing the ICAO code, airfield type, runway orientation, and coordinates as attributes.

All attributes were derived from official Aerodrome Information (AD INFO) charts6.

In Switzerland, there is a total of 55 airfields and 22 heliports.

• Navaids: Like the airfields, navaids were manually compiled into a .csv file. Each

entry included the name, identifier, type, and geographic coordinates. Until March

20th, 2025, there were 12 navaids in Switzerland: 7 VOR-DME, 4 DME, and 1 NDB

(Skyguide, 2025a) (see Table 1).

• Reporting Points: Larger airports operate with predefined arrival and departure

routes, requiring pilots to report their position to air traffic control upon reaching

specific reporting points. These points were obtained from the openAIP database,

which provided coordinate data. Altitudes were cross-referenced and extracted

from official aeronautical charts. Both altitude constraints and recommended

altitudes were included. For Basel Mulhouse airport, different altitudes are used

for departing and arriving traffic, therefore the values were left out.

Obstacle Data

In the scope of this thesis, only point obstacle data and transmission lines were included

in the map.

• Obstacle point data: Swisstopo provides aeronautical obstacle point data including

all obstacle types, such as towers, masts, chimneys, and other structures. The

obstacles were filtered to only include elements higher than 300ft (91.44m) above

ground level, and divided into the three types present on the current VFR map.

4Swiss Hang Gliding and Paragliding Association SHPA https://www.shv-fsvl.ch/en/
5Open Air User Guide http://www.winpilot.com/UsersGuide/UserAirspace.asp
6Skyguide eVFR Manual https://www.skybriefing.com/de/evfr-manual

https://www.shv-fsvl.ch/en/
http://www.winpilot.com/UsersGuide/UserAirspace.asp
https://www.skybriefing.com/de/evfr-manual
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• Transmission lines: High-voltage transmission line data was obtained via the

online service portal geodienste.ch. The dataset includes all installations operating at

voltages greater than 36kV, represented as line geometries.

• Wind turbines: As the official obstacle dataset does not appear to include all

wind turbines, an additional shapefile containing the locations of all wind energy

facilities was downloaded from Swisstopo to ensure completeness. Identical to the

point obstacle data, only windmills higher than 300ft were kept.

3.2.2 Design Guidelines & Map Colors

The design guidelines from ICAO Annex 4 (International Civil Aviation Organization,

2022) are found in Appendices 2 and 3, which define the recommended symbology and

color usage for different aeronautical charts. Particularly important is the specification

of two primary colors for representing aeronautical features. Although Appendix 3

explicitly states that for area charts “different colors may be required” (International Civil

Aviation Organization, 2022, APP 3-1), the updated map design follows a two-colored

scheme, similar to the FAA sectional charts (Federal Aviation Administration (FAA),

2025b). On those, blue and magenta are used in parallel to distinguish between different

classes of controlled airspace.

Dark Blue #2E2F74

Magenta #732C24

Table 3.1: ICAO Aeronautical Data Colors

Other color choices were kept mostly in accordance with the current Swiss VFR 1:250’000

Area Chart Geneva / Zurich Skyguide (2025c).

Roads #FFFFFF

Railways #000000

Highways #FFDB11

Obstacles #DB1E2A

Settlements #F7F208

Forest #C2DEC9

Lakes #BBE0F2

Streams #487BB6

Permanent Snow #DFEDF2

Table 3.2: Updated Map Colors
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3.2.3 Base Map

The base map design is inspired by the 1:250,000 Swiss VFR area chart Skyguide (2025c),

but deviates from the graduated color-based relief approach proposed by ICAO, which

is also adopted by the current 1:500’000 area chart Skyguide (2025b). Instead of using a

graduated color scale to represent elevation, the updated design omits background colors

in favor of improved contrast for map elements. In practice, colored elevation bands

offer almost no navigational value due to the complexity introduced by the numerous

subclasses. The current Swiss area chart, for instance, features ten distinct elevation color

classes. Cartographic literature recommends using no more than five classes to enable

users to clearly distinguish between them (Brewer, 1994).

To retain essential topographic context, the hillshade layer was preserved. This element

remains particularly valuable in mountainous terrain as found in Switzerland, where

visualizing topography is critical for situational awareness and especially route planning.

The hillshade was generated using commonly used parameters, with a sun azimuth of

315° and an altitude of 45°. It was rendered with increased transparency to ensure a

visually subtle yet cartographically effective background layer.

3.2.4 Point Symbols

Airfields

The icons for airfield point symbols were derived from the current VFR aeronautical

chart. It uses an efficient method to depict different airport types that is well established

in Europe. According to International Civil Aviation Organization (2022), only runway

surface type must be visually declared, all other information is extracted from the labeling

or AD INFO charts.

In accordance with the airspace boundary coloring, military airfields are rendered in

ICAO magenta, as specified in Table 3.1. This is consistent with the use of red color

to indicate military airfields on the current Swiss VFR aeronautical charts, visually

highlighting their closure to civilian traffic.

Navaids and Reporting Points

The symbology for navaids follows long-established international conventions. No

changes were made to their representation in the updated map design. VOR stations are

depicted with a compass rose, oriented to magnetic north. Reporting points, typically

used for position reporting near controlled airports, are shown as filled triangles. Both

types of features use the ICAO blue, maintaining consistency with other aeronautical

symbols.
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Table 3.3: Point Symbols for Airfields

Airfield Type (count) Symbol

Private paved

Private unpaved

Private mixed use (3)

Public paved (12)

Public mixed use (1)

Military (4)

Heliport

Other Point Symbols

Point symbols for obstacles follow ICAO specifications and distinguish between different

obstacle classes, such as, lit obstacles, high obstacles, and wind turbines. Mountain passes

are also marked using established symbology, as they are often used for navigational

purposes.

3.2.5 Line Symbols

The updated map features seven types of line symbols. Infrastructure line symbols

include highways, larger and smaller roads (as in the current chart), and railways.

Streams are represented with a uniform line width. High-voltage power lines, which are

a common obstacle, are shown in red, as defined in Table 3.2. Recommended VFR routes,

as proposed in Appendix 2, are included using a dotted line style, which is significantly

thinner than on the current Swiss chart.

3.2.6 Area Symbols

Basemap

Settlement extents are shown using filled areas, adapted from the 1:250,000 map rather

than the 1:500,000 chart, which uses varying point symbol sizes for smaller townships.

Forested areas are displayed with slight transparency to allow integration with the

underlying hillshade. Permanent snow cover and glaciers are rendered in a subtle,

semi-transparent grayish blue to visually distinguish them.
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Airspace Boundaries

ICAO Annex 4 Appendix 2 recommends drawing airspace boundaries in blue, with

the exception of Class A airspace. Following a comparable approach, the updated map

design applies ICAO blue to all aeronautical features, except for military airfields and

airspaces, which are depicted in ICAO magenta. This solution is suited best in the Swiss

context, as there are no Class A airspaces, and airfields already are held in a different

color as civil airfields.

Since not all airspaces are operational 24 hours a day, a distinction was made between

24/7 and different operating hour models (HX/H0/TEMPO). Dashed lines for non

continuous use. FAA chart currently uses dashes as design feature for Class D airspace

boundaries. The ICAO symbol for uncontrolled class G airspaces was used for class E

airspace, since that’s the lowest class controlled airspace in Switzerland.

In addition, the green boundary for sanctuaries as well as danger areas and restricted

areas symbology was taken over from both existing Swiss VFR charts.

Table 3.4: Boundaries for Airspace Classes

Airspace Type (Count) Symbol

CTA (4) & AWY (2)

CTR (3)

CTR HX (11)

Military CTR HX (5)

Class C (30) & D (8)

Class D HX (20)

Military Class D HX
(14)

Airspace Type (Count) Symbol

Class D TEMPO (3)

Military Class D
TEMPO (2)

Class E (3)

Class E HX (1)

D- & R-Area (35)

Sanctuary (5)

Country border

3.2.7 Labeling

The most significant change in the updated map design lies in the labeling system.

A consistent typographic philosophy was applied across the layers, aiming to reduce

unnecessary visual clutter. The font used throughout the map is Helvetica Neue, a

sans-serif typeface selected for its good readability. Base map labels are rendered with

standard character spacing, while all aeronautical features and their associated labels are

condensed to conserve space. Labels are placed with the goal of avoiding overlap with
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other map features. If overlap cannot be avoided, preference is given to obscuring vowels

rather than consonants, as vowels carry less weight in word recognition and allow for

faster visual processing (Berent and Perfetti, 1995). Boxed backgrounds are avoided, with

the exception of the highest spot elevation on the map extent.

The current chart uses a combination of yellow settlement areas and round point symbols

for smaller towns, often omitting labels for less prominent locations, leaving point

symbols without a label. Yet, “Cities, towns, and villages shall be selected and shown

according to their relative importance to visual air navigation.” (International Civil

Aviation Organization, 2022, Chapter 17.7.1.1) This allows for some flexibility in label

placement. Particular attention was given to towns located at valley junctions or along

airspace boundaries, as these are often used as navigational or reporting points during

VFR operations.

Minimum Sector Altitude (MSA) labels are included per quadrant and do not interfere

with other map elements. Spot elevations remain identical to the current chart and are

displayed in italics. Major city names are presented in bold and capital letters, following

the FAA chart visual hierarchy, with an added white outline to improve contrast against

the background. Labels for mountain passes were retained, although the prominent

boxes indicating recommended altitudes along VFR routes were removed and replaced

with a single, bold label, in line with ICAO standards.

Airports and heliports are labeled on two lines, with the first line containing the airfield

name and ICAO code grouped together to emphasize their association. The second

line includes additional operational data as per ICAO conventions. Additionally, ATIS

frequencies are now included where available,eliminating the need for pilots to cross-

reference multiple charts. Military airfields are distinguished with magenta labels,

consistent with their treatment of point symbols and surrounding military airspace

boundaries.

Since 3D space is mapped on 2D planar map on aeronautical charts, airspace labels

feature the semantically most complex labelling. Unlike the current Swiss chart, where

frequencies and identifiers are separated, and vertical limits are enclosed in separate

boxes, the updated design consolidates all relevant information into a single, unified

label, as ICAO standards propose. This also aligns with practices seen in other countries

and significantly improves information readability.

These labels are included not only for controlled airspaces such as AWY, CTA, CTR, and

TMA, but also for FIZ, RMZ, and TMZ zones (see Table 1). Additionally, a new hybrid

label format was developed to combine the information of multiple sequenced TMA

into a single, long-format label. The information for these TMA, although not currently
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visible on the official chart, are fully integrated on the updated design of the 1:500,000

map.

3.2.8 Post-processing

The post-processing of the QGIS export was carried out in Sketch.7 The map was exported

from QGIS in SVG vector format and imported into Sketch, where the vector data was

organized into corresponding thematic layers for further editing.

The aeronautical labels mentioned above were also created within Sketch. In total, over

70 distinct airspace labels were created. Labels for navaids followed the same design

principles, displaying the individual identifier, frequency, and Morse codes.

Township labels exported from QGIS were manually adjusted in Sketch to optimize

legibility at the 1:500,000 scale. Label placement was refined to avoid overlaps and

improve clarity in densely populated or topographically complex regions. The same

applies to terrain spot elevations.

7Sketch, version 101.8, Sketch B.V., 2025, https://www.sketch.com.

https://www.sketch.com
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3.3 Experimental Design

3.3.1 Pre-study Questionnaire

As described in Section 3.1, participants were asked to complete an online questionnaire

prior to the experiment. The questionnaire was structured into three sections. The

first section gathered general personal and demographic information. The second

section contained aviation-related questions, giving insights into experience and preferred

methods of navigation. If a participant did not hold a pilot license, the second section

was automatically skipped. Lastly, the third section focused on participants’ general map

use habits and geographic knowledge of Switzerland.

Before participating in the study, all participants were informed about the nature and

scope of the experiment. They were required to read and sign an informed consent form,

which outlined that participation was voluntary, that the collected data would be used

anonymized. Also, participants were given the opportunity to withdraw at any time

without providing any justification.

3.3.2 Eye-tracking Study

The main part of the study consisted of a static eye-tracking experiment conducted in situ

at the University of Zurich. Participants were asked to perform a series of map-based

tasks while their eye movements were recorded using an eye-tracking system. The aim

was to analyze visual behavior across different map designs and determine how changes

in cartographic layout influenced task performance and visual search strategies.

Stimuli

The experiment included four visual stimuli, representing the two regions of Grisons (T1)

and Romandie (T2), each shown in both the current and the updated map design. The

stimuli are referred to as T1C and T2C for the current design, and T1N and T2N for the

new design. All maps were displayed in full-screen resolution (1920 by 1080 pixels), with

each region shown at identical scale and extent to allow for consistent comparison across

map designs.

The two map extents were selected to represent different levels of visual clutter. The area

in the Canton of Grisons is relatively sparsely populated, mainly due to its topography,

with limited infrastructure and resulting minimal airspace complexity. Within the

selected extent, only two airports are present, and no controlled airspace boundaries

exist, aside from a flight information zone at Samedan airport. In contrast, the Romandie

region exhibits a significantly higher degree of visual clutter, featuring several airspaces

belonging to Geneva airport and Payerne airfield, extensive transportation infrastructure,
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and large built-up areas.

The final map visuals were exported by cropping sections from the current map design

(TIFF format) and from the updated map design project created in Sketch. The selected

map extents covered different sized areas, as shown in Figures 3.2 and 3.3 below.

(2,706,300, 1,213,400) (2,834,600, 1,213,400)

(2,834,600, 1,141,100)(2,706,300, 1,141,100)

9,276 km2

Figure 3.2: Map extent for Task 1 (Grisons), in CH1903+ coordinate format

(2,493,600, 1,185,200) (2,586,700, 1,185,200)

(2,586,700, 1,132,900)(2,493,600, 1,132,900)

4,868 km2

Figure 3.3: Map extent for Task 2 (Romandie), in CH1903+ coordinate format
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Tobii Pro Labs Project Design

The structure of the study foresaw participants completing a visual search task, immedi-

ately followed by a multiple-choice question. Since Tobii Pro Lab (Tobii AB, 2024) does

not support built-in question prompts, static slides (1920 by 1080 pixels) with answer

options were created in Sketch and imported into the project. All remaining elements of

the experiment were put together within the Tobii Pro Labs environment.

A sequential, non-randomized structure was used. The study followed a within-subject

design with all subjects completing both tasks (scenarios) on both the current and

updated map design. Each stimulus included one "flight scenario": Task 1 (Grisons)

asked participants to imagine flying from Bad Ragaz to Samedan, Task 2 (Romandie)

involved flying from Yverdon Les-Bains to La Côte. Task 1 included four sub-tasks, task

2 included five sub-tasks. This resulted in a total of 18 sub-tasks per participant. The

sub-tasks were slightly varied between scenarios to avoid priming, but the underlying

structure and AOIs remained the same, allowing for more or less direct comparison. It

was expected that the second presentation of a similar task might be answered more

quickly due to familiarity.

To avoid these systematic performance advantages throughout the second round of

task completion, a counterbalancing scheme was implemented. Two contrasting stimuli

sequences were used: One in the order CNNC (Current-New-New-Current), and the other

NCCN (New-Current-Current-New). This ensured that both map designs were seen in

varying orders across participants. Task 1 was always presented before Task 2 in both

rounds to maximize the time between identical map extents. The order was also chosen

based on the visual complexity of the stimuli, with Task 1 being less cluttered than Task

2, as described in sub-section 3.3.2.

The questions presented throughout the experiment can be categorized into three types,

following the classification proposed by Polatsek et al. (2018): Retrieve Value (RV), Filter

(F), and Find Extrema (FE). Retrieve Value tasks involve locating a specific element or

reading a particular value from the map. Filter tasks require selecting information based

on a defined set of criteria. Find Extrema tasks involve comparing multiple specific

attributes to determine a maximum or minimum value. The majority of questions fell

into the RV and FE categories. Since the task sequence was not structured by stimulus

but rather by presentation order, each sub-task is grouped by stimulus and sorted by its

sequence and iteration.
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Table 3.5: Overview of sub-tasks, corresponding questions, and task types

Sub-task Question Task Type

Grisons (Task 1)

Sub-task 1, Iteration 1 Which navigational aids are to be found in the

map extent?

F

Sub-task 1, Iteration 2 What is the frequency of Corvatsch CVA

(DME)?

FV

Sub-task 2, Iteration 1 Which of the three passes leading to the

Engiadina Valley is the highest?

FE

Sub-task 2, Iteration 2 Which of the three passes leading to the

Engiadina Valley is the lowest?

FE

Sub-task 3, Iteration 1 Are there any obstacles around Samedan? F

Sub-task 3, Iteration 2 What is the top elevation of the antenna in St.

Moritz?

FV

Sub-task 4, Iteration 1 What is the approximate elevation of Chur? F (FE)

Sub-task 4, Iteration 2 What is the approximate elevation of

Domat/Ems?

F (FE)

Romandie (Task 2)

Sub-task 1, Iteration 1 Halfway through the flight you see an airfield

with a grass runway. Which airfield is it?

F

Sub-task 1, Iteration 2 What is the airfield elevation of Montrîcher? FV

Sub-task 2, Iteration 1 What airspace lies above Lausanne? FV

Sub-task 2, Iteration 2 What is the frequency used for the TMA LSGG

5 airspace?

FV

Sub-task 3, Iteration 1 What is the nearest navaid to La Côte? F

Sub-task 3, Iteration 2 What is the frequency of Gland GLA (NDB)? FV

Sub-task 4, Iteration 1 Name a town to the west of the tank farm. F

Sub-task 4, Iteration 2 Name a town to the east of the tank farm. F

Sub-task 5, Iteration 1 What is the number of the restricted area above

Bière?

FV

Sub-task 5, Iteration 2 What is the lower limit of the LSR-5 restricted

area?

FV
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The four folders containing the stimuli and corresponding questions and answers were

duplicated and arranged to form both sequences. Since the sub-task questions differed

slightly between versions, two separate sets of answer slides had to be created and

assigned accordingly. The answer slides always listed three answers, one of which is

correct. Participants navigated the study using a keyboard input, which was chosen

to prevent accidental clicks during the map viewing phase, since backtracking is not

possible.

The flight scenario was described at the beginning of the task. The sub-tasks were

presented by a question slide featuring a target symbol, if applicable, to prime participants

on what to search for on the subsequent map extent. After the question screen, a 1000 ms

fixation cross was displayed to center the gaze for all participants. The stimulus was then

shown without a time limit, and participants advanced with a key press once ready to

answer the question. The cursor became visible and allowed participants to select their

answer via mouse click on the multiple choice slide. They were not informed about the

correctness of their answers.

After completing all sub-tasks, participants were shown a thank-you screen. Pressing the

Escape key ended the study and stopped the recording.

Eye-tracking Recording

Participants were invited to the University of Zurich and guided to the Eye Movement

Lab at the Department of Geography. Upon arrival, non-expert participants received

a brief introduction to the map layout and symbology to familiarize themselves with

basic visual elements. While understanding the semantics was not within the scope of

this study, any questions regarding general map use were addressed. A PowerPoint

presentation with a mock-up of the experiment was shown to explain the study procedure

and structure to participants. They completed a set of warm-up tasks, using a stimulus

that was geographically separate from those used in the main experiment to avoid

contextual priming.

Eye movements were recorded using a Tobii Pro eye-tracking system operating at a fre-

quency of 300 Hz. The system tracked both eyes individually, capturing gaze coordinates,

fixation data, and pupil and eye openness. Participants were seated comfortably at an

optimal viewing distance of approximately 50–70 centimeters from the screen on a chair

without wheels. Once ready, a calibration procedure was conducted to align the gaze

data with actual fixation points on the screen. Only after a successful calibration did

participants begin the experiment at their own pace.

The experimenter remained present in the room to monitor the process but remained
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seated behind the participant to avoid influencing their visual behavior. No audio or

video recordings were made, only gaze data was collected. At the conclusion of the study,

the recording session was saved within the Tobii Pro Lab environment. Input devices

such as the mouse and keyboard were disinfected after each session.

3.3.3 Raw Data Handling

Tobii Pro Lab allows exporting eye-tracking recordings in various formats. For this study,

the data was exported for each participant in the .xlsx Excel format to enable efficient

handling using Python. Since the recordings were captured at 300 Hz, each second

produces 300 timestamps as rows in the file. Due to the resulting file size, the data was

trimmed using various Python scripts. To maintain the overview and store all the results,

a dedicated folder was created for each participant.

First, the raw .xlsx dataset was filtered to only contain rows produced during exposure

to one of the four stimuli T1C, T1N, T2C, T2N, i.e. while visually searching one of the four

map extents. From there, only the columns containing relevant gaze data were retained

for post-analysis. These contain the timestamp, fixation coordinates, eye movement type,

gaze event duration, pupil diameter, eye openness, and AOI hits. Since jumps in the

recording timestamp exist after filtering for exposure to the map extent stimuli only, the

specific sub-task numbers (e.g. T1C Task 1, T1C Task 2) can be assigned. The trimmed

participant dataset was then further split into individual .csv files per stimuli and saved

in the folder.

Participant Results

From the different stimulus .csv files, all relevant metrics were extracted to generate

a single task summary (subtask_statistics.csv) file for each participant. This file

includes one row per sub-task containing key metrics such as its completion time, time

to first AOI hit (for one or multiple AOIs), as well as the number of fixations and

saccades. Task accuracy (correct/incorrect) was manually annotated after evaluating the

experiment.

A folder named for_copying contains a reformatted version of the participant level

sub-task statistics file. It reorders the entries into the correct chronological sequence of

sub-task completion and splits subtask_statistics.csv into separate single-row files

per metric. These individual single-row files were then used to compile a global dataset,

aggregating all recorded data across participants per sub-task and metric.
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Global Metrics

The four .csv stimulus files acted as the base for calculating the statistics regarding

saccades, fixations, and AOI hits across the whole experiment. Three separate folders

were created, in which all relevant extracted data was stored in.

A global fixations .csv contained a list of all fixations throughout the experiment with

their X, Y screen coordinates and their respecitve durations. Similarly, a global saccade

.csv stored all saccades. The start and end coordinates were determined using the

preceding and subsequent fixation coordinates, and together with the resulting Euclidian

distance the speed of the saccade was determined. Every fixation and saccade contained

stimulus and participant data, enabling the calculation of normalized counts.

Apart from the statistics, the saccade and fixation data acts as the base for 2D visualiza-

tions. Heat maps are the most prominent ways to display fixation hot spots and durations

(Raschke et al., 2013). For exploratory purposes linked to RQ3, four additional types

of heat maps were generated. Differences were calculated using a log-cubic weighting

function that preserved the directional sign of the values.

• Sub-task-level difference heat maps

• aggregate heat maps per stimulus

• stimulus-level difference heat maps

Similarly, scan paths are the easiest way to display saccadic eye movement (Raschke et al.,

2013). The inclusion of multiple metrics as well as participant data in the global .csv

data frames allows for additional visualizations. Analogue to the fixations, four different

types of scan paths were created:

• sub-task-level disambiguation between map designs

• stimulus-level disambiguation between map designs

• sub-task-level disambiguation between experts and non-experts

• stimulus-level disambiguation between experts and non-experts

The AOI metrics were extracted using the binary AOI hit columns of the stimuli .csv

files. From there average times to first hit, absolute number of hits, as well as total dwell

time were extracted. The dwell time is calculated as a sum of all of the fixation durations

for a given AOI or area (Burian et al., 2018).
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3.4 Statistical Analysis

Since eye-tracking data typically do not follow a normal distribution, non-parametric

statistical tests were employed. Specifically, Wilcoxon signed-rank tests and Aligned

Rank Transform (ART) ANOVAs were used as robust alternatives to the paired t-test

and standard ANOVA, respectively (Burian et al., 2018). All analyses were performed

at a 95% confidence level. Participant expertise, task, and map design were treated as

independent variables. The dependent variables included task completion time, time to

first AOI hit, fixation metrics such as duration and count, and saccade metrics such as

length and speed.

To assess overall variance and potential interactions between independent variables, ART

ANOVAs were conducted. In addition, Wilcoxon signed-rank tests were used to examine

pairwise differences between map designs, map extents, and expertise groups. Analyses

were carried out at three levels: the sub-task level, the stimulus level, and the overall

level. All statistically significant results are clearly marked in the corresponding tables

and visualizations.

The measures for the 2D heat maps are calculated using the Shannon entropy and a

weighted spatial dispersion. Entropy can be used to describe the switching between AOIs.

(Krejtz et al., 2014) implement the Shannon entropy to denote the randomness. A higher

entropy corresponds to more randomness and more frequent switching between AOIs.

H = → n
i=1

pi log2(pi), with pi =
xi

n
j=1 xj

(3.1)

Where: pi is the normalized value at bin i, xi is the raw fixation count at bin i, and n is

the total number of bins.

The weighted spatial dispersion is calculated as follows:

I =
n
i=1 d2

i xi
n
i=1 xi

(3.2)

Where: di is the Euclidean distance from bin i to the center of the heatmap, xi is the

fixation weight at bin i, and the center (xc, yc) is given by:

xc =
W
2

, yc =
H
2

where W and H are the width and height of the heatmap.
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Results

The results portrayed in this chapter were created using the methods laid out in the

previous Chapter 3. The first part of the results gives an overview over various metrics

across the two map designs and expertise in regards to the first two research questions,

while the second part gathers exploratory results aimed at the third research question.

• The first section (4.1) looks at the answers given by the participants during the

eye-tracking experiment.

• The second section (4.2) dives into the different results of the eye-tracking metrics

discussed in sub-section 3.3.3.

• The last section (4.3) portrays the different 2D visualizations of the eye-tracking

data. These help in the qualitative analysis answering RQ3.

Shapiro–Wilk tests confirmed that none of the dependent variables followed a normal

distribution as laid out in Section 3.4: Completion Time (W = 0.722), Answer Time

(W = 0.542), Average Time to AOI (W = 0.547), Fixations (W = 0.728), Fixations per

Second (W = 0.931), Average Fixation Duration (W = 0.703), Saccades (W = 0.706),

Saccades per Second (W = 0.920), Average Saccade Length (W = 0.935), Average

Saccade Duration (w = 0.816), and Average Saccade Speed (W = 0.970). Accordingly,

non-parametric methods were correctly applied for all statistical analyses.

31
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4.1 Multiple Choice Results

Figure 4.1: Mistake Count colored by Expertise

Figure 4.2: Mistake Count colored by Map Design

Across all participants and sub-tasks, 91.2% of answers were correct (509/558), with

experts performing just slightly better at 92.7% (266/288). The updated map design scored

90.6% correct answers overall (253/279), 93.1% for experts (134/144) (see Figures 4.1 and

4.2).

Answer times did not differ significantly by expertise, p = .068, nevertheless, there is

a significant interaction between Expertise and Map Design p = 0.016 (see Table A.1,

Figure 4.3). Non-expert participants’ answer time was 1.57 seconds lower on the updated

map design, while expert times hovered around 3 seconds across both designs. The

average answer time was 3.3 seconds, with experts responding faster on average (3.0

seconds).
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Figure 4.3: Answer Times (Seconds) per Sub-Task across Map Designs

Figure 4.4: Answer Time Ratio ( AnswerTimeIteration1
AnswerTimeIteration2

) per Sub-Task, colored by Expertise (Grisons
Task 4 omitted)

4.2 Eye-Tracking Metric Results

This section looks into the results across Task 1 (Grisons) and Task 2 (Romandie) com-

bined, focusing on different metric results gathered throughout the eye-tracking experi-

ment as outlined in Subsection 3.3.2. It aims to provide insight into the first two research

questions on map reading efficiency and a bias toward the current map design.

4.2.1 Completion Time
Table 4.1: Linear Regression Predicting Total Completion Time

Predictor Coef. SE t p-value

Intercept 83.78 12.12 6.91 <.001
Grisons Knowledge -4.63 2.95 -1.57 .129
Romandie Knowledge 1.97 3.27 0.60 .552
Map Use Frequency -6.09 2.75 -2.22 .036
Expertise (binary) -18.88 6.02 -3.14 .004

Model Fit: R2 = 0.489, Adjusted R2 = 0.411, F(4, 26) = 6.23, p = .001

Evaluating the responses from the pre-study questionnaire (see Section 3.3) regarding

participants’ frequency of map use and geographic knowledge of the two regions, a linear

regression predicting total task completion time revealed a significant effect of expertise
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(p = .004) and map use frequency (p = .036). While self-reported geographic knowledge

of the Grisons region showed an expected negative association with completion time,

this effect did not reach statistical significance (p = .129). In contrast, knowledge of the

Romandie region showed no meaningful association with performance (p = .552).

(a) Average Sub-Task Completion Time across
Map Designs

(b) Average Sub-Task Completion Time by Ex-
pertise

Figure 4.5: Overall Average Sub-Task Completion Time, grouped by (a) Map Design and (b)
Expertise Level.

Two separate 2↑2↑2 Aligned Rank Transform ANOVA (Tables 4.2 and 4.4) revealed

that the map design had a highly significant effect on average sub-task completion time,

F(1, 504) = 20.03, p < .001, as well as average total completion time, F(1, 112) = 9.47,

p = .003, which combines all sub-tasks of a given stimulus. In addition, expertise

significantly influenced task completion time, F(1, 504) = 52.73, p < .001 (Table 4.2).

There was no significant interaction between Task and Design, F(8, 504) = 1.54, p = .139,

indicating that the benefit of the new map design on completion time remained relatively

consistent across different tasks (Figure 4.7).

However, there was a significant interaction between Expertise and Design, F(1, 504) =

4.23, p = .040, indicating that the effectiveness of the design differed between experts

and non-experts (Figure 4.8). No higher-order interactions reached significance.
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Table 4.2: ART ANOVA on Average Total Completion Time.

Effect df Res. df F p-value

Stimulus 1 112 14.25 <.001
Design 1 112 9.47 .003
Expert 1 112 24.85 <.001

Stimulus:Design 1 112 1.82 .180
Stimulus:Expert 1 112 1.70 .195
Design:Expert 1 112 1.55 .216

Stimulus:Design:Expert 1 112 0.54 .465

A Wilcoxon signed-rank test (Table 4.3) showed that average total completion time was

significantly lower with the new map design in both Grisons, W = 98, p = .005, and

Romandie, W = 126, p = .028, in line with the findings of the Aligned Rank Transform

ANOVA (Table 4.2). Figure 4.6 visually shows the large standard deviation (SD = 72.06)

found across completion times of tasks on the Grisons extent using the current map

design.

The effect of map design on completion time remained significant when analyzing

individual sub-tasks. In the Grisons region, completion time was significantly lower with

the new design, p = .021, as well as in Romandie, p = .014. Additionally, participants

completed sub-tasks in the Romandie region significantly faster than those in Grisons

(see Figures 4.7 and 4.8).

Table 4.3: Wilcoxon signed-rank test comparing Average Total Completion Time between Current
and New map designs per region.

Region Design Mean (s) SD (s) W p-value

Grisons Current 122.75 72.06 98 .005New 84.75 42.55

Romandie Current 81.42 42.72 126 .028New 67.04 41.49

Figure 4.6: Average Total Completion Time per Map Design, grouped by Stimulus
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Table 4.4: Aligned Rank Transform ANOVA on Average Completion Time per Sub-Task.

Effect df Res. df F p-value

Task 8 504 14.16 <.001
Design 1 504 20.03 <.001
Expert 1 504 52.73 <.001

Task:Design 8 504 1.54 .139
Task:Expert 8 504 2.76 .005
Design:Expert 1 504 4.23 .040

Task:Design:Expert 8 504 0.94 .487

Table 4.5: Wilcoxon signed-rank test comparing Completion Time across Map Designs.

Region Design Mean (s) SD (s) W p-value Effect Size (r)

Overall Current 22.69 23.94 3454.0 <.001 0.338New 16.87 16.22

Grisons Current 30.69 30.47 2748.0 .021 0.211New 21.19 18.23

Romandie Current 16.28 14.16 4354.5 .014 0.200New 13.41 13.50

Figure 4.7: Average Completion Time (in Seconds) per Sub-Task across Map Designs

Figure 4.8: Average Completion Time (in Seconds) per Sub-Task by Expertise
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4.2.2 Fixations

Beyond visual search completion time, fixation-based metrics were analyzed to assess vi-

sual processing demands. A 2↑2↑2 Aligned Rank Transform ANOVA on average fixation

duration (Table 4.6) once again revealed a significant main effect of Task, F(8, 504) = 2.51,

p = .011, as well as an expected significant effect of Expertise, F(1, 504) = 38.53, p < .001.

No significant main effect of Design was found, F(1, 504) = 0.05, p = .828.

Table 4.6: Aligned Rank Transform ANOVA on Average Fixation Duration.

Effect df Res. df F p-value

Task 8 504 2.51 .011
Design 1 504 0.05 .828
Expert 1 504 38.53 <.001

Task:Design 8 504 2.95 .003
Task:Expert 8 504 0.35 .945
Design:Expert 1 504 0.08 .779

Task:Design:Expert 8 504 0.48 .870

There were no notable visual differences in fixation duration between the Grisons and

Romandie regions, with most average values ranging between 250 and 350 milliseconds

(see Figures 4.9 and 4.10). On average, fixation duration was 321 milliseconds for experts

and 283 milliseconds for non-experts throughout the experiment.

Figure 4.11 shows the first sixty fixation durations for every participant of every sub-task.

From there, the global temporal average of fixation durations could be taken. It starts at

just over 250 milliseconds, increases slightly throughout the next 10 fixations, and hovers

at around 300 milliseconds throughout the rest of the sub-task.

Figure 4.9: Fixation Duration per Sub-Task across Map Designs.

In terms of fixation frequency (fixations per second), there is no significant difference

between the two map designs. A Wilcoxon signed-rank test yielded no significant

difference overall, W = 4724.0, p = .262, r = 0.092. Yet, a significant difference was
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Figure 4.10: Fixation Duration per Sub-Task by Expertise.

Figure 4.11: Fixation Durations throughout the first 60 fixations for every participant and sub-task.
The average is highlighted as a black line.

found in the Grisons region, W = 1698.0, p < .001, r = 0.369. No significant difference

was observed for Romandie, W = 4612.0, p = .344, r = 0.077 (Table 4.7). The individual

frequencies per sub-task vary between 2.7 and 3.5 fixations per second (see Figures 4.12

and 4.13).
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Table 4.7: Wilcoxon signed-rank test comparing Fixations per Second across map designs.

Region Design Mean SD W p-value Effect Size (r)

Overall Current 3.04 0.46 4724.0 .262 0.092New 3.07 0.55

Grisons Current 2.98 0.53 1698.0 <.001 0.369New 3.19 0.59

Romandie Current 3.13 0.55 4612.0 .344 0.077New 3.02 0.76

Figure 4.12: Average Fixation Duration per Sub-Task across Map Designs

4.2.3 Saccades

Alongside fixations, saccades represent the second core category of eye movements. A

series of Wilcoxon signed-rank tests (Table 4.8) revealed significant differences between

the current and updated map designs for saccade length, p = .004, as well as saccade

speed, p = .002. In contrast, saccade duration did not differ significantly between designs,

p = .101.

Table 4.8: Wilcoxon signed-rank tests comparing Saccade metrics between Current and New map
designs.

Metric Design Mean SD W p-value

Saccade Length Current 136.95 51.31 14586 .004New 150.39 57.00

Saccade Speed Current 3.96 0.94 13053 .002New 4.15 0.95

Saccade Duration Current 31.32 6.45 15693 .101New 32.40 8.58

A 2↑2↑2 ART ANOVA on saccade frequency (saccades per second) (Table 4.9) showed

no main effect of map design, F(1, 504) = 0.00, p = .971, indicating a consistent number



Chapter 4. Results 40

Figure 4.13: Fixation Frequency per Sub-Task and Expertise

of saccades across conditions (Current = 3.57 per second, New = 3.56 per second). Similar

to fixations, significant main effects were found for Expertise, F(1, 504) = 13.06, p < .001,

Task, F(8, 504) = 4.02, p < .001, and its interaction with map Design, F(8, 504) = 2.00,

p = .045.

Table 4.9: Aligned Rank Transform ANOVA on Saccades per Second.

Effect df Res. df F p-value

Task 8 504 4.02 <.001
Design 1 504 0.00 .971
Expert 1 504 13.06 <.001

Task:Design 8 504 2.00 .045
Task:Expert 8 504 0.79 .611
Design:Expert 1 504 1.80 .180

Task:Design:Expert 8 504 0.52 .839

A series of 2 ↑2↑ 2 ART ANOVAs on all other saccade metrics revealed consistent

patterns (see Tables A.2, A.3, and A.4). The effect of Task yielded highly significant

effects across all metrics, p < .001, and Expertise equally showed significant effects on all

outcomes except saccade length, p = .135.

The accumulated saccade lengths allow for a better understanding of the intensity of

the visual search on a stimulus, since lengthy scan paths indicate less efficient search

behavior (Kotval and Goldberg, 1998). Figure 4.14 shows the average total saccade length

per sub-task across all participants, while Figure 4.15 shows it for experts only. In both

instances, only Task 4 of Romandie returned statistically significant values, with p < .001

for all participants, and p = 0.025 for experts only.
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Figure 4.14: Average Total Saccade Length per Sub-Task across Map Designs

Figure 4.15: Average Total Saccade Length of Expert Participants per Sub-Task across Map Designs
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4.2.4 Relation between Saccade Length and Fixation Duration by Map Design

The relationship between saccade length and fixation duration, as seen in Netzel et al.

(2016), visualizes systematic differences in visual search behavior as a function of map

design (Figure 4.16) and expertise (Figure 4.17). The current map design shows fixation

durations that were slightly shorter and saccade lengths that remained largely comparable

to those observed in the new design. In contrast, the new map design elicited longer

fixation durations, although this did not translate into significantly greater saccade

amplitudes.

Across both designs, experts consistently exhibited longer saccades and prolonged

fixation durations, indicative of a more efficient and confident search strategy.

Figure 4.16: Saccade Length vs Fixation Duration Diagram.

Figure 4.17: Relation between Saccade Length and Fixation Duration by Participant Expertise
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4.2.5 AOI Hit Times

Same as with the completion time, the time to first AOI hit significantly varies between

design, task and expertise, as can be seen with an ART ANOVA conducted on Average

AOI hit times (Table 4.10). Similarly, the average time to first AOI hit across all sub-tasks

was notably lower in the Romandie sub-tasks (mean = 3.63 seconds) compared to those

in the Grisons region (mean = 8.26 seconds). As anticipated, expert participants reached

AOIs more quickly than non-experts across the board. A summarized overview of the

AOI hit times including the statistical measures can be found under Table 4.11, combining

all AOI, as well as Figures 4.18 and 4.19 visualizing the hit times per AOI seperately.

Table 4.10: Aligned Rank Transform ANOVA on Time to First AOI Hit (in seconds)

Effect df F p-value

Stimulus 1, 959.71 79.34 <.001
Design 1, 960.94 8.24 .004
Expertise 1, 28.57 10.74 .003

Stimulus:Design 1, 965.92 2.70 .101
Stimulus:Expertise 1, 960.41 7.72 .006
Design:Expertise 1, 960.88 3.18 .075

Stimulus:Design:Expertise 1, 965.75 0.01 .927

Table 4.11: Wilcoxon signed-rank test comparing time to first AOI hit between map designs,
grouped by expertise

Group U statistic p-value

Non-Experts (Current vs. New) 30089.0 .004
Experts (Current vs. New) 38013.5 .146

Figure 4.18: Time to first Hit for all AOI by Map Design
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Figure 4.19: Time to first Hit for all AOI by Expertise

Figure 4.20: Average Cumulative Dwell Time per AOI by Design

Figure 4.21: Average Cumulative Dwell Time per AOI by Expertise
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4.3 Spatial Visualizations of Eye-Tracking Metrics

4.3.1 2D Fixation Heat Maps

Using the methods described in Section 3.4, 2D fixation heat maps show the spatial

distribution of fixation points. The metrics of the different 2D fixation heat maps are

listed in Table A.7.

Aggregate heat maps show the cumulative distribution of all fixation points throughout

the sub-task for a given stimuli. Figure 4.22 shows the total fixations for the current map

extent of Grisons and fixations on the updated map design of Romandie.

The two difference heat maps of the Grisons and Romandie extents can be seen in Figure

4.23.

Figure 4.22: 2D Cumulative Fixation Heat Map of Grisons (Current Map Design) and Romandie
(Updated Map Design)

Figure 4.23: 2D Difference Heat Map of Fixations for Grisons and Romandie. Red areas were
more looked at on the current map design, while blue ones were more looked at on the updated
map design.
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4.3.2 2D Saccade Scan Paths

Saccadic scan paths are the visual counterpart to the 2D fixation heat maps. In the figures

below, saccades collected throughout a given sub-task collected and colored by map

design for easier interpretation. The corresponding stimulus is lightly visible in the

background. Not all tasks are included in this section.

Across all tasks, scan paths tend to cluster around prominent textual elements and labels,

intuitively suggesting that these features attract early and frequent visual attention. This

pattern is to be seen across all sub-tasks and map designs (see Figure 4.24).

Sub-tasks 2 and 4 of each stimulus give the best insight into saccadic eye movement due

to the nature of the task. They are to be seen in Figure 4.25. Task 2 in Grisons shows the

three mountain passes as hot spots, while Task 2 in Romandie clearly shows the labels

for Geneva’s TMA 5 airspace as hot spots.

(a) Grisons Current (b) Grisons New

(c) Romandie Current (d) Grisons New

Figure 4.24: Cumulative Scan Paths across all four Stimuli
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(a) Grisons Current Task 2 (b) Grisons New Task 2

(c) Grisons Current Task 4 (d) Grisons New Task 4

(e) Romandie Current Task 2 (f) Romandie New Task 2

(g) Romandie Current Task 4 (h) Romandie New Task 4

Figure 4.25: Scan paths across Task 2 and Task 4 for both regions and map designs
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Discussion

5.1 Task Questions

Firstly, looking into the correctness of the answered questions throughout the eye-tracking

experiment, it becomes clear that most mistakes were made while exposed to the two

first stimuli. This is indicative of a difficult start, as mistake counts rapidly declined after

that. Visual priming is the most probable cause for these numbers, and makes sub-task

performance highly individual. The answer time ratios are indicative of fast learning on

the Grisons map extent.

The tasks for the Grisons area were slightly more difficult, with more mistakes happening

while exposed to these stimuli. This can be tied to the nature of these tasks, as explained

in Section 3.3). Experts, as expected, performed better than non-experts. Yet, the

difference between correct answer percentages is surprisingly small, indicative of large

discrepancies within the participant groups. Interestingly enough, similarly good results

among novice participants were attained by Keskin et al. (2020) in their study. The

highest individual mistake count for an expert was 4 (77% correct).

A central limitation of this study lies in the nature of the tasks themselves, which

consistently yielded statistically significant effects across nearly all statistical tests. The

Grisons tasks tended to be broader in scope, counterbalanced by visually less cluttered

stimuli. Because flight planning constitutes a major part of pre-flight procedures, three

of the four tasks were designed to reflect questions arising from such activities. These

involved scanning larger spatial areas, which contributed to longer sub-task durations.

Especially task 4 in Grisons stood out for its lack of a predefined target symbol or value,

thus, participants had to make use of different visual cues. It was this particular task that

let completion time shoot up across both expert and non-expert groups.

48
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In contrast, the Romandie tasks were generally more straightforward, largely due to the

higher complexity and density of the map, which allowed for more targeted questions.

Answering times were significantly shorter in this region, averaging 2.8 seconds compared

to over 4 seconds for the Grisons tasks. An exception was Romandie Task 2, where

some expert participants mistakenly identified the airspace class instead of the airspace

identifier. This resulted in prolonged dwell times on the answer screen.

5.2 General Eye-Tracking Results

5.2.1 Completion Time

The empirical results showed that completion times were generally shorter across the

experiment when using the updated map design. This suggests that the redesign

improved task efficiency. Still, the ART ANOVA did not reveal a significant interaction

between expertise and design for this metric, indicating that the effect of the updated

map design was consistent across both expert and non-expert groups.

Despite the absence of a statistical interaction, the descriptive results suggest that non-

expert participants benefited more from the updated design. This is likely because

experts, who already performed tasks more quickly, had less room for improvement.

While expert participants also completed tasks slightly faster with the updated map, the

relative gain was smaller.

Importantly, the ART ANOVA showed no indication of a bias toward the current map

design for RQ 2 (see 1.3). There were no significant interactions between expertise and

design across any of the evaluated metrics, except for average completion time, where

the updated design actually performed significantly better. These results discard the idea

of a strong bias towards the current map as seen with the Master’s thesis of Juliette Marx

(Marx, 2015) and reinforce the conclusion that performance gains outweighed participant

familiarity with the current map design.

5.2.2 Saccades and Fixations

The collected fixation and saccade duration ranges are consistent with established findings

in the literature (Holmqvist et al., 2011; Rayner, 2009). While these studies suggest a

negative correlation between fixation duration and task difficulty, this relationship could

not be recreated in the present study. Also, Task difficulty remains a subjective construct

that varies between participants and was not taken into account in this eye-tracking

experiment. Nevertheless, some patterns are visible, particularly in relation to the

updated map design. Tasks from the Romandie region returned longer average fixation

durations than those from the Grisons region, which would align with the higher error
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rates recorded in the multiple-choice responses associated with Grisons tasks.

However, the findings of this study diverge from those reported by Ooms et al. (2013);

Keskin et al. (2020); Netzel et al. (2016), who argue that novice map reading is typically

characterized by longer fixation durations and a higher number of fixations per second.

The present results of this experiment suggest the opposite. The recreated figure from

Netzel et al. (2016) (see Figure 4.16) illustrates this discrepancy. Sub-tasks completed

using the current map design are positioned in the lower-left quadrant, which is indicative

of more efficient visual search behavior based on the findings of Netzel et al. (2016).

Moreover, the influence of expertise in general may have been limited in this study,

as none of the participants who owns a pilot license is based in Western Switzerland.

For most, the Romandie region was unfamiliar, especially when tasked to find La Côte

airfield.

Saccade and fixation frequencies remained stable throughout the experiment for both

groups, indicative of consistent visual search performances. A decline in fixation rate over

completion time, as suggested by McGregor and Stern (1996), was not observed. Fixation

durations remained constant, although longer and more difficult tasks potentially have

shown a similar effect. Due to faster completion times of experts, fewer overall fixations

and saccades were needed, which aligns with the map use paradigm described by Keskin

et al. (2020). As shown in Figure B.4, saccade speed may be lower in the Grisons region

due to the larger map extent, and thus a smaller area dealt with throughout a sub-task.

5.2.3 Areas of Interest

Both time to first AOI hit and overall completion times were significantly faster with the

updated map design. While the Vaud region presented higher visual complexity, the

updated design still appeared to consistently score lower hit times. Similarly, non-expert

participants benefited more from the updated map design, with significance levels at

p = .004 when comparing AOI hit times between designs, as opposed to the insignificant

p = .146 for experts.

Expertise also played a role in gathering the information in the Grisons tasks, as there

was a highly significant interaction between Task and Expertise. The difference in hit times

was closer in Romandie tasks, once again suggestive of the easier nature of the tasks.

Additionally, dwell times on key AOIs were slightly longer, and saccades were faster

during Romandie tasks, suggesting a more active visual search process. These findings

align with Holmqvist et al. (2011).

When filtering by key AOIs, both the current and updated map designs yielded similar

results overall. Peripheral AOIs were located more quickly in the updated design, likely
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due to increased visual saliency of labels of the AOI, which also is visually reflected in

the scan paths, discussed in Subsection 5.3.2.

Combining these eye-tracking metrics, we can answer RQ 1 (see 1.3). The significantly

faster completion time for both participant groups shows less time required to confidently

answer a given task, which is of great importance when flying. The faster completion

time did not lower accuracy of the answers. Similarly to completion time, the AOI hits

happened significantly earlier on the new map when looked at wholly per stimulus,

indicative of a more salient design.

Most conventional eye-tracking metrics show no significant differences which correspond

to improved readability. Especially the fixation durations and saccade length speak

against improved legibility. Nonetheless, the improved AOI hit times most probably lead

participants to an overall faster completion time in the end.

5.3 Qualitative Analysis

5.3.1 2D Fixation Heat Maps

The 2D heat maps are similar in nature, with most hot spots lying in central regions of

the extent. Therefore, those central areas appear white on difference heat maps, since

they are frequented a lot in both designs. In the peripheral regions, there is scattering of

fixations between the two designs. It shall be noted that participants’ gazes are not drawn

to neighboring countries on the updated design, since the data are missing. Naturally,

this effect is more prominent in the Grisons extent, as a large portion of the map is blank

on the updated design.

Still, these heat maps also have drawbacks, and must be treated with caution. As Raschke

et al. (2013) warns, the heat maps are an absolute representation of fixations, and do not

reflect any temporal relationship between the hot spots. Furthermore, the different AOIs

were not visited with equal frequency, resulting in some areas being underrepresented in

heat map visualizations.

When looking at the difference heat maps on a sub-task level, qualitative analysis is

rather difficult. Due to the overall smaller number of gazes per area when compared to a

cumulative heat map, an individual fixation has more impact. Therefore, the heat maps

show scattered gaze points originating from both map versions, which makes it difficult

to draw clear conclusions.

Still, the statistical results for the heat maps show certain patterns. While the inertia is

slightly higher for the new map design, the entropy scores lower. The higher inertia
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corresponds with the increase in saccade lengths on the new map design, making

attention more spread out over the stimulus.

5.3.2 Saccade Scan Paths

Saccade scan paths reveal that labels strongly attract visual attention due to their saliency.

For instance, the minimum recommended altitude label for the VFR route to Julierpass is

highly prominent on the current map in the Grisons region (see Figure B.5). However,

this information is not particularly relevant for most navigational tasks.

Although the entropy values of the resulting heat maps are slightly lower for the updated

design, the differences are not that big and should therefore be interpreted with caution.

Nonetheless, the visualization suggests that saccadic scan paths can be effectively guided

through strategic label placement. This effect is particularly evident in the Romandie

region, where the updated map design features ICAO-standardized labels. A major

drawback of the current map is its fragmented labeling of airspaces, which can be

especially distracting in visually cluttered areas. In such contexts, standardized, salient

labels appear to play a central role in guiding gaze behavior and improving visual

efficiency.

Task 4 in the Grisons extent is exemplary for a typical task when being confronted with

an emergency situation, such as an engine failure. Since most elevations other than

mountain tops or passes are not labeled, the altitude of such large areas, which can

be used for emergency landings, remain unknown and must be derived from as many

sources as possible. Naturally, the heliport in Untervaz gives an exact number at 1786

feet, just 50 meters lower than the actual elevation of Chur (or Domat / Ems, depending

on the iteration) of around 1950 feet.

For example, Tavanasa heliport in the upper Rhine valley gives second value which can

be used to easily interpolate between the two. Since time is extremely limited, especially

in emergency situations, fast information retrieval is vital. The fixation frequency of this

task is significantly higher and completion time lower, yet not statistically significant

on this particular task level. Nonetheless, the difference heat map of this task reveals a

surplus in fixations of Tavanasa heliport, which is indicative of spotting the peripheral

label better due to enhanced saliency.

In relation to RQ 3 (see 1.3), albeit not particularly pronounced, a few differences in visual

patterns could be observed. These patterns suggest a more efficient and goal-oriented

visual search. However, this interpretation should be approached with extreme caution,

as the overall lower completion times also resulted in fewer saccades and fixations.
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5.4 Limitations

As with any experimental study, several limitations must be acknowledged.

First, the redesigned map is not fully congruent with the official chart. Certain features,

such as airspace class labels along airspace borders, were intentionally excluded due

to a limited cost-benefit ratio. Their omission may have influenced especially expert

participants’ interpretation. Also, not all obstacle data been able to recreated, therefore

less visual clutter especially in mountainous regions.

Additionally, some newly proposed features, such as dashed airspace boundaries or

combined airspace labels, would first need separate testing and regulatory approval to

be inserted on the chart. The two stimuli, however, did not feature any of those changes.

Another notable limitation involves the treatment of regions outside of Switzerland.

As noted in Section 5.3, blank areas due to missing data have unintentionally guided

gaze patterns, drawing attention more strongly to the central map content, and thus

influencing heat map metrics.

Due to time constraints in place, a within-subject design had to be chosen for this

study. With that come obvious drawbacks. Every participant is exposed to the same

geographic extent twice. Although the tasks were posed that they were not identical, most

participants still can recall the spatial relationships of AOI Bestgen et al. (2017), leading

to improved strategies and lower completion times throughout the second iteration. This

notably visible when looking at Figure 4.1 showing the number incorrect answers. Visual

priming also occurred due to placement of the target symbol on the question slide before

being exposed to the stimulus, since there is no space for legend next to map extent.

Already knowing what to look for definitely helps non-expert participants and does not

reflect a real-world scenario, where the legend is on the back of the chart.

With the fragmentation of the participants into smaller and smaller cohorts come more

unreliable results due to the small sample size Fairbairn and Hepburn (2023). Although

31 participants consists of a not unusual size for eye-tracking experiment, the two

divisions into experts and non-experts, as well as into one of two experiment sequences

for counter-balancing drastically reduce the sample size of identical groups. The results

of the 7 to 8 participants making up one group are very sensitive to outliers. This is

reflected in the large standard deviations observed in certain metrics, which reduce the

reliability of the results and complicate statistical testing (Cohen, 2013).

Regarding the choice of tasks it was particularly difficult to find a compromise between

being too difficult for non-experts and too easy for expert participants. An initial plan to
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include the Zurich region was ultimately abandoned due to its extremely high visual

and semantic complexity, which makes it nearly impossible to navigate for non-expert

participants. Therefore, the tasks generally were too easy, especially throughout the

second iteration. As a result, the shorter completion time did not lead to participants

becoming overly tired throughout the experiment, as was the case with the Marx’s

Master’s thesis (Marx, 2015).

The eye-tracking equipment is also subject to variability, as some participants returned

erratic eye movements that were not fully trustworthy. One participant’s data was

unusable and not taken into account in the post-experiment analysis. With one participant,

the calibration was unsuccessful due to only one eye being recognized by tracker, reducing

the sample size from 32 to 31. The calibration results are also participant specific, and

therefore vary in accuracy. As the experiment took roughly seven to fifteen minutes to

complete, it was impossible for participants to stay absolutely still throughout, further

adding to the possibility of erroneous eye-tracking data.
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Conclusion

6.1 Main Findings

This study investigated whether an update to the current VFR aeronautical chart can

improve the readability for private pilots, and if the effect is more pronounced among

non-expert participants representing novice pilots. By removing current cartographic

deficits, adhering more strictly to the well established ICAO design guidelines from

Annex 4 (International Civil Aviation Organization, 2022), and implementing new design

features, it aimed to enable lower visual search completion times.

The main findings support the potential of performance improvements when utilizing

the updated map. Especially in the first map extent, spanning the canton of Grisons,

the most prominent differences were found. In terms of completion time, a significant

improvement was seen, both for experts and non-experts, showing potential benefits

in a real-world scenario. While the fixation frequency, as well as saccade length and

saccade speed significantly increased, times to first AOI hit significantly decreased on

the updated map design. Still, the results obtained by the eye-tracking experiment must

be treated with certain caution, as individual performance discrepancies paired with a

small sample size (N = 31) account for high variances in some metrics.

Quantitatively analyzing the fixation heat map metrics revealed slightly lower entropies

for the updated map design. Visually investigating the 2D plots showed labels influencing

scan paths. By making the labels more salient and placing them at suitable positions on

the map, gazes were more collected patterns on the updated map.
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6.2 Contributions

This study compared two VFR aeronautical charts using eye-tracking technology, which

has not been deployed in this niche of cartography. Additionally, it quantitatively put

into perspective the effectiveness of the current Swiss VFR aeronautical chart, which

previously only was looked at qualitatively. Its findings contribute to understanding

how a de-cluttered design may increase map reading efficiency in the high visual clutter

environment of a VFR aeronautical chart.

The distinction between expert and non-expert participants gives insight into different

performances, which may especially benefit student pilots.

6.3 Future Research

To expand on the present work, a more extended eye-tracking study would offer deeper

insights into the specific design elements that contribute to the effectiveness of VFR

aeronautical charts, such as the sequence of AOI visits, or more thoroughly diving

into gaze paths. Given the limited number of participants and the high degree of

individual variability, some of the eye-tracking metrics observed in this study diverged

from findings reported in literature. For future research, a between-subjects design may

be more appropriate to reduce priming effects and isolate design-related differences more

clearly.

Additionally, the inclusion of non-expert participants can be debated on, as the current

findings already suggest that an updated map design provides greater benefits for this

group. Future tasks should also be enhanced in complexity to better reflect real-world

pilot decision-making processes. Ideally, the updated design could be evaluated in a

mobile eye-tracking setup within a full flight simulator, allowing for more ecologically

valid insights and higher fidelity to actual operational environments.
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Appendix A

Tables

Table A.1: Aligned Rank Transform ANOVA on Answer Time.

Effect df Res. df F p-value

Task 8 504 14.30 <.001
Design 1 504 0.56 .454
Expert 1 504 3.36 .068

Task:Design 8 504 0.64 .744
Task:Expert 8 504 1.04 .401
Design:Expert 1 504 5.85 .016

Task:Design:Expert 8 504 2.34 .018

Table A.2: Aligned Rank Transform ANOVA on Average Saccade Duration.

Effect df Res. df F p-value

Task 8 504 8.07 <.001
Design 1 504 1.87 .172
Expert 1 504 15.56 <.001

Task:Design 8 504 0.46 .881
Task:Expert 8 504 0.88 .531
Design:Expert 1 504 0.09 .759

Task:Design:Expert 8 504 1.01 .426
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Table A.3: Aligned Rank Transform ANOVA on Average Saccade Length.

Effect df Res. df F p-value

Task 8 504 23.37 <.001
Design 1 504 11.88 <.001
Expert 1 504 2.24 .135

Task:Design 8 504 1.51 .150
Task:Expert 8 504 0.55 .818
Design:Expert 1 504 2.01 .157

Task:Design:Expert 8 504 1.34 .222

Table A.4: Aligned Rank Transform ANOVA on Average Saccade Speed.

Effect df Res. df F p-value

Task 8 504 18.38 <.001
Design 1 504 8.40 .004
Expert 1 504 16.61 <.001

Task:Design 8 504 0.75 .647
Task:Expert 8 504 0.42 .912
Design:Expert 1 504 1.91 .167

Task:Design:Expert 8 504 1.12 .351
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Table A.5: ART ANOVA results for Time to First AOI Hit by Design (D), Expertise (E) and their
Interaction (I).

AOI Sub-Task dfres FD pD FE pE FI pI

Grisons
CVA DME 1 49 1.129 .293 0.242 .625 1.583 .214
WFJ DME 1 40 5.759 .021 1.791 .188 0.450 .506
Samedan 1 47 1.536 .221 0.376 .543 1.854 .180
Bad Ragaz 1 21 1.862 .187 0.092 .764 0.282 .601

Julierpass 2 47 0.310 .581 3.527 .067 3.742 .059
Albulapass 2 52 1.678 .201 2.051 .158 1.141 .290
Flüelapass 2 46 3.354 .074 8.817 .005 2.012 .163

Obstacle 3 52 6.038 .017 9.492 .003 9.981 .003

Domat/Chur 4 40 0.581 .450 0.136 .714 0.281 .599
Heliport 4 54 7.352 .009 2.296 .136 3.078 .085

Romandie
Montrîcher 1 56 0.195 .661 0.230 .634 0.427 .516
Yverdon 1 24 0.642 .431 0.002 .969 0.035 .854
La Côte 1 26 4.075 .054 0.336 .567 0.399 .533
Blécherette 1 39 0.850 .362 0.162 .689 0.119 .731

Tank Farm 3 44 1.218 .276 4.688 .036 2.235 .142

GLA NDB 4 53 8.126 .006 9.950 .003 2.577 .114
SPR VOR-DME 4 42 0.363 .550 8.761 .005 0.008 .930
LAP DME 4 10 0.643 .441 0.515 .489 0.062 .809

LSR-5 5 54 0.146 .704 2.028 .160 0.864 .357
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Table A.6: ART ANOVA results for AOI Dwell Time by Design (D), Expertise (E) and their
Interaction (I).

AOI Sub-Task dfres FD pD FE pE FI pI

Grisons
CVA DME 1 49 0.304 .584 0.336 .565 1.031 .315
WFJ DME 1 40 0.001 .973 0.208 .651 0.005 .943
Samedan 1 47 0.222 .639 1.684 .201 2.451 .124
Bad Ragaz 1 21 1.505 .234 0.623 .439 1.192 .287

Julierpass 2 47 0.001 .974 1.195 .280 0.013 .911
Albulapass 2 52 2.423 .126 3.905 .053 0.090 .766
Flüelapass 2 46 0.000 .997 0.423 .519 0.003 .960

Obstacle 3 52 1.549 .219 0.540 .466 1.335 .253

Domat/Chur 4 54 0.188 .666 0.103 .750 0.141 .709
Heliport 4 40 7.016 .012 0.467 .498 0.009 .925

Romandie
Montrîcher 1 56 0.316 .576 3.888 .054 0.025 .874
Yverdon 1 24 0.271 .607 0.004 .952 0.010 .919
La Côte 1 26 0.059 .811 0.002 .963 0.083 .775
Blécherette 1 39 0.039 .845 0.009 .926 0.034 .855

Tank Farm 3 44 0.314 .578 0.939 .338 0.849 .362

GLA NDB 4 53 0.310 .580 1.847 .180 0.036 .850
SPR VOR-DME 4 42 9.799 .003 0.060 .807 3.991 .052
LAP DME 4 10 0.656 .437 1.216 .296 0.001 .976

LSR-5 5 54 3.187 .080 5.720 .020 0.716 .401
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Task Inertia Std. Dev. Mean Entropy

Grisons - Current
Task 1 769.98 6.84 1.60 8.74
Task 2 662.68 7.08 1.72 8.74
Task 3 822.44 6.93 1.24 7.53
Task 4 593.66 7.96 1.84 8.21

Grisons - New
Task 1 805.82 6.84 1.37 8.10
Task 2 736.13 6.91 1.42 8.16
Task 3 843.05 6.82 1.20 7.56
Task 4 652.27 7.52 1.69 8.17

Romandie - Current
Task 1 798.13 6.95 1.36 7.96
Task 2 762.37 6.83 1.30 7.85
Task 3 778.49 6.94 1.31 7.80
Task 4 940.38 6.89 1.29 7.81
Task 5 906.81 6.86 1.17 7.46

Romandie - New
Task 1 799.51 6.90 1.30 7.79
Task 2 780.61 6.96 1.25 7.59
Task 3 837.02 6.80 1.17 7.52
Task 4 967.61 6.82 1.10 7.09
Task 5 889.22 6.82 1.21 7.62

Table A.7: Global fixation heatmap metrics grouped by stimulus and map design.
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Task Inertia Std. Dev. Mean Entropy

Grisons - Current
Task 1 876.89 6.72 1.20 7.81
Task 2 863.04 6.75 1.11 7.30
Task 3 943.24 6.73 1.00 6.82
Task 4 773.76 6.90 1.26 7.53

Grisons - New
Task 1 927.10 6.71 1.06 7.16
Task 2 857.17 6.73 1.13 7.48
Task 3 976.80 6.71 0.95 6.53
Task 4 820.53 6.84 1.18 7.37

Romandie - Current
Task 1 909.74 6.73 1.09 7.29
Task 2 915.92 6.71 1.02 6.96
Task 3 864.48 6.78 1.11 7.26
Task 4 1008.06 6.73 1.01 6.88
Task 5 999.28 6.72 0.94 6.51

Romandie - New
Task 1 912.89 6.73 1.06 7.13
Task 2 931.08 6.72 0.99 6.79
Task 3 921.11 6.72 1.02 6.98
Task 4 1013.16 6.71 0.95 6.57
Task 5 962.51 6.71 1.01 6.94

Table A.8: Expert fixation heatmap metrics grouped by stimulus and map design.
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Figures

Figure B.1: Answer Times per Sub-Task by Participant Expertise
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Figure B.2: Fixation Duration Frequency Count

Figure B.3: Saccade Length Frequency Count
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Figure B.4: Saccade Speed per Sub-Task across Map Designs

Figure B.5: Grisons Current Map Extent (T1C)

Figure B.6: Grisons New Map Extent (T1N)
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Figure B.7: Romandie Current Map Extent (T2C)

Figure B.8: Romandie New Map Extent (T2N)



Appendix C

Used R Packages

Package Version Description

ARTool 0.11.1 Implements the Aligned Rank Transform for
nonparametric ANOVA on factorial models.

dplyr 1.1.4 A grammar of data manipulation.

ggplot2 3.5.1 Create elegant data visualizations using the
grammar of graphics.

Table C.1: Overview of R packages used in this analysis.
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Used Python Packages

Package Version Description

collections Built-in Built-in module for specialized container
datatypes (e.g., defaultdict, Counter).

matplotlib 3.10.1 Plotting library for creating static, animated,
and interactive visualizations.

numpy 2.2.4 Core library for numerical computing with
arrays and mathematical functions.

pandas 2.2.3 Data structures and data analysis tools (espe-
cially for tabular data).

pingouin 0.5.5 Statistical package for easy and robust para-
metric and non-parametric tests.

scipy 1.15.2 Scientific computing tools, including opti-
mization, integration, and statistical func-
tions.

seaborn 0.13.2 Statistical data visualization based on mat-
plotlib.

statsmodels 0.14.4 Statistical modeling and testing (e.g., linear
models, time series, ANOVA).

Table D.1: Overview of Python packages used in this analysis.
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Additional Documents

Thank you for volunteering to participate in my Master’s thesis study on the map use

behavior of the VFR aeronautical area chart! This form collects background information

about each participant, which will be used for statistical analysis.

All collected data will be used solely for research purposes in the context of this study.

Personal information will not be shared with third parties, and all responses will be

anonymized in the final thesis publication.

Background Information

• Email

• Name

• Age

• Gender

• Have you ever used the VFR Map of Switzerland? (Yes/No)

• Do you own a pilot license? (Yes/No)

Flying Experience

• Approximately how many flight hours have you logged until today?

• Where are you based? (ICAO code)
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• What is your preferred method of enroute navigation? (Multiple choice + Other)

• What kind of base map does your electronic application use? (Multiple choice +

Other)

• How likely would you use a digital, scalable version of the official Swiss VFR map

on an EFB? (Likert scale: 1 = Unlikely to 5 = Very likely)

General Map Knowledge

• How often do you use map products? (Paper maps, Google Maps, etc.)

• How familiar are you with the overall geography of Switzerland? (Likert scale: 1 =

Not at all familiar to 5 = Very familiar)

• How familiar are you with the geography of Western Switzerland (Romandie)?

(Likert scale)

• How familiar are you with the geography of Southeastern Switzerland (Grisons)?

(Likert scale)



Study Information and Declaration of Consent 

This document is a declaration of consent for the study "Navigating Complexity: A Study of 
Map Use Behavior in Swiss VFR Aeronautical Charts" at the GIVA unit in the Department of 
Geography of the University of Zurich. The master’s thesis is supervised by Dr. Tumasch 
Reichenbacher and Dr. Armand Kapaj. Should any questions arise at a later date, Simeon Lüthi 
(simeon.luethi@uzh.ch) will be happy to answer them. 

Purpose of the Study 
The purpose of the study is to empirically determine the efficiency of a newly proposed VFR 
aeronautical chart design against the current map design using stationary eye-tracking. The 
study site is located in the eye movement lab at UZH Irchel Campus (Y25-L9). The study is 
being carried out as part of Simeon Lüthi's master's thesis. 

Procedure of the Study 
During the study, you will be presented with static map extents. The extents cover two regions 
in Switzerland and will be displayed both using the current, as well as the newly proposed map 
design. Throughout the experiment, you will be given simple visual search tasks followed by 
multiple-choice questions. The study takes about 10-20 minutes to complete. You can stop the 
experiment at any time and without giving a reason. 

Confidentiality of the Data 
The data collected during the study will be treated confidentially and will not be passed on to 
third parties. With your signature, you give your consent for us to publish the anonymized and 
aggregated results of the study. The data published in this way will not allow any conclusions 
to be drawn about you personally. The eye-tracking device does not collect any audio or video 
material. 

Harms 
This study is classified as low-risk. However, please note that we do not provide specific 
insurance coverage for any potential harm during the experiment. 

Declaration of Consent 
By signing this form, you consent to the anonymized and aggregated results of the study being 
published. No personally identifiable data will be shared. 

____________________________________    ____________________________________
Full Name       Signature 

____________________________________
Date, Location



Appendix F

Personal declaration

I hereby declare that the submitted thesis results from my own independent work. All

external sources are explicitly acknowledged in the thesis.

I acknowledge that AI tools were employed solely for grammar correction, syntax

adjustments, and sentence refinement during the completion of this thesis. No reasoning

was performed, or scientific content generated by AI.

Simeon Lüthi

Zürich, April 25th, 2025
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