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Abstract

To enhance urban cycling, various studies have researched the perspectives of bicycle
riders. One possible research approach is to analyze bio-physiological data to identify
evidence-based indicators of cyclists’ perceptions. So far, studies following this approach
have primarily focused on negative aspects, such as perceived safety and risk. However, in
order to make cycling more attractive positive experiences are valuable as well. Addressing
this research gap, the present study compares eye and head movements between positive
and negative experiences of bicycle riders. For this purpose an in situ study was conducted
capturing eye and head movements of 28 participants during cycling. Preliminary results
revealed significant physiological differences for the fixation durations as well as for the
visual attention on vegetation, tram/bus, and traffic signage. No differences were found
regarding head movements of positive and negative experiences. However, differences in
head movements between experienced and inexperienced rider could be identified.

In verschiedenen Studien wurden subjektive Erfahrungen von Radfahrenden untersucht,
um das Fahrradfahren in der Stadt zu verbessern. Ein möglicher Forschungsansatz dafür
ist die Analyse bio-physiologischer Daten, mit dem Ziel, evidenzbasierte Indikatoren für
subjektive Erfahrungen zu finden. Bisherige Studien befassten sich dabei im Wesentlichen
mit negativen Erfahrungen wie etwa dem subjektiven Sicherheits- oder Risikoempfinden.
Um das Radfahren zu attraktivieren, sind jedoch auch positive Erfahrungen von Interesse.
Um diese Forschungslücke zu schließen, wurden im Rahmen dieser Masterarbeit die
Augen- und Kopfbewegungen von 28 Radfahrenden in der Stadt während positiver
und negativer Erlebnisse erfasst und verglichen. Erste Ergebnisse zeigten signifikante
Unterschiede in der Fixationsdauer sowie in der visuellen Aufmerksamkeit auf Vegetation,
Straßenbahn/Bus und Verkehrszeichen. In Bezug auf die Kopfbewegungen wurden keine
Unterschiede zwischen positiven und negativen Erfahrungen beobachtet, es konnten
jedoch Unterschiede zwischen erfahrenen und unerfahrenen Radfahrenden festgestellt
werden.
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CHAPTER 1
Introduction

Cycling is seen as a healthy and environmentally friendly alternative to motorized
modes of transport. It is no surprise that different cities, especially in climate change
contexts, therefore aim to improve their bicycle infrastructure to enhance cycling (e.g.
Bundesministerium für Klimaschutz Österreich, 2021; Bundesamt für Strassen Schweiz,
ASTRA; Great London Authority 2018). But how? One way to approach the question
is through the perspective of the bicycle riders themselves. Cycling, especially in the
city, is quite a demanding task (Acerra et al. 2023). Signs, different kinds of roads,
pavements, surroundings and different driving speeds are factors that cyclists need to
coordinate while driving. How cyclers perceive and evaluate these factors is crucial for
mobility planning in terms of safety and attractiveness of bicycle infrastructure (Álvaro
Fernández-Heredia et al. 2014). Safety is, for obvious reasons, a very highly weighted
factor in planning. More and more not only „objective safety“ based on accident statistics
but also “subjective safety” is considered and studied in more detail (von Stülpnagel
and Krukar 2018). For (potential) cyclers, the feeling of being safe is just as important
as actually being safe. This is especially relevant for inexperienced cyclers, since their
first experiences are most likely to influence their future (not-)cycling (Gössling and
McRae 2022). Friel et al. 2023 name perceived safety, comfort and comprehensibility
as key factors for the choices of (potential) cyclists. As a result, numerous studies seek
to establish quantifiable, evidence-based indicators for cyclists’ perceived safety and
overall comfort. Williams et al. 2023 have explored the topic through questionnaires and
geoanalysis. Beck et al. 2024 try to quantify the interactions of the cyclers’ ridership, the
infrastructure and the built environment on a larger scale with travel surveys and land
use characteristics. Further approaches include using simulators, virtual reality scenarios
or image manipulation (Olsson and Elldér 2023; Nazemi et al. 2021; Friel et al. 2023; von
Stülpnagel and Krukar 2018).

A relatively new approach to evaluating people’s experiences is using sensors to measure
bio-physiological data, such as heart rates, skin conductance or eye-movements. This
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1. Introduction

allows evidence-based, quantifiable data to be generated and as a result makes subjective
experiences measurable. Different disciplines interested in the ways cities are built and
work, including geography, urban planning, geoinformation and behavioral psychology
have begun to use such techniques to study people’s perceptions in order to better
understand how they behave, navigate and orient themselves in urban environments
(Fitch et al. 2020; Motzer et al. 2023; Dörrzapf 2023; Werner et al. 2019). This opens up
new opportunities and motivations for interdisciplinary work. Dörrzapf et al. 2015 for
example, have already argued in 2015 for the establishment of a new interdisciplinary field
in urban planning and geoinformation, called ‘urban emotions’. Since then, numerous
studies have explored urban emotions in cyclists, using qualitative approaches (e.g.
Dunlap et al. 2020; Ravensbergen et al. 2020; Gadsby et al. 2021) as well as using
bio-physiological measures, as described above (e.g. Fitch et al. 2020; von Stülpnagel
2020; Fournier et al. 2020). This study contributes to the field of urban emotions by
analyzing eye and upper body movements to investigate in bicycle riders’ experiences,
hoping to strengthen informed decision-making in infrastructure development.

1.1 Related work
Eye movements
To research experiences of bicycle riders, eye movements have already been analyzed in
simulated and real-world scenarios, typically focusing on safety, comfort, or stress (e.g.
von Stülpnagel 2020; Acerra et al. 2023; Rupi and Krizek 2019; Pashkevich et al. 2022).
An overview of this research is well presented by Kchour et al. 2025 and Ma et al. 2024 in
their literature reviews. These studies have already shown, that eye movements of route
segments where cyclists feel safe differ from those observed on other road segments (Ma
et al. 2024). In addition, different variables were shown to influence eye movements of
cyclers such as whether the cyclers know the surrounding (familiarity) or how experienced
they are (Rupi and Krizek 2019; von Stülpnagel 2020). However, the focus of these
studies lay on negative moments only. For cyclists, using a bicycle should not just be
‘not negative’ in order to encourage continued cycling; it should be a positive experience.
For infrastructure design it is therefore valuable to know what factors can contribute to
positive experiences. Focusing on positively perceived experiences fills a gap in current
eye-tracking research as also highlighted by a literature review from Zhang et al. 2024.
The goal of this study is to address this gap by comparing specifically positive experienced
moments during cycling with negatively experienced moments.

Head movements
In studies focusing on pedestrians using motion-capture technology is a new approach to
empirical and quantifiable indicators. By capturing body movements, new information
about the way pedestrians move and orient themselves in urban settings is found (e.g.
Boltes et al. 2021; Tavana et al. 2024). Thinking about the complexity of cycling a
new understanding of bicycle ridership could be gained by using that motion-capture
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technique on bicycle riders as well. While eye-tracking can already give insights in visual
aspects of cycling, the visual aspect does not make up cycling in total. Acerra et al.
2023 suggest, but could not validate in their study due to simulation capacities, that
different road pavements and vibrations could be crucial points to bicycler’s stability and
therefore also for their perceived safety and comfort. Using motion-capture technology
could provide a greater understanding of cyclists’ perceived experiences in a more holistic
manner. To the author‘s knowledge motion-capture hasn’t been used on bicycle riders
for that purpose yet, except for the study from Matviienko et al. 2023, which focuses
on head movements only. Matviienko et al. 2023 have found that head movements
can be indicators of perceived safety of bicycle riders. However, better results were
obtained in their indoor experiment (simulator) compared to their outdoor experiment,
where significant results were obtained for only one of the tested scenarios. In the
experiment conducted for this study, participants’ upper body movements (including
head movements) were captured with IMU (Inertial Measurement Unit) sensors. We
are therefore able to verify Matviienko et al. 2023 results and to put them in a broader
context. While all upper body movements have been collected as well, within the scope
of this master thesis only head movements are analyzed.

Differences to comparable in-situ experiments
To investigate differences in positively and negatively perceived moments of bicycle riders,
an in situ experiment was designed and conducted. In addition to collecting eye and upper
body movements, further variables were collected, resulting in a more comprehensive
experimental setup. The broader data collection enables the opportunity for a more
profound analysis of the factors that shape subjective experiences. This distinguishes
the experimental setup from comparable in situ studies. An overview of the collected
variables that differentiate this study from similar experiments is given below.

(1) In other studies using eye-tracking (e.g. von Stülpnagel 2020; Ma et al. 2024) the
cyclist’s sense of e.g. safety is typically assessed after an experimental ride by asking
participants to mark locations where they felt unsafe on a map – a method that may be
affected by recall bias. In the conducted experiment the study procedure was adapted
to mitigate this recall bias as much as possible: Participants were asked to indicate
changes in perceived safety by saying ‘now’ during the experiment ride. This reduced
the mental workload compared to think aloud protocols. More details were asked during
the post-task while participants were watching the video of their experiment ride. By
doing so, the video could be used to recall the specific ‘now’ moment in the post-task. As
Chow and Rissman 2017 state, ego-perspective videos allow to trigger specific moments
of a person and result in higher ecological validity (for further details see chapter 2
subsection 2.6.3).

(2) Using the recorded video to trigger the recall of specific positive or negative moments
allowed the post-task to be designed more comprehensively. E.g. a question to investigate
in (urban) emotions could be added as well as questions on safety and comfort. Further,
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a short, semi-structured interview was included, allowing participants to explain what
made a moment positive or negative while also pointing to elements on the screen for
clarification (for further details see chapter 2 subsection 2.6.3).

(3) Participants familiarity with the study route and its surrounding has been assessed
since literature suggests that cycling experiences are influenced by the familiarity of
cyclists with the environment (Harms et al. 2021; von Stülpnagel 2020; Fournier et al.
2020). Harms et al. 2021 state that in the context of road environments familiarity is a
rather underestimated factor compared to other study areas (e.g. psychology), where it
is well established that familiarity affects cognition, memory and attention. Therefore,
it makes sense to especially consider different familiarity-levels when studying cyclists
experiences. Within the conducted experiment participants rated their familiarity before
and after the experiment drive: Before by indicating their familiarity of the surrounding
and afterwards by indicating their familiarity with the exact study route based on the
video from their experiment drive (for further details see chapter 2 subsection 2.6.2).

(4) A set of questionnaires regarding orientation skills, risk-taking behavior, and a basic
questionnaire for personality traits (short form of the Big Five Inventory Ostendorf 1990)
were included in the pre-task in addition to participant’s cycling experience (for further
details see chapter 2 subsection 2.6.1).

However, in the following many of the above mentioned aspects are not analyzed due to
the capacity limits of a master thesis. Nonetheless, because developing and conducting
the experiment was part of this thesis the experiment will be described in detail in
chapter 2. The data and results presented here focus mainly on the collected eye-tracking
and motion-capture data while including some results of the pre- and post-task. The
following section describes the research questions and the hypotheses tested within this
master thesis.

1.2 Research questions and Hypotheses
As described in section 1.1, previous studies have shown that eye movements of negatively
perceived road segments differ from other ones. This brings up the question whether the
same is true for positively perceived moments, which is a gap in current cycling research
Zhang et al. 2024. In the experiment carried out, cyclists have marked positive and
negative experiences by saying ‘now’, which allows us to compare specifically positive
and negative perceived moments. Such marked moments are further referred to as a spot.
This leads to the first research question:

• How do eye movements of bicycle riders in an urban environment differ
on positively and negatively perceived spots?

In addition to eye movements, (upper) body movements could give more insights into
the perception of bicycle riders as explained in section 1.1. As an initial analysis of
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upper body movements, it is reasonable to focus on head movements, since the findings
Matviienko et al. 2023 indicate that perception (subjective safety) of cyclists could be
described by head movements. Therefore the second research question of this master
thesis, drawing on the first one, is:

• How do head movements of bicycle riders in an urban environment differ
on positively and negatively perceived spots?

Several hypotheses can be explored with the collected data in order to answer the research
questions. Within the scope of this master thesis the following three are tested:

• On positively marked spots fixation durations are longer and fixation counts are
lower compared to negatively marked spots.
This hypothesis is based on the findings of von Stülpnagel 2020 and Guo et al. 2023.
Both studies show that fixation durations were shorter for locations in which a
higher level of risk was experienced. Assuming that experiencing a higher level of
hazard is negative it makes sense to hypothesis fixation durations are longer for
positive experienced spots.
Mantuano et al. 2017 have found that the number of fixations are significantly lower
on a route segment rated as being of good quality compared to other segments.
Therefore, we hypothesis that the number of fixations is lower for spots marked as
positive compared to spots marked as negative.

• On positively marked spots, people direct more attention to buildings, trees and
other surroundings, whereas on negatively marked spots, they focus more on other
traffic participants, street signs and the road itself.
Acerra et al. 2023 analyzed the visual attention of bicycle riders and observed that
they tend to look at buildings, vegetation, or the sky when they are inattentive.
This behavior indicates lower workload and stress levels. Assuming that a lower
workload and stress level is a positive experience the above written hypothesis was
formulated.

• On spots marked as positive head movements are more stable meaning head rotation
angles (yaw values) are smaller compared to negatively marked spots.
Matviienko et al. 2023 have analyzed head movements by analyzing the number of
head turns. A head turn was defined as a head movement with a rotation angle
larger than 20 degrees to either side. The analysis showed that cyclists performed
fewer head turns when they felt safe compared to when they did not. Based on
this the third hypothesis was formulated.
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CHAPTER 2
Material and Methods

As mentioned in chapter 1 the data used to address the research questions is part of
a larger in-situ experiment conducted in Vienna between July and October 2024. An
experiment in a simulated scenario would have been safer (no risk of traffic accidents) and
would have offered the possibility to create the exact same situation for each participant,
which makes comparison easier. However, ecological validity is higher in real-world
scenarios which are closer to every-day cycling experiences: temperature, wind, smells
are likely to influence experiences and possibly eye-movements as well. Most importantly,
people participating in a simulation study know that no accidents can truly happen
which might affect their attention, actions and perceptions. Therefore, conducting an
in-situ experiment was considered necessary.

The goal of the experiment was to collect quantifiable and evidence-based data to gain
more insights on the experience of cyclists in an urban environment by using eye-tracking
glasses and motion-capture sensors. Since developing and conducting that experiment
also formed a component of this master thesis, it will be described in detail. However, only
a fraction of the collected data will be analyzed in this thesis. The designed experiment
consists of three main parts: a pre-task (1), the experiment ride (2) and a post-task
(3). Before describing these parts in detail, a broad overview of the study procedure is
provided, followed by information on the used equipment, ethical considerations and
participant recruitment.

2.1 Overview of Procedure
First, participants were asked to fill out an online survey, which is called the pre-task.
At the end of this online survey a date for the experiment ride could be scheduled. On
the scheduled day participants were asked to cycle along a predefined, about 5 km long
route on their own bicycle. A researcher followed (on a bicycle as well), which was
necessary for equipment and safety reasons. While cycling, participants wore eye-tracking
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glasses, motion-capture sensors on their upper bodies and a GNSS antenna (for detailed
information on the equipment see section 2.2). Each participant was instructed to say
‘now’ whenever their emotions changed during the drive. After cycling, they watched
the video recorded by the eye-tracker together with the researcher. The video was
paused at each ‘now’ and a short questionnaire was completed, which is called post-task.
Participants rated the intensity of their emotional change, how safe and comfortable they
felt, the reason for saying ‘now’ and whether the change was positive or negative for
them.

2.2 Equipment
Eye tracker

Figure 2.1: PupilLabs Invisible mobile
eye tracker

In figure 2.1 the Invisible eye-tracker from
PupilLabs can be seen. They look like ‘nor-
mal’ glasses with a strip on the back to
ensure secure hold. The camera attached
on the left side records a ‘world’ video while
two infrared cameras at the bottom of each
glass record the eye movements. For record-
ing a mobile phone with the corresponding
app Invisible Companion Version 1.4.30
needs to be attached to the back of the
eye-tracker’s ‘handle’. The device does
not work wireless. However, the mobile
phone could easily be attached to the par-
ticipant’s back as shown in subsection 2.6.2
figure 2.8, which made eye-tracking on a bicycle possible. The cable was fixated on the
back of the participant with a safety pin to ensure it does not move around and does not
restrict head movements. The recorded video was watched in the PupilPlayer Version
3.5.1 and all data was uploaded to the PupilCloud after recording. The eye-tracker
requires calibration for each new person to ensure better accuracy. Since the calibration
was performed for tracking eye movements during cycling, it was optimized for medium
distances. As a result, the accuracy of the eye-tracker decreases when the person looks
either very far away or very close.

Motion Capture
Movella Xsens IMU (Inertial Measurement Unit) sensors are highly accurate devices for
motion-capture. The ‘N-Pose’1 was used for calibration. The corresponding software
offers an ‘upper body’ scenario, which was used in the conducted experiment. While

1N-Position: A position in which a person is standing straight with feet hip-width apart, arms are
placed naturally by the sides of the body, palms are touching the outer upper thigh and the head is
looking forward.

8



2.2. Equipment

Figure 2.2: Xsens (Movella) Awinda Up-
per Body Motion Capture System

Figure 2.3: Laptop for IMU data collec-
tion

it would have been interesting to use the full body scenario, this would have made the
outfitting process considerably more time consuming. In addition leg movements during
cycling are quite complex since some people have coaster breaks on their bikes or different
gear settings, etc. To evaluate this properly a larger dataset would have been needed.
Therefore the upper body scenario was used. In this master thesis the focus lies on the
head sensor, which was attached to the back of the helmet. In figure 2.2 all 11 sensors for
upper body motion capture can be seen. This includes a head-, a stern-, a pelvis-, two
shoulder-, two hand- and two upper and two lower arm-trackers. Each sensor is labeled
and needs to be put to the correct position. The sensors work wireless, however the
device where the data is saved to needs to be around. In this case a researcher carried a
laptop with an antenna (see fig 2.3) in a bag while driving behind the participant.

Helmets

Figure 2.4: Helmets with additional sun-
shade

As shown in figure 2.4, additional larger
sunshades were installed on the helmets to
reduce the impact of the infrared light of
sunlight on the cameras in the eye track-
ing glasses. Since participants rode in
good weather conditions during summer,
this was deemed a necessary measurement.
However, the sunshade was also worn in
case participants rode later in the after-
noon when sunlight was less problematic
to ensure consistency. Participants were al-
ways asked whether the sunshade bothered
them or reduced their field of view and
the sunshade’s exact position was adjusted
accordingly.
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2. Material and Methods

GNSS antenna

Figure 2.5: PPM 10-xx38 high precision
GNSS receiver

This Global Navigation Satellite System
(GNSS) antenna allows high-precision ge-
olocation, which allowed us to track par-
ticipants bicycle tracks. From these tracks
speed etc. can be calculated. The antenna
was connected to a mobile phone with the
PPM Commander app and for tracking
the open source App GPSlogger was used.
The mobile phone used for this purpose
was attached to the participants back (see
subsection 2.6.2 figure 2.8). Due to urban
canyons, the antenna did not work prop-
erly all the time. For backup reasons we
used another phone’s GPS tracking with
the open source App GPS logger. For the
results of this master thesis neither GPS
tracks were used.

Navigation

Figure 2.6: Set up for navigation

The navigation was supposed to be com-
mon so participants would not be dis-
tracted by a system they are not familiar
with. A very common navigation system
in Vienna is Google Maps. Therefore, most
people will be used to the interface and
the way Google Maps gives instructions.
Besides being a very familiar navigation
tool, using a visual navigation system of-
fered the possibility to track how often par-
ticipants sought route information, which
could be an interesting indicator for safety
and familiarity. Therefore a mobile phone
was attached to the participants’ bicycle
as shown in figure 2.6.

2.3 Ethical considerations
Experiments conducted in real traffic raise important ethical issues since cyclists are
vulnerable traffic participants and the risk of accidents cannot be eliminated entirely. The
following ethical concerns and the resulting measures to address them were presented and
discussed within the Ethics Committee (Case Number: 053_19042024_TUWREC) of
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the Technical University of Vienna. A letter on confirmation from the Ethics Committee
can be seen in appendix A.4

To reduce the risk of traffic accidents the experiment was conducted in good weather
conditions only and not during rush hours. Participants were also informed that they
are covered by insurance while cycling during the experiment. They further had to
confirm that they had previously cycled in Vienna to ensure they could properly estimate
the situation. It was also pointed out that risk minimization partly depended on the
participants themselves, such as following traffic rules and ensuring their bicycle met the
standards of the applicable traffic regulations(Fahrradverordnung - Österreich, Stand
2024).

Another ethical issue was the outfitting process because physical touch was necessary
for IMU sensor placement. Specifically, the taping down of the pelvis tracker to the
participants skin (see subsection 2.6.2 figure 2.9) was a concern. For both the researchers’
and the participants’ safety, a third person was asked to be present in the lab during this
step. This also reassured participants that someone other than the researcher was present.
Additionally, pictures and detailed descriptions were provided during the informed consent
procedure so participants were informed properly. This also included the knowledge that
the researcher doing the outfitting process would be a woman.

2.4 Pre-tests
Besides smaller tests to ensure technical functionality, 5 pre-tests have been done. These
tests have helped to gain information on the studies duration and whether or not
instructions are clear. The most important changes adapted due to pre-tests are:

• While a very common navigation tool in Vienna is Google Maps, it was not clear
whether the visual navigation mode or the auditory instructions from Google Maps
could easier be followed while being on a bicycle. A pre-test showed that the
clues are insufficiently accurate for cyclists on our route, which led to the visual
navigation setup described in section 2.2.

• Pre-tests showed that a post-task question requiring participants to rank a set
of emotions was not intuitive to answer. Therefore, the number of emotions was
reduced to ‘basic emotions’ used in psychology (Gu et al. 2019; Harmon-Jones et al.
2016). In this study we used: Anger, Fear, Anxiety, Relaxation, and Happiness.
The basic emotions include other, more specific emotions and effectively act as
broader categories. To give participants a bigger picture some examples were
listed e.g. feeling nervous or worried belongs to the basic emotion anxiety. Test
participants found this version of the question more intuitive to answer, which is
why it was adopted for the study. The exact question can be seen in appendix D.1.
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2. Material and Methods

• As explained in chapter 1, in the conducted experiment, cyclists marked positive
and negative experiences by saying ‘now’, which we refer to as a spot. Pre-tests have
shown that some participants marked 10–15 spots, while others marked around 30.
For those who marked more spots, the post-task was much more time-consuming.
It was also particularly challenging to them to answer the question on emotions
for every spot. To address this, an intensity scale (1–7) was used as a threshold to
only display the question on emotions for marked spots with an intensity of 5 or
higher. This not only reduced the time required for the post-task but also made the
question on emotions more intuitive to answer for participants with many marked
spot.

2.5 Participant recruitment and exclusion criteria
Potential participants were invited through a flyer containing basic information about the
experiment (appendix A.1). As an incentive a 200 Euro lottery was advertised. The flyer
was distributed via personal contacts that were used as multipliers and via newsletter to
a large group of students in spatial planning. The students were asked to participate
themselves or to share the flyer among their contacts. By following the link on the
flyer, a limesurvey webpage was opened where interested people first received a brief
explanation about the study goal before being asked 10 questions to determine their
eligibility for participation. Restrictions included age (only adults could participate),
availability to participate in the experimental ride within a specified time frame, or
were due to equipment limitations e.g. visual impairment with more than 3 diopters.
A list of the criteria is displayed in table 2.1 below along with the reason for exclusion.
The original questions in German are listed in appendix A A.2. If no exclusion criteria
were met, informed consent (see appendix A.3) was displayed on the following page.
It included detailed information about the experiment, safety measures (described in
section 2.3), how personal data would be handled as well as pictures of how participants
would look like with the equipment. If people gave informed consent, the first part of the
study, a series of questionnaires, was displayed.

2.6 Procedure

2.6.1 Pre-Task
The first part of the study consisted of a series of questionnaires which took about 20
minutes to complete. At first some basic information about the participants, namely
age and gender were asked. For better preparation of the eye-tracker, we also asked
participants to provide the diopters of their glasses, if they did not plan to wear contact
lenses. Below, all questionnaires, a short description and why they were included can
be seen. The exact questionnaires in German can be found in appendix B.1. Except
for one, all questionnaires already existed and are routinely used in similar studies.
After completing these questionnaires, the first part of the study concluded by asking
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Table 2.1: Reasons for exclusion

Exclusion criteria Reasons for exclusion

Possibility to take part
in the experiment at the
TU Wien within a certain
time-frame

Pragmatic reasons

Participation in a course
held by one of the supervi-
sors of this master thesis
in sommercourses 2024

Participants who attended such a course would have been too close
to the supervisors, raising ethical concerns.

Possession of a bicycle
that can be used in the
experiment

By cycling on a familiar bike the experiment was closer to the
real life experience of bicycle riders in comparison to cycling on
a bicycle provided by us.Therefore, participants unable to bring
their own bicycle were excluded. However, rental bikes like ‘Wien
Mobil’ were acceptable if participants were accustomed to using
them.

Age above 18

Only adults were allowed to take part in the experiment. Chil-
dren were excluded for safety reasons (the experiment required
participants to be able to drive through an urban environment
independently). Including teenagers from eg. 16 to 18 would
have been interesting but would have involved additional legal
requirements and effort.

Willingness to share bio-
logical sex

The available equipment required knowledge of the participant’s
biological sex and did not offer an alternative option.

Body Mass Index (BMI)
below 30

Due to equipment size limitations, participants needed to have a
BMI below this threshold to make sure the equipment would fit.

Questions about visual
aids (glasses and lenses)

The eye-tracking glasses used in the study could not be worn over
regular glasses. Corrective lenses for the eye tracker were available
for corrections within +/- 3 dpt but not beyond. However contact
lenses could be worn regardless of the correction.

Color blindness
Participants with color blindness might perceive the environment
differently. Because there was insufficient data to analyze such
differences properly, we excluded individuals with color blindness.

Ability to cycle in Vienna

Participants were asked if they were able to cycled about 5 km
in Vienna. To ensure people knew what they are getting into
possible participants needed to confirm that they have already
cycled in Vienna before. This requirement was suggested by the
ethics committee.

Ability to stand in an N-
position

The N-position was required for calibrating the motion capture
system. Participants unable to stand in this position were excluded.

Ability to answer a ques-
tion partly in English
(question was displayed)

The post-task questionnaire (subsection 2.6.3) included a question
partly in English, which unfortunately could not easily be trans-
lated into German due to the complexity of emotion translation.
People who were not able to answer this question were therefore
excluded from participation. 13
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participants for their email address for further communication. Participants were informed
that they would soon receive an email invitation to schedule an appointment for the
second part of the study, using termino.gv.at. Once a date was selected, a confirmation
email was sent, followed by a reminder email one day before the scheduled date. All
email templates can be found in appendix B.6.

• Questionnaire of bicycle behavior
The first questionnaire was the only one not pre-existing in that exact form but
that was created for this study. Its purpose was to gather information about
each participant’s cycling behavior. This included questions about the frequency
of bicycle use and whether a person is familiar with cycling in urban or rural
surroundings. As shown by Stülpnagel (2020) and Rupi et al. (2019) the eye
movement of people rating their cycling skills as fairly high differ significantly from
those that do not. Further we asked participants whether they have had a bicycle
accident before, and if so, how long ago it occurred. Research shows that having
had an accident influences bicycle rider’s further cycling behavior (Sanders 2015).
They are potentially more cautious or more sensible to certain situations, which can
influence their cycling experience. This makes it an essential factor for analyzing
the collected data more comprehensively. Because participants were required to
come to Vienna and to already having cycled in Vienna before to take part in the
study, the answers are potentially biased.

• Adolescent Cycling Behavior Questionnaire
The Adolescent Cycling Behavior Questionnaire (ACBQ) was developed based
on the Driver Behavior Questionnaire (DBQ) and adapted for adolescent cyclists
(Feenstra et al. 2011; Colwell and Culverwell 2002). Its primary focus is on assessing
risk-taking behavior, which distinguishes it from general cycling or driving behavior
questionnaires commonly used for adults. Studies have shown that risk perception
significantly impacts cyclists’ perceived safety and comfort, making it crucial
to include a questionnaire for risk-taking behavior (Parkin et al. 2007; Sanders
2015; Kummeneje and Rundmo 2020). Since existing questionnaires for adults
are designed for general cycling behavior, the ACBQ was chosen to address the
specific risk-taking behavior even though all participants were adults. However,
age might effect the bicycle riders risk perception. Josef et al. 2016 describe how
risk perception and behavior may change over a persons lifetime. Therefore, age is
a factor that needs to be considered in data analysis when working with the ACBQ
results.
The ACBQ was originally developed in English. Since no German translation exists,
the items were translated while retaining the original english versions alongside
the translations to enhance comprehension. Translating this questionnaire was
considered less complex than translating emotion-related items, as it focuses on
specific traffic situations, which are culturally and linguistically more universally

14

https://www.termino.gv.at/meet/
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defined than emotional terms. The resulting questionnaire, including both the
original english questions and the german translations, is provided in appendix B.4.

• Big Five Inventory 10
The Big Five Inventory-10 (BFI-10) (Rammstedt et al. 2013) is a short form of
the Big Five Inventory, which categorizes personality into five traits. Originating
from (personality) psychology, the BFI-10 is now widely used beyond the field of
psychology. In this case, the short form of the BFI-10 was used because emotions
are expressed during the experiment. The ability to express emotions effectively is,
among other factors, influenced by personality. Further, research has shown that
personality traits influence bicycle riders behavior in general (O’Hern et al. 2020).
Therefore, the BFI-10 was included in the pre-task (for questions in German see
appendix B.3).

• Orientation Questionnaires SBSOD and FRS
All participants had to find their way along the study route by GoogleMaps
Navigation shown on a mobile phone attached to their bicycle (see figure 2.6). Such
a navigation task raises the mental workload of the experiment. The ability to
follow the instructions may influence the driving experience and as a result the
experiences during the ride. Therefore, it is crucial to be able to analyze the data in
relation to participants’ navigation skills. For this purpose we included two different
orientation questionnaires: the Santa Barbara Sense of Direction Scale (SBSOD)
Hegarty et al. 2002 and the Fragebogen Räumliche Strategien (FRS) Münzer and
Hölscher 2011. Both are self-reported navigation and orientation skills but they
differ slightly in focus. The SBSOD, developed by Hegarty et al. 2002 focuses on
orientation abilities, whereas the FRS, developed by Münzer and Hölscher 2011 is
more concerned with spatial strategies. While the SBSOD is more commonly used
in english speaking studies, there is a german translation available which was used
in our pre-task (see appendix B.2). The FRS was developed for german speakers so
the original version was used (see appendix B.5). In our study, the questionnaires
were presented in the following order: first, the SBSOD, followed by the Big Five
Personality Test and the Adolescent Bicycle Questionnaire, and finally, the FRS.
This order was chosen so that participants would not answer the FRS, containing
similar questions, right after the SBSOD.

2.6.2 Experiment ride
Outfitting

On arrival in the lab, participants were first asked if they had any questions about the
experiment and were reminded that they could ask questions or withdraw from the study
at any time. Next, a check was made to make sure the participant was outfitted as
required for the study. This included verifying the following: no jewelry or watches, tying
back long hair and not wearing loose, long-sleeved clothing. In case participants wore
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glasses, the prepared eye tracker was tested, to ensure the corrected glasses fit properly.
After this first check, the participants’ body height and foot length were measured for
configuration in the motion capture software. Before the outfitting started, participants
were asked to indicate their familiarity with the study route by answering two questions
for each hexagon on a paper Map (OpenStreetMap):

• On a scale from 1 (not at all) to 7 (very much) how familiar are you with each
region covered by a hexagon?

• How often have you been in each region covered by hexagon within the last year?
If the answer was more than 21 times, 21 could be written down.

Asking about both familiarity and frequency was based on the findings of Gale et al.
1990, which showed that measuring familiarity alone is less meaningful. Both questions
were answered on separated pages to avoid carryover effects. The original questions in
German, along with the ‘hexagon map’, are provided in appendix C.1 and C.3. While
participants filled out the familiarity map, a mobile phone (for navigation purposes) and
a GoPro camera2 were attached to the participant’s bicycle.

After this, participants were equipped with 11 motion-capture sensors, the eye-tracker
and the GNSS antenna (for equipment details see section 2.2). The pelvis tracker had
to be taped down to the participants’ skin as shown in figure 2.9, for which a third
person was asked to come to the room due to requirements of the ethics committee (see
section 2.3). Once all sensors were put in place a participant looked like shown in figures
2.7 and 2.8. The eye-tracking glasses and the motion-capture sensors were calibrated
inside. The GNSS antenna needed to be calibrated outside. Before leaving the lab,
participants were shown the study route (see appendix C.2) to create an experience closer
to increase ecological validity: In every-day life a bicycle rider usually knows whether he
knows, partly knows or does not know the route at all. Being unaware of the approximate
duration of the ride or the general direction of the destination, essentially being surprised
at every turn, seems to be a very unrealistic experience.

Instructions

Once outside, participants were asked to briefly ride up and down a cycling path (see test
route 1 in figure 2.10) to ensure that none of the equipment caused discomfort. During
this part, participants were also instructed to look down at the attached mobile phone to
see whether checking for navigation clues was fine with the equipment3. After eventual
final adjustments, the following instructions were read to the participants (for the original

2The GoPro was used as a backup for the eye-tracker. In case the eye-tracker was to fail, the GoPro
video could be used for post-task analysis, reducing data loss.

3In addition knowing how the ‘checking for navigation’ movement looks like for each participants is
nice to have to work with machine learning later on — even though in this master thesis we did not use
machine learning.
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Figure 2.7: Equipped Participant with
helmet, eye-tracker and motion-capture
sensors

Figure 2.8: Equipped Participant from
the back with eye-tracker phone and
GNSS phone attached next to the GNSS
antenna.

Figure 2.9: Pelvis tracker taped to participant’s skin with sport-tape

The participant shown in the images above has given his written consent for the use of the images in this
work.
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German version, see appendix C.3). The instructions were read to each participant in
order to ensure that all participants get the exact same information. The instructions
comprised: (1) following the navigation to the upcoming checkpoint and (2) saying ‘now’
whenever their mood or emotional state (german: ‘Gefühlslage’) changes. ‘Now’ was
chosen as a signal word because it is short and the ‘tzt’ ending (german ‘jetzt’) facilitates
hearing the signal word later on during the post task (see subsection 2.6.3). Also keeping
the signal word simple (only one word instead of using ‘positive’ and ‘negative’ or a think
aloud protocol) was necessary not to increase the cognitive workload of the task much
further. This is crucial because studies show that increased cognitive demand reduces
neural responses responsible for emotional perception (Kellermann et al. 2011; Uher et al.
2014). As mentioned in chapter 1 in other eye-tracking studies (e.g. von Stülpnagel 2020;
Ma et al. 2024) the cyclist’s sense of e.g. safety or comfort is typically assessed after an
experimental ride – a method that may be affected by recall bias. In this study we aimed
to reduce this recall bias by having participants indicate perceived changes by saying
‘now’ during the experiment ride.

In order to give participants a broad picture of reasons to say ‘now’ the following examples
were given:

• You are passed uncomfortably.

• Parked cars could open doors (dooring).

• Other traffic participants are in your way.

• You have to cross tram tracks.

• A cycle path stops unexpectedly and you do not know where you are supposed to
drive.

• Signals are unclear.

• You feel comfortable because it is calm, sunny, there is shadow.

This, of course, influences participant’s attention during the ride and therefore also influ-
ences our data. However, pre-test have shown that giving examples are necessary to make
the task comprehensible. Also, research indicates that cognition and emotion compete
for attentional resources and lead to dual-task interferences (Uher et al. 2014, Watanabe
and Funahashi 2014). Cycling and navigating can be seen as cognitive demanding tasks
which, therefore, require many attentional resources (Uher et al. 2014). Since cognition
and emotion compete for these resources an additional activation of emotional reactions
makes sense in order to shift the attentional focus. It is possible that, in the absence of a
change in attentional focus, changes in perception may occur without being perceived by
the participants, thus resulting in less accurate results.
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The ride
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Figure 2.10: Experiment route including both test segments, the three segment start
points (S1-S3) as well as four points (M1-M4) that were used in the post task (see
subsection 2.6.3).

After having given the instructions a second test drive in which all instructions were
followed was done (see test route 2 in figure 2.10). This allowed participants to get
accustomed to the task as well as to ask questions before starting the experiment route
properly. The experiment route can be seen in figure 2.10 and was chosen based on the
following criteria:

• length: Cycling along the route should not take longer than 25 min.

• Start and end point should be at or near the lab.

• A variation of different kinds of bicycle infrastructure should be covered by the
route including:

∗ bicycle lanes (completely separated and not completely separated from car
lanes)
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∗ shared lanes
∗ driving against one-way streets for bicycles
∗ driving in ‘normal’ traffic
∗ driving on a street with tram tracks
∗ junctions, including a larger one with more than two lanes

The study route was divided into 3 parts (see figure 2.10). The segments were almost
equally long, the lengths varied slightly due to reaching suitable spots for a break. This
division was done because stops along the route were necessary to ensure the equipment
was still running. The way points were also used to ask the following two questions:

• How safe did you feel while driving on this segment of the route on a scale from 1
(not safe) to 4 (safe)?

• How comfortable did you feel while driving on this segment of the route on a scale
from 1 (not comfortable) to 4 (comfortable)?

Before starting a new segment, a small reminder was read to each participant to ensure
the task of saying ‘now’ would not be forgotten (see appendix C.3 for German reminder).
In addition to the other two questions, at the end of segment 3 people were asked to rank
the three segments in safety and comfort.

2.6.3 Post-Task
After returning to the lab, participants were offered a drink and a small snack while being
informed about the post-task: They would watch the video together with the researcher
and whenever they have said ‘now’ during the ride, the video will be paused to answer
a short questionnaire. In addition to these the video was also paused at four specific
locations during the route called M1 - M4 which can be seen in figure 2.10. Once at the
beginning (M1) of the first route segment and in the middle of every route segment (M2
- M4). For every ‘now’ the researcher completed the first part of the questionnaire, which
included pseudonym information and other details such as the time of each ‘now’. Below,
all questions are listed (except pseudonym information), along with a brief explanation
for its inclusion in the post-task. The original questionnaire in German can be found in
appendix D.1.

1. How intense was the change you marked by saying ‘now’ on a scale from
1 to 7?
This question was included to rank ‘nows’ by intensity. The intensity was used
as a threshold: if an intensity of 5 or above was selected, the ‘emotion’ question
(question 4, see below) was displayed. For ‘nows’ with lower intensities, the question
was not shown. This was primarily done to reduce time demands, since pre-tests
have shown that some people say ‘now’ more than 20 times.
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2. How safe did you feel when you were saying ‘now’?

Ranking the ‘now’ in safety and comfort was necessary to evaluate the research
hypotheses. The range from 1–4 was chosen according to Olsson and Elldér 2023.
Offering a neutral position by using a 5-point scale isn’t meaningful because a
person cannot feel safe and unsafe at the same time.

3. How comfortable did you feel when you were saying ‘now’?

Reasons for asking this questions are identical with question 2.

4. You see a list of five emotions. For your understanding, each emotion
is accompanied by other emotions that fall into the same category. For
each emotion, please indicate the intensity with which you felt it, at the
moment you said ‘now’.

To get more detailed information about bicycle riders’ experiences, we included this
question. Also focusing on emotions in addition to perceived safety and comfort can
offer a deeper understanding of the positively and negatively perceived experiences.
Especially, since safety and comfort are differently perceived by each person. The
format of the question and its answer scale is based on Harmon-Jones et al. 2016
and Gu et al. 2015.

5. Why did you say ‘now’ at this spot?

Knowing why people felt a change in their emotion during riding is essential to
be able to connect the perceived experiences to the spatial surroundings and thus
investigate how the built environment influences the perceived experiences of a
cyclist.

This question was answered in a semi-structured interview format. Participants were
asked to tell the researcher why they said ‘now’. Their answer was categorized by
the researcher immediately. This reduced cognitive effort for participants compared
to having to write their thoughts down and offered them the possibility to explain
the situation by highlighting objects on the video. Further the question could be
answered more intuitively and the researcher had the possibility to ask questions
to clarify statements when necessary. The researcher chose one of the following
categories (categories were not shown to the participant), which are based on
Campos Ferreira et al. 2022.4 This method reduced time efforts for both participant
and researcher. To ensure categories were chosen plausibly and to be able to make
further, more detailed qualitative evaluations participants were asked if they were
comfortable with the post-task being audio-recorded.

4Certain determinants for safety and comfort were not included because they are specific to walking.
Also, because ‘slope’ and ‘road paving’ were highlighted in Campos Ferreira et al. 2022 they were added
as seperate categories although not as many situations are described for them as for other categories.
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• traffic volume
• other traffic participants
• slope
• built environment
• other environment
• infrastructure
• road paving
• road signs /traffic signs
• other

6. Was this a rather positive or negative change for you?
Pretests (see section 2.4) have shown that whether an experience is rather positive
or negative is not obvious from the given answers above. Whether something is
positive or negative for a person is highly subjective. Therefore, this question was
included.

At the end of each video, participants were asked to answer the two ‘familiarity questions’,
from the beginning (see subsection 2.6.2) again. While these questions were the same
as those used for the hexagonal areas on a paper map (described above), this time
participants evaluated their familiarity with the specific study route. For this, the route
was divided into 17 segments (about 6 segments per video/route segment) as shown in
figure 2.11. Another approach at hand would be to ask about familiarity at every crossing.
However, this would have been too time-consuming which is why the segmentation into 17
parts was done. The segments were approximately 200 meters long, although their exact
lengths varied to ensure each segment began and ended at a crossing. Participants were
shown these segments by quickly navigating through the video using a mouse, focusing
on the start and end of each segment.

After this the experiment was finished for the participants. The post-task on average
took around 1 hour depending on how many times a participant has said ‘now’. From
arriving to leaving the lab the study took about 2 hours and 39 minutes.
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Figure 2.11: Experiment route divided into 17 segments used to assess familiarity in the
post-task.
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CHAPTER 3
Analysis

In the following section, the codes and strategies used to analyze the data and answer the
research questions are listed and explained. This includes how the data was processed
and a description of the collected data. Only data and analysis used in this master thesis
is described. Other data collected during the experiment is not listed.

3.1 Data Analysis
Defining a ‘spot’
As described in chapter 1, the focus of this master thesis lies in comparing negatively
perceived spots with positively perceived spots. In order to compare two spots, a definition
of a ‘spot’ is needed.

While participants marked the spots by saying ‘now’, what prompted them to say ‘now’
must have occurred prior to their indication of the spot. A small analysis of the time
slots between two subsequent ‘nows’ shows that these time-slots range from 1 s to 613 s.
In figure 3.1, the histogram of subsequent time slots indicates that participants frequently
marked events within 1–20 seconds although only 11 spots were marked within 5 s.
However, to avoid overlapping data, one-second segments would have to be analyzed.
One-second segments will most likely not be meaningful for movement analysis, which is
why a larger time frame is required. Average urban cycling speeds are around 18.5 km/h.1
This means that within 10 seconds, a cyclist travels around 51 meters. Considering that
at crossings, people turn from one street into another, urban settings can change quite a
lot within 51 meters. Even when a cyclist is not moving, other road users move, resulting
in different situations again. Eye or head movements 51 meters earlier most likely do

1Depending on how the mean is calculated, this number varies, e.g., whether or not stops at crossings
or the time needed to get to the bike is included. 18.5 km/h which was used here is based on Hasler 2016
in: Bundesministerium für Verkehr, (2016).
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Figure 3.1: Time differences between two subsequent ‘nows’

not relate to the context of the ‘now’ moment, which means using a time window longer
than ten seconds before each ‘now’ may introduce irrelevant data causing different and
less meaningful results.

In conclusion, both a one-second segment and a time frame longer than ten seconds
would be insufficient. Within the 1–10 seconds range, it remains unclear which segment is
most meaningful. Therefore, three different time frames within this range were analyzed
and compared:

• 12 s time window [12 s]: meaning 10 s before and 2 s after the marked spot

• 7 s time window [7 s]: meaning 5 s before and 2 s after the marked spot

• 5 s time window [5 s]: meaning 5 s before the marked spot.

The additional two seconds after the ‘now’ were included for the 12 s and the 7 s not
to cut of the ‘now’-moment to early and to ensure the ‘now’-moment is included in the
analysis.

These time windows were then used to segment the data for analysis. As mentioned
the time between two subsequent ‘nows’ was sometimes only a few seconds long (see
figure 3.1). Therefore, some data points were collected twice within the segmentation
process. As an example, one fixation could be part of the 7 s time window for one spot
and the subsequent one, resulting in duplicates. To avoid interpreting these fixations
twice, duplicates were deleted so each fixation would only be analyzed once.
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Eye movement data
Measuring eye movements is commonly done using eye-tracking glasses, that track what
a person is looking at with the help of infrared cameras. From these recordings the eye
movements can be analyzed, which is typically done by calculating fixations and saccades
(Yarbus 1967; Acerra et al. 2023; Ma et al. 2024; Kchour et al. 2025). Fixations are
periods in which the eye movement is quite stable (Ma et al. 2024). This is interpreted as
a period, in which something has been ‘looked at’. Saccades are the movements between
two fixations during which there is no cognitive perception of what is seen (Mantuano et al.
2017). The output of the eye-tracker recording does not offer information on fixations
and saccades at first but ‘raw’ gaze points. This is a file where every 50 ms (20 Hz) the x
and y coordinate of where the pupil was pointing at on the corresponding world video
frame is noted. From this information the fixations and saccades can be calculated, which
is usually done with an Dispersion Threshold Identification [idt] approach. Based on two
thresholds (time and dispersion) clusters of gaze points are evaluated, which are called
fixations. The distances between these fixations are consequently the saccades. Therefore,
the results rely on the two thresholds that are set for this clustering. We obtained both,
the fixations and saccades from the PupilCloud, which is a service provided by the vendor
of the eye tracker. This comes at the cost that the parameter set for these calculations
remains unknown. It is, however, common practice to use the calculations of the vendor
(Ma et al. 2024; von Stülpnagel 2020; Schmidt and von Stülpnagel 2018).

Once having calculated fixations and saccades, eye movements can be analyzed. Standard
metrics to do so include fixation durations, fixation counts, saccade velocity or saccade
time (Kchour et al. 2025). In this study fixation durations and fixation counts were
used as explained in section 1.2. However, these metrics do not capture information of
the built environment directly. For Hypotheses 3 (section 1.2) we wanted to know the
semantics of the objects (e.g. vegetation, road, building, etc.) participants were looking
at. For this an analysis of what each fixation is ‘pointed at’ needs to be done. This step
is usually done manually (Pashkevich et al. 2022; Jang and Kim 2019). Recently, an
algorithm has been developed to automate this process (Alinaghi et al. 2024). In this
study this ‘myFix’ algorithm (Alinaghi et al. 2024) was used. The algorithm takes the
world video from the eye-tracker and the fixations as input. The output is a CSV file
with a label for each fixation as well as a folder with each analyzed frame (see figure
3.2). Compared to annotate fixations by hand this largely reduces time efforts. With an
accuracy in outdoor scenarios of 81% this approach seems to be a good alternative to
manual annotation (Alinaghi et al. 2024).

The labels listed below have been found by the MyFix algorithm for the data collected
within the experiment:
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car sidewalk sky truck road
pole train traffic sign building wall
bus motorcycle vegetation bicycle person
traffic light terrain rider fence cell phone
backpack

For analysis some of these categories have been merged, as can be seen in table 3.1. In a
few cases ‘backpack’ has been recognized by the algorithm as can be seen in figure 3.2c.
Because the interest in this study lies in the person wearing the backpack and not the
backpack itself, the label ‘backpack’ has been merged with ‘person’. Further ‘rider’ has
been merged into that category as well since a bicycle rider has sometimes been identified
as a rider, sometimes as a person (see figure 3.2d). ‘Bicycle’ and ‘motorcycle’ together
with ‘cell phone’ have been merged to the category ‘navi’. As can be seen in figure
3.2a and 3.2b when a person looked down at the handlebars it is most likely that the
navigation phone was checked. The cellphone was only recognized in a few cases. This
is most likely due to the offset that increases for fixations at a nearer distance because
of the calibration of the eye tracker (see chapter 2 section 2.2). Further, as shown in
figure 3.2e a tram or bus has sometimes been labeled as a ‘train’ and sometimes as a ‘bus’
which is why both categories have been merged. Another category has been created for
labels of fixations that have been elsewhere. This included small walls or fences around
a park or poles from flags that were hissed in front of buildings as well as from street
lights. An example can be seen in figure 3.2f.

Table 3.1: Categories for analysis

Category Merged labels

navi bicycle, cell phone, motorcycle
person backpack, rider, person,
other wall, pole, terrain, fence
car truck, car
bus/tram train, bus
traffic sign traffic light, traffic sign
road road, sidewalk
vegetation vegetation
building building
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3.1. Data Analysis

(a) label: bicycle (b) label: motorcycle

(c) label: backpack (d) label: person / rider

(e) label: train (f) label: wall

Figure 3.2: Output from MyFix labels
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3. Analysis

Motion Capture Data

Figure 3.3: Disturbances in the motion
capture data before reprocessing

The motion-capture data was first checked
for any disturbances that could have hap-
pened due to magnetic interferences (e.g.
see figure 3.3) Such spots were marked and
after reprocessing checked again. If the
reprocessing did not solve the disturbances
the spots were deleted. In total, this af-
fected 3 ‘nows’ of one participant, which
were therefore not analyzed for head move-
ments. After this the data was exported
as an mvnx file2 and transformed into csv
format for easier analysis. Like the eye-
tracking data the motion-capture data was
filtered based on different time windows.
As mentioned in the hypotheses (see chap-
ter 1) the main interest in this master thesis
lay on the head rotation movements (yaw)
and the angular acceleration from yaw.3
We therefore proceeded only with the data
listed in table 3.2. A yaw value of 0 means the person is looking straight forward while
positive or negative values show the rotation to the left or right in degrees. To analyze
the differences in head movements between positively and negatively perceived spots we
further calculated the differences between two subsequent yaw values. The results are
the head movements in degrees.

Furthermore, Matviienko et al. 2023 have analyzed the number of head-turns where a
head-turn was defined as a head rotation larger than 20 degrees. Following that example
the number of headturns was calculated. Since a head turn is a change of direction in
the head movement it can easily be calculated by calculating the first derivative of the
yaw values. Counting the times the first derivative is 0 results in the number of head
turns as is visualized in figure 3.4. These could then be filtered for head turns with yaw
values above 20 degrees.

Post-Task and Pre-Task data

From the post-task, the information whether a spot was perceived as either positive or
negative as well as why participants have marked a spot was extracted. Because previous
research highlights significant differences in the eye movements of unexperienced and
experienced bicycle riders (e.g. von Stülpnagel 2020; Rupi and Krizek 2019) responses
from the pre-task were used to distinguish experienced from unexperienced participants.

2Mvnx format is an xml file format used by Movella to store the motion-capture data.
3In Movella X sens the head yaw value is called the ‘jC1Head_z’value.
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Figure 3.4: Head rotation values with marked head turns

Following the approach from Rupi and Krizek 2019 participants who cycled more than once
a week were categorized as experienced, while others were classified as unexperienced. This
distinction is particularly interesting for urban planning, as experienced and inexperienced
cyclists likely have different infrastructure needs. However, urban planning often divides
cyclists in three rather than two groups: (1) active cyclists, including the strong and
fearless who cycle year-round and other regular cyclists; (2) potential cyclists, who express
interest but do not cycle yet; and (3) non-cyclists, who remain uninterested in cycling
no matter what (Guo et al. 2022; Félix et al. 2017). A distinction between these groups
was not possible in this study, as the second and third group are unlikely to participate
in an in-situ study. Future research could explore alternative methods, such as cycling
simulators or offering incentives, to engage potential cyclists to participate.
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3. Analysis

3.2 Overview Data
In table 3.2 an overview of all analyzed values mentioned above including their units and
abbreviations is given.

Table 3.2: Overview of analyzed variables, their units and their abbreviations.

Data set Variables Unit abbreviation

Fixations Duration ms FixDur

Count number FixCount

Categories e.g. road, vegetation -

Head movement Angular Distance deg AngDist

(Yaw) Angular acceleration rad/s2 AngAcc

Headturns number Hts

Post-/Pre-Task Categories e.g. other road user -

Valuation positive/negative pos, neg

Experience experienced/unexperienced Exp, Unexp

Overview Participants
In total, 29 participants took part in the experiment (17 men and 12 women4). All
participants completed the experiment, which took 2 hours and 39 minutes on average.
The age distribution can be seen in figure 3.5 with a mean of 37.64 years +/- 15.31 years.
According to the definition in chapter 3 section 3.1 6 participants were unexperienced
and 23 were experienced bicycle riders. Because it was quite dark during one of the
experiment rides compared to the others the data of one participant (unexperienced,
woman) was excluded from the analysis. This means that the data of 28 participants
could be analyzed, although due to sensor malfunctioning data of some route segments
got lost for parts of the analysis:

• One participant’s (experienced, man) eye movement data is lost for all three
segments.

• One participant’s eye movement is lost for the first and one participant’s eye
movement is lost for the last segment.

4As the equipment was designed to work with binary gender categories, we did not collect further
categories. Participants who did not identify as male or female either chose one of the two options or did
not participate.
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3.2. Overview Data

• Three participants’ motion-capture data is lost for the last segment.

• One participant’s motion-capture data is lost for the first segment.

• 3 marked spots of one and 2 marked spots of another participant could not be
analyzed due to disturbances in the motion-capture data (see Figure 3.3).

Figure 3.5: Age distribution of participants

Overview marked ‘spots’
Besides 17 spots, that were marked but participants could not remember why they said
‘now’ in the post task, a total of 547 spots were marked of which 136 were rated as
positive and 411 as negative. Only 25 % of the marked spots were rated positive. This
does not necessary mean, that cycling prompts more negative experiences than positive
once since negative emotions are often perceived more strongly (Baumeister et al. 2001;
Vaish et al. 2008). As described in chapter 2 subsection 2.6.3 4 additional spots per
participant have been included in the post-task, leading to 654 spots. However, the 4
additional spots were excluded from analysis because in this case only spots that had
been indicated by the participants themselves were of interest.

The number of spots marked per participant varies between 5 and 38. Figure ?? shows
the distribution of positive and negative spots per participant. On average 18 spots were
marked per participant, of which 4 were rated as positive and 14 were rated as negative.

The reasons participants named for marking the spots were categorized as described
in chapter 2 subsection 2.6.3 and can be seen in figure 3.7. Most negative spots were
marked due to other traffic participants followed by infrastructure and traffic signage.
Most positive spots were marked due to infrastructure followed by traffic volume and
other factors in the environment such as smells, personal memories, good atmosphere.
For both positive and negative spots, slope was the least frequently mentioned reason,
which is reasonable given that the experiment route was relatively flat.

In figure 3.8 a map showing the densities of positive and negative spots marked by the
participants can be seen. The map shows that spots were more frequently marked at

33



3. Analysis

Figure 3.6: Number of marked spots per participant

certain locations. These locations are not further analyzed, however the map gives a
broad idea about the spatial distribution of the spots.

Figure 3.7: Participant’s reasons for marking a spot
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Figure 3.8: Heatmap of positive and negative marked spots
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CHAPTER 4
Results

As explained in chapter 1, in order to determine whether specifically rated positive
experiences can be distinguished from negative experiences, the goal of this master’s
thesis is to compare eye and head movements of positive and negative perceived spots
marked by bicycle riders. For each hypothesis, the comparison of the spots was done
for all participants and, in addition, for experienced and inexperienced bicycle riders
separately. This was done because literature has shown that fixation durations of
experienced bicycle riders are longer than those of unexperienced riders (e.g. Rupi and
Krizek 2019; von Stülpnagel 2020). Also, experienced and unexperienced bicycle riders
have marked different amounts of spots. This leads to the assumption that experienced
and unexperienced bicycle riders perceive bicycle riding differently, which is why both
categories have been analyzed separately in addition to the overall comparison.

The comparisons have been done with different time windows around a marked spot as
explained in chapter 3:

• 12 s time window [12 s]: meaning 10 s before and 2 s after the marked spot

• 7 s time window [7 s]: meaning 5 s before and 2 s after the marked spot

• 5 s time window [5 s]: meaning 5 s before the marked spot.

Each hypothesis is listed below, followed by the obtained results. To test the hypotheses
one-sided paired t-tests were used. Paired t-tests were appropriate to use since positive
and negative spots were marked by the same participant. Therefore, the two compared
groups are not independent. The use of one-sided tests was justified because, based on
existing literature, a change in a specific direction could be assumed and the hypothesis
was formulated accordingly.
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4. Results

Since multiple tests were done the question of whether or not to correct p-values emerges.
Literature shows that the question of whether, how, and under which circumstances
p-values should be corrected is still debated with no clear answers (e.g. García-Pérez
2023; Rubin 2021; Althouse 2016). In this master thesis the suggestions of Althouse 2016
are followed, which means p-values are not adjusted. However, readers are made aware
of the fact, that multiple testing occurred. This also means that any significant results in
this study need further exploration and are rather valuable for new hypothesis generation
rather than drawing new conclusions.

4.1 Eye Movements
Hypothesis 1:
On positively marked ‘spots’

• fixation durations are longer

• and fixation counts are lower.

Table 4.1 shows the results of the one-sided paired t-test comparing the average fixation
duration and fixation counts between positive and negative spots. To ensure that spots
with fewer fixations did not disproportionately influence the results, first the average
fixation duration was calculated for each spot. These averages were then used to calculate
the mean for positive and negative spots per participant in order to perform the paired
t-test. One participant has not marked any positive spot which is why only the data of
26 participants could be compared.

Table 4.1 shows no significant results for neither the fixation duration nor the fixation
counts for the 12 s and 7 s time window. For the 5 s time window, however, a significant
results was obtained for the comparison of the fixation durations: on average, fixation
durations on positively marked spots were 42 ms shorter than those on negatively marked
spots (t(25) = -1.98, p = .029 ). As can be seen in figure, 4.1 the distribution of the
data is considerable. However, because a paired t-test was done a categorization of an
experience as positive or negative based on the fixation durations is still likely to be
correct if fixation durations of one person are compared. Also other studies (e.g. Rupi
and Krizek 2019; von Stülpnagel 2020; Guo et al. 2023) obtained similar distributions for
mean fixation durations.
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4.1. Eye Movements

Table 4.1: Results of paired t-test for fixation durations and fixation counts for each time
window

time window Diff p- Diff p-

FixDur value FixCount value

[ms] [number]

12 s -6.26 0.346 -0.35 0.346

7 s -11.12 0.366 0.15 0.593

5 s -42.09 0.029∗ 0.31 0.728

Figure 4.1: Mean fixation durations [ms] for the 5 s window

As no significant results were obtained for the 12 s and 7 s time window, the further
analysis of the eye-tracker data, is only described for the 5 s time window. This includes
the comparison of the subsample (experienced and unexperienced bicycle riders) as well
as the analysis to test hypotheses 2.

The results for experienced and unexperienced bicycle riders can be seen in table 4.2.
The data was visualized in figure 4.2 and 4.1. No significant results were obtained
neither for comparing positive and negative spots of unexperienced riders nor for those of
experienced riders. However, because a subset of the data is used for comparison there
is very few data to test the hypotheses with. Especially for the unexperienced group
which consists of only 5 riders. Unexpectedly, fixation durations of unexperienced cyclers
seem to be higher for positive marked spots than for negative ones, which is the opposite
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4. Results

Figure 4.2: Mean fixation counts for the 5 s window

Table 4.2: Results of paired t-test for fixation durations and fixation counts for experienced
and unexperienced riders

subset Diff p- Diff p-

FixDur value FixCount value

[ms] [number]

Exp 5 s -45.28 0.088 0.40 0.487

Unexp 5 s -28.67 0.459 -0.05 0.968

trend of the comparison above. However, due to the small dataset this is most likely a
coincidence. More data is needed to see whether the difference in mean fixation durations
for unexperienced riders has the opposite trend of experienced ones.

Based on these results the second part of the hypothesis, stating fixation counts are lower
for positive experienced spots, needs to be rejected.

Hypothesis 2:

• On positively marked spots, people direct more attention to buildings, trees and
other surroundings, whereas on negatively marked spots, they focus more on other
road users, street signs and the road itself.
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Figure 4.3: Percentage of Fixation time on category

To test this hypothesis, the fixation time for each category was first calculated as a
percentage of the total fixation time for each spot. This was done to ensure spots with
a longer total fixation time did not disproportionately influence the results as the goal
was to compare what is being looked at per-spot. Next, for both positive and negative
spots, the average percentage of each category was calculated per participant. The result
can be seen in figure 4.3 (for better readability outliers are not shown). A paired t-test
has been done to compare each categories percentages of positive and negative spots. In
this case a two-sided t-test was done because no clear assumption about the direction of
change can be made for all categories based on current literature. Figure 4.3 shows, that
most attention, whether on positive or negative spots, is directed to the road. That the
highest amount of attention is focused on the road has also been found in other studies
(e.g. Pashkevich et al. 2022; Jang and Kim 2019). Besides the road riders tend to look at
buildings, cars, vegetation and other people in decreasing order regardless of whether
the spot was perceived positively or negatively. This seems reasonable since driving a
bicycle is a task where watching the road as well as other traffic participants is necessary
in every, positive and negative, moment.

No category gets much more attention on positive spots compared to negative ones.
However, a paired t-test shows significant differences for the categories vegetation,
bus/tram and traffic sign as can be seen in table 4.3. The biggest difference was found
for the category ‘vegetation’ that on average is 5.4 % higher on positive spots. For the
category ‘bus/tram’ the difference is only 1.2 % and for the category ‘traffic sign’ 0.5 %.
Further the analysis for unexperienced cyclers doesn’t show any significant results which
again is no surprise because of the low number of unexperienced participants. However
the results are displayed to provide a complete account. The comparison of experienced
riders shows significant results for the categories ‘traffic sign’ and ‘tram/bus’.
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4. Results

Table 4.3: Results of paired t-test for categories for all participants

category p Diff

value percentage

car 0.859 -0.4

road 0.670 1.3

building 0.224 5.5

vegetation 0.043∗ 5.4

other 0.353 -0.5

navi 0.946 0.0

person 0.179 -1.9

sky 0.675 -0.3

bus/tram 0.000∗∗ -1.2

traffic sign 0.004∗∗ -0.5

Table 4.4: Results for experienced cyclers

category p Diff

value percentage

car 0.799 -0.6

road 0.424 2.5

building 0.216 6.7

vegetation 0.082 5.5

other 0.365 -0.6

navi 0.480 -0.3

person 0.130 -2.5

sky 0.163 -0.9

bus/tram 0.001∗ -1.4

traffic sign 0.004∗ -0.5

Table 4.5: Results for unexperienced cyclers

category p Diff

value percentage

car 0.494 0.8

road 0.659 -4.2

building 0.974 0.2

vegetation 0.239 4.7

other 0.873 -0.1

navi 0.612 1.4

person 0.754 0.8

sky 0.566 2.1

bus/tram 0.454 -0.3

traffic sign 0.592 -0.2

42



4.2. Head movements

Table 4.6: Results of paired t-test for angular distance, angular acceleration and the
number of head turns for all time windows

time window Diff p Diff p Diff p

AngDist value AngAcc value Hts value

[degrees] [rad/s2 ] [number]

12 s 8.89 0.760 0.16 0.775 0.30 0.681

7 s -1.72 0.397 0.02 0.536 0.16 0.648

5 s 5.12 0.827 0.30 0.872 0.29 0.840

4.2 Head movements
Hypothesis 3:

• On positively marked spots head movements are more stable meaning head rotation
angles (yaw values) are smaller compared to negatively marked spots.

This hypothesis has been tested in two ways: First, the head movements have been
analyzed by comparing the angular distances of the head rotation. The angular distance
was defined as the total sum of all angular changes in head rotation. This was done
as a first comparison of how much participants’ heads moved during the defined time
window. In addition to the angular distance, angular acceleration has been analyzed. As
a second analysis the amount of head turns has been analyzed, which was done based on
Matviienko et al. 2023, where a head turn was defined as a head movement larger than
20 degrees to either side. These three values were compared for all three time windows.

Table 4.6 shows that no significant results were obtained for either of the values for each
time window. Also the separate comparison of experienced and unexperienced riders
does not show significant results as can be seen in table 4.7. This means based on the
obtained results hypothesis 3 needs to be rejected.

Nonetheless to provide a complete overview the data of the 5 s time window is visualized
in figure 4.4, figure 4.5 and figure 4.6. Looking at the visualization of the mean angular
distance the higher distance for unexperienced riders compared to those of experienced
riders stands out. A two-sided t-test between the groups shows a significant (t(12.5) =
-2.193, p = .047 ) difference between the experienced riders (M = 61.04, SD = 29.81 ) and
unexperienced riders (M = 86.12, SD = 33.18 ) resulting in a difference of 25 degrees. This
indicates that the head movements as well as the eye movements from experienced bicycle
riders differ from those of unexperienced ones. However, the low number of unexperienced
bicycle riders has to be kept in mind.
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Table 4.7: Results of paired t-test for angular distance, angular acceleration and the
number of head turns for experienced and unexperienced cyclers

subset Diff p Diff p Diff p

AngDist value AngAcc value Hts value

[degrees] [rad/s2 ] [number]

Exp 5 s 4.73 0.401 0.25 0.327 0.29 0.379

Unexp 5 s 6.75 0.709 0.47 0.615 0.28 0.693

Figure 4.4: Mean angular distance per participant for the 5 s time window: over all
participants, and for experienced and unexperienced cyclers separately
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4.2. Head movements

Figure 4.5: Mean angular acceleration per participant for the 5 s time window: over all
participants, and for experienced and unexperienced cyclers separately

Figure 4.6: Mean number of head turns per participant for the 5 s time window: over all
participants, and for experienced and unexperienced cyclers separately
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CHAPTER 5
Discussion

5.1 Eye movements
As can be seen in chapter 4 between the three time windows analyzed, only the 5 s time
window yielded significant results for the eye movements. As argued in chapter 3, using
a larger time window than 12 s was unlikely to show meaningful results. The analysis of
the 12 s time window did not result in significant findings, indicating that the 12 s time
window was still too large. Compared to the 5 s window, the 7 s window included two
additional seconds after a spot was marked, suggesting the significant results in the 5 s
window stem from this difference. One possible explanation is that the eye movements in
these extra seconds do not relate to the change participants marked before. Therefore,
out of the three, the 5 s time window seems the most appropriate for analysis which is
why only these results are discussed in detail below.

In addition eye movements were analyzed for unexperienced and experienced riders
separately; however, no significant results were obtained for these groups. This is likely
due to the small sample size which reduced the statistical power, making it challenging
to detect meaningful differences. The separate analysis of experienced and unexperienced
riders therefore is not discussed below.

Similar to other studies the analysis was done on quite a small sample (e.g. von
Stülpnagel 2020, Rupi and Krizek 2019, Mantuano et al. 2017). Therefore, results need
to be interpreted cautiously. To better evaluate the data, a more detailed comparison of
the obtained values across similar studies by means of a meta-analysis will be helpful in
providing a clearer picture of the current evidence.

Fixation durations
The analysis of the fixation durations has shown significant differences between positively
and negatively perceived spots. However, fixation durations on positively perceived spots
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are on average 42 ms shorter compared to those on negative ones. This is the opposite of
what has been hypothesized in chapter 1 section 1.2 based on existing prior evidence.
Several different explanations for this contradictory result come to mind:

(1) Both von Stülpnagel 2020 and Guo et al. 2023 have focused on perceived safety or
risk while the present study focused on positive and negative experiences in general. The
spots participants marked therefore did not focus on safety only, which opens up various
other reasons for defining something as positive or negative. This broader definition
could be the reason for the different result obtained here. However, perceived safety
and comfort belong to the key factors influencing bicycle riders’ perceptions (Campos
Ferreira et al. 2022). This suggests that, even though the experimental setup did not
focus exclusively on safety, most marked spots will likely be related to safety, making the
above-described explanation less probable. However, further analysis of the data could
provide valuable insights to whether or not the focus on positive and negative experiences
caused the contradictory trend by comparing fixation durations of spots rated as safe or
unsafe during the post task.

(2) Another difference to von Stülpnagel 2020 and Guo et al. 2023 is that participants
rated their experiences after the ride in both of these publications. Therefore, less intense
changes might have been overlooked by participants. In contrast to their approach, in the
present study experiences were marked during the ride which also captured less intense
moments. Differences in fixation durations for intense and non-intense moments might
explain the varying results. An analysis focusing solely on spots rated as intense could
explore this further.

(3) von Stülpnagel 2020 describes how, among others, different fixation durations are
indicating different visual behaviors. This has also been described in other eye tracking
research, e.g. for car drivers where longer fixation durations have been found when
drivers fixate on hazardous objects (Crundall et al. 1999; Chapman and Underwood 1998;
Velichkovsky et al. 2002). Velichkovsky et al. 2002 differentiate between preattentive
visual behavior, where no hazard has been detected yet, and attentive visual behavior,
where a hazard has been detected. In the present study, participants explicitly marked
spots, indicating awareness of a factor that caused their negative or positive experience.
This indicates that the attentive visual behavior was measured. Our findings suggest that
what causes negative experiences is fixated longer than what causes positive experiences.
In contrast the studies of von Stülpnagel 2020 and Rupi and Krizek 2019 compared
larger road segments, which were rated as safe or unsafe, rather than specific moments.
Therefore, it is plausible that von Stülpnagel 2020 and Rupi and Krizek 2019 might
have measured the preattentive visual behavior while in this study the attentive visual
behavior was measured, which would explain the different outcomes.

Fixation counts
No significant results were obtained for the comparison of fixation counts in positive and
negative marked spots. Therefore, the second part of the hypothesis needs to be rejected.
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5.1. Eye movements

The following two interpretations are possible:

(1) There are no differences between positive and negative marked spots but there are
differences in fixation counts between the marked spots and other ‘non-marked’ spots.
This would mean there are peaks in the fixation counts for both positive and negative
moments. However, further analysis of the data has to be done to test this interpretation.

(2) As mentioned in section 5.1, other studies (von Stülpnagel 2020; Rupi and Krizek 2019
focused on safety and comfort only and assessed participants’ experiences after a ride
compared to during the ride. As explained above in section 5.1 1 and 2 these differences
in the experimental set up may explain the different outcome. Further analysis of the
data could help to determine whether the described differences are the reason for the
varying outcomes.

Visual attention

Comparing what has been fixated during positive and negative spots showed significant
results for three categories: ‘vegetation’, ‘tram/bus’ and ‘traffic signage’. The largest
significant difference can be found for the category ‘vegetation’ for which the absolute
percentage difference between the means of positive and negative marked spots was 5.4%.
This does not necessarily mean that e.g. trees cause bicycle riders’ experience to be
positive since trees also indicate other factors such as shadow, higher distance to car
lanes, etc. Another plausible explanation might be that when participants can focus on
vegetation due to the absence of potential hazards, they generally have a more positive
experience. Furthermore, the results indicate that fixating longer on trams or buses
and traffic signs relate with having negative experiences. Possible explanations for these
relations include that trams or buses could be perceived negatively because they restrict
cyclists’ field of view or because riders are required to wait. Focusing longer on traffic
signs on negative spots could indicate non-intuitive signs. Alternatively, a longer focus
on traffic signs might relate to other factors, such as waiting at traffic lights. As Rupi
and Krizek 2019 discussed this might be particularly true for experienced riders since
they focused significantly longer on traffic lights compared to unexperienced riders.

How vegetation, tram/bus and traffic signage are related to negative experiences cannot
be answered based on the conducted analysis. However, analyzing specific scenes of
the recorded videos could help to determine this. For example, by analyzing all video
sequences where a traffic sign was looked at for a longer duration compared to sequences
where traffic signs were not focused as long. Such an analysis would be especially valuable
for infrastructure design, as more precise design recommendations could be identified.
Until recently such an analysis would have been very time consuming because categorizing
what has been looked at had do be done by hand. Algorithms like the MyFix (Alinaghi
et al. 2024) make such evaluations less time consuming and therefore more practical for
broader use.
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5.2 Head movements
The analysis of the head movements has shown no significant differences for neither the
angular distance, the angular acceleration nor the amount of head turns for all three
time windows as can be seen in chapter 4 Table 4.6. Therefore, hypothesis 3 needs to
be rejected as well indicating that head movements of positive and negative perceived
spots do not differ. This seems reasonable since also Matviienko et al. 2023 did only find
significant differences in head movements for one situation1 in their in-situ experiment
compared to four situations in the virtual reality study.

However, as explained in section 5.1 the analysis conducted here considered all spots
regardless of different emotions or intensities. Since measuring head movements to
analyze subjective perceptions of bicycle riders is a rather new method, it is reasonable
to explore additional approaches. For instance, analyzing the data for specific emotions
or intensities might yield valuable insights. Additionally, while the definition of a head
turn was set to more than 20 degrees to better compare results with Matviienko et al.
2023, alternative thresholds could be explored. Further the conducted experiment did
not only measure head movements but also other upper body movements. This offers
the possibility to analyze e.g. hand, arms and shoulder movements. As Boltes et al. 2021
and Tavana et al. 2024 described for pedestrians this can lead to interesting information
about e.g. the space required to move.

Also while no differences in head movements between positive and negative spots could
be found, it is noticeable that the angular distance of unexperienced riders seems to
be higher than the ones of experienced ones. The comparison (independent t-test) has
shown that on average head rotation (yaw) values for experienced cyclists were 25 degrees
less than those for inexperienced cyclists during the same time period (t(12.5) = -2.193,
p = .047 ). This indicates that, similar to eye movements, head movements differ between
experienced and inexperienced cyclists.

5.3 What this means for spatial planning
While further analysis is required for better interpretation of the above discussed findings,
the obtained results suggest that fixation durations of positive and negative experiences of
bicycle riders differ. This could be used to evaluate whether certain designs are perceived
as positive or negative. In addition, with analysis methods like the MyFix algorithm
(Alinaghi et al. 2024), more precise evaluations of certain road designs could be done.
One possible approach would be to analyze what bicycle riders are fixating at a certain
crossing. Possible findings could include which traffic signs are being overlooked or where
the cycler’s field of view is restricted. Such an evaluation could lead to more precise
recommendations for infrastructure design.

Within this study first findings have shown that looking at vegetation is related to
positive cycling experience while looking at trams or buses as well as at traffic signs

1turning left at uncontrolled intersections
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relates with negative experiences. From an urban planning perspective, it would be
particularly valuable to further analyze these findings in order to have more precise design
recommendations. Besides analyzing the differences in the above mentioned categories
valuable findings for infrastructure design might be found by analyzing the eye movements
on locations that were oftentimes marked as positive or negative. While this was beyond
the scope of this master thesis ‘hot spots’ of positive and negatively marked spots can
be seen on the map in figure 3.8. These locations could be examined in greater detail
by analyzing what has been focused. This would likely result in more detailed design
recommendations for the analyzed locations as well as for general infrastructure design.

Further, it stands out that participants reported that more than 30% of all negative
marked spots were caused by traffic participants. This is by far the largest category
as can be seen in chapter 3 figure 3.7. Therefore, it is somewhat surprising that no
significant differences were observed in the categories ‘car’ or ‘person’ in figure 4.3.
However, traffic participants have to be watched at any time regardless of whether they
are causing negative or positive reactions for bicycle riders, which might explain why no
significant differences have been found for the relevant categories. In terms of improving
bicycle infrastructure this is an important finding. While certain infrastructure designs
may increase interactions with other traffic participants, not all negative encounters
are likely to result from infrastructure. Therefore, the behavior of traffic participants
seems to be an important factor for the experiences of bicycle riders. Other studies have
shown that different social and behavioral factors influence the cycle attractivity in a
city (Nello-Deakin and Nikolaeva 2021). As Nello-Deakin and Nikolaeva [2021] state,
such factors are often underestimated in urban planning, as the focus tends to be on
infrastructure only. With about one-third of negative spots being marked due to other
traffic participants, an approach taking behavioral factors into consideration might be
just as promising as focusing on infrastructure design.

While the analysis of the head movements did not reveal notable differences between
positive and negative experiences, it did show significant differences between experienced
and unexperienced cyclists. In eye-tracking research differences in eye movements from
unexperienced and experienced bicycle riders have already been found (e.g. von Stülpnagel
[2020]; Rupi and Krizek 2019; Guo et al. 2023). The fact that head movements of
experienced and unexperienced cyclers also differ strengthens the argument that the two
groups perceive the environment differently. These findings indicate that experienced and
unexperienced riders may have distinct needs regarding infrastructure design. Future
research could explore these differences in greater detail as well as how infrastructure
can meet the needs of both groups.
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CHAPTER 6
Conclusion

Within this master thesis positive and negative perceived experiences of bicycle riders
were compared by analyzing eye and head movements. For this purpose an in situ study
with 28 participants wearing eye tracking glasses and motion capture sensors on their
upper body was conducted. While cycling on a predefined route participants marked
positive and negative experiences by saying ‘now’

Significant differences between positive and negative marked spots regarding eye move-
ments were found for the fixation durations. However, fixation durations on positively
marked spots were found to be 42 ms shorter compared to those on negatively marked
ones, which contradicts the hypothesis. This contradiction may be explained by two
factors: (1) differences in the experimental setup compared to the studies the hypothesis
was based on and (2) varying visual behaviors, such as a ‘potential hazard’ mode versus a
‘hazard detected’ mode. While other studies might have analyzed segments, the ‘potential
hazard’ mode takes up most of the time in this study the analysis was more punctual,
analyzing the ‘hazard detected’mode. However, further research is needed to verify this
explanation. The analysis of what participants focused on positive and negative perceived
spots showed differences in three categories: Vegetation is linked to positive experiences,
while trams and buses as well as traffic signs relate to negative experiences. However,
based on the obtained results, no precise recommendations for infrastructure design can
be made yet. The different possibilities of e.g. how exactly traffic signs cause negative
experiences, still need to be explored.

No significant differences between negative and positive experienced spots were found for
the fixation counts and the head movements. The analysis of the head movement included
the angular distance, the angular acceleration and the amount of head turns. None of the
three showed significant results which leads to the conclusion that head movements of
positive experiences are not different from those in negative experiences. However, since
the analysis of head movements of bicycle riders is a rather new method further research
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could put the obtained results in a broader context. Further investigations could, e.g.,
explore different definitions of a head turn.

Although no differences were found in head movements on positive and negative perceived
spots, significant differences were found between the angular distance of experienced
and unexperienced riders. In total, unexperienced cyclers have moved their head 25
degrees further / more within 5 s than experienced cyclers did. This means that not only
eye movements but also head movements of experienced cyclers are different to those
of unexperienced cyclers. This strengthens the argument that the two groups perceive
the environment differently, which highlights the importance of analyzing unexperienced
cyclers’ perceptions. As inexperienced cyclists represent potential new riders, this is
particularly important for enhancing cycling attractivity for a broader audience.

Further, participants linked about one-third of all negative marked spots to other traffic
participants. This indicates that addressing cycling issues might require analyzing social
and behavioral factors as well as infrastructure design. Therefore, analyzing the behaviors
of both traffic participants and cyclists themselves could help identify such factors to
improve urban cycling. Eye-tracking – particularly the analysis of visual attention –
could offer interesting possibilities to research behavioral factors that influence cycling
experiences.

.
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Appendix

Appendix A

Appendix A.1 – Flyer

https://limesurvey.geo.tuwien.ac.at/in-
dex.php/438571?lang=de-easy

Wo & Wann : 
Freihaus TU Wien, 

Juli - August

Dauer: 
20 min online und 

~2,5 h vor Ort  
(inkl. Ausrüsten mit 

Sensoren.)

Mehr Infos und Anmeldung

Nimm mit deinem Rad an 
unserer Studie teil

und gewinne 200 Euro!

 Ziel:
Wir wollen das subjektive 

Sichheitsempfinden 
beim Radfahren in der 

Stadt erforschen.
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Appendix A.2 – Prequestionnaire
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Appendix A.3 – Informed Consent
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Appendix A.4 – Letter Ethics Committee
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Appendix B
Appendix B.1 – Demographics and bicycle behavior
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Appendix B.2 – SBSOD
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Appendix B.3 – Big Five 10
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Appendix B.4 – Adolescent cycling behavior
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Appendix B.5 – FRS
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Appendix B.6 – Email Templates

95



96



97



98



Appendix C
Appendix C.1 – Hexagonmap
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Appendix C.2 – Map: overview route
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Appendix C.3 – Instructions

Questions for Familiarity on Hexagon Map:

Für jedes der Sechsecke: Wie vertraut sind Sie mit der Gegend, die von diesem Sechseck abgedeckt 
wird?
1 - gar nicht vertraut | 7 - sehr vertraut

Für jedes der Sechsecke: Wie häufig waren Sie innerhalb des letzten Jahres in dieser Gegend 
unterwegs?
0 - nie | 21 – 21 mal oder mehr

Text for Test Segment 1:

Nun sind wir quasi bereit für die Fahrt. Sie können nun gerne dort (handzeichen) auf und ab fahren, 
um ein Gefühl für die Ausrüstung zu kriegen. Bitte schauen Sie auch einmal bewusst auf ihr Navi und 
sagen Sie „Navi“ während Sie das tun. Das hilft mir später in der Datenauswertung. 

Text for Instructions:

Wir möchten ganz besonders wissen, wann sich Ihre Gefühlsage ändert.
Zum Beispiel interessiert uns, ob Sie sich unsicher oder sicher, wohl oder unwohl fühlen, ob Sie sich 
ärgern oder freuen.

Während Ihrer Fahrt, werden Sie sicher auf unterschiedliche Situationen treffen, welche diese 
Gefühle in Ihnen hervorrufen.
Denken Sie z.B. an den Fall, dass Sie unangenehm überholt werden, parkende Autos die Tür 
aufmachen könnten, ihnen FussgängerInnen/Autos im Weg sind oder Sie Strassenbahnschienen 
kreuzen müssen. Es könnte sein, dass ein Radweg plötzlich aufhört und sie nicht genau wissen, wo Sie 
fahren dürfen/sollen zb. Wegen schlechter Signalisierung, Oder denken Sie an angenehme 
Situationen, wenn es besonders ruhig, schattig, angenehm oder sonnig ist.

Questions at break Points:

Auf einer Skala von 1-4 wie sicher haben sie sich auf diesem Streckenabschnitt gefühlt? - 1 bedeutet 
unsicher 4 bedeutet sicher
Auf einer Skala von 1-4 wie wohl haben sie sich auf diesem Streckenabschnitt gefühlt? - - 1 bedeutet 
unsicher 4 bedeutet sicher

Task Reminder at Breakpoint:

Nun kommt die zweite Teilstrecke an die Reihe. Es bleibt alles beim alten. Sie fahren anhand des Navis 
zum nächsten Zwischenstopp und sagen immer „jetzt“ wenn sie denken, dass sich ihr Wohlbefinden 
geändert hat. Z.B. wenn sie sich sicher/unsicher fühlen, etwas unangenehm/angenehm, 
schön/ärgerlich ist. 
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Appendix D
Appendix D.1 – Post Task
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