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Abstract

Audio in today’s first person computer games plays a vital role in informing players about their surround-
ings as well as general gameplay elements. Awareness of the direction, distance, and spatial placement
of audio sources can be crucial for players in various contexts.

Spatialising audio through stereo panning can pose challenges to players when it comes to accurately
localising sound sources in front, behind, below, or above the player. Binaural audio is another technique
used for spatialising audio by simulating how sound interacts with the head and ears before reaching
the eardrums from a specific direction before the signal is rendered through the headphones. While
binaural audio attempts to alleviate the front-back confusion, the cues from binaural audio are lost when
the listener moves their head if some form of head tracking solution is not incorporated. Hence, this
study’s research question is: “How is localisation of audio sources in first-person computer games —
while wearing headphones— helped by spatialising the soundscape in relation to head movement utilising
head tracking technology? .

To be able to answer the research question a prototype of a game was developed following design
science guidelines. The objective was to timely and accurately localise 14 invisible targets emitting
sound in a virtual three-storey house. During one half of the test the spatilisation with head movements
was inactive and the other half had it activated in order to compare the testers ability for localisation with
and without the tool. The order for which half would have spatilisation activated was randomised for
each test.

The research strategy consisted of two types of experiments, blind — with 20 participants, and open
— with five testers, that were conducted to measure and evaluate the participants’ head movement and
performance in terms of accuracy and time of localising the targets by shooting them. For data collection
this study used a mixed methods approach that included questionnaires with closed questions and semi-
structured interviews. Data about the testers’ performance was automatically logged during the test.

The results from the first, blind experiment showed little head movement and no significant impact
on localisation performance from the spatialisation. Consequently an open follow-up experiment was
performed to discover if the blind experiment design affected the results. The results demonstrated a
higher degree of head movement but corroborated the first test in no substantial effect on the testers’
accuracy or time when localising the targets.

In summary, there could be found no positive or negative impact on one’s localisation of audio sources
in first-person computer games —while wearing headphones— when spatialising the soundscape in re-
lation to head movements by utilising head tracking technology. Additionally, some participants found
the tool to be unfit for the genre that the prototype resembled and suggested that spatialisation of audio
with head tracking could perhaps be better suited for other genres. This could serve as material for future
research on the use of head tracking for spatialisation of audio in computer games.
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Synopsis

BACKGROUND

Spatial audio in computer games is effective at communicating
information to players about their surroundings. Binaural audio is
sometimes used, which is a method of rendering sound to mimics how
humans naturally experience sound, giving listeners more information
about directionality than merely stereo panned spatialisation. This
technique is still imperfect as some have difficulties with localisation of
sound sources. Spatialising the game sounds to the player’s head
movements could allow for a more immersive experience and possibly
increase player performance.

PROBLEM

Localisation of audio through stereo panning can prove difficult if the
audio source is located in front, behind, below or above the player.
Binaural audio attempts to solve this but the binaural audio cues are lost
when the listener moves their head if no form of head tracking is
incorporated.

RESEARCH QUESTION

How is localisation of audio sources in first-person computer games
—while wearing headphones— helped by spatialising the soundscape in
relation to head movement utilising head tracking technology?

METHOD

An artefact, a computer game, was created to assess the usefulness of
spatialising audio, following design science guidelines. Blind and open
experiments were conducted using mixed methods, including
questionnaires and interviews. Quantitative data on testers’ head
movement and performance was collected. Qualitative data was analysed
using thematic analysis, while statistical hypothesis testing were done for
quantitative analysis. The experiments involved 25 participants; 20 in
blind tests, and 5 in open tests.

RESULT

There is no positive or negative impact on one’s localisation of audio
sources in first-person computer games —while wearing headphones—
when spatialising the soundscape in relation to head movements by
utilising head tracking technology. The experience during the open test
was considered to be unfamiliar and perhaps inappropriate for certain
types of games that the prototype resembled but could perhaps be used
more beneficially in other genres.

DISCUSSION

Limitations of this study are; a low sample size for the open experiment,
minor inconsistencies in the test, the targets’ sound profile,
non-individualised spatial audio perception, and a high degree of interview
note translation. The originality of the research is the novel combination
of head tracking and audio for computer games, as well as the scarcity of
studies conducted on this specific topic. Therefore, this thesis can serve as
a resource for investigators and game developers interested in utilising or
researching head tracking in computer games to enhance auditory
performance, immersion, or support visually impaired individuals.
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1 Introduction

1.1 Background

Many, if not most, of today’s commercial computer games use audio to improve players’ immersion and
performance in the virtual environments. There are many first person shooter (FPS) games as well as
games of other genres that strive for an informative and realistic audio system that can provide play-
ers with an accurate three dimensional auditory picture of their environment. In order to achieve this,
games sometimes use binaural audio which is a method of reproducing sound that mimics the way hu-
mans naturally experience sound in real life (M. 2022). While spatial audio can be an important part in
games certain types like competitive, team-based, FPS games such as Counter-strike: global offensive
(2012), Rainbow six: siege (2015) and Overwatch (2016) prioritise it more as being able to know your
enemy’s position is vital. Another area that can benefit from binaural audio is immersion, as can be seen
in the action-adventure game Hellblade: Senua’s Sacrifice (2017). In addition to providing a realistic
experience, the auditory elements of the game intentionally aim to evoke sensations of psychosis and
hallucinations in the players, mimicing the main characters mental health challenges (Farkas et al. 2018).
Although binaural audio is sufficient in many games, there is still room for improvement as certain stud-
ies have shown that some players experience difficulties with localisation. By spatialising the sounds in
a game to the player’s head movements could allow for a more realistic and perhaps better performing
experience, making this the focus of this study.

1.1.1 Spatialisation of Audio

Spatialisation is the procedure of generating a perception of spatial or three-dimensional (3D) audio expe-
rience. FPS games convey information to players mainly through visual displays that render the charac-
ter’s limited field of view. While visual displays are a fit medium for displaying a specific location, audio
is capable of supplying information both within, as well as outside, of the player’s peripheral (Hermann
et al. 2011). Audio can also be helpful under conditions where the visual scene is dark, complex or clut-
tered (Zahorik 2002). Sound is in other words good for communicating information which changes over
time and can be heard over a range of spatial locations whereas vision can only be observed at specific
locations (Tannen 1998).

Spatial audio when conveying information from a computer to the user is also called an auditory dis-
play (Walker and Nees 2011). A strength of an auditory display is that it can be viewed as ’an extra set of
eyes and ears’ (Tran and Mynatt 2000). Hermann et al. (2011, p. 456) indicated that the human auditory
system does not need a directional fix on a sound source in order to perceive its presence”. Results of
a study done by Brock et al. (2002) support that statement by showing how 3D sound can improve the
user experience through being a background process without disruptively affecting the primary focus of
attention. The results of the study showed a significant improvement in performance on the visual search
task when auditory displays were used as the users did not have to turn to look at the other screen for
visual confirmation (ibid.).

Another strength of spatial audio and auditory displays is navigational decision making which Walker
and Lindsay (2006) did a study on. Walker and Lindsay’s study focused on leading visually impaired
subjects through a three dimensional environment with solely non-speech beacons to see how sound
timbre, waypoint capture radius, and practice affected performance. They demonstrated that with correct
attributes, spatialised audio can be used to effectively help guide players in a virtual 3D environment



(Walker and Lindsay 2006).

1.1.2 Techniques for Spatialisation

In order to recreate a binaural audio experience the recording of the audio has to be carried out under the
same conditions a listener would have in the recorded environment. Recording of binaural audio can be
done by using human head analogues with microphones inside the ear cavities, also called dummy heads.
(M. 2022)

Essential to the central concept of binaural audio is what is head related transfer functions (HRTF).
HRTF is a way of modelling the individual differences of the sonic characteristics reaching each ear. The
sonic characteristics modelled in a HRTF include the slight changes in frequency caused by the physical
interaction with the ears, oral, and nasal cavities, and acoustic shadowing caused by the head and body
geometry. The characteristic present in normal stereo recorded audio the interaural time difference (ITD)
is present in binaural audio also. HRTFs are problematic in that they contribute to a high degree of
variance in the perception of sound, however a generalised model can still be used. (Xie et al. 2007)

Recording with a dummy head gives a static rendition of binaural audio — to make it more interactive,
for media such as video games, binaural audio can also be achieved by using digital filters on a mono
source audio clip. The digital filtering reproduces the effects of a generalised HRTF by modulating
the audio frequencies digitally depending on its position and distance in regards to the audio listener.
(Widman 2021)

Previously mentioned ITD is “the result of differences in the acoustic paths from the sound source
to left and right ears when sources are lateralized” (Blum et al. n.d.). ITD is important because it is the
main reason for the so-called front-back confusion. Front-back confusion is when a source in front of the
listener is being perceived as being to the back, at a symmetrical position toward the interaural axis, or
vice versa, and thus presenting the same ITD (ibid.). A solution for this problem has been proposed more
than 50 years ago by Wallach (1940) where he argued that even small head movements could provide
information necessary to resolve front-back confusions. Though studies by Wightman and Kistler (1999)
and Perrett and Noble (1997) focused on slightly different aspects of the problem of front-back confusions,
they reported that head movements reduced localisation error.

A study by Brieger and Gothner (2011) used a group of HRTF presets that were made based on
various proportions of human heads. By doing so the researchers let their participants choose a set of
HRTFs that matched the testers’ individual way of hearing the most and ran the game’s sounds through
that filter to personalise the experience. The investigators used the FPS action game Unreal Tournament
3 (Epic Games 1991) as their playground for examining the testers’ opinions on the use of binaural
audio in comparison with stereo sound. Majority of the participants thought that the HRTF technology
would increase their performance and immersion and that it did facilitate their localisation of sound
sources during the test, especially on the vertical axis. In spite of this, some players had difficulties with
localisation experiencing front-back confusions as well as issues with the vertically positioned sound
sources (Brieger and Géthner 2011).

1.1.3 Head Tracking

Head tracking has been one of the ways of interacting in virtual and augmented reality communities
and has shown to be potentially useful for controlling specific gaming tasks (Bajura et al. 1992; Marks
et al. 2010; Rekimoto 1995). The tool has also shown interesting discoveries when used with various
head tracking supported modern computer games as demonstrated by (Kulshreshth and LaViola 2013).
Though the study used head tracking to affect both visual and auditory displays the results indicated that
the tool was useful in more slow paced games as well as shooting games such as FPS and flight combat
simulators and was less useful or even potentially detrimental in fast paced games like racing games.



Although previously mentioned FPS games Counter-strike: global offensive (2012), Rainbow six:
siege (2015) and Overwatch (2016) provide a relatively good level of sound localisation, head tracking
technology could still contribute to the spatialisation of audio. Today’s binaural audio in virtual envi-
ronments diverge from the real human hearing in that the soundscape does not follow along the head
movements as in real life. As a consequence, this influences the user’s immersion and perception of
sound because they cannot interact with the audio through head motion. All the cues given by binaural
audio for the localisation are therefore lost without some form of head tracking (Widman 2021).

It is understandable that in dynamic FPS games like Overwatch, that provide a sufficient level of
localisation, one would most likely not risk time and attention to any intentional head movements. How-
ever, as Kulshreshth and LaViola (2013) pointed out slow paced games and certain FPS shooters could
benefit from the tool. In addition, when a player is engaged in the activity of playing to the level of flow
(Nakamura and Csikszentmihalyi 2014) —being absorbed by an activity— they may hypothetically do
some unconscious body or head movements. Whether head motion is done unconsciously or intentionally
it could still prove to be helpful for players since it, being a dynamic cue, could increase the accuracy of
sound localisation. Furthermore, not all FPS games possess advanced tools and technologies for spatial-
ising audio like Overwatch. The inclusion of head tracking technology could therefore be of value for
games that have room for misinterpretation of the acoustic cues for localisation. In addition, using head
tracking for spatialisation of binaural audio is advantageous in that it can be implemented at a relatively
low cost, using a webcam and facial recognition software as done by (Ludovico et al. 2010).

1.2 Research Problem

The general interest of this investigation is the improvement of spatial audio in computer games. One of
today’s problems is that localisation of audio through stereo panning alone can prove difficult due to the
front-back confusions problem (Gustafson and Cancar 2020). Binaural audio attempts to solve this issue,
as investigated by Gustafson and Cancar (ibid.) and (Brieger and G&thner 2011) but like Widman (2021)
states; the cues from binaural audio are lost when the listener moves their head if some form of head
tracking solution is not incorporated. Virtual reality systems have head tracking technology integrated,
however, as stated by (Munafo et al. 2017), many experience motion sickness, which as a result makes it
an incomplete solution to the problem.

Hence, the study’s primary purpose is to investigate how localisation of sound sources in a binaural
3D environment can be influenced through the use of head tracking technology. By finding an answer
to how head tracking influences localisation of audio sources in a binaural 3D environment we hope to
shed light on whether the technology solves the above mentioned issues. It was interesting to observe the
users’ impressions of the head tracking technology and its’ impact on their experience and gameplay.

This study could perhaps be of value to the game developers who attempt to make audio in video
games as realistic, immersive and informative as possible. Hopefully other researchers could benefit
from the results in the future.

1.3 Research Question

How is localisation of audio sources in first-person computer games —while wearing headphones—
helped by spatialising the soundscape in relation to head movement utilising head tracking technology?






2 Methodology

2.1 Choice of Method

2.1.1 Design Science

Design science according to Johannesson and Perjons (2014) is a scientific strategy for solving problems
by creating scientifically and technically supported artefacts. The method framework for this process
consists of five activities:

» Explicate Problem

* Define Requirements

* Design and Develop Artefact
* Demonstrate Artefact

» Evaluate Artefact

Explicate Problem activity “’is about investigating and analysing a practical problem. The problem
needs to be precisely formulated and justified by showing that it is significant for some practice.” (ibid.).

Define Requirements activity suggests an artefact that will solve the explicated problem and elicits
the requirements related to the artefact (ibid.).

Design and Develop Artefact is the process of creating an artefact which addresses the explicated
problem and fulfils the defined requirements” (ibid.).

Demonstrate Artefact is the activity where the artefact is being used in an illustrative or real-life
condition to prove its’ feasibility and ability to solve the explicated problem (ibid.).

Evaluate Artefact activity ”determines how well the artefact fulfils the requirements and to what
extent it can solve, or alleviate, the practical problem that motivated the research” (ibid.).

This framework is an constantly iterative process and the purpose of a design science research is
to not only create artefacts but to also learn about them by answering questions related to the artefacts.
While each design science activity has its’ own commonly used research strategies and methods, because
different activities may require different approaches, any research strategy can be used in any activity.
When explicating a problem or defining requirements instruments such as surveys, case studies, and
action research can be used. For the demonstration and evaluation of an artefact one can use experiments,
case studies and action research. Whereas the designing and developing of an artefact requires creative
methods instead, as research strategies are often less important during this activity (ibid.).

However, not all design science researches concentrate on all of the five activities of the method
framework in depth as it depends primarily on the study’s focus. For example, there is at least five
typical cases of design science research to which a project can belong: Problem-Focused, Requirements-
Focused, Requirements- and Development-Focused, Development- and Evaluation-Focused and Evaluation-
Focused (ibid.). In this study every design science activity was planned to be given a fair amount of
attention but more focus lay on the designing and developing, demonstrating, and evaluating the artefact.
It is also important to underline that during the designing and developing stage a prototype of a game
was created in order to be used as a ground for using, demonstrating and evaluating the main artefact and



focus of the investigation - head tracking. The plan was in other words to create an artefact - a prototype,
together with which an already existing artefact - head tracking, would be used in order to be investigated.

The explication of the problem was presented in the Background and Research Problem chapters
where sufficient amount of information using scientific literature related to the formulated issue was pro-
vided. With regard to definition of the requirements, and design and development of the prototype an in
depth description was granted under Application of Method chapter. While the activity of demonstrating
and evaluating the artefact - head tracking, was performed using research strategies and methods specified
in the following sections below.

2.1.2 Research Strategy

Research strategy is a general plan for how a study should be conducted through planning, execution and
monitoring (Johannesson and Perjons 2014). A number of different research strategies exists where each
has unique advantages and disadvantages depending on the character of the study.

An experiment is an empirical investigation under controlled conditions which focuses on studying
relationships between specific factors (Denscombe 2014). As Johannesson and Perjons (2014) stated,
investigating relationships can be done by formulating a hypothesis which consists of dependent and
independent factors. Since the focus and purpose of an experiment is to prove or disprove the impact
of one factor on another; experiment was chosen to be the primary data research strategy for this study.
The decision was based on the fact that spatialising audio with head tracking in computer games was the
causal factor, and player’s ability to localise audio sources was the consequent factor. In addition, as it
was previously mentioned, experiment is a commonly used research strategy during the design science
activities such as demonstration and evaluation of the artefact (ibid.). The formulated hypotheses were
thus:

Null hypothesis 1: ”Spatialisation of audio through head tracking in FPS computer games has no
influence on one’s precision in localising sound sources”.

Alternative hypothesis 1: “Spatialisation of audio through head tracking in FPS computer games
has an influence on one’s precision in localising sound sources”.

Null hypothesis 2: ”Spatialisation of audio through head tracking in FPS computer games has no
influence on one’s ability in localising sound sources vertically”.

Alternative hypothesis 2: “Spatialisation of audio through head tracking in FPS computer games
has an influence on one’s ability in localising sound sources vertically”.

Null hypothesis 3: ”Spatialisation of audio through head tracking in FPS computer games has no
influence on one’s time in localising sound sources”.

Alternative hypothesis 3: ”Spatialisation of audio through head tracking in FPS computer games
has an influence on one’s time in localising sound sources”.

An advantage with experiment is that it is regarded by many people, as well as some social scientists,
to be the most scientific and credible approach to research (Denscombe 2014). Experimental research
also permits high level of precision and consistency, is capable of identifying and explaining the exact
cause of the observed effect, and is repeatable in certain types of experiments (ibid.). When it comes
to disadvantages with experiments there is always a risk that other factors may intrude and affect the
results, which imposes additional attentiveness and preparation on the researcher (Johannesson and Per-
jons 2014). This disadvantage, however, can be mitigated by using laboratory experiments that enable
researchers to control various factors by carrying out experiment in an artificial environment (ibid.). In
return, this leads to another problem being the settings of the laboratory experiment could be so artificial



that the conclusions drawn are not applicable in the ’real-life’ scenarios. Other disadvantages are related
to ethical and practical problems in controlling relevant variables and treating control or experimental
groups (Denscombe 2014).

2.1.3 Research Method

While research strategies provide high-level guidance, research methods work as a tool for performing a
concrete task (Johannesson and Perjons 2014). Research methods can be quantitative, to gather numeric
data, or qualitative to gather data including text, sound, images and video. There is a number of data
collection methods some of which have been associated with specific research strategies because of their
usefulness and efficiency. Nevertheless, any data collection method can be usable for a given strategy
and while it is common to only use one data collection method more can be employed. In fact, it can be
advantageous to use different methods as they can complement each other and provide a more complete
picture of the study. ’The approach of combining research strategies and methods (not only data collection
methods) is called the mixed methods approach” (ibid., p. 55).

This study made use of mixed methods by using both quantitative and qualitative methods as it was
desirable to investigate the problem from different perspectives. Quantitative data was firstly gathered
through measuring testers’ head movements, time of finding the objectives - ghosts, and the accuracy of
shooting them. These properties were used as variables to see if e.g. increased head movement under the
use of head tracking had an effect on the time of finding a ghost or on the accuracy of shooting one.

The second method for collecting quantitative data was questionnaires with closed questions. A ques-
tionnaire is a list of typically brief and unambiguous questions (ibid.). Every respondent answers an iden-
tical set of questions which directly ask about the points concerned with the research (Denscombe 2014).
This makes questionnaires effective in providing consistent and precise results as well as also being easy
to arrange (ibid.). Additionally, Johannesson and Perjons (2014, p. 57) point out that questionnaires are
inexpensive and “offer standardised data when closed questions are used, which eliminates the need for
interpretation of answers and thereby simplifies data analysis”. However, closed questions run the risk
of influencing the respondents’ answers towards being biased as the available answer-options are set by
the researchers (ibid.). Another disadvantage with questionnaires is that they “offer little opportunity for
the researcher to check the truthfulness of the answers given by the respondents” (Denscombe 2014, p.
182).

The method for collecting qualitative data was semi-structured interviews. An interview, similarly to
questionnaires, provides the researcher with data that comes directly from the respondent (ibid.). How-
ever, one of the main differences is that this data collection method happens physically face-to-face which
allows for some advantages as well as disadvantages. The first advantage of interviews is the depth of
information and the insights that can be gained. Interviews also respect informants’ priorities as they give
them the opportunity to expand ideas and views. Lastly, interviews have high validity of data and are flex-
ible in that the researcher with semi-structured and unstructured interviews can make adjustments during
the enquiry (ibid.). Semi-structured interviews differ from regular interviews in that "the respondents are
allowed to formulate the answers in their own words” (Johannesson and Perjons 2014, p. 57) and let the
respondents express themselves in a more unrestricted way. Speaking of the disadvantages, interviews
are time-consuming, may invade the respondent’s privacy and have an uncertain reliability as the data
collected is, to some degree, affected by the context and individuals involved (Denscombe 2014). More
importantly, the validity of the data is put at risk because the data are based on the informants’ words and
not actions which may not coincide. Another disadvantage is the interviewer effect where the identity of
the researcher could influence the answers of the interviewee (ibid.).

Lastly, the set sample size was planned to be 20. The intention was to get a good data saturation
(Fusch and Ness 2015) while being able to collect and analyse data in time.



2.1.4 Data Analysis

Raw data does not speak for itself and needs to be prepared, interpreted, analysed and presented in order
to be ready for the drawing of conclusions (Johannesson and Perjons 2014). While quantitative data
analysis works on quantitative data like numbers; qualitative data analysis works on qualitative data like
words, images and video (ibid.). Since this study involved the mixed methods approach it required that
qualitative and quantitative data were treated accordingly.

2.1.4.1 Quantitative Data Analysis

To ensure reliability it is important to use appropriate statistical methods on high-quality data. For va-
lidity it is important to gather data pertinent to the research question, to minimize bias, and to exclude
confounding variables unrelated to the examined variable. For analyzing quantitative data one can use
descriptive or inferential statistics. While descriptive statistics is used for describing a sample of data,
inferential statistics intends to draw conclusions about a population that the sample represents by inves-
tigating relationships between measured variables. (ibid.)

Data gathered through questionnaires gives ordinal data, meaning that data can be ordered but the
differences cannot be clearly quantified. An example of ordinal data is the Likert scale where the options
might be “’strongly disagree” with incremental steps up to “’strongly agree” (ibid.).

In order to discern if there is significant evidence to support or reject a specific claim there exists
hypothesis testing (Hjerm et al. 2014). The Wilcoxon signed-rank is such a test and is utilised to asses
how likely the observed means are due to chance when two sets of observations are related in some
way (Borg and Westerlund 2020). Two sets of observations could be said to be related when the same
participants are measured but at different times or under different conditions, such as before and after
receiving a medical treatment. Other hypothesis tests such as t-tests require the measurements to follow
a normal distribution (ibid.).

The Wilcoxon signed-rank test, however, does not require a normal distribution. Since the Wilcoxon
signed-rank test sorts the absolute differences in the samples into ranks and discards ties the results be-
come inaccurate if measurements are not continuous. Therefore the data being continuous, or accurate to
anumber of decimal places, is therefore a requirement for utilising the Wilcoxon signed-rank test. (Social
Science Statistics 2018)

Also, the Wilcoxon signed-rank can either be one-tailed or two-tailed. In one-tailed tests the alter-
native hypothesis is set before the experiment to either be that the data shows a greater of a lesser mean,
but not both. For two-tailed tests the alternative hypothesis is that there will be a difference between the
means, without specifying in which direction. For all test calculations of this study, one-tailed calcula-
tions were used. (Borg and Westerlund 2020)

In the Wilcoxon signed-rank test, the test statistic W-value is calculated as the sum of ranks of the
positive or negative differences between the paired observations. The W -value indicates the strength of
the differences, ranging between 0 and N (N + 1)/2, where N is the number of paired samples (Social
Science Statistics 2018). The W -value is used to determine the magnitude of the observed differences in
the populations, larger values indicating a larger difference.

In addition, the Wilcoxon signed-rank test yields a p-value, which is the probability that the differ-
ences in the measurements are from chance. Significance level, or a-value, is a chosen limit that the
p-value must fall below to be accepted. Commonly chosen a-values are .05 (5%) or .01 (1%). Thus, if
the p-value is less than the chosen significance level, p < «, then the null hypothesis can be rejected.
(Borg and Westerlund 2020)

As a consequence, the significance level chosen for this study was .05, meaning that if there would be
shown a less than a five percent chance of the observed positive result in the data stemming from random
chance alone, it would have be enough to reject the null hypothesis.



When data is collected from independent samples, meaning from another set of participants or condi-
tions entirely, the Wilcoxon signed-rank test becomes unsuitable and instead the Wilcoxon rank-sum test
is more appropriate. The Wilcoxon rank-sum test gives a U statistic which quantifies the direction and
size of the difference in ranks between the samples, meaning that the sample sizes do not need to match
for comparisons to be made. A z-score is calculated from dividing the difference of the the U statistic
and the expected value, E(U ), and dividing by the standard deviation of U, oy. (ibid.)
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The p-value can then be obtained for the Wilcoxon rank-sum test by comparing the z-score to the
normal distribution of the U statistics. (ibid.)

Statistical analysis for ordinal data, such as Likert scale survey responses, the split-half reliability test
can be done. To perform the split-half reliability test, the data is randomly divided into two equal halves,
and the results are compared. If there is a high degree of similarity between the halves, it can provide
higher confidence in the measurement’s reliability. (Denscombe 2014)

2.1.4.2 Qualitative Data Analysis

When analyzing qualitative data like text there is a number of methods to choose from, five common
approaches described by Denscombe (ibid.) are: content analysis, grounded theory, discourse analysis,
conversation analysis, and narrative analysis. Content analysis focuses on the quantification of the text
whether it is in the form writing, sounds or pictures. Grounded theory aims at creating theories and
concepts that capture the meaning located in the data. Discourse analysis focuses on the implied meaning
of the data rather than its’ explicit content. Conversation analysis concentrates on the underlying rules
of everyday talk. Finally, narrative analysis aims at creating a personal story containing a plot line and a
specific purpose (ibid.). The most appropriate method of the mentioned ones would be grounded theory,
however, this method is demanding in that it relies on the iterative addition of new data and constant
comparison as a means of analyzing the data (Johannesson and Perjons 2014).

Another commonly used method, which was chosen for this study’s qualitative data, is thematic
analysis, which as stated by (Braun and Clarke 2006, p. 79), ”is a method for identifying, analysing
and reporting patterns, or themes, within data”. While there are no exact limits to what can count as a
theme there are some key points. A theme would ideally have a number of instances across the data set,
which would also show importance towards the overall research question, meaning that the frequency of
instances on its’ own does not necessarily increase a theme’s value. Another key point of what can count
as a theme is related to the type of approach one adheres when conducting a thematic analysis - inductive
or theoretical (ibid.).

An inductive approach means that the identified themes are heavily linked to the data (Patton 1990)
and are not driven by the researcher’s theoretical interest in the area (Braun and Clarke 2006). As Thomas
(2006, p. 238) claims "the primary purpose of the inductive approach is to allow research findings to
emerge from the frequent, dominant, or significant themes inherent in raw data”. Whereas a theoretical
approach, also known as deductive, “would tend to be driven by the researcher’s theoretical or analytic
interest in the area, and is thus more explicitly analyst-driven” (Braun and Clarke 2006). Deductive
analysis, unlike inductive, is used to test whether data are consistent with an investigator’s identified or
constructed assumptions, theories or hypotheses (Thomas 2006).

The choice between the two approaches is thus dependent on whether one is coding for a specific
research question - theoretical approach, or whether the specific research question can evolve through the
coding process - inductive approach (Braun and Clarke 2006). Although these two methods are evidently
different from each other, in practice, many evaluation projects use both inductive and deductive analysis
(Thomas 2006). As the research question was quite specific and hypotheses were formulated it was clear
that the study was driven by the investigators’ interest in the area and should therefore have utilised a



deductive analysis. However, because it was also curious to see what themes would emerge from the data
without a particular goal in mind, it appealed to us to use an inductive analysis as well. The combination
of these approaches would consequently serve as a complement to each other and lead to a richer analysis
of the data set.

2.1.5 Alternative Methods

2.1.5.1 Alternative Strategy

Case studies could be an alternative research strategy as they focus on providing a deep and detailed
understanding of a phenomenon. While an experiment must strive to control for and eliminate factors
that interfere with the results, a case study does the opposite. Case studies take all factors in regard and
analyse how they affect the phenomenon as they do in real life. Especially exploratory case studies try to
identify cause and effect relationships that explain what affects events (Johannesson and Perjons 2014).

The fact that a case study can focus on a small number of instances or a single instance would make
it suitable for the scope of this study, since the instance could be studied in detail it would still give
a large amount of information. The very nature of a case study though, is to observe the instance in its
ordinary context to be able to gain a deep understanding of it (ibid.). Altering it in any way speaks against
the suitability of it as a case study. There exist many games, if not made specifically for head tracking
technology, at least compatible with it. Unfortunately, not many games using head tracking technology
does so without including visual elements. Since the question being studied pertains to audio alone case
study is deemed unsuitable for this research.

2.1.5.2 Alternative Methods

Structured interviews could be used instead of semi-structured in order to keep the interviewee restrained
to the fixed set of questions as to gather specific information. However that would keep the informant
from telling any potentially useful information about their experience and impression outside of the ques-
tions’ boundaries that could relate to aspects of the problem or factors that influenced the results.
Another alternative data collection method that could be used is systematic observation. Systematic
observation has the advantage of the researcher being able to observe what the respondents do instead of
say (ibid.). Since systematic observations strive to make observations more objective they constantly keep
researchers informed about what they should focus on (ibid.). This could, to some extent, increase the
validity of the data because researchers would pay attention to the most important parts of the investigation
(ibid.) and be confident that the received data is based on the informant’s actions (Denscombe 2014).
However, the data collected may be superficial and lack the context that could have affected the observed
(Johannesson and Perjons 2014). Hence, this method also would not fit the context of the study as it
involved an artificially created setting which obviously violates the naturalness of the environment.

2.2 Application of Method

2.2.1 Application of Design Science

To test and investigate spatialisation with head tracking a prototype of a game similar to those of FPS
genre was chosen to be created with the Unity game engine (Unity Technologies 2004).

Previous research has stated that localisation of audio sources proved easier for subjects if the sound
had objects to reverberate against instead of being set in a free field (Walker and Lindsay 2006). Since
audio localisation—although helped by binaural audio—still can prove more difficult for some, the en-
vironment should therefore be designed to facilitate in localising audio sources as much as possible. An
indoor setting was therefore deemed appropriate. When reverberation plays such a significant part in
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audio localisation it is advantageous to have an environment with enough visual fidelity capable of con-
veying the material properties. If a material reflects sound like tile or polished concrete it is of help if it
can easily be identified as the material it is meant to represent.

When testing for localisation of audio sources above and below the listener it is appropriate that the
building would also be multi storied since this gives more opportunity for the audio source to be above
or below the player. For these reasons, a building with good visual fidelity, with modular walls and
staircases was chosen to have as a setting for the game.

2.2.1.1 Head Tracking

The system for head tracking uses three infrared light emitting diodes (LED) mounted with a clip to the
testers’ headphones. The positions of the lights are registered by an infrared camera mounted on top of
the testers’ monitor and then the accompanying software triangulates the position in 3D space, giving the
relative position of the wearer’s head to the monitor.

The audio listener is a separate game object, a child to the game camera. Briefly; the Unity game
engine uses a hierarchy of game objects where they have a parent-child relationship if one is nested
under the other. If a parent moves or rotates, it moves and/or rotates its child with it, but the child does
not affect its” parent. With head tracking engaged we used the relative position of the head to alter the
audio listener’s local position and rotation within the parent — the camera. When turned off, the audio
listener’s position was set to the camera’s position, following the camera as the players would move or
rotate it.

The equipment used, TrackIR by NaturalPoint Inc. (n.d.), is a commercial product used for head
tracking in video games. Most common gaming applications for head tracking are military simulation
shooters and flight simulators where it is used to move the player’s view on the screen with their head
movements (Kulshreshth and LaViola 2013).

2.2.1.2 Game Design

The testers start with their player character within the house and are given a short introduction to how the
controls work and can familiarise themselves briefly with the environment. The challenge is presented
as a game where the players are hunting ghosts. The ghosts are invisible but give off an audible sonar
like pulse (Tran and Mynatt 2000), a modulated heartbeat sound. 14 ghosts in total are present within the
house and the player must find and eliminate as many of them as possible to complete the challenge. At
any given time, only one ghost is active within the house to avoid confusion.

It is communicated to the players that the ghost hunting weapon does not go through walls so they
have to move to the same room as the ghost. The players aim their reticle at where they believe they hear
the ghost from.

If the player misses and the ghost had line of sight to the player character; the ghost ’gets scared’
and shows themselves for a brief moment before turning invisible again and changing its’ location. If the
ghost was off the screen when the player missed, an on screen indicator shows the direction to the ghost,
giving the player a chance to turn to see where the target was. To prevent the players from resorting to
trial and error the player cannot fire nor hit the ghost before it disappears and relocates and must try their
best to hit the ghost at their first try.

To prevent the ghost’s location from being easily determined by analyzing the logarithmic falloff of
the audio volume as they move closer or farther away from the audio source, the logarithmic falloff curve
was modified. The curve levels off closer to the audio source, resulting in a consistent volume level
within five metres from the ghost. Thus the player cannot probe to discern where the ghost is by moving
the player character around or through it.

If the player manages to hit the ghost, the ghost becomes visible and dissolves in a flash to confirm a
successful shot. The challenge is over after either hitting or missing the ghosts 14 times.
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2.2.1.3 Audio Design

Audio can be utilised in a myriad of different ways in video games. To familiarise testers with the realis-
tic rendering of audio in the prototype, ambient audio sources are used throughout the house. One such
ambient sound source is the 50-60Hz hum given off from the electric grid that we place at each incandes-
cent light bulb. The light fixtures modeled in the game are older makes, less efficient than modern lights,
associated with giving off more heat and sound. In the house are placed a number of wall fixtures at head
height emanating this electrical hum. Such sounds are routinely ignored in every day life but here serves
to resemble a reality normally abstracted away in video games and to anchor the sound for the listener at
a location. Training them to associate sound directionality with location.

When the player moves the player character step sounds are played according to the material that the
character is treading on. The floor materials in the house are either hardwood floors or tile. To reflect
the dilapidated visuals (see Figures 2.1a and 2.1b) of the house there is a chance of a wood creek sound
being played every step taken on the hardwood floor.

(a) Basement (b) Ground floor

Figure 2.1: Examples of the visuals and the general lighting of the house

The sonar like pulse emitted by the invisible ghost is comprised of the attributes described by (Tran
and Mynatt 2000). The pulse has a broad frequency spectrum, encompassing both lower and higher
frequencies for easier localisation (ibid.). The pulse is played roughly every two seconds. In between
each time it is played the volume is varied 10%, making it more difficult to locate by the logarithmic rise
in volume as the listener gets closer.

The purpose of the footsteps and the variance in volume of the pulse is to encourage the testers to
stop and listen for the direction of the sound and not rely on walking blindly in the direction that sounds
louder.

2.2.1.4 Level Design

The level design was relied upon for drawing the testers forward during the test with minimal interference
from the test leaders. Totten (2014) describes in his book, An Architectural Approach to Level Design,
that light and shadow can be used to draw the player forward. ”Lighting conditions and negative space are
both useful methods of not only putting players in interesting survival scenarios where their enemies are
unknown, but also enticing players with withheld information or atmospheric ambiguity.” (ibid., p. 229).
The house has contrasting dark and light spaces the player must navigate through to proceed. Totten states
that a player feels an ancestral sense of safety from being in a dark space, out of view from predators, but
feels hesitance moving from a lit area into a darker area. Creating contrasting islands of dark and light
can help create what the author describes as a riythm which pulls the player along. ”Shadows’ harmful
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association should also be noted. Shadows work against humans when viewed from the light. They create
the perception that they are hiding danger, which may very well be true in video games.” (ibid., p. 227).

The basement floor of the building, Figure 2.2, is darkly lit with islands of light coming from pendant
lights. Large sections of the basement can be seen from any other point of the basement but some nooks
have to be explored more closely to be viewed.

The ground floor seen in Figure 2.3, connects with a stair to the basement and has several rooms
with double and single glass doors dividing them. Closed doors help differentiate uncharted rooms with
visited ones for players needing to orient themselves. The rooms are distinct and are easily recognised
from their functions; kitchen, dining room, living room, television room and bathroom. Most rooms are
well lit, some are dominated by shadows. Between darker areas are better lit corridors and between well
lit areas are dark corridors, trying to achieve Totten’s rhythm. Two doors open to the outside but remain
locked for the players. Note that windows are present throughout the house above ground floors but are
not marked on the floor plans.

The upstairs floor in Figure 2.4 is connected to the ground floor with two distinct staircases. Three
bedrooms, an office, washing room, wardrobe and bathroom make up the rooms on this floor with corri-
dors connecting them.

The sonar like sound is dampened by walls and ceilings but can travel from one floor to another and
between rooms. The ghosts’ spawn volume choosing algorithm is set up to lead the players in varied
paths through the house from room to room and between floors. The visual distinctness of each room
should help players orient themselves even though the space is unfamiliar to them.

Figure 2.2: Basement floor plan
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Figure 2.4: Upstairs floor plan

2.2.1.5 Resonance Audio

For spatialisation in an indoor environment it can be helpful to have a realistic sounding environment that
closely mimics how audio naturally reverberates off walls, ceiling and floors.

Resonance Audio by Google LLC (1998) is an audio plug-in compatible with several game engines
that aims to reproduce realistic acoustic qualities in rooms and binaural sound rendering. With the Unity
game engine it adds upon functionality of Unity’s already existing audio source and audio listener com-
ponents. The developer can bake the resonance qualities of a room from the acoustic properties of the
materials that the developer sets. The Resonance Audio room component allows the reflectivity and
reverberation qualities of a room to be customised to allow the system to simulate how sound reflects
off walls in a room. Resonance Audio’s audio source component lets developers customise the /istener
directivity, the source directivity and occlusion intensity.

14



Listener directivity allows to set how much an audio source sounds depending on the relative direction
from the audio listener. Meaning sound can be set to be heard more loudly if the listener views it sead
on or hears it equally from the front, sides or back.

The audio listener component takes the audio frequencies projected from the audio source and mod-
ulates them from the appropriate reverberations that the audio sources and the audio listener components
are located in. It also uses an algorithm to modulate the audio to resemble how it would sound naturally
from the given direction through a generalized HRTF.

The result is a more realistic sounding environment than what is supplied by Unity’s built in audio
components which do not take into affect materials’ acoustic properties or if objects block audio sources.
This to give better spatialisation and thus endeavour to control for that factor when testing for the differ-
ence between having head tracking active or not.

2.2.1.6 Test Design

The testers’ started with a progressive tutorial where they were asked to shoot three sequential practice
targets, the last two being invisible, all audibly giving off the same sonar like audio as the ghost targets.
Later in the 14 rounds of testing, seven of the rounds spatialise the audio with the players’ head movements
and seven spatialise the audio as normally in video games — locked to the camera.

Engaging the head tracking in the first or second half was determined randomly by the game as to
mitigate trends of players getting better with practice and the effect that would have had for the subse-
quent data comparison. The testers were informed that we measured head movement for data collection
purposes. However, they were not informed about the games spatialisation of audio through the head
tracking as to not introduce any confirmation bias in the results.

Since a near miss from a great distance could mean more than a direct hit close up —while a hit or
miss is presented to the players as a binary state— precision was measured as alignment values between
zero and one on both lateral (z) and vertical (y) axis. The separate axes was to be able to get data for
specifically vertical localisation of audio and the effects head tracking might have had on it. A direct hit
would give a value of 1.0 for both x and y-axis, and the player firing in the complete opposite direction
would give 0.0 for them both. The player aiming 45° too high or too low would result in y = 0.75, but
will still result in x = 1.0, if the lateral direction is dead on.

The alignment value o is calculated from the dot-product of the perpendicular complement of the
projected and normalised aim direction v, and the normalised target direction w, which gives a value
between —1.0 and 1.0, then moved to within the 0.0 to 1.0 range by adding 1 before dividing by 2.

ot a+1
2

xX=

Other data that was logged were the regular dot product between aim direction and target direction,
distance to the target and time it took to hit the ghost.

Spawn locations are designated volumes manually placed within rooms. A weighted random for
choosing between the spawn locations will be used to not influence the results by inadvertently introduc-
ing variance in the difficulty by setting a bespoke sequence of spawn locations.

The weighted random is calculated from the cubic volume of the spawn volumes — giving equal
chance for every cubic metres of spawn volumes in the house to spawn a ghost. Since the time taken be-
tween every ghost is recorded it is important that the distance between each new spawn volume does not
vary too greatly. The validity of the chosen spawn volume’s distance is, therefore, checked by pathfind-
ing from the player’s location to the spawn volume. If too close or too far, another volume is chosen.
The A* pathfinding algorithm is used to validate the length of the walking distance. A* with an ad-
missible heuristic guarantees the shortest path (Russell and Norvig 2010). For an admissible heuristic
it is important that a new node’s cost, or distance in this case, is never overestimated (ibid.). Since A*
is a greedy algorithm, trying to take the most direct path while searching as few nodes in the graph as
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possible, it might miss the shortest path if a node on the path were to present itself as less promising
than it actually is (Russell and Norvig 2010). The exact distance from a node to the goal is used for the
heuristic calculation, thus guaranteeing it not to overestimate the cost of choosing that node. To ensure a
high degree of variance in the random choice it is checked so the newly chosen volume was not one of
the two previous spawn volumes, if it is, the volume is deemed invalid and the random choice continues
until a valid volume is found. The spawn point within the chosen spawn volume is randomised, if inside
any object or furniture a new random location within the volume is chosen and checked until a valid one
is found. The volumes are placed and scaled so that they span from floor to ceiling within a room, giving
equal variance of height in the unblocked area inside the volume.

2.2.1.7 Pilot Tests

A round of pilot testing was conducted after the prototype was near completion with 7 fellow game
developers. This to allow for iterations on the prototype, and on details in the testing procedure. Changes
were made to the ghosts’ audio volume as it proved to be too easy to localise the ghosts by judging
the distance to the audio source. More specifically, the logarithmic falloff curve of the volume was
modified to give a consistent volume level within five metres from the ghost. Special attention was given
to ensuring statistical validity and to how data was collected. The pilot testers were also asked about the
interview and survey questions to see if they could be improved. How the test was presented to the testers
was scrutinised for not influencing the testers’ interview and survey responses after the playing session.

2.2.2 Authors’ Backgrounds

Both authors at the time of the study studied Computer Game Development at Stockholm University’s
Department of Computer and Systems Sciences (DSV). The program teaches various areas within com-
puter game creation such as; programming, game design, level design, sound design, 3D modelling and
others, which influenced the choice of the research question. Since an interest lay in players’ interaction
with sound in computer games, it was desired to investigate how head tracking could add value to spatial
game audio.

2.2.3 Experiment Setting

The environment of the experiment was the DSV’s laboratory of computer game development. The
laboratory was, at the time of testing, often filled to capacity with students, resulting in a loud background
din. To combat this issue a pair of Sony WH-1000XM3 headphones with active noise cancelling were
used, to reduce distracting background noise during the test.

2.2.4 Data Collection Procedure

At the start of each test, participants were asked for their consent and provided with limited information
on the study’s background and instructions on how to navigate the prototype. In order to not bias the
testers’ answers they were told that the head tracking equipment was used to measure head movements
during play without revealing the actual focus. After playing the prototype participants were asked to
answer a questionnaire and then interviewed. The participants were chosen mainly through reachability
and availability, but some testers were chosen specifically because of their low familiarity with FPS games
in order to get data from a broader selection of experience levels. The participants were also informed
about the approximate time that the test would take, approximately 25-30 minutes.
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2.2.4.1 Quantitative Data Collection Procedure

Data was logged automatically at the time of each shot and written to a comma-separated values file
format (CSV). Ordinal data, including precision and time taken, were measured, also information on
what floor the audio source and player were on, and if it registered a hit or not.

When designing a questionnaire the questions asked should be concise, clear, specific and unbiased
(Lee 2006). The questions should not suggest an answer and should be relevant towards answering
the research question (Peterson 2000). Johannesson and Perjons (2014) proposed that the number of
questions should be concise to not discourage the participants from completing the questionnaire. This
study has followed the guidelines and formulated most of the questions as closed questions in order to
simplify the response and analysis processes.

The survey started with a question regarding the respondent’s average time spent on playing first
person shooter games in order to understand their familiarity with such video games. All of the following
questions focused on the person’s ability to audibly localise the ghosts on different axes and floors. All six
questions were ordinal data where five focused on the perceived ability of localising the ghosts and one
question pertained to the tester’s first person shooter gaming habits. The reasoning behind the question
about person’s gaming habits was to see whether there was a correlation between the regularity of playing
FPS games and one’s ability to localise sound sources in the games of such genre. The rest of the questions
were used to acquire each participant’s short and clear subjective assessment of how well they could
understand the ghosts’ positions.

Because the surveys were followed by interview questions the questionnaires did not include any
questions involving head tracking as that would possibly bias the answers given during the interviews
before the aim of the study was revealed and discussed. Lastly, the questions were formulated in English
and since there were not any open questions the participants would not have to consider what language
to answer in.

2.2.4.2 Qualitative Data Collection Procedure

Due to the individualized nature of the experiment, group interviews and focus groups were not considered
suitable. Considering that both interview options require the number of interviewees to exceed one none
of them could be useful and, therefore, a one-to-one interview was used (Denscombe 2014). Although
the disadvantage of one-to-one interviews is that they capture only one person’s opinion (ibid.) it was
suitable for this study’s data collection procedure as it focused on one participant at a time.

The first half of the interview contained questions similar to the ones from the survey as the aim was
to gather a more detailed and in depth information about the respondents’ answers. The second half of
the questions was aimed towards ascertaining if the testers understood if head tracking was utilised for
spatialisation during the experiment and if they benefited from it. The order of questions was to avoid
bias.

As Johannesson and Perjons (2014) stated the answers provided by a respondent should be recorded,
however, considering that the study’s experimental environment was often noisy it was difficult to record
the answers and only field notes were taken. Similarly to the survey the interview questions were formu-
lated and asked in English.

2.2.4.3 Data Collection Results

In total 20 people participated in the experiment which hit the set sample size. All participants were
students at Stockholm University’s Department of Computer and Systems Sciences. Pertinent to mention
is that one participant (1.5), post-test reported a preexisting hearing impairment on their right ear. The
experiment was conducted over a period of approximately one week. The survey questions were answered
by using Google Forms. During the interviews participants were free to answer in either Swedish or
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English. Consequently, notes on the interview answers provided by respondents in Swedish were later
translated into English.

2.2.5 Data Analysis

2.2.5.1 Quantitative Data Analysis

The qualitative data from the tests were copied onto a spreadsheet and processed in Google Sheets, an
online spreadsheet program.

Descriptive statistics such as head movement and precision were analysed through bar charts and
scatter plots. Responses from questionnaires were also analysed for frequencies as suggested by Johan-
nesson and Perjons (2014). Proportions of questionnaire responses were analysed and presented with pie
charts also suggested as appropriate by Johannesson and Perjons. Head movement data from testers that
showed abnormally high readings during the tests were excluded from comparisons pertaining to head
movement. While the discrepancy could stem from larger than average head movements—errors in the
measurement could not be wholly excluded.

Inferential statistics were done using statistical tests on the precision data with reliability tests done
using an online program Social Science Statistics (2018) for statistics and hypothesis testing.

A Wilcoxon signed-rank was used on the blind test, where the means of the result with spatialisation
enabled and disabled were compared within the same group.

The initial experiment was conducted as a blind experiment to minimize bias. Subsequently, a follow-
up open experiment, which will be discussed below, was conducted to validate the hypotheses formulated
based on the data obtained from the first experiment. When comparing the means of the results between
the open experiment and the blind experiment the Wilcoxon rank-sum test was used.

2.2.5.2 Qualitative Data Analysis

To answer the research question inductive and deductive thematic analyses were used. In order to perform
an inductive analysis a step-by-step approach comprised of six phases by Braun and Clarke (2006) was
followed:

1. Familiarizing yourself with your data
2. Generating initial codes

3. Searching for themes

4. Reviewing themes

5. Defining and naming themes

6. Producing the report

Since the data did not have to be transcribed, the analysis started with reading the interview data.
This helped experimenters get familiar with the data set and make notes about any ideas. During the next
step a number of initial codes was generated as the aim was to mark interesting features of the data in
a systematic fashion (ibid.). At this stage and until the end of the analysis a website Metro Retro was
utilised in order to have a better overview of the codes and themes. Afterwards, a set of initial themes
was created to group the codes and give them a sense of structure. During this, as well as other phases
of the analysis procedure, the whole data set was reread multiple times and some codes were added,
reformulated and deleted to better fit the overarching research question and themes. Then, the themes
were reviewed and iterated on to develop definition and clarity. Finally, the results from this analysis,
which can be found in the Results chapter, were produced.
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In addition, to analyse data deductively we approached the data with specific questions in mind that
we wished to code around (ibid.), for example: “Does the spatialisation of soundscape in relation to
head movements utilising head tracking technology impact one’s immersion or ability to localise audio
sources?”. This led to the creation of a number of codes related to this analytic approach.

2.2.6 Follow-up Experiment

Follow-up tests were conducted since during the main experiment, as the results showed, head tracking
was left unnoticed by most, if not all, of the participants. Since the first test was a blind experiment, mean-
ing that the testers did not know what was being tested, it was curious to see if participants would have
different results when they were consciously using the head tracking feature. The follow-up experiment
was carried out in mostly the same manner as the first but with a few differences. Firstly, the follow-up
experiment was an open experiment, meaning participants were informed about the head tracking’s pur-
pose before the beginning of the test and a user interface (UI) element that indicated if head tracking was
activated or not during the test. Secondly, the questionnaire and interview questions focused primarily
and explicitly on the use and impact of head tracking. Thirdly, the sample size was smaller with only five
testers. Apart from that the data collection and analysis procedures were performed in an identical way
to the blind test.

2.2.7 Research Ethics
2.2.7.1 Informed Consent

Ethical issues that need to be addressed in this study can be summarised as the four principal demands laid
out by Forskningsetiska principer inom humanistisksamhdllsvetenskaplig forskning (2002); the informa-
tion requirement, the consent requirement, the confidentiality requirement, and the usage requirement.
The information requirement, where subjects must be informed about what data is collected and how the
data collected will be used (ibid.). The subjects must also be informed that their cooperation is com-
pletely voluntary and that they can discontinue the experiment at any time (ibid.). To uphold the consent
requirement, informed consent must be received from the subjects before conducting any survey or test
with them (ibid.). The confidentiality requirement (ibid.) was upheld by anonymising the respondents
test data, interview, and survey responses so as to not be able to identify any individuals. To ensure the
usage requirement (ibid.) no data was collected about individuals that could be used commercially or for
other non-scientific purposes.

2.2.7.2 Credibility

”The credibility of quantitative data depends on how good the research methods are at producing data that
are accurate and consistent” (Denscombe 2014, p. 271). This implies that the criteria of such concepts
as validity, reliability, generalisability and objectivity are fulfilled (ibid.).

Validity refers to the accuracy and precision of the data” (ibid., p. 271) as well as the appropriateness
of the data in relation to the research question. In order to measure a study’s validity one can use
"check questions’ within a questionnaire to see whether people’s responses are the same to a very similar
question” (ibid.). Another thing a researcher can do is ’check for consistency in the profile of answers
within the data set, based on the assumption that similar respondents should provide the same kind of
answers to similar questions” (ibid.).

Reliability refers to whether a research instrument is free from bias in its’ effect and is consistent
throughout multiple occasions of its” use (ibid.). To check data on reliability one can use the test-retest
approach, which involves using the research tool on a later occasion to compare the results with previous
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ones. Another way of checking the level of consistency in the data is by using the split-half approach. It
is the process of dividing the dataset into two halves and comparing their findings.

Generalisability, or external validity, “refers to the prospect of applying the findings from research to
other examples of the phenomenon” (Denscombe 2014, p. 272). In other words, how well can the findings
be generalized externally. Usually, a large representative sample lays good ground for generalizing from
the findings (ibid.).

Objectivity concerns the absence of bias in the researcher’s impact on data collection, analysis, and
outcome of the investigation. This can be addressed by fairly treating the data, giving due consideration
to competing theories and alternative views, giving details of any sponsors of the research, and declaring
any vested interests in the outcomes of the study (ibid.).

Similarly, when conducting a qualitative research, in order to achieve a good credibility, one needs to
make sure that the research heeds the requirements of validity, reliability, generalizability and objectivity
(ibid.).

Validity refers to ”the extent to which qualitative researchers can demonstrate that their data are ac-
curate and appropriate” (ibid., p. 297). Three common ways of arguing for validity are respondent
validation, grounded data and triangulation.

Reliability addresses the question of whether a research instrument would have produced the same
results and led to the same conclusions if it had been used by different researchers. The principal way of
arguing for the reliability is explicit documentation of an investigator’s methods, analysis and decision-
making (ibid.).

Generalisability, or transferability, addresses the question of how representative the studied cases
are and how likely it is that the findings will be found in similar cases elsewhere. To argue for a study’s
transferability one needs to provide relevant information, especially about the respondents, that will make
it possible to think of the instances to which the findings could be transferred (ibid.).

Objectivity ”concerns the extent to which qualitative research can produce findings that are free from
the influence of the researcher who conducted the enquiry” (ibid., p. 300). Though no research is ever
free from the influence of its’ conductor a few things can be kept in mind when performing interviews.
Firstly, the investigator can “distance themselves from their normal, everyday beliefs and to suspend
judgements on social issues for the duration of their research” (ibid.). Second alternative is that the
researcher can “come clean about the way their research agenda has been shaped by personal experiences
and social backgrounds” (ibid.). The latter can clarify to the reader how and why the investigator’s self
might be intertwined with the research as he or she might have a valuable insight into the issue. Lastly,
the researcher should ”avoid neglecting data that do not fit the analysis” (ibid., p. 301) and should “check
rival explanations™ (ibid., p. 302).

The quality criteria described above were used during the research to assure the thesis’ credibility.
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3 Results

3.1 Artefact

The developed artefact, ’Ghost Hunt’, incorporated various components (Figure 3.1). To enhance the
audio experience and supply the foundation for testing the spatialisation, the artefact utilised the audio
plug-in Resonance Audio, providing a realistic binaural audio experience. A basic Ul was created to
supply feedback and information to the testers. The modular building asset downloaded from Unity
Asset Store (n.d.) provided foundation for the game’s environment and level design.

(a) Hallway. (b) Dining room.

(c) Basement. The ghost is revealed after a missed shot. The opaque white UI headphone symbol indicating that
spatialisation is active.

Figure 3.1: Images showing the artefact as used during the open experiment.
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A custom ghost model was created to serve as visual feedback and positive reinforcement for the
testers (Figure 3.1c). A collection of sound effects was downloaded and processed to give audible feed-
back to the testers, including the pulsating heartbeat-like audio that guided players towards the targets
as recommended by Tran and Mynatt (2000). The Al synthesised instructional voice for the tutorial was
obtained from ElevenLabs Inc. (n.d.). Code for enabling head tracking through NaturalPoint Inc. (n.d.)
TrackIR was implemented to measure head movements and to spatialise the audio according to the testers’
head movements during the tests. The different components served well together to facilitate the testing
of spatialisation. The final artefact as was used for the tests can also be seen in Figures 3.1a and 3.1b.

Artefact can be downloaded at: https://github.com/CaretSoftware/Spatialised-Audio.git (Bergsten
and Kihan 2023).

3.2 Quantitative Experiment Results

3.2.0.1 Blind Experiment Questionnaire Results

The proportion of participants’ reported gaming habits gathered through questionnaires during the blind
experiment can be seen in Figure 3.2 and showed even proportions of gaming habits.

0 hours perweek

A few times per month
® 1-5hours perweek
@ 5-10 hours perweek

Figure 3.2: Percentage of participants’ self reported FPS experience

The rest of the answers given by the respondents proved to be of little value in relation to the head
tracking considering that no questions mentioned it and were thus not included here.

3.2.0.2 Open Experiment Questionnaire Results

According to the respondents’ answers head tracking had a noticeable impact on their localisation of
targets as can been seen in Figure 3.3.
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What made it easier to localise the ghosts?
3

Figure 3.3: Respondents’ answers to ”What made it easier to localise the ghosts”. Options were 1-5,
(Without head tracking - With head tracking).

Concerning question about the participants’ vertical localisation while using head tracking showed
mixed results leaning more towards being hard than without the use of the tool, see Figure (3.4).

How easy was it to localise the ghosts on the vertical axis by
using head tracking?

3

Figure 3.4: Respondents’ answers to "How easy was it to localise the ghosts on the vertical axis by using
head tracking”. Options were 1-5, (Very hard - Very easy).

While to the question about localisation on the horizontal axis while using head tracking testers gave
both positive and negative responses as can be viewed in Figure 3.5.
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How easy was it to localise the ghosts on the horizontal axis by

using head tracking?
3

Figure 3.5: Respondents’ answers to "How easy was it to localise the ghosts on the horizontal axis by
using head tracking”. Options were 1-5, (Very hard - Very easy).

3.2.1 Head Movement

Average head movement per round can be seen in the bar chart in Figure 3.6. The scale for the chart
is logarithmic, the measurements are in pixels per second. Each bar on the chart is a single round, each
tester playing 14 rounds. Average values above 100 per round were excluded from the calculations as they
could potentially stem from measurement errors. The persistent trend of higher average head movement
at the beginning of each round is observed in both the blind experiment and the open experiment. As a
result, making direct comparisons between average head movement for spatialisation active and inactive
becomes challenging due to the overwhelming consistent decline over time.
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(b) Head movement average per round open test.
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Figure 3.6: Head Movement average per round for both blind and open test on a logarithmic scale.
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3.2.2 Time Per Round

The average time per round with and without spatialisation during the blind test differed by only .1% at
35.33 seconds per round and 35.77 seconds per round. During the open test the average time increased to
48.86 seconds and 47.97 seconds, with and without head tracking. The average difference is deemed too
small to reject the null hypothesis that spatialisation of audio with head tracking does not has no influence
on one’s precision for localising sound sources.

3.2.3 Precision Results
3.2.3.1 Blind Experiment Precision

A one tailed Wilcoxon Signed-Ranks test was conducted to compare the means for total precision with
head tracking enabled and disabled. The comparison had a degree of freedom of = 140. The value of z
is —1.4498. The p-value is .07353. Since the p-value is greater than the « level of .05, the result is not
statistically significant. Therefore, we cannot reject the first null hypothesis; that spatialisation of audio
through head tracking in FPS computer games has no influence on one’s precision in localising sound
sources.

Another one tailed Wilcoxon Signed-Ranks test was made for comparing the precision in the vertical
axis with head tracking disabled and enabled. The comparison had a degree of freedom of = 140. The
z-value was —0.9631 and the p-value was .16853. Since the p-value is greater than the « value of .05
we cannot reject the second null hypothesis; that spatialisation of audio through head tracking in FPS
computer games has no influence on one’s ability to localise sound sources vertically.

The diagrams in Figure 3.7 visually show the differences in total precision with and without spatial-
isation through head tracking for the blind experiment. Each point in the scatter plots represent a single
shot, the y-axis is the vertical, and the x-axis is the horizontal. The scale goes from 1 to 0; 1 representing
being perfectly aligned, 0 being 180 degrees opposite to the direction of the target. Note that for clarity
the diagrams show absolute alignment values, not directionality.

Precision X & Y Axis w. Head Tracking Precision X & Y Axis w/o Head Tracking

-0.00 -0.00

025 025
g 050 g 050
> >

075 075

1.00 u‘ - 1.00 L

1.00 0758 0.50 025 0.00 1.00 075 0.50 025 0.00
M-axis H-axis
(a) Precision with head tracking. (b) Precision without head tracking.

Figure 3.7: Total precision across all 20 participants of the blind experiment.
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Another pair of diagrams 3.8 show the same data but focusing on the most aligned 20 percent part of
the diagrams.
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Y-axis

Precision X & ¥ Axis w. Head Tracking Precision X & Y Axis w/o Head Tracking

0.80

0.90

Y-axis

1.00 085 0.90 0.85 080 1.00 095 0.80 0.85 080

X-axis X-axis

(a) Precision with head tracking (b) Precision without head tracking.

Figure 3.8: Scatter plots showing the 80-100% precision range of the blind experiment.

3.2.3.2 Open Experiment Precision

The first test was conducted as a blind experiment, ensuring that the testers were unaware of the spatial-

isation

of audio with head tracking. This was done to assess the impact of spatialisation on the results

when it was enabled or disabled without inducing any biases.

In the second test, the testers were informed about the spatialisation and made aware when it was
enabled or disabled. By comparing the results from the rounds with spatialisation enabled from the
two tests against each other, we aimed to investigate whether there are any discernible differences. The
purpose was to determine if players need to be consciously aware of the spatialisation for it to provide
any noticeable benefits.

» Null Hypothesis 4: There is no significant difference in precision with spatialisation enabled be-
tween players who are conscious of it and players who are not conscious of it.

» Hypothesis 4: There is a significant difference in precision with spatialisation enabled between
players who are conscious of it and players who are not conscious of it.

» Null Hypothesis 5: There is no significant difference in precision in the vertical axis with spa-
tialisation enabled between players who are conscious of it and players who are not conscious of
it.

» Hypothesis 5: There is a significant difference in precision in the vertical axis with spatialisation
enabled between players who are conscious of it and players who are not conscious of it.
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A one-tailed Wilcoxon rank-sum test was made on the precision with spatialisation enabled between
the blind test and the open test, with an approximated degree of freedom = 174. The z-score is -1.09482.
The p-value is .13786. The result is not significant at p <.05. Since the p-value was larger than the «
value of .05 there is a strong possibility the result is coincidental. Thus there is insufficient evidence for
the null hypothesis to be rejected that there is no significant difference in precision with spatialisation
enabled between players who are conscious of it and players who are not conscious of it.

Another one-tailed Wilcoxon rank-sum Test to compare between the same groups for precision in the
vertical axis with head tracking enabled gave a z-score of -1.09482. The p-value was .13786. The result
is not significant at p < .05. There is, therefore, a good chance the results are from chance alone with the
« level at .05. Thus failing to reject the null hypothesis that there is no significant difference in precision
in the vertical axis with spatialisation enabled between players who are conscious of it and players who
are not conscious of it.

The diagrams in Figure 3.9 show the differences in total precision for the open experiment with and
without spatialisation through head tracking.

Precision X & Y Axis w. Head Tracking Precision X & Y Axis w/o Head Tracking
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1.00 0.75 0.50 025 0.00 1.00 0.75 0.50 0.25 0.00

H-axis H-axis

(a) Precision with head tracking. (b) Precision without head tracking.

Figure 3.9: Total precision for the five open experiments.

Another pair of diagrams 3.10 show the same data for the open experiment focusing on the most
aligned 20 percent of the diagrams.
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Precision X & Y Axis w. Head Tracking Precision X & Y Axis w/o Head Tracking
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(a) Precision with head tracking (b) Precision without head tracking.

Figure 3.10: Scatter plots showing the 80-100% precision range of the open experiment.

3.3 Survey Blind Experiment Analysis Results

We calculated the average responses for each question to determine the overall sentiment of the respon-
dents. The standard deviation was calculated to assess the level of consensus among the respondents.
When interpreting the standard deviation, we considered the sample size, categorizing values below 0.5
as low, between 0.5 and 1.0 as moderate, and above 1.0 as high.

The split-half reliability test was done by dividing the data randomly into two and the averages com-
pared to each other and the absolute difference was calculated between the two as the measurement for
reliability. A smaller value pointing to that the data has a high degree of consistency and reliability. Sam-
ple size influenced the choice of values below 0.5 as high, between 0.5 and 1.0 as moderate, and values
above 1.0 as poor reliability.

How well do you feel you could audibly localise the ghosts during the test? 1-5, (Very hard
- Very easy)

The average response was 3.75 with a standard deviation of 0.71, the split-half reliability test showing an
absolute difference of 0.5.

Respondents were in moderate agreement that the ghost was easy to localise. The reliability of the
result is moderate.

How well do you feel you could audibly localise the ghosts on the vertical axis in particular?
1-5, (Very hard - Very easy)

The average response was 2.2 with a standard deviation of 0.83, the split-half reliability test showing and
absolute difference of 0.8.

Respondents were in moderate agreement that localising the ghost on the vertical axis was neither
very hard nor very easy. The reliability of the result is moderate.
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How well do you feel you could audibly localise the ghosts on the horizontal axis in particular?
1-5, (Very hard - Very easy)

The average response was 4.1 with a standard deviation of 0.79, the split-half reliability test showing an
absolute difference of 0.4.

Respondents were in moderate agreement that the ghost was easy to localise on the horizontal axis.
The reliability of the result is high.

Was it difficult to discern when the ghosts were on the floor above you? 1-5, (Very hard -
Very easy)

The average response was 2.7 with a standard deviation of 1.26, the split-half reliability test showing an
absolute difference of 0.2.

Respondents were in some disagreement on that discerning if the ghost was on a floor above was
neither very easy nor very hard. The reliability of the result is high.

Was it difficult to discern when the ghosts were on the floor below you? 1-5, (Very hard -
Very easy)

The average response was 2.65 with a standard deviation of 1.13, the split-half reliability test showing an
absolute difference of 1.1.

Respondents were in some disagreement on that discerning if the ghost was on a floor below was
neither very easy nor very hard. The reliability of the result is poor.

3.4 Survey Open Experiment Analysis Results

Making confident statements about reliability and consensus within survey responses with a sample size
of 5 is fraught with uncertainty and limitations. No assessments of reliability and respondents consensus
will be made.

What made it easier to localise the ghosts? 1-5 , (Without head tracking - With head
tracking)

The average response was 4 with a standard deviation of 0.7. Respondents stating on average that local-
isation was somewhat easier with the localisation enabled.

How easy was it to localise the ghosts on the vertical axis by using head tracking? 1-5,
(Very hard - Very easy)

The average response was 2.8 with a standard deviation of 0.83. Respondents stating on average that it
was moderately difficult to localise in the vertical axis with spatialisation enabled.

How easy was it to localise the ghosts on the vertical axis without head tracking? 1-5 ,
(Very hard - Very easy)

The average response was 2.2 with a standard deviation of 1.09. Respondents stating on average that it
was moderately difficult to localise in the vertical axis with spatialisation disabled.
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How easy was it to localise the ghosts on the horizontal axis by using head tracking? 1-5 ,
(Very hard - Very easy)

The average response was 3.4 with a standard deviation of 1.33. Respondents stating on average that it
was easy to localise in the vertical axis with spatialisation enabled.

How easy was it to localise the ghosts on the horizontal axis without head tracking? 1-5 ,
(Very hard - Very easy)

The average response was 3.2 with a standard deviation of 1.09. Respondents stating on average that it
was easy to localise in the horizontal axis with spatialisation disabled.

Did the use of head tracking help you discern when the ghosts were on different floors? 0
No, 1 Do not know, 2 Yes

The average response was 0.6 with a standard deviation of 0.89. Respondents more often saying No to
spatialisation helping in discerning when the ghost was on different floors.

3.5 Qualitative Experiment Results

3.5.1 Blind Experiment Results

Thematic analysis of qualitative data from the main experiment ended in five distinct themes which can
be seen in the Table 3.1.

Thematic Map Blind Experiment
Personal method of localisation Intentional camera movements.
Closing in to the ghost to reduce the chance of missing.
Probing around the sound source.
Use of an exclusion method.
Improvement in localising by playing | Gradual improvement through playing.
Realisation of distance-based sound differences.
Realisation of floor-based sound differences.
Knowledge of the house’s layout.
Difficulties with vertical localisation | Localising ghosts vertically.
Localising ghosts on different floors.
Lack of crouch function.
Guessing when shooting a ghost.

No impact from head tracking Unaware of the head tracking.
Unaffected of the head tracking.
Impact from head tracking Impacted immersion.
Impacted performance.
Prototype related Experience unlike normal FPS games.

Table 3.1: Thematic Map Blind Experiment
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Personal Method of Localisation

The first theme - personal method of localisation, was created on the grounds of frequently observed,
individual ways of localising the ghosts. It showed that methods such as intentional camera movements,
probing around the sound source, shortening the distance between the player and the ghost to decrease
the chance of missing the shot, and process of elimination aided participants in their localisation. To
exemplify this here is a quote from participant 0.8: “The hardest part was the middle, so learning to
slowly turn helped.”.

Improvement in Localising by Playing

Participants’ improvement in locating the ghosts as they played was another strong theme that emerged.
It was observed in many respondents’ views on their experience of playing that they felt more and more
confident as they played, e.g. participant 1.5 said: "I felt towards the end that I learned how to think more
and more. Then I didn’t become accurate, but I got better at locating.”. The gradual improvement in the
localisation showed itself in the participants’ realisation of distance-based sound differences, realisation
of floor-based sound differences as well as knowledge of the house’s layout.

Difficulties With Vertical Localisation

The third theme - ”Difficulties with vertical localisation”, is about the vertical localisation issues that
participants experienced during the test. Whether it was related to the localisation of a ghost on the
vertical axis in a room or on a different floor an overwhelming number of testers experienced difficulties
and many, like 1.9, considered that there were no tools of help: “’the vertical was hard because there was
nothing that could help me localise it vertically”.

No Impact From Head Tracking

The theme “No impact from head tracking” emerged from participants stating being unaware and unaf-
fected by the head tracking. For example 0.6 said: I didn’t know it was a thing, so I actively looked
around with the mouse.”.

Impact From Head Tracking

Regardless of most participants’ being unaware of the head tracking, some thought that it did influence
their immersion and performance, which hence, for the sake of inclusion of contradictory opinions, gave
birth to the theme “Impact from head tracking”. For example 0.4 said: "It felt like when I moved I could
localise the sound better”; whilst 1.1 in response to whether head tracking impacted their immersion
responded: Yes, I knew that head tracking had some function”.

Prototype Related

The final theme - “Prototype related”, reflects data related to the prototype. An example to this is a
response from 1.2: It was a more realistic experience compared to CS because there you use instincts
instead and the game would have been slower if there were any head movements.”.

3.56.2 Open Experiment Results

Thematic analysis of qualitative data from the follow-up experiment ended in three general themes that
can be viewed in Table 3.2.
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Thematic Map Open Experiment
Positive effects from head tracking | Increase of immersion.
Improved vertical localisation.
Improved general localisation.
Helpful for micro adjustments.
Negative effects from head tracking | Difficulties with vertical localisation.
No impact on horizontal localisation.
Ineffective for micro adjustments.
Little difference with and without head tracking.
Head tracking’s usability Unusual and/or useless.
Possibly useful for other genres.
A matter of habit.

Table 3.2: Thematic Map Open Experiment

Positive Effects From Head Tracking

The first theme represents ways in which the head tracking positively impacted the participants’ experi-
ence and localisation of ghosts. Apart from heightening the testers’ performance in general and partic-
ularly vertical localisation it also increased immersion for some of the participants. For example tester
from the follow-up experiment 2.2 said: “There was a difference when [head tracking] was on, I ended
up much faster in the rooms the ghosts were in”.

Negative Effects From Head Tracking

The theme “Negative effects from head tracking” reflects difficulties and downsides of using head track-
ing to localise the ghosts. Whether it was related to the vertical localisation or micro adjustments par-
ticipants expressed having trouble and to exemplify this tester 2.1 told: it was generally harder to hear
vertical differences”.

Head Tracking’s Usability

The third theme was created based on the participants’ views about the head tracking’s usefulness and
their experience of using it. For the most part the use of head tracking was perceived as unfamiliar and/or
ineffective with statements about it possibly being more useful in games of other genres. For example
participant 2.4 expressed themselves in the following way: I can imagine in story games like the The
Last of Us (2013) or God of War (2018) or some single player game, you would appreciate it more as it
gives something to the immersiveness”.
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4 Discussion

The first rounds of tests were blind tests where the spatialisation was not revealed as a tool the testers had
on hand. The purpose was to gather data on if spatialisation with head tracking could have inherent bene-
fits during normal gameplay. Data collected during the first trials seemed to suggest that head movement
during normal play of FPS games are not large enough to make the spatialisation noticeable.

4.1 Quantitative Experiment Discussion

4.1.1 Blind Experiment Discussion

Binaural audio is a more and more common way of heightening a player’s experience, often most effective
with the use of headphones. The cues from binaural audio are lost when the listener moves their head
without some form of head tracking solution incorporated (Widman 2021). The use of head tracking
equipment for spatialisation of audio in first person computer games is a rare occurrence — if not also
altering the players viewpoint as in VR games.

The hypothesis proposed that the integration of head tracking and binaural audio to spatialise audio,
more closely resembling normal human auditory perception, would enhance players’ perception of the
soundscape. As a result, this enhanced perception would enable players to more effectively discern the
origin of audio sources, leading to a more intricate and immersive auditory experience.

The survey responses indicated a diverse range of familiarity with FPS games among the testers,
which aligns with the ambition of achieving a broad spectrum of experience levels (see Figure 3.2). Since
participants did not discover the utility purpose of the tool, their survey responses were not specifically
related to head tracking and were consequently excluded from the analysis.

Some of the key findings during the tests were that the blind tests had very little discernible difference
in measurements between the rounds that had the spatialisation enabled and disabled. During the test the
players were not showing any heightened ability to localise the audio sources in either precision or time
when spatialisation was enabled. Thus we could not reject the third null hypothesis that; spatialisation
of audio through head tracking in FPS computer games has no influence on one’s time to localise sound
sources.

The average head movement per round exhibited a consistent downward trend across the tests in the
blind experiment, indicating a gradual decrease the longer players played. The test starting with spa-
tialisation had a 50% chance but with the sample size numbering only 20 the skew of rounds starting
with spatialisation turned out to be 13 out of 20. Therefore it is suggested that an apparent correlation
of increased head movement during rounds with spatialisation enabled might therefore be attributed to
more rounds having started with spatialisation. This poses challenges in drawing conclusions regarding
whether spatialisation enables increased head movement. Additionally, due to this, it remains inconclu-
sive whether players who moved their head more during the spatialisation phase gained an advantage over
those who moved their head less. One thing suggested by the data is that the average head movement
was generally quite low, 35 pixels per second on average.

Measurements of general precision and precision on the vertical axis during the blind test indicated
minimal impact from spatialisation. Drawing conclusions becomes challenging as it remains unclear
whether this lack of effect stems from insufficient head movement by the players, rendering any appre-
ciable effects of spatialisation inconsequential. Another possibility is that spatialisation itself does not
yield significant effects in localising audio sources.
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4.1.2 Open Experiment Discussion

Due to the lack of discernible differences in measurements during the blind experiment and the testers’
inability to report any noticeable effects of spatialisation, a hypothesis emerged. It was suggested that
this outcome might be attributed to the test being a blind experiment. In evaluating the effectiveness of
a tool, it might be advantageous for the testers to be aware of its’ existence to gauge its impact. Initially,
it was hypothesised that even small head movements made by the players during gameplay could yield
noticeable results, even if those effects were only subconscious. Now, with unbiased results obtained,
further investigation was warranted to determine whether the lack of conscious utilisation of head tracking
by the players contributed to the initial findings.

The findings of the following open experiment aligned with those of the blind experiment, as sug-
gested by the data. When testers were aware of their ability to move their heads and listen for audio
sources during spatialisation, minimal disparities in precision or round duration were observed between
spatialisation being enabled or disabled.

Several hypotheses were put forth to explain the data indicating minimal differences in localising
audio sources. In the natural perception of the world, we typically turn our heads, and the audio direc-
tion remains stationary relative to us. However, when using headphones, the directionality of the audio
unnaturally follows the rotation of our heads. Therefore, it was theorized that spatialising the audio’s
directionality would alleviate confusion for the listener. However, it seems that spatialisation fails to
achieve this goal. The statistical tests showed that there was insufficient evidence to disprove that there
was no significant difference in precision between players aware of the spatialisation.

One possible explanation for this discrepancy could be the mental coordination required when simul-
taneously being able to rotate the camera and one’s head to alter the audio direction. This dual task may
result in challenges in effectively processing the spatialised audio cues. Widman (2021) stated that the
cues from binaural audio are lost when the listener moves their head if some form of head tracking solu-
tion is not incorporated, but it might be a possibility that the ques are again temporarily lost when turning
the camera. Therefore, further investigation is needed to delve into the intricate interplay between head
movements, camera control, and the listener’s ability to decode and localise audio sources accurately.

4.2 Qualitative Experiment Discussion

4.2.1 Blind Experiment Discussion

The qualitative data from the blind experiment suggested no impact on performance or immersion from
the spatialisation. It was hypothesised that the lack of apparent impact was from the testers not being
able to utilise the spatialisation fully when not aware of it. Should the spatialisation have been revealed
to the testers there would be no guarantee that the responses would be unbiased enough to give candid
responses. Hence, participants reported no factual differences in their ability to localise sound sources
when using spatialisation with head tracking unconsciously. Several participants mentioned that this was
due to not having had a chance to consciously interact with it. Conversely, the qualitative results of the
blind test also suggested that the presence of spatialisation did not negatively affect the participants either,
perhaps allowing for its’ passive use.

As it was discussed in Qualitative Data Collection Procedure the testers were asked questions about
spatialisation with head tracking regardless of whether they were or were not aware of the tool during
the test. After many participants gave hypothesising answers to what role the head tracking had for their
abilities, it was emphasised that candid responses were sought and that if testers had not noticed head
tracking with spatialisation they should respond as such. Some of the answers regarding the capabilities
of head tracking were thus hypotheses put forth by the testers and not reflections of their own experiences
during the test. For example participant 0.1 said: I don’t know, I think it helped because I noticed that I
leaned my head.”; while the answer given by 1.8 was: ”I don’t know if I noticed it, at some point I started
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to move my head and maybe instinctively I felt that there was a difference”. However, some participants,
which apparently believed it to be true, told that they did indeed feel a difference in their immersion
and performance from head tracking with spatialisation, even though they initially reported not having
noticed the spatialisation.

Apart from the testers’ hypotheses about head tracking’s impact on their experience of playing they
also speculated about the use of the tool for games in general. The participant 1.2, even though they were
unaware of the tool during the test, said that the game would have become slower if any head movements
were involved. While there is no empirical data from this test that could support such a statement the
idea makes sense considering that head movements would likely take more time compared to the camera
movements made with a mouse. The respondent 0.5 also gave their opinion on the use of head tracking by
saying that the eyes should be present on the screen and that looking away from the monitor when playing
is not something they are used to. Another participant, 1.0, speculated that in order for the head tracking
to be useful with computer games one would perhaps need a wider monitor, apparently to have more
screen space for the eyes to stick to when making head movements. Interestingly, this relates back to the
study by Kulshreshth and LaViola (2013) who noted that with head tracking based game camera controls
the maximum amount of head tracking is dependent on the display screen size and distance of user from
screen. Hence, because strong head rotations could lead to a user looking away from the monitor and
experiencing discomfort, using a larger monitor could be one of the requirements for a more optimal use
of head tracking.

4.2.2 Open Experiment Discussion

In the open test, while most participants who knowingly used head tracking found it to be unusual an
without purpose, some testers found it helpful for sound localisation. More specifically, respondents said
that it improved their general localisation of sound sources by helping them understand the approximate
position of the target, like finding a room or a floor. Some participants also felt that head tracking aided
them in micro adjustments when localising the targets and increased their level of immersion. However,
there were some participants who thought otherwise and considered the tool to be unhelpful towards
micro adjustments and vertical localisation. Interestingly, some testers also observed no impact from
head tracking on the horizontal localisation and little difference with and without the use of the tool
in general. Considering how contradicting many of these comments were it was difficult to draw any
conclusions and perhaps if the number of participants during the open test was higher a more consistent
pattern could be found.

The prevailing opinion throughout most of the participants was that head tracking was an unusual
experience that did not serve any practical utility purpose. Some testers, like 2.4, emphasised the habit
of using the standard tools considering that in FPS games like CS:GO head movements would take time.
While it could be so, Kulshreshth and LaViola (2013) demonstrated that head tracking, and thus head
movements, were useful in the FPS game Arma 2 (4Arma 2 2009) and combat flight simulator Wings of
Prey (Wings of Prey 2009), where players performed better with head tracking enabled. Kulshreshth and
LaViola’s conclusion could hypothetically be applicable towards highly paced games of other genres like
CS:GO as well. Another opinion from the participants was a feeling of discomfort or unfamiliarity with
turning away from the monitor when playing. Some testers felt that because the screen is static, the head
tracking is not very effective in comparison to VR. To enhance its usability, one might require a larger
monitor to expand the field of view. This comment, likewise those from the blind experiment, underlines
the importance, pointed out by Kulshreshth and LaViola (2013), of being able to see the screen during
head movements. Additionally, some participants found it unusual simply because it felt more natural to
use the computer mouse instead of moving one’s head as it achieved the same result.

Lastly, some participants proposed that while head tracking would likely not be useful in competitive
FPS games it could heighten one’s immersion in games of other genres such as horror games or single
player story games. Related to this, one participant, 2.3, also speculated that in order for spatialisation
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of audio with head tracking to be useful, the game should be designed around it, for example a game
for visually impaired. Kulshreshth and LaViola (2013) seemingly agree with 2.3’s speculation, saying
that not all games benefit from the use of head tracking. Finally, some of the testers viewed the use of
head tracking as a matter of habit implying that it potentially could be used more effectively with time of
practice.

4.3 Artefact Evaluation

4.3.1 Ghost Hunt

The developed prototype proved to be quite appropriate towards investigating the research question as
it included all the necessary components. The necessary requirements for binaural audio to create a
realistic experience properly matching the visual elements with their corresponding reverberation, multi-
storey house, integrated head tracking, game loop, and more were fairly well implemented and appraised
by the participants. The game was developed and tested iteratively to the extent the time budget allowed,
though perhaps not to the extent suggested by Johannesson and Perjons (2014).

4.3.2 Head Tracking

Considering that the results showed no particular difference in the participants’ localisation with and with-
out the use of head tracking it appears that the tool may not be of much help to the localisation of audio
sources in modern first-person computer games. This can also be supported by the respondents’ com-
ments on the use of the tool in general as physical head movements were described as inappropriate when
playing FPS games. While the use of head tracking may not increase one’s performance, according to
some respondents the physical aspect of moving one’s head could contribute to the increase of immersion
in suitable game genres. Consequently, head tracking technology’s usefulness appears to be dependent
on the computer games’ genre and playing style as there might not be room for any head movements in
competitive and dynamic FPS games. More research is needed to say with certainty but immersive single
player games might draw some potential benefit from the physical interaction with the sound.

4.4 Limitations

As a form of self-analysis and help to future researchers it is important to discuss this study’s limitations
and factors that could have influenced the results.

One of the issues could be the ghosts’ spawning positions because randomising the targets’ locations
could be both positive and negative. By implementing a weighted random and ensuring that the new
position was neither too close nor too far from the player at the beginning of each round, it was anticipated
that, given a sufficiently large sample size, the averages would normalize and any potential bias resulting
from a predetermined spawn location order would be mitigated. If spawn distance would have been
logged, it could have been checked if it contributed to variability in the test. This might have lead to
some inconsistencies and possible outliers in the data.

The fact that only five participants took part in the open tests also is a limitation. The amount of
testers could have influenced the results and should have been higher to increase the findings’ credibility.

The audio profile of the targets could possibly have influenced the participants’ performance. The
study by Walker and Lindsay (2006) demonstrated how the pink noise beacon, in comparison with pure
tone and sonar ping, was the most easily localisable sound in terms of precision and time efficiency.
Consequently, it could be one of this study’s limitations that a pulsing tone was used instead of a steady
pink noise.
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The fact that a generalised HRTF profile was used also influences a participant’s perception of the
binaural audio. Because HRTFs are unique to every person the generalised values may not fit all indi-
viduals and may create confusions in the way sounds are perceived (Malham 1998). Hence, this factor
cannot be omitted as it possibly could have an effect on the participants’ performance.

Participants were informed at the start about their performance being timed with the UI displaying
their current time. This could have impacted the participants’ performance. One tester, 1.9, stated they
did not know whether they should prioritise accuracy or time for ’best’ performance. Testers should have
been oblivious about being timed and instructed to fire when certain for more consistent and unbiased
results.

Another limitation of this study is the choice of data collection method because questionnaires did
not contribute with any particularly useful data. In hindsight had the investigation used observations a
much more detailed and credible amount of information would be acquired as the data would be based
on the participants’ actions instead of words.

The interviews not being recorded is another limitation which directly influenced the data. Field notes
were the only collected source of information for the analysis of qualitative data. Field notes implies that
the investigator had to in real time selectively choose and note the parts of the participants’ responses that
were of primary importance to the asked question, which has an impact on what data is collected.

Considering that most of the respondents’ answers from the interviews were given in Swedish this
implied a lot of translation work and a risk of diminishing the responses’ truth. When translating infor-
mation from one language to another there exists a probability of losing details or meanings behind words
that were said. Though considerate time and attention was paid to correct translation it could still have
influenced the results.

4.5 Ethical and Societal Consequences

From a societal perspective this study’s results could contribute to the integration of head tracking tech-
nology in commercial computer games to assist visually impaired individuals and perhaps allow for a
wider range of players. From an ethical point of view no legal, physical or social harm should be a con-
sequence of this study considering that the participants’ safety and anonymity have been respected. We
do not foresee the technology studied being used in offensive military applications, although it can not
be completely ruled out.

4.6 Future Research

A number of participants viewed head tracking as an ineffective tool for competitive FPS games such
as CS:GO and speculated that it could be a better fit for experience centered or story based games such
as horror games. Some thought that story based games could benefit from head tracking more as it
may increase immersion. Further investigation could, therefore, explore different game scenarios, user
preferences, different camera perspectives and genres and any additional factors that may influence the
effectiveness of head tracking in audio spatialisation.

Certain participants expressed that they did not feel they had sufficient time to acquaint themselves
with head tracking as a tool. By allowing more extended exposure and opportunities for familiarisation,
researchers could explore whether participants’ experiences and perceptions of audio spatialisation are
subject to habituation effects.
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4.7 Conclusions

This study aimed to investigate how localisation of audio sources in first-person computer games —while
wearing headphones— is helped by spatialising the soundscape in relation to head movement utilising
head tracking technology.

The results could not show any significant impact on one’s localisation of audio sources in first-
person computer games. No substantial increase in accuracy or time could be seen when participants
were unaware of the spatialisation. Neither did the data suggest increased performance with spatialisation
enabled during the open experiments where the participants used it knowingly.

There was insufficient evidence for whether spatialisation needs to be used consciously or not to be
beneficial. One possibility is that the sample size for the comparative open test was not large enough
and more testing needs to be done to draw any definitive conclusions. The data suggests, however, that
there is no discernible performance differences between being aware or unaware of spatialisation. In the
open experiment, testers reported in the surveys that sound localisation was easier during the rounds with
spatialisation. However, the measurements do not support their statements. According to the interviews,
one possible explanation is that testers used spatialisation initially to get a general direction of the sound,
but relied on the mouse to localise the audio as they got closer.

One of this study’s contributions is its’ observations on head tracking’s effectiveness and usability
for spatialisation in FPS games. These observations suggest that it may not be a very appropriate fit for
the games that require constant attention and focus. This study’s unique emphasis on the audio aspect of
head tracking, can provide insights for future research in computer games involving immersive spatial
tracking, encompassing VR and head tracking.

Some limitations of this study is the sample size of 20 participants in the blind experiment and five in
the open experiment which might not be enough to draw definitive conclusions. A blind experiment, as
it was conducted for this study, may not paint a full picture of any potentials or disadvantages that come
from spatialisation with head tracking in computer games.

Since not many games utilise head tracking technology for spatialisation of audio a substantial number
of testers reported being unfamiliar with listening in this way. Therefore, future research could delve
deeper into the question of whether the experience of having a soundscape spatialised around the listener
while wearing headphones is influenced by the level of familiarity. Another topic for future research is
whether the first person perspective poses a limitation for how well players perceive spatialisation, and
if other genres or perspectives would be more appropriate for this technology.

4.8 Research Quality

4.8.1 Quantitative Research Quality

The validity of the quantitative data collected through questionnaires during the first test showed to be
accurate. However, with the blind setup of the first experiment, many survey questions were not appro-
priate to the research question. Regarding the open experiment’s data from questionnaires all responses
were accurately captured, though some questions could be consolidated into one or have slightly different
response options. In the follow-up test all of the questions were pointed towards the use of head tracking
and were therefore more relevant to the research question. The data gathered through the head tracking
equipment was judged to be precise even though there were some possible outliers that were not included
in calculations should they have arisen from measurement errors.

With regard to the study’s reliability, the split-half approach (Denscombe 2014) was applied to the
data from surveys. The blind tests survey responses showed a moderate level of reliability with the split-
half approach. While the questionnaire responses from the open tests could not reliably be checked with
the split-half approach because of the low sample size. Statistical tests such as Wilcoxon signed-rank test
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was done on data logged during the test to discern its reliability.

When it comes to generalisability, the first test can be better generalised on a population considering
that the sample size was higher, but the generalised findings of which would be pointed towards players
unaware of or passively using the spatialisation. Whereas the open test has worse generalisability because
of the low number of participants, the findings would apply more to players aware of the spatialisation.

In terms of objectivity, we strove to avoid bias as much as possible by examining and discussing any
contradicting or inconsistent data as well as providing information on the factors that could be perceived
as an influence from the experimenters.

4.8.2 Qualitative Research Quality

In regard to validity, the study applied grounded data and triangulation. Grounded data was used through
the interviews as one of the primary ways of collecting empirical data. Whereas triangulation was applied
through use of mixed methods approach as a way of increasing a study’s validity by analyzing the same
phenomenon from different perspectives (Johannesson and Perjons 2014). The use of both quantitative
and qualitative research strategies helped the analysis in that it allowed for a broader picture of the research
problem and findings. Respondent validation, which involves revisiting the interviewees to validate their
provided answers, was neglected in this research. This omission is a weakness in the study’s overall
validity.

When it comes to reliability, the experimenters, strove to pay much attention to the provision of an
”explicit account of the methods, analysis and decision-making” (Denscombe 2014, p.298). It was sought
to in detail describe the involved procedures and decisions as to make it easy for the readers to evaluate
the dependability and quality of the research.

As for generalisability, the research provides readers with the participants’ playing habits as an indi-
cator for the type of instances the research findings could be transferred to as well as the description of
the setting in which the experiments were performed.

Lastly, the study’s objectivity was followed by including and discussing data that did not fit the anal-
ysis. Certain outliers which seemed to contradict the dominating trend were therefore mentioned and
analysed. Further, since qualitative data analysis was involved it was impossible to entirely exclude sub-
jectivity. Thus, a short summary of both experimenters’ background and personal experience related to
the research is provided to better clarify what impact the investigators’ could have on the research.
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C

Q1

Q2
Q3
Q4
Qs

Q6

Survey Responses Blind Experiment

. Test Subject Number

FPS Experience (0-4)

0 0 hours per week

1 A few times per month
2 1-5 hours per week

3 5-10 hours per week

4 10+ hours per week
How well do you feel you could audibly localise the ghosts during the test?
1-5 , (Poorly - Easily)
How well do you feel you could audibly localise the ghosts on the vertical axis in particular?
1-5 , (Poorly - Easily)
How well do you feel you could audibly localise the ghosts on the horizontal axis in particular?
1-5 , (Poorly - Easily)
Was it difficult to discern when the ghosts were on the floor above you?
1-5 , (Not difficult at all - Very Difficult)
Was it difficult to discern when the ghosts were on the floor below you?

1-5 , (Not difficult at all - Very Difficult)

Table C.1: Quantitative Data Blind Experiment Survey

Survey Responses Blind Experiment Survey Responses Blind Experiment
Nr. | Q1| Q2| Q3| Q4| Q5| Q6 Nr.| Q1] Q2| Q3| Q4| Q5| Q6
1 1 4 4 2 4 4 11 2 4 3 5 3 3
2 1 5 3 5 1 1 12 2 4 3 4 4 4
3 0 4 3 4 1 1 13 3 5 1 4 3 3
4 0 4 3 3 4 3 14 1 3 2 4 2 2
5 1 4 2 3 4 2 15 1 4 3 4 2 4
6 3 3 2 4 2 2 16 | 0 4 1 5 2 4
7 3 4 2 4 2 2 17 | 2 2 1 4 1 3
8 3 4 2 4 1 1 18 1 4 2 4 2 2
9 1 4 2 5 4 2 19 | 2 3 2 4 3 3
10 1 3 1 5 5 5 20 0 3 2 5 4 2
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D

Q1

Q2
Q3
Q4
Q5
Q6

Q7

Survey Responses Open Experiment

. Test Subject Number

FPS Experience (0-4)

0 0 hours per week

1 A few times per month
2 1-5 hours per week

3 5-10 hours per week

4 10+ hours per week

What made it easier to localise the ghosts?
1-5 , (Without head tracking - With head tracking)

How easy was it to localise the ghosts on the vertical axis by using head tracking?
1-5 , (Very hard - Very easy)

How easy was it to localise the ghosts on the vertical axis without head tracking?
1-5 , (Very hard - Very easy)

How easy was it to localise the ghosts on the horizontal axis by using head tracking?
1-5 , (Very hard - Very easy)

How easy was it to localise the ghosts on the horizontal axis without head tracking?
1-5 , (Very hard - Very easy)

Did the use of head tracking help you discern when the ghosts were on different floors?

0 Yes
1 No

2 Do not know

Table D.1: Quantitative Data Open Experiment Survey

Survey Responses Open Experiment
Nr. Q1| Q2| Q3| Q4| Q5| Q6 | Q7
1 4 4 2 2 4 3 1
2 0 4 2 2 4 3 1
3 2 4 3 1 2 5 1
4 4 5 3 2 5 3 0
5 2 3 4 4 2 2 2
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E Interview Notes Blind Experiment

Table E.1: Qualitative Data Blind Experiment Interview Notes

Have you noticed any difference in your ability to audibly localise the ghosts during the test? If yes,
what was it and how do you think it influenced your ability?

0.1 Yes, it felt so.

0.2 Not really, it felt different, sometimes directly in front of me, sometimes otherwise. It felt like I was
) guessing every now and then.

I found it difficult at the beginning, I gradually developed a strategy through practice. I noticed that

0.3 the sound became closer the closer I approached the ghost.

0.4 It was easier after a while.

0.5 I created a strategy on how to decide, because right or left was easier. There was a subtle difference
) whether sounds were in the same room/floor.

0.6 No, it was consistent throughout the whole experience.

In the beginning it wasn’t very good but towards the end I learned and found a method of how I

0.7
could locate sound sources.

Yes, it got easier as I learned how to listen. The hardest part was the middle, so learning to slowly

0.8 turn helped.

I think what changed was when I realised what the sound sounds like when I’m standing in the
0.9 ghost, it helped me localise it. When I looked up, I could understand where the sound was. I
became smarter at locating it.

1.0 You could clearly hear when the ghost was further away, but vertically it was difficult to locate.

1.1 Yes, you listen more carefully.

Sometimes it sounded like the sounds were closer than they actually were, for example below you.
It was more difficult at the beginning, then I learned about how and where the sounds sounded.

12 Once you started to understand at match 8-10 then you understood how the sounds sounded, like if
it was one floor above me.
13 It was hard to hear the sounds, the more I probed around the sounds the better I understood the

position.

1.4 The ghosts moved around in the same room, then they were on different floors.

I felt towards the end that I learned how to think more and more. Then I didn’t become accurate,

15 but I got better at locating.
1.6 I felt that I gained more confidence in my ability during the test because you could see where the
ghosts were when you shot. I became more confident.
Well, I think the first few ghosts were pretty hard but then I was pretty lucky because I aimed in the
17 middle of the room. I thought that somewhere between the middle of the room would be enough to

hit the ghost since I thought that it would have a humanoid body. I got better as I played, on the
vertical axis too.

I think it was the same throughout, some felt more difficult because they were at different heights, it
1.8 was still reasonably good, it was a bit more difficult and there was one place I got stuck on but it
was otherwise good once you found some ghosts.

There was no difference. When it spawns it spawns in a certain space so I understood that I had to
go through the house to see where the ghost was. I was not sure how I was supposed to play in

19 order to be as well performing as possible, like was it about the accuracy of shooting or the time
taken to find the ghosts.
2.0 I think I had a hard time localising them but then I understood that when it’s louder the ghost is

closer.
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How well do you feel you could audibly localise the ghosts on the vertical axis and was there
anything that helped or hindered you?

0.1 Vertical was easy, harder to pinpoint above or below.
0.2 Sometimes it was unclear if the ghost was above or below me, used gut feeling.
03 I found it harder to localise that way, I didn’t notice any big difference in the sound compared to if
) you had moved your head horizontally.
0.4 Most ghosts were higher up than I thought they were.
05 It was much harder, I felt it was easier to locate when I was right next to the ghost. Was hardest
) when there were ghosts in the same room.
As on the vertical, it was more difficult than horizontal, as it is easier to locate the position of the
0.6 sound source using the exclusion method. Was more difficult to understand the exact position
vertically.
0.7 The idea was just to get close enough and try to shoot it until it was impossible for me to not hit it.
0.8 I found it very difficult and I often took a chance on the vertical, I haven’t been able to notice the
difference, just aim straight ahead.
0.9 Vertical was difficult, there were small differences. It was to test the extremes to see how it sounds,
) with the extreme values try to localise.
1.0 Didn’t find anything that helped me localise vertically, you noticed a difference when standing in
) the ghost, but without being able to crouch it was hard to locate the ghost.
1.1 Vertically was more difficult than horizontally
1.2 What was difficult was if it was a little close to the right or left, the smaller details, it was also
) difficult if it was a floor up or down.
13 It was quite difficult, the hardest part was finding the top and bottom. It was too general on the
) vertical axis to understand and I thought there was a crouch function to be able to use it.
1.4 Vertically, I felt it was more difficult to decide. Whether it was high or low was hard to tell.
1.5 It was harder on vertical compared to horizontal, with horizontal I can turn. Because I hear worse
) with my right ear, I used my left to listen.
I felt like it was hard to tell in the vertical, so that’s where I often found myself failing. It was more
1.6 difficult in the vertical axis compared to horizontal and it was probably generally not because of
anything specific.
1.7 I think looking down at the floor helped me. If I would look at the ceiling then it would also help
) me understand where the ghost was. But on the vertical it was hard.
1.8 When I looked down or up, there wasn’t much difference, it was harder to locate it vertically.
It was easy to localise the source in the horizontal axis, while the vertical was hard because there
1.9 was nothing that could help me localise it vertically. Horizontally you could kind of dance around
the ghost to understand the position. So I couldn’t understand the exact position on the vertical axis.
2.0 That was very difficult but it was easier when the ghosts were under than above. It was hard.
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How well do you feel you could discern when the ghost was on a different floor? Why?

0.1 Not so good, didn’t know if it was under or over. It was hard to tell.
0.2 I used an exclusion method to locate, had to walk around a bit to understand where the sound was.
0.3 Did not think it was as difficult, it got easier after learning the house.
0.4 It was difficult, had to back up to listen.
A lot was a bit of psychology about how it was broken down. Tried to think based on logic, like
0.5 how high is the chance that the ghost was spawned one floor up. If you could crouch, be able to
compare the sound on the vertical axis, it would have helped.
0.6 When the ghosts were on different floors, it was clear that the sound passed through walls. You
) notice that the sound changes.
0.7 I didn’t think about it too much, I guess it wasn’t too difficult.
0.8 It was much more muffled than when I was on the same floor, when I went down the stairs then I
tried to listen.
0.9 It was quiet there for a while, which confused me, I felt that I had still walked towards the wall, but
) at some point it was difficult with the upper floor. It was hard. Tried shooting through walls.
It was quite clear, it had to do with the level that it became clearer also because you knew the house
1.0 . .
better and knew which floor the sound was playing from.
1.1 It was a bit difficult, if it was just over it was hard to understand.
1.2 I heard it wasn’t on the same level but didn’t know if it was below or above.
1.3 Not that good at all, was more about exploring. I mostly explored. So I do not know.
In my case, it was on the same level several times then I had problems getting to the bottom. I
14 didn’t have too many problems with it. The ghosts spawned multiple times on the same plane so it’s
hard to answer exactly.
1.5 I heard it was further away and then I tried walking towards it to understand better. There was a
) difference when I was on the middle level and going up or if the sound was further away.
It was easy to know if it was a floor above me because when you went up a floor it became clear
1.6 that now you are getting closer. Then it was hard to tell if there was a floor below me, it was harder
) to tell if I should go up or down and I tried going up to see if I was going right, but I never tried
going down to see where the sound source was.
1.7 I think it was pretty good because the sound is very weak when the ghost is far away. So I try to go
) to detect the sound to see where the ghost is.
1.8 If T heard it on a floor and walked around, I understood it better. When I realised it wasn’t on the
same floor because it was quieter, I just walked forward.
I did not have so much understanding of the exact position so I didn’t rely as much on my hearing
1.9 as on my vision. If I opened a room and could hear the difference in filter then it was easier to
localise the ghost but when all doors were opened it stopped helping me that much.
2.0 The noise became more silent and the pulse was different. I experienced it to be more calm when it

was on a different floor.
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Do you have any thoughts on your experience of playing the prototype?

Very cool, well done, if the doors could open towards the direction you walked it would have been

0.1 better.
0.2 It was fun, was surprised that the targets were not as spread out as I thought.
0.3 No, I thought it was cool, but you have to sit and listen.
0.4 Very impressed, the environment matches the sound.
0.5 It was exciting.
0.6 yt was fun and interesting. Having a good grasp of surround sound is crucial, visual cues are also
1mportant.
0.7 No not really.
0.8 It was a very exciting and interesting game idea, a bit difficult, I often missed, which is a hard
) feeling as I should’ve tried to aim more.
0.9 It was pretty fun but I’ve never tried this. I was surprised how good I became over time.
1.0 It was a different kind of sound when you got closer to the ghost. Had to turn around a bit to hear
) better.
1.1 Cool, different.
1.2 It was difficult but fun and it takes an hour or so to understand how the sounds work.
13 It was cool, I thought it would be scarier but I like single player immersive games. If the ghosts
) were dangerous it would make for a very different experience.
1.4 I thought it would have been good if the pitch was faster because it was harder to locate ghosts
) based on just sound differences. So if the pace changed the closer you got it would have been easier.
15 Just that I thought it was fun, possibly that I didn’t know if the ghosts were placed from the start or
) if they were randomly spawned. It was satisfying when you managed to hit the ghosts.
It was a lot of fun, it was hilarious, the sounds were superbly made, everything was well designed,
sufficiently clear, sufficiently diffused. It was good that the weapon needed to be reloaded and that
1.6 you have one chance per ghost. Very nice graphics, the controls were nice but I got stuck
somewhere on the stairs. I became so immersed because of everything, that you need to aim and
think tactically.
1.7 It was pretty good and I would actually play it.
1.8 It was interesting, fun. I would try playing again.
1.9 It was funny when the eyes dropped upon shooting a ghost, so it kind of changed the mood of the
) game. I thought that maybe there would be a jumpscare.
2.0 It was a very good prototype. I think it was fun and interesting to listen and not just play like a

normal game.
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Do you feel like the head tracking helped you localise the ghosts? If yes, in what way?

0.1 I don’t know, I think it helped because I noticed that I leaned my head.

0.2 I don’t know if I actually turned my head.

0.3 Nope, didn’t notice a difference.

0.4 It felt like when I moved I could localise the sound better.

0.5 No, otherwise I’'m not used to keeping my eyes off the screen while playing.

0.6 I didn’t know it was a thing, so I actively looked around with the mouse.

0.7 I suppose it didn’t.

0.8 No, I thought about it and tested a bit at the beginning and now I don’t know if it worked then or not.

0.9 I thought about it for a moment, I think I move a bit when I play, but I think it can help as a tool.

1.0 No. I noticed it was something but didn’t know if it was related to head tracking.

1.1 No.

1.2 I turned my head without thinking. So I did it without thinking.

1.3 No.

1.4 I never tried moving the head, it would have been cool if I could try it. It wasn’t anything I really
) thought about.

1.5 It was nothing I reflected on, it was nothing I tested.

1.6 No, I don’t notice. I move my body instead when something sounds, I move my body towards
) where the sound sounds and not my head.

17 Because [ was not aware of it anyway, if I would utilise it then it would help me a lot and the mouse

is limited. So it was helpful.

1.8 I don’t know if I noticed it, at some point I started to move my head and maybe instinctively I felt
) that there was a difference.

1.9 It didn’t because I didn’t feel any difference.

2.0 I don’t know if it was that or if it was the camera I turned.

How do you feel head tracking impacted your immersion?

0.1 The sound followed logically which made the immersion good, don’t know to what extent it was.

0.2 I don’t know if I turned my head. I think it has helped.

0.3 No.

0.4 Yes, absolutely.

0.5 Not very much.

0.6 Not so much.

0.7 I haven’t noticed it really

0.8 Not at all in this case.

0.9 I don’t know, I felt very familiar with the game because of the sound design. I think it did a lot.

1.0 Not at all, as I didn’t notice it that much.

1.1 Yes, I knew that head tracking had some function.

12 I tried to listen with both ears. It was a more realistic experience compared to CS because there you
) use instincts instead and the game would have been slower if there were any head movements.

1.3 I don’t know, didn’t notice.

1.4 No.

1.5 I can’t answer that either, but I was drawn in by everything else in the game.

1.6 Not that I’m aware of.

1.7 I can’t compare it because I wasn’t aware, but now since I know I think that it did.

1.8 I definitely think it would make it more immersive, you would be able to move your head however

you would want to hear better.
1.9 It didn’t.
2.0 I don’t know what was the camera and what wasn’t.
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Do you feel that head tracking impacted your performance? If yes, in what way?

0.1 Yes, it helped.

0.2 It helped me find ghosts, using exclusively gut feeling method.

0.3 I felt I could locate the last ghosts better.

0.4 Yes, like I was inside the game.

0.5 Didn’t feel it had any effect.

0.6 No. I don’t think so.

0.7 No I don’t think so.

0.8 No.

0.9 I don’t know, I think it should affect. It is clear that one acts with all one’s senses, the autonomous.
I think so.

1.0 | No.

1.1 Yes, I can look around with that, I moved my head a bit.

1.2 No, not that I know of.

1.3 No.

14 Cannot answer this question because I haven’t experienced it.

1.5 Not that I know of.

1.6 No, because I barely use head movements.

1.7 I don’t think it did.

1.8 No, I don’t know.

1.9 It didn’t help my performance.

2.0 Maybe, I shot more ghosts at the end so maybe.

Do you have any thoughts on the head tracking from playing?

0.1 Immersion gets better, it’s fun to be able to hear in the right direction.

0.2 Thought it was fun, felt like you were a little more immersed. The sound was dynamic and made
) me feel in the game.

0.3 You become aware of the sound.

0.4 Became much more involved in the game.

0.5 Think it’s cool, would like to see if I moved my head and how much. I think that head tracking in
) connection with computer games is not as useful as the eyes must be on the screen compared to VR.

0.6 Can’t say much because I haven’t thought about it.

0.7 Cool idea, it could be implemented in a more obvious way so the user knows that it’s there.

0.8 No, it would have been interesting to know that it was there to approach it in a different way. Very
) cool.

0.9 I don’t know, I thought it was nice and great fun.

1.0 You need an adapted technology/game for head tracking to be useful, like a wider screen.

1.1 Yes, now that you mention it.

1.2 It was fun, not much to say.

1.3 I wish I knew about it beforehand.

14 Would have been cool to know how it affects one’s ability to locate sound sources.

1.5 No not really.

1.6 No, not from the game, not game-wise.

1.7 Because I did not notice the influence of it I can’t say that I have any thoughts about it.

1.8 No, sounds cool and interesting, I would think that other games have it too.

1.9 I did not notice it so I don’t have any thoughts.

2.0 It was fun, but I don’t even know if I had the head tracking on but I think it was the second half

when I shot more ghosts.
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F Interview Notes Open Experiment

Table F.1: Qualitative Data Open Experiment Interview Notes

What are your thoughts on using head tracking for localising audio sources from your experience of
playing?

2.1

It’s very interesting and very much a habit, you are so used to using ears in the game, so the ability
for it is already there. I think that with more experience or possibility to get used to head tracking it
can actually help.

2.2

You become very immersed in the experience. I felt like the head tracking was on at the start even
though it wasn’t, that the image of the sound followed when I turned my head.

2.3

I thought it was interesting, you move your head and locate but on the computer the screen is static
so when I turn my head it’s not as useful as the visual image doesn’t follow compared to VR which
I play quite a bit. During the game test the vertical was easier with head tracking but for the
horizontal it was not as good as it pans correct in the headphones when you walk around but the
head tracking didn’t help much [with horizontal].

2.4

It was significantly easier when head tracking was on. Or maybe it didn’t get that much easier when
you were going to shoot, but finding the ghost got easier. I used the head tracking by turning my
head. The mouse does the same thing, during the first time I used the mouse but I think it’s a matter
of habit that you use the mouse to listen around. But you also want to check the screen at the same
time. In a VR environment, you would have ignored it and moved your head more naturally. I think
80% of the time I used head tracking just because it was there” and I wanted to test it, but towards
the end I used it because it actually helped. It is probably an extreme matter of habit. Until you
reached a certain limit, head tracking helped more, but when you got closer, it became more
difficult to orient yourself with head tracking than it was with the mouse. It was much more
difficult to find the differences vertically. It was easy to find the right room or the right floor, but
the last bit was difficult. It was probably equally difficult to locate the ghosts in height with and
without head tracking.

2.5

It was hard to tell the difference. Thought I would notice a bigger difference now than in the last
test. I tried moving my head to locate the sound sources but it felt much more natural to do it with
the computer mouse than to do it with the head. Could be because I do it in games. I didn’t do
anything different to face the sound sources, I used the mouse to turn around and hear where it was
coming from so, yeah, well, I thought I’d notice more of a difference. It might be that I’'m required
to sit a while longer in the game to get that sense of immersion for me to experience the
spatialisation more. That you hear a sound coming towards you and that you duck for it. Maybe
you should sit longer so that you “forget about yourself”.
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Was head movement something you found to be useful for the localisation of ghosts? Why?

It was useful, I think it was mostly for micro adjustments, but it was generally harder to hear
vertical differences. Sometimes I forgot that ghosts could spawn at different heights. It will be easy
for me to compare it with CS:GO because there it can take longer if you use head tracking for head
movements, but you can be more immersed in horror games, I feel.

2.1

There was a difference when it(head tracking) was on, I ended up much faster in the rooms the
2.2 ghosts were in. I felt like I got more out of using head tracking when it was on. In any way, it was
easier with head tracking at a precise level.

The vertical was helped by head tracking unlike the horizontal. It was a bit of a guess, [ wasn’t
2.3 aiming straight at the ghosts but closer to the edges. It was better with head tracking to understand
the approximate position vertically.

It can probably become a ”perceived disadvantage” that you are above, and that it is experienced as
a disadvantage. I probably experienced it as a disadvantage at first before I got used to it. On the
new Play Station 5 gamepads with haptic feedback, the trigger has such that you feel when you
tighten the bow in the game because it becomes a little slower. Before you get used to it, it feels
24 strange, but once you get used to it, it’s a no-brainer.

Of course it’s a matter of habit, I would use it a lot and it would be there naturally, but it also
requires very good design. Both not to overuse it but also to actually design it in e.g. a horror game,
where you actually design around it instead of just throwing it in.

I think it’s a matter of habit, that you’re so used to it being that way. Headtracking is quite niche.

2.5 In this situation, it wasn’t. It wasn’t needed. I could use the mouse instead.

Is head tracking a feature you would like to passively have in the background even though you
actively would not use it? Motivate

Yes, in the right game, not CS:GO but Resident Evil maybe. I think it will be a matter of habit, for
my part I felt that I can see the possibility of using it but it may take time to get used to. It can be
used in many ways but I don’t know how. One of the challenges is the size of the screen because
then you can see less when you turn your head. It becomes a discreet ability to either look at the
screen or focus on listening skills and finding it to work together is when you achieve the next
level, I think.

I think I would have liked it as usual, even when I spectate and look away I don’t want it to be
ruined.

2.1

Yes, I would absolutely like that, precisely because it is immersive, that it follows. When the sound
image follows the eyes. Both because it is immersive and effective but more because of the
immersiveness as head tracking increasing performance comes after a while whilst the increased
immersion comes at once.

2.2

No I do not think so. We are so used to the old way, but people who are just starting to use it may
2.3 find it more natural. Otherwise I see no purpose for it. But I can imagine that it could be useful for
people with visual impairments.

It’s easy for it to become a gimmick, that it is there but it serves no purpose, like it does nothing. I
can imagine in story games like The Last of Us or God of War or some single player game, you
would appreciate it more as it gives something to the immersiveness. If you play The Last of Us,
you want to be in that world. In games such as CS:GO, you don’t really have time to think about it.

24

Yes I think so. It would be a nice detail if the sound image accompanies and strengthens the
immersion. It is very good in FPS because there you want to quickly hear where your enemy is
coming from and if you turn your head it is a good complement that it matches with the movements
you make in real life.

It’s not so good to look away from the screen in an FPS, but if you need to find something based on
2.5 sound, it can be nice to be able to turn your head to locate it.

It will feel much more real if the sound source sounds like it’s coming from the direction it’s
coming from in the game if you turn your head instead so that the sound image follows your head.
It’s not really important for the gaming experience that the audio doesn’t remain if you turn around
to reach for something, but it would make it more immersive.

Very cool to play, fun to test how well one can hear the sounds.
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G Reflection Document Patrik Bergsten

How does your study correspond to the goals of the thesis course? Why? Focus on
the goals that were achieved especially well and those that were not well achieved.

I have gained more knowledge about searching, finding and summarizing relevant scientific literature. I
also now feel confident about my abilities to analyse and criticize said literature.

The proper use of a reference system was something | was lacking in initially when beginning my
bachelors but through my studies in scientific writing courses, and in this thesis course I have developed
greater confidence in this aspect of my writing.

The presentation of our work went especially well, public speaking is a skill that I have purposefully
sought out to improve during my bachelors since I suffer somewhat from a phobia of public speaking.
Preparation, being knowledgeable about the subject, and knowing the material helps immensely and made
the presentation now go very well.

Reflecting upon ethical aspects of research and developmental work I found somewhat more difficult.
The focus during the study was researching audio and spatialisation of audio in computer games so little
thought went into other applications for the research initially. During the defence our opponent gave a
suggestion for military applications that can be adjacent to our research. In hindsight, given the amount
of military research we found while researching spatialised audio, and subsequently quoted, this should
have been more obvious from the start.

How did the planning of your study work? What could you have done better?

Planning went relatively well. Work on the artefact took slightly longer than planned. We slightly over-
shot most milestone deadlines. On the other hand, us working through the deadlines until we were satis-
fied ourselves I believe meant that we did not have to make any major revisions to our work. We were
well aware of our thesis shortcomings to meet the criteria and used an agile planning tool to keep track
of our tasks, division of labor, and progress. What could have been done better would be to have several
times gone through and revised shorter sections throughout the project, instead of a couple of times of
going through and revising the whole thesis at once — that approach would probably have resulted in a
more concise thesis and would have cut down on the amount of work.

How does the thesis work relate to your education? Which courses and areas have
been most relevant for your thesis work?

The Scientific writing course VESK, and the Scientific Methodology and Communication within com-
puter and systems sciences course, METOD, were greatly beneficial for learning the basics of scientific
writing and methodology and data analysis for my work during this course. Since a game was made, all
of the game development courses on the curriculum; SP1, SPD, MAPP, SPM, PROJ, PROD, and AIBU,
have been greatly beneficial for making the artefact a good game. Since I was to a large extent responsible
for the programming of many of the systems used in the artefact many of the programming and systems
design courses; OOS, PROG1, PROG2, CPROG, ALDA, and Al have been very relevant for this thesis.
Furthermore, the course on user experience and interaction design, MDI, and the Digital Media course,
DMEDIA, that was to a large part focused on audio in computer games, came in use for my work on the
artefact.
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How valuable is the thesis for your future work and/or studies?

For my future work as a game developer and programmer the work for this thesis has helped my devel-
opment in learning and applying unfamiliar algorithms and adding to my code library. I have learned
a lot about audio in video games, different techniques for implementing it and best practises. I gained
knowledgeable insights from researching how different games implement their audio and what require-
ments and limitations their game design puts on their audio implementation. The thesis itself I believe
can show future employers my competence in audio, and in computer games.

How satisfied are you with your thesis work and its results? Why?

I am very satisfied with the artefact, even though making the game a fun experience was very much
secondary to designing it to deliver the data we wanted. A majority of testers gave us compliments on
the experience and its level of polish and many testers requested to play it again. We did utilise some
game design principles to guide the testers behaviour to deliver the data we wanted, this apparently was
enough to also make the experience an enjoyable challenge.

The thesis itself [ am proud of, even though there is much to be improved, brevity first and foremost.
I could have spent more time in revising the text to make it more concise and to the point.
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H Reflection Document Mikita Kihan

How does your study correspond to the goals of the thesis course? Why? Focus on
the goals that were achieved especially well and those that were not well achieved.

I think the study corresponds to the goals of the thesis course quite well as the investigation fulfilled most
of if not all of the learning goals for a bachelor’s thesis. This study has been independently completed,
included relatively relevant scientific methods, reflection on ethical aspects of research, short summary
of relevant scientific literature and their analysis, future research suggestions, good argumentation with
adequate and professional language, proper utilisation of reference system, a short oral presentation and
review of own work.

The goals that were achieved particularly well are argumentation, professional use of language, good
use of relevant scientific literature, rich description of the methodology and application of method as well
as reflection of the conducted study and its’ limitations. Right from the start of writing the thesis I tried
to use scientific literature as much as possible to make statements sound less like personal comments.
Initially, it was not easy to find and reference studies that were relevant for our investigation and it was
a part that had been developed over time. Hence, searching for and using right scientific literature was
a process that did not go smoothly from the beginning and took time to be improved during multiple
iterations.

Other goals that were not well achieved are perhaps a low number of referenced studies related to
the investigated research question, choice of the data collection method, relatively small reflection about
ethical aspects and a pretty high number of the study’s limitations. Firstly, it was difficult to find earlier
researches related to the studied topic which led to a low number of such literature being mentioned and
referenced. Secondly, questionnaires did not contribute with much useful data to answering the research
question which, thus, made it the least fertile data collection method. The next underachieved goal was
reflection about the study’s implications which was a generally difficult part to fill out as it was not
particularly obvious what consequences this investigation could have. Lastly, our investigation showed
to have a pretty high number of limitations which is of course good for the transparency but might be bad
for the study’s overall quality.

How did the planning of your study work? What could you have done better?

The planning of our study went relatively good as it was based on the recommendations set by the super-
visor. However, many of our submissions, including finalisation of the artefact before the experiments,
were delayed because of time management issues. Considering that both I and my thesis colleague Patrik
alongside the thesis course also had other courses it is difficult to imagine what could have been done
better. Apart from that we used an agile tool for planning our work for better efficiency and communi-
cation.

How does the thesis work relate to your education? Which courses and areas have
been most relevant for your thesis work?

Courses that have been most relevant for my thesis work are courses for conducting a thesis work like
VESK and METOD as well as courses that taught me game design, level design, audio design and pro-
gramming like SP1, DMEDIA, SPM, SPD, MAPP and PROJ.
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How valuable is the thesis for your future work and/or studies?

I think that the thesis is not very valuable for my future work as I am not planning on specialising in
programming, game design or audio design. Nevertheless, I appreciate the experience and knowledge
that I have gained from the thesis course as it has been instructive, interesting and generally useful for
any possible research that I could do in the future.

How satisfied are you with your thesis work and its results? Why?

I am quite satisfied with my thesis work and its’ results because I am happy with the amount of effort
that we have put into the thesis and how it in the end turned out. The fact that we got null results did not
bother or affect me in any way as my personal aim with this work was to gain experience and learn from
conducting the thesis without hoping to achieve a certain result. In conclusion, I am happy with our work
because | have learned a lot and I am proud of our effort.
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