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Abstract: Sound localization is a key area of interest in auditory research, especially in complex
acoustic environments. This study evaluates the impact of incorporating higher-order Ambisonics
(HOA) with virtual reality (VR) and gamification tools on sound source localization. The research
addresses the current limitations in VR audio systems, particularly the lack of native support for
HOA in game engines like Unreal Engine (UE). A novel framework was developed, combining UE
for VR graphics rendering and Max for HOA audio processing. Participants performed sound source
localization tasks in two VR environments using a head-mounted display (HMD). The assessment
included both horizontal and vertical plane localization. Gamification elements were introduced
to improve engagement and task comprehension. Results showed significant improvements in
horizontal localization accuracy, although challenges remained in back localization. The findings
underscore the potential of VR and gamification to enhance auditory tests, reducing test duration
and participant fatigue. This research contributes to the development of immersive and interactive
audio experiences, highlighting the broader applications of VR beyond entertainment.
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1. Introduction

In recent years, virtual reality (VR) has surged in popularity and accessibility, extend-
ing its reach beyond gaming and becoming integral to diverse fields such as scientific
research, healthcare, education, and the arts. These developments have also extended into
the domain of auditory research, where VR has proven to be a versatile tool for training
tasks, perceptual evaluation, and immersive audio development [1–3].

An essential aspect of VR audio research lies in the reproduction of auditory stimuli
as well as the evaluation of the subject’s response to the audio playback system [4]. The
use of headphones has often been preferred for practical reasons, such as sound control
and isolation, reduced sound reflections, the option for binaural tests, and the use of
generic or native head-related transfer functions (HRTFs) [5–7]. Nevertheless, recent
studies, particularly those focusing on sound source localization, opt for loudspeaker
reproduction [8,9]. This choice allows for a faithful simulation of the real environment,
preserving interaural cues, far-field conditions, and other important auditory factors. In
this regard, sound field synthesis (SFS) methods such as Ambisonics have emerged as a
suitable alternative for loudspeaker array playback [10].

Ambisonics, a sound encoding method, generates a sound field from diverse loud-
speaker array setups, offering flexibility and precision in 3D audio reproduction [11]. It
achieves this by encoding the sound field with a larger number of audio channels. This
increased resolution enables higher-order Ambisonics (HOA) to better preserve the nuances
of the sound field, including the direction and distance of sound sources, and to recreate a
more accurate and engaging 3D audio environment. Traditional Ambisonics reproduction
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uses four channels (1st order), whereas HOA typically employs nine channels (2nd order)
or higher, using advanced Ambisonics encoders, which hold promise for improved audio
reproduction. It becomes interesting, then, to analyze the possibility of improving the
perception of sound localization in VR using HOA playback. However, achieving accurate
localization in an HOA setup requires an increase in the number of available channels to
match theoretical requirements.

Recent studies related to immersive audio VR systems have explored the influence
of visual cues on error angle reduction, reaction time, and compensation for sound cue
alterations induced by head-mounted displays (HMDs) in both VR-based and gamified
sound source localization tests [9,12]. However, despite these investigations, there remains
a gap in comprehensive research examining the integration of VR graphics and gamification
elements in such tests. Furthermore, the lack of native compatibility between existing game
engines like Unreal Engine (UE) and HOA encoding presents a significant obstacle for
researchers and developers alike, thus limiting the integration of this audio encoding into
virtual environments [13]. To address this issue, a novel framework combining UE for VR
graphics rendering and Max for HOA audio processing was developed [14]. This builds
upon previous pilot projects indicating the reliability of HOA encoding for sound source
spatialization in specific room characteristics [15]. Thus, this study explores the impact
of integrating VR graphics and gamification on sound source localization within virtual
environments. Specifically, it aims to address gaps in understanding their effects on sound
source localization. This leads to the research question: “Does integrating VR environments
and gamification tools enhance subjects’ performance in 3D audio localization listening
tests?” It was hypothesized that this integration would improve subjects’ performance,
facilitated by enhanced task comprehension and visual cues that compensate for HMD-
induced alterations in sound perception.

The experimental design involved participants performing a sound source localization
task in a VR version of the acoustic laboratory where the experiments were conducted,
utilizing 2nd-order HOA reproduction for auditory stimulus playback. Gamification
elements such as buttons, animations, interactive instructions, and a progress bar were
integrated into the VR environment to enhance task comprehension.

2. Related Work
2.1. Sound Source Localization in Ambisonics Systems

Virtual sound source localization tasks have been widely used for measuring the
performance of spatial audio systems and auditory research [16,17]. Ambisonics is often
preferred by researchers for experiments involving both users’ natural auditory conditions
with loudspeakers and binaural reproduction using HRTF with headphones. P. Power et al.
conducted an evaluation of sound source localization accuracy across various elevation and
azimuth positions [18], comparing different Ambisonics orders using a loudspeaker array.
This study focused on the performance of Ambisonics systems in accurately localizing
virtual sound sources in the vertical plane. K. Sochaczewska assessed the spatial resolution
of a 3rd-order Ambisonics system by conducting a listening test in which participants
identified the direction of sound sources [19]. This approach allowed for an evaluation of the
system’s perceived spatial accuracy, providing insights into the effectiveness of Ambisonics-
encoded sound sources. T. Rudzki et al. investigated the influence of Ambisonics order
and encoding bitrate on the localization of virtual sound sources reproduced over both
loudspeaker arrays and binaural systems [20]. Similarly, L. Thresh et al. assessed the
performance of multiple-order Ambisonics systems through a sound source localization
test comparing real and virtual sound sources [21]. In these works, it was highlighted that
the Ambisonics order had a direct effect on sources’ localization, with HOA showing a
clear improvement over the 1st-order setup. Another key finding was that this trend is
more prominent when conducting loudspeaker-based tests.
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2.2. Virtual Reality and Auditory Research

Some recent studies related to auditory research, particularly to sound source local-
ization, have been performed in addition to VR environments. A study by C. Valzolgher
investigated the impact of the presence of visual frames during a sound source localization
task, finding that sound source localization improved when visual elements were present
even without explicit visual cues about the stimuli [12]. A sound source localization experi-
ment in an anechoic chamber was conducted using an Ambisonics setup in a virtual test
room by T. Huisman et al. [8]. They assessed the effects under three conditions: blindfolded,
in the VR room without visible loudspeakers, and in the VR room with visible loudspeakers.
Their key finding was that increasing the number of visual references related to the sound
sources improved the performance in terms of sound source localization of the participants
and compensated for the effects of using an HMD.

A training application focused on improving sound localization with binaural play-
back was designed by Y. Wu, taking advantage of VR development [6]. Results of the
study showed a decrease in the overall error and reaction times among participants. This
capturing system of users’ performance provides an alternative for gathering data from a
framework built from a video game engine. M. Frank et al. recreated a multiple loudspeaker
experiment to evaluate an HOA hemisphere array in VR [7]. To achieve this, the authors
used open-source VST for binaural audio rendering along with Unity as the graphic engine.
Similarly, M. Piotrowska et al. developed a system that integrates Ambisonics spatial
audio within a virtual environment for conducting sound source localization tests [22].
They highlighted the advantages of using VR technology in auditory research, including
precise control and flexibility in experimental conditions, achieved through the use of audio
software in conjunction with the game engine.

A gamified localization task was developed by J. Rees-Jones with the implementation
of a hybrid platform combining the game engine and specialized audio software such as
Max for sound source spatialization on different loudspeaker systems [9]. The gamified
approach in this experiment was intentionally simplified to avoid distractions from the
auditory task. However, an interest in conducting a similar experiment with a more complex
task and environment design was declared by the authors. M. Ramirez evaluated sound
localization accuracy using conventional loudspeaker setups and binaural presentation with
nonindividual HRTF alongside various VR-based environments [23]. The study found that
virtualization of both auditory stimuli and visual information increased localization blur but
also demonstrated that VR testing could be a practical and efficient alternative to traditional
methods. The results of these studies support the development of VR applications for
assessing spatial hearing abilities and suggest that VR could advance research in spatial
auditory processing by providing a time- and resource-efficient approach to exploring
auditory perception.

2.3. The Soundlapse Project and 3D Audio Research

The research presented here is part of the activities of the Soundlapse project, which
explores the acoustical features of natural soundscapes in southern Chile [24]. Among
the project’s research lines, there is a focus on multichannel audio reproduction and its
applications in diverse contexts such as arts, education, and VR. Previous studies on this
topic have emphasized the need for accurate 3D Ambisonics reproduction across various
applications. These studies included designing and implementing listening tests to assess
the quality of Ambisonics in sound localization and immersion [15,25].

The first attempt to deal with this issue was carried out by J. Fernández, who investi-
gated a spatial audio design over a binaural system by conducting a sound localization
test [25]. An original algorithm was developed using the software Max 8 and Spat li-
braries [26]. Following this study, M. Aguilar assessed the performance of an optimized
version of the Ambisonics algorithm by conducting a localization test in different archi-
tectural conditions [15]. A key finding of this study was that substantial changes in the
acoustic attributes of the rooms where the experiments took place had a minimal impact on
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participants’ sound source localization performance. Results also showed the importance of
the flexibility of the designed Max tool for research and artistic purposes and the limitations
of the system for sound source spatialization, particularly in the vertical plane.

3. Materials and Methods
3.1. Participants

Thirty-one undergraduate and postgraduate students from the Universidad Austral
in Valdivia, Chile, took part in the study. Participants were aged between 18 and 35 years,
including 11 women and 20 men. All reported normal hearing abilities and no prior
experience with the experimental tasks. Participants were recruited through advertisements
posted on the university’s social media and provided informed consent before taking part
in the study. Participants were free to interrupt the experiment at any time if needed.
Participation in the study was entirely voluntary, with no financial compensation offered.

3.2. Experimental Setup

The tests took place at the Arts and Technology Lab (LATe) at Universidad Austral [27].
The experimental setup involved an original VR 3D audio environment designed in UE
for graphics rendering and Max software with Spat libraries for higher-order Ambisonics
(HOA) audio processing.

During the task, participants wore an HMD and were asked to determine the direc-
tion from which an auditory stimulus originates. The experiment was conducted using
12 Genelec 8330 loudspeakers (Genelec, Iisalmi, Finland) arranged in a hemispheric ar-
ray configured for Ambisonics reproduction. Objective performance measures, including
accuracy of sound localization, were recorded during the task. Additionally, subjective
measures such as participant feedback and perceived task difficulty were collected through
a post-task informal interview.

The VR environment was created using UE’s Blueprints visual scripting language
(Unreal Engine version 5.3), enabling communication via OSC with a Max patch for
stimulus playback. In the first part of the test, the VR environment was designed to
replicate the LATe lab (Figure 1a), featuring accurate spatial representations of the
Genelec 8330 loudspeakers arranged according to the virtual source distribution shown
in Figure 2.

Appl. Sci. 2024, 14, x FOR PEER REVIEW 4 of 15 
 

attributes of the rooms where the experiments took place had a minimal impact on partic-
ipants’ sound source localization performance. Results also showed the importance of the 
flexibility of the designed Max tool for research and artistic purposes and the limitations 
of the system for sound source spatialization, particularly in the vertical plane. 

3. Materials and Methods 
3.1. Participants  

Thirty-one undergraduate and postgraduate students from the Universidad Austral 
in Valdivia, Chile, took part in the study. Participants were aged between 18 and 35 years, 
including 11 women and 20 men. All reported normal hearing abilities and no prior expe-
rience with the experimental tasks. Participants were recruited through advertisements 
posted on the university’s social media and provided informed consent before taking part 
in the study. Participants were free to interrupt the experiment at any time if needed. Par-
ticipation in the study was entirely voluntary, with no financial compensation offered. 

3.2. Experimental Setup  
The tests took place at the Arts and Technology Lab (LATe) at Universidad Austral 

[27]. The experimental setup involved an original VR 3D audio environment designed in 
UE for graphics rendering and Max software with Spat libraries for higher-order Ambi-
sonics (HOA) audio processing. 

During the task, participants wore an HMD and were asked to determine the direc-
tion from which an auditory stimulus originates. The experiment was conducted using 12 
Genelec 8330 loudspeakers (Genelec, Iisalmi, Finland) arranged in a hemispheric array 
configured for Ambisonics reproduction. Objective performance measures, including ac-
curacy of sound localization, were recorded during the task. Additionally, subjective 
measures such as participant feedback and perceived task difficulty were collected 
through a post-task informal interview. 

The VR environment was created using UE’s Blueprints visual scripting language 
(Unreal Engine version 5.3), enabling communication via OSC with a Max patch for stim-
ulus playback. In the first part of the test, the VR environment was designed to replicate 
the LATe lab (Figure 1a), featuring accurate spatial representations of the Genelec 8330 
loudspeakers arranged according to the virtual source distribution shown in Figure 2. 

 
(a) 

Figure 1. Cont.



Appl. Sci. 2024, 14, 7986 5 of 15Appl. Sci. 2024, 14, x FOR PEER REVIEW 5 of 15 
 

 
(b) 

Figure 1. (a) VR environment as a replica of the LATe lab at Universidad Austral de Chile. (b) VR 
environment of a wetland in the city of Valdivia, Chile. 

In the second part of the test, a wetland 2nd-order Ambisonics field recording was 
played in the background to enhance the immersive experience for listeners and add re-
alism to the virtual environment as shown in Figure 1b. 

  
(a) (b) 

Figure 2. Spatial representations of the loudspeakers, arranged according to the virtual source dis-
tribution. (a) Horizontal distribution at 0° elevation. (b) Horizontal distribution at 0° and 35° eleva-
tion. 

The designed virtual environments integrated various gamification elements to im-
prove task engagement and comprehension among participants. These features included 
interactive buttons for controlling stimulus playback, a progress bar to indicate task pro-
gress, and VR avatar elements like virtual hands for interacting with the environment, as 
shown in Figure 3.  

Figure 1. (a) VR environment as a replica of the LATe lab at Universidad Austral de Chile. (b) VR en-
vironment of a wetland in the city of Valdivia, Chile.

Appl. Sci. 2024, 14, x FOR PEER REVIEW 5 of 15 
 

 
(b) 

Figure 1. (a) VR environment as a replica of the LATe lab at Universidad Austral de Chile. (b) VR 
environment of a wetland in the city of Valdivia, Chile. 

In the second part of the test, a wetland 2nd-order Ambisonics field recording was 
played in the background to enhance the immersive experience for listeners and add re-
alism to the virtual environment as shown in Figure 1b. 

  
(a) (b) 

Figure 2. Spatial representations of the loudspeakers, arranged according to the virtual source dis-
tribution. (a) Horizontal distribution at 0° elevation. (b) Horizontal distribution at 0° and 35° eleva-
tion. 

The designed virtual environments integrated various gamification elements to im-
prove task engagement and comprehension among participants. These features included 
interactive buttons for controlling stimulus playback, a progress bar to indicate task pro-
gress, and VR avatar elements like virtual hands for interacting with the environment, as 
shown in Figure 3.  

Figure 2. Spatial representations of the loudspeakers, arranged according to the virtual source
distribution. (a) Horizontal distribution at 0◦ elevation. (b) Horizontal distribution at 0◦ and
35◦ elevation.

In the second part of the test, a wetland 2nd-order Ambisonics field recording was
played in the background to enhance the immersive experience for listeners and add
realism to the virtual environment as shown in Figure 1b.

The designed virtual environments integrated various gamification elements to im-
prove task engagement and comprehension among participants. These features included in-
teractive buttons for controlling stimulus playback, a progress bar to indicate task progress,
and VR avatar elements like virtual hands for interacting with the environment, as shown
in Figure 3.



Appl. Sci. 2024, 14, 7986 6 of 15Appl. Sci. 2024, 14, x FOR PEER REVIEW 6 of 15 
 

 
Figure 3. User interface for stimulus control within the VR environment. 

3.3. Auditory Stimuli  
The auditory stimuli used in this study were the call of the Southern Lapwing (Vanel-

lus chilensis), commonly referred to as the �Queltehue’. This choice was influenced by its 
relevance to the Soundlapse project, which explores the natural soundscape of Southern 
Chile. The Queltehue’s call was selected for its broad spectral characteristics, especially its 
content around 4 kHz and higher, which are known to significantly enhance vertical and 
front/back localization [28]. The sound file, extracted from a soundscape recording, was 
also used in previous research by J. Fernández and M. Aguilar [12,16] (Figure 4). It was in 
mono format and spatialized as a virtual sound source using a 2nd-order Ambisonics en-
coder in an original patch created in Max with the Spat libraries (Figure 5). 

 
Figure 4. Spectrogram of the auditory stimulus used in this study: call of the bird Vanellus chilensis, 
showing frequency content of the call, emphasizing the spectral range with significant components 
relevant for vertical and front/back localization. 

Figure 3. User interface for stimulus control within the VR environment.

3.3. Auditory Stimuli

The auditory stimuli used in this study were the call of the Southern Lapwing (Vanellus
chilensis), commonly referred to as the ‘Queltehue’. This choice was influenced by its
relevance to the Soundlapse project, which explores the natural soundscape of Southern
Chile. The Queltehue’s call was selected for its broad spectral characteristics, especially its
content around 4 kHz and higher, which are known to significantly enhance vertical and
front/back localization [28]. The sound file, extracted from a soundscape recording, was
also used in previous research by J. Fernández and M. Aguilar [12,16] (Figure 4). It was
in mono format and spatialized as a virtual sound source using a 2nd-order Ambisonics
encoder in an original patch created in Max with the Spat libraries (Figure 5).
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In the first part of the experiment, stimuli were randomly presented from 16 virtual
sound sources at specific positions on the horizontal plane (Figure 2a). In the second part of
the test, stimuli were presented from 12 positions, including some with an elevation angle
of 35◦ to introduce vertical localization tasks (Figure 2b).

The reproduced sound pressure level of the stimuli was calibrated to ensure consistent
loudness across all trials. The randomization of stimulus presentation positions in both
parts of the experiment helped prevent learning effects and ensured that participants had
to rely on their auditory localization abilities.

3.4. Experimental Task

The experimental task was divided into two parts. In the first round, designed to
assess sound localization in the horizontal plane, the auditory stimulus was presented
randomly from 16 positions distributed equidistantly every 22.5◦ around the listener. Each
position was repeated twice, resulting in a total of 32 trials for the first round. This first
round was conducted in the virtual replica of the LATe laboratory environment mentioned
above and shown in Figures 1a and 2a.

In the second round, the task was performed in a virtual wetland environment with
the stimulus presented from 12 different positions. Eight positions were distributed every
45◦ in the horizontal plane, and four additional positions were placed every 90◦ at a
vertical elevation of 35◦ (Figure 2b). This new arrangement was designed to integrate both
horizontal and vertical localization tests.

For both rounds, the stimuli were presented randomly when the participant pressed
the play button within the VR environment. Participants were instructed to face forward
before each stimulus was played to maintain a consistent reference point. After listening to
the sound, they could turn or rotate to indicate the perceived position using a VR controller.
However, they were required to return to the forward-facing position before playing
the next stimulus. This approach minimized variability, allowing for fairer comparisons
across trials. Fixing their head position during playback prevented additional variables
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from affecting sound localization, addressing the challenge of locating sounds when free
movement is allowed.

Participants’ responses were continually saved and stored in a file generated by the
Max patch during the performance of the test.

3.5. Data Analysis

Data were collected using the Max patch, which stored pairs of data points showing
the original virtual sound source positions and the perceived position for each participant.
The task was divided into two rounds, resulting in a comprehensive dataset for each
participant that included responses from both the horizontal plane localization test and
the elevated plane localization test. The resulting data statistical analysis was performed
using Python 3.12, with libraries such as NumPy, Pandas, Seaborn, and Matplotlib. Circular
statistics were applied to assess the angular characteristics of the data [29–34].

4. Results
4.1. Sound Localization First Round: Horizontal Plane

The distribution of angular localization perception for the horizontal plane positions
in the first round is shown in the violin plot below (Figure 6). Because the data are angular
positions at a single fixed azimuth, we considered using circular statistics to address
the results.
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To determine whether the participants’ perception of location was correctly aligned
with the position where the audio was played, we employed the nonparametric
V-test [29,34]. The V-test was used to assess whether there was a significant difference
between the mean response angle and the expected angle for each position, with the null
hypothesis assuming a uniform distribution of the responses.

Results indicate that the angular differences were statistically significant at most
positions, allowing us to reject the null hypothesis at an alpha level of 0.05. However, at
the position of 180◦, the difference in the mean angle was notably distinct, highlighting a
significant deviation in localization accuracy at this specific point. The results of the V-test
for each position, including the mean angle and the V and u statistics, are presented in
Table 1, with significance determined at an alpha level of 0.05.
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Table 1. V-test results for the first round (horizontal plane).

Real Position
(deg)

Perception Mean
Angle (deg) V u Significant

(α = 0.05)

0 354.05 37.38 6.71 TRUE
22.5 44.60 33.85 6.08 TRUE
45 61.77 52.60 9.44 TRUE

67.5 78.11 54.16 9.72 TRUE
90 88.98 56.48 10.14 TRUE

112.5 91.83 53.61 9.62 TRUE
135 99.00 41.99 7.54 TRUE

157.5 116.71 36.73 3.00 TRUE
180 253.92 4.585 0.82 FALSE

202.5 255.34 16.60 2.98 TRUE
225 269.93 31.58 5.67 TRUE

247.5 250.21 50.21 9.01 TRUE
270 275.56 57.13 10.2 TRUE

292.5 280.41 54.63 9.81 TRUE
315 297.85 51.93 9.32 TRUE

337.5 321.94 44.76 8.04 TRUE

4.2. Sound Localization Second Round: Horizontal and Vertical Planes

In the second round, sound localization in the horizontal and vertical planes was
assessed, generating responses with both azimuth and elevation information. Consequently,
the results of this second round are treated as spherical data. First, it was necessary
to evaluate the normality of the data to determine whether to use parametric or non-
parametric statistics. The Rayleigh test was employed to assess the normality of the
data [31].

The Rayleigh test statistic (Z) was 115.04 (p < 0.001), indicating that the sound localiza-
tions were significantly different from a uniform distribution (α = 0.05). This suggests that
the data are clustered or concentrated in specific directions. Therefore, the next step was
to analyze whether these groupings differed from the actual positions where the stimuli
were played.

Given that the data do not conform to normality, a non-parametric statistical analysis
was necessary to assess whether the perceived locations matched the actual locations where
the stimuli were played. The Hodges–Ajne test provides a non-parametric measure to
compare a fixed angular position, which, in this case, is the actual location where the audio
was played, against the population mean of participants’ responses [32,33]. The results of
the Hodges–Ajne test are shown in Figure 7. Significant differences were observed for the
angles 0◦, 45◦, 90◦, 135◦, 225◦, 270◦, and 315◦ at both elevations (p < 0.05), indicating that
the sound localizations were significantly different from a uniform distribution but aligned
with the actual location where the stimuli were played. In contrast, for the angles 180◦ at
both elevations (0◦ and 35◦), the p-values (p = 0.121) suggest that the responses were not
significantly different from a uniform distribution around the reproduced angle.

It is also interesting to analyze whether the participants’ responses were different
in perception of elevation. That case only occurs at four angles where the sound was
reproduced at 0◦ and 35◦ elevation. These cases are at 0◦, 90◦, 180◦, and 270◦. In this case,
we want to compare two population samples—responses for elevation at 0◦ and at 35◦—at
the four angles evaluated (0◦, 90◦, 180◦, and 270◦).

The Mardia–Watson–Wheeler (MWW) test is a nonparametric statistical method used
to compare the distributions of two or more angular populations [30]. Therefore, the MWW
test was performed for the angles 0◦, 90◦, 180◦, and 270◦ at two different elevations (0◦ and
35◦). The results indicate a significant main effect of elevation on the sound localization
data across the angles 0◦, 90◦, 180◦, and 270◦ (χ2 = 26.9877, p < 0.0001), suggesting that the
distributions of responses differ significantly between the two elevations.
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Post hoc comparisons were conducted to further investigate the differences between
the elevations for each specific angle. The results are summarized in Table 2.

Table 2. MWW test results for the second round.

Comparison Chi-Squared Statistic p-Value

0◦ elevation 0◦ vs. 35◦ 1.9283 0.1649
90◦ elevation 0◦ vs. 35◦ 13.7125 0.0002

180◦ elevation 0◦ vs. 35◦ 0.8570 0.3546
270◦ elevation 0◦ vs. 35◦ 8.5941 0.0034

Significant differences were found between the elevations at 90◦ (χ2 = 13.7125,
p < 0.001) and 270◦ (χ2 = 8.5941, p < 0.01), indicating that the responses were signifi-
cantly different between elevations 0◦ and 35◦ at these angles. However, no significant
differences were observed for the angles 0◦ (χ2 = 1.9283, p = 0.1649) and 180◦ (χ2 = 0.8570,
p = 0.3546), suggesting that the responses were not significantly different between the
elevations for these angles.

5. Discussion
5.1. Sound Localization First Round: Horizontal Plane

In line with previous studies, the horizontal plane results analysis demonstrated a
notable response in frontal and lateral localization accuracy [35]. The presence of visual
features in the designed virtual environment, particularly those positioned at the front, may
have also contributed to this positive outcome. Although the test was conducted using the
same Ambisonics system within the same laboratory as M. Aguilar’s [15], due to different
methodology strategies in both experiments, as explained below, it was challenging to
conduct a direct statistical comparison. However, in frontal positions, the test from this
study showed a slightly better performance than that observed in Aguilar’s study. Another
important result was the non-significant difference at the rear position of 180◦ according
to the V-test. This statistical result implies a pronounced front-back confusion [36]. This
perceptual issue was also observed by M. Aguilar, who also found a significant front-back
confusion tendency at other sound source positions, both in the front and rear. These results
are consistent with the spatial resolution limitations of the algorithm, which are determined
by the Ambisonics order and loudspeaker density mentioned in other similar studies [37].

Table 1 illustrates that most responses are concentrated in the expected positions or
in their immediate vicinity. This clustering suggests that participants in most of the cases
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localized the sound sources accurately, even if not always pointing at the exact expected
location. Since angular differences were statistically significant at most positions in the
V-test, a consistent performance over the horizontal plane can be assumed. The effective
use of 2nd-order Ambisonics confirmed the benefits of HOA, justifying the hybrid solution
developed by combining UE and Max, overcoming UE’s 1st-order limitations, as will be
discussed below.

5.2. Sound Localization Second Round: Horizontal and Vertical Planes

The results of the Hodges–Ajne test revealed that participants could localize sound
sources with significant alignment to actual horizontal positions at most spherical angles.
This indicates effective horizontal localization, except at 180◦, where front-back confusion
persisted, suggesting difficulties when trying to locate sounds in the rear position.

The Mardia–Watson–Wheeler test further highlighted the influence of elevation on
localization accuracy. Significant differences were noted at 90◦ and 270◦, indicating that
participants were sensitive to changes in elevation at both sides, acceptably discerning
vertical sound direction. Conversely, the lack of significant differences at 0◦ and 180◦

suggests poor auditory discrimination for vertical frontal and rear sources.
Consistent with previous studies on elevation perception [38,39], participants in the

second round demonstrated limited ability to discriminate elevated sounds, reflecting the
inherent challenges in vertical sound source localization. This difficulty might also be
related to the spectral attributes of the sounds used, as sources that are elevated often have
a concentrated frequency range in the high-mid spectrum (e.g., birds), which can lead to a
bias in perceiving these sounds as coming from above [40].

For the vertical plane assessment, M. Aguilar’s data indicated more randomness
in response distribution. While both studies only coincided in one position for eleva-
tion assessment, direct statistical comparisons were difficult to carry out due to differing
methodologies and the specific assessed sound source positions. Nevertheless, the present
experiment demonstrated notably accurate lateral elevation localization, which is a signifi-
cant improvement over previous studies. Additionally, in line with other experiments [18],
the order and arrangement of the Ambisonics setup may have influenced the results,
suggesting that optimization of these factors could further enhance vertical localization
accuracy. These findings further support the enhanced sound localization capabilities
afforded by VR and gamification tools.

Additionally, the VR test dynamics were smoother and more interactive, leading
to shorter test times and allowing the possibility of considering more audio samples
and repetitions.

5.3. User Experience Evaluation

Following the auditory localization tests, participants provided informal verbal feed-
back, offering valuable insights into their experiences with the VR environment and
gamification elements.

The feedback indicated that most participants were highly engaged and enthusiastic,
noting that the experiment generated significant interest and involvement. This engagement
with the virtual environments contributed to a noticeable reduction in the tests’ adjustment
period compared to previous listening tests conducted at the LATe lab. The quicker
adaptation allowed for a shorter overall test duration, making the process more efficient
and less tiring for subjects.

Participants highlighted the rapid learning curve, which reduced training time and
improved self-consistency in results. Many participants reported feeling more comfortable
during the second part of the test, where the wetland visual environment and Ambisonics
field recordings contributed to a more immersive experience. Although this increased
comfort did not directly translate into statistical improvements, it is likely that it reduced
fatigue and helped participants maintain attention throughout the test.
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The VR environment, especially when combined with wetland field recordings, offered
participants a sense of landscape familiarity. Interactive features, such as stimulus control
and progress tracking, helped keep participants engaged throughout the test.

Moreover, it was clear that the subjective component played a significant role in
this experiment. The user experience and interaction with the virtual environment had a
noticeable impact, underscoring the complexity of factors influencing auditory perception
in VR settings. In future stages, qualitative analyses of the user experience and their
interaction with the virtual environment are planned in order to deepen the understanding
of these variables and identify possible trends or patterns.

These findings highlighted the positive impact of the VR environment and gamification
tools in enhancing participants’ engagement and comfort during the tests, suggesting
that these features can make localization listening tests more efficient and consistent.
However, there is no evidence that these factors had a noticeable impact on results in
statistical terms. This suggests that although the VR setup enhanced the user experience, its
role in facilitating accurate spatial perception is complex and multifaceted, influenced by
factors such as visual dominance, loudspeaker configuration, and users’ prior experience
with HMDs.

5.4. Hybrid Platform

Another positive outcome of this study was the design and implementation of a
hybrid platform that combines UE and Max, expanding the possibilities for higher-order
Ambisonics (HOA) reproduction within VR environments. To ensure the stability of the
hybrid platform performance, it is crucial that the operating systems of the HMD and
the computer used to run the test are compatible and up to date. In this case, addressing
this technical issue proved to be a significant challenge in the development and timely
implementation of the test.

The decision to use Max and Spat spatialization tools proved effective for HOA audio
rendering in the tests, offering both stability and detailed control over the spatial attributes
of complex Ambisonics encoding and decoding processes. Considering the current limita-
tions of HOA development in UE, these tools hold the promise of being a highly valuable
and adaptable addition, paving the way for advanced Ambisonics capabilities in virtual
reality and gaming applications.

6. Conclusions

The findings of this study underscore the significant potential of VR tools in advanc-
ing the development and implementation of auditory tests. Participants demonstrated
improved performance in horizontal sound localization, with results indicating enhanced
frontal accuracy and effective lateralization. The setup combining VR design tools with
2nd-order Ambisonics was particularly beneficial, underscoring the importance of high-
order Ambisonics reproduction despite the current playback limitations of native
UE support.

The use of VR tools in this case contributed to reduced testing time and decreased user
fatigue, enhancing usability and consistency in test responses. The rapid adaptation period
observed suggests that VR environments can facilitate more efficient testing processes.
However, vertical localization results were inconclusive, reflecting the inherent challenges
of height perception in human auditory processing, as noted in M. Aguilar’s previous
study [15].

The results also reveal the potential of VR to create engaging and immersive expe-
riences. Participants reported feeling more comfortable and engaged, particularly in the
virtual environments enriched with wetland field recordings. This suggests that VR can
help mitigate auditory fatigue and maintain participant attention by offering a sense of
familiarity. These insights open new possibilities for implementing innovative spatial audio
tools in VR, enabling richer and more interactive experiences.
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Future work could explore integrating head-tracking and user movement to further
enhance immersion and mobility within a defined listening space. Additionally, further
investigation into the impact of Ambisonics field recordings in hybrid audiovisual envi-
ronments could provide valuable data on the intersection of sound source localization and
immersion.

Overall, this research highlights VR’s potential as a powerful tool for perceptual
and multisensory exploration, extending its applications beyond gaming into signifi-
cant scientific research and practical uses. Moreover, as it has been discussed in recent
works [22,23,41], the use of VR in auditory research has proven to be a field with a rising
potential. This challenges the conventional view of VR as merely an entertainment medium,
showcasing its broader implications and utility.
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