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Abstract

Audiovisual immersive rooms represent emerging vir-
tualization spaces that address the individual isola-
tion inherent to head-tracked binaural Virtual Reality
(VR). However, auralizing highly reverberant envi-
ronments remains a challenge, as reverberant energy
degrades acoustic cues essential for human spatial
localization. This study evaluates sound source local-
ization in reverberant fields within a 16.2.10 audiovi-
sual immersive room, comparing results to traditional
head-tracked binaural VR. A 4-Alternative Forced
Choice (4-AFC) horizontal localization task was con-
ducted with 26 participants. Stimuli were auralized
using pink noise bursts and Third-Order Ambison-
ics impulse responses generated in ODEON for the
same reverberation room, with absorption progres-
sively increased to produce reverberation conditions
ranging from highly reverberant to nearly anechoic.
As expected, the results demonstrate that localiza-
tion accuracy decreased with increasing reverberation.
However, across all conditions, the immersive room
achieved higher accuracy and lower task response la-
tency, exhibiting fewer localization confusions and
lateral mislocalizations than binaural VR.

Keywords: spatial audio, psychoacoustics, audiovisual
immersive room, virtual reality, reverberation

1. Introduction

The replication of realistic auditory environments
has transitioned from static channel-based repro-
duction to interactive, spatialized systems [1], [2].
While binaural Virtual Reality (VR) offers exceptional
portability, perceptual realism is often compromised.
Non-individualized Head-Related Transfer Functions
(HRTFs) introduce spectral distortions [3], leading
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to front-back confusion, lateral mislocalizations, and
sound field internalization [4], [5].

Conversely, audiovisual immersive rooms recreate the
sound field using loudspeakers distributed along the
walls and ceiling, bypassing the above limitations by
delegating spectral filtering to the listener’s natural
anatomy [6], [7]. While recent studies have attempted
to stabilize VR externalization through augmented vi-
sual cues [8], immersive rooms inherently preserve spa-
tial immersion and audiovisual congruency [9]. Evalu-
ating how spatial localization degrades under rever-
beration is critical for validating these virtualization
spaces [10]. Reverberant energy degrades the direct-
to-reverberant ratio (DRR) and interaural cues [11].
In head-tracked binaural VR, injecting a dense rever-
berant tail through static, generic HRTF filters forces
an artificial spectral fusion between direct sound and
the diffuse field [12], [13].

In this work, we evaluate the horizontal spatial local-
ization of sound sources in highly reverberant environ-
ments within a 16.2.10 audiovisual immersive room,
comparing its performance to that of traditional head-
tracked binaural VR (see Figure 1). The primary
problem addressed is the extent to which the acous-
tic cues required for localization are preserved or de-
graded when varying levels of simulated reverberation
are introduced into these two distinct reproduction
paradigms. To avoid potential spatial artifacts from
microphone-array capture [14], Third-Order Spatial
Room Impulse Responses (SRIRs) were generated via
geometrical acoustics software (ODEON). Twenty-six
participants performed a 4-AFC localization task un-
der four reverberation conditions using both reproduc-
tion modalities. Specifically, this study investigates
whether the loudspeaker array of the immersive room
offers a quantifiable advantage over binaural VR in
terms of localization performance and response latency
across all evaluated reverberant conditions.

The remainder of this paper is structured as follows:
Section 2 describes the methodology, including stim-
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(b)

Figure 1: Participants performing the 4-AFC localization
task in (a) the audiovisual immersive room and (b) in the
binaural VR conditions.

ulus generation, the reproduction systems, and the
perceptual evaluation protocol. Section 3 presents the
experimental results concerning localization accuracy,
spatial error patterns, and task response latency. Sec-
tion 4 discusses the implications of these findings, and
finally, Section 5 outlines the main conclusions drawn
from the study.

2. Methodology

This section outlines the workflow executed to evaluate
the spatial performance of the two auralization modal-
ities. It encompasses the generation of the acoustic
stimuli, their subsequent reproduction via loudspeak-
ers and headphones, and the design of the perceptual
listening test.

2.1. Stimuli Generation

The virtual acoustic fields were based on the rever-
beration chamber (see Figure 2) located at the Inter-
active Arts & Science Laboratory (IASlab), La Salle
- Universitat Ramon Llull. Four sound sources were
positioned at the cardinal directions (0°, 90°, 180°,
and 270° azimuth), each at a distance of 1.50 m from
the center and a height of 1.20 m. An acoustic model
of this chamber was built in ODEON, incorporating
the directivity data of the loudspeakers (d&b 5S) de-
ployed in the physical space. The ODEON model
was calibrated against in-situ measurements, ensuring

Figure 2: Acoustic model of the reverberation chamber
built in ODEON for SRIR generation, showing the four
simulated sound sources located at the cardinal positions.

that simulated acoustic parameters (T3g, Cso and T%)
remained within +1 Just Noticeable Difference (JND).
The ODEON model was adjusted to produce four dis-
tinct acoustic environments (see Table 1). The longest
reverberation condition (RT3) was directly derived
from the acoustic model, whereas RT1 and RT?2 rep-
resent intermediate reverberation levels obtained by
progressively increasing the absorption coefficients at
the virtual room boundaries. RT0 corresponds to the
quasi-anechoic reference condition with full absorption
in all walls.

Third-Order SRIRs were generated from the ODEON
model. Third-Order Ambisonics was selected as a
practical compromise between spatial resolution and
computational cost. To provide a controlled excitation
signal, 240 ms broadband pink noise bursts were con-
volved with the generated SRIRs for each condition.
This specific duration provides optimal excitation for
horizontal localization tasks without inducing auditory
fatigue during prolonged experimental sessions [5].

2.2. Immersive Room and Binaural VR Repro-
duction

Two different reproduction modalities were evaluated:

an audiovisual immersive room based on a loudspeaker

array (see Figure la) and a head-tracked binaural VR

system (see Figure 1b). In both cases, the same HOA

Table 1: Reverberation conditions evaluated in the exper-
iment and their corresponding reverberation times (750).

Reverberation Condition T3g (s)

RTO 0.01
RT1 2.43
RT2 3.28
RT3 6.61
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representations generated from the simulated SRIRs
were used, allowing a direct comparison between two
spatial-audio rendering approaches. The base stimuli
were processed through a 1 x 16 spatial convolution
with the SRIRs using the SPARTA suite [15]. This
procedure preserved the HOA representation up to the
final rendering stage, maintaining the spatial coupling
and directional structure of the reflection pattern prior
to rendering. Both spatial audio rendering pipelines
were hosted within the REAPER Digital Audio Work-
station (DAW).

For the immersive-room condition, the HOA signals
were rendered through the 16.2.10 audiovisual im-
mersive room using an Ambisonics decoding strategy
implemented in SPAT Revolution and adapted to the
Yamaha VXS8 loudspeaker layout. For the binaural
VR condition, real-time head-tracking data from the
Meta Quest 3 headset were captured and transmitted
to the TEM SceneRotator plugin [16] to dynamically
rotate the HOA sound field within REAPER. The ro-
tated sound field was subsequently processed through
the SPARTA Binaural Decoder plugin and reproduced
using Beyerdynamic DT 770 PRO headphones.

Prior to the experiments, playback levels for both sys-
tems were matched to 65 dBA using a HEAD acoustics
Head and Torso Simulator (HATS). Additionally, the
system latency was measured, yielding 35 ms for the
binaural VR setup and 658 ms for the immersive room
audio pipeline.

2.3. Perceptual Evaluation

A total of 26 volunteers participated in the study (16
males, 10 females; age: M = 37.0 years, SD = 11.3,
range = 23-57 years). All subjects reported nor-
mal hearing and had no history of auditory patholo-
gies. A repeated-measures experimental design was
adopted to evaluate the combined effects of repro-
duction modality and reverberation. The experiment
consisted of 2 reproduction modalities x 4 reverbera-
tion conditions X 4 source positions x 3 repetitions,
yielding a total of 96 trials per participant.

The execution of the perceptual experiment was en-
tirely automated using a custom MATLAB applica-
tion. This centralized system managed trial random-
ization and communicated with REAPER via Open
Sound Control (OSC) messages to dynamically trigger
stimulus playback across both reproduction modalities.
Concurrently, MATLAB functioned as the core data
acquisition system, logging participants’ spatial re-
sponses and task response latencies for the subsequent
statistical analysis.

Prior to the formal evaluation, participants completed
a short familiarization phase using stimuli different
from those employed in the main experiment. This
training session allowed them to become acquainted
with the 4-AFC localization task and response inter-
face without prior exposure to the acoustic conditions
evaluated during the study.

A counterbalanced experimental design was imple-
mented to minimize order effects. Odd-numbered

participants completed the immersive-room condition
first followed by the binaural VR condition, whereas
even-numbered participants performed the modalities
in the reverse order. During the experimental phase,
the auralized pink-noise bursts were presented from
the four cardinal positions in a pseudo-randomized se-
quence. Participants remained seated throughout the
experiment and were explicitly instructed to keep their
head stationary and facing forward during stimulus
presentation to prevent the use of dynamic localization
cues.

For the immersive-room condition, the listening posi-
tion coincided with the acoustic sweet spot located at
the center of the loudspeaker array, and participants
were aligned with the frontal reference (0° azimuth)
before each block. In the VR condition, participants
viewed a 360° stereoscopic photograph captured from
the listening position in the immersive room, pro-
viding a congruent visual representation of the same
environment, with a blue visual marker indicating the
North direction embedded in the scene to anchor the
frontal spatial reference.

Figures 1a and 1b show a participant performing the
localization task in the immersive-room and binau-
ral VR conditions, respectively. After each stimu-
lus presentation, participants reported the perceived
source location using a four-alternative forced-choice
(4-AFC) response interface controlled via a numeric
keypad, with one key assigned to each cardinal direc-
tion (North, South, East, and West).

3. Results

Figure 3 illustrates the evolution of localization ac-
curacy across reverberation conditions. The immer-
sive room accuracy declined from 94.0% in the quasi-
anechoic condition (RT0) to 85.2% in RT3. In contrast,
binaural VR exhibited a non-monotonic pattern, im-
proving from 82.2% in RT0 to 85.2% in RT1 before
decreasing to 78.5% in RT3. Although the immersive
room achieved the highest overall accuracy, the perfor-
mance gap between both modalities was largest in RT0
and became substantially smaller under reverberant
conditions. Post-hoc comparisons revealed significant
differences between RT0 and RT2 (p = 0.010) as well
as between RT0 and RT3 (p = 0.007) within the
immersive-room modality.

Figure 4 presents the confusion matrices aggregated
across all participants for each condition. Responses
in the immersive room remained strongly concentrated
along the diagonal across all reverberation times, con-
firming its consistently high spatial accuracy. In con-
trast, binaural VR exhibited a higher overall error rate
and a different error structure. Front-back confusions
constituted the dominant source of error in the binau-
ral condition, varying between 7.4% and 12.1% across
reverberation levels, whereas lateral errors remained
comparatively stable (7.4%-9.3%). These findings
suggest that non-individualized binaural rendering
primarily affected sagittal-plane discrimination, while
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Figure 3: Mean localization accuracy as a function of
reverberation condition for the immersive room and bin-

aural VR.

the immersive room maintained a more robust spatial
representation across all conditions.

Figure 5 shows the mean latency-compensated re-
sponse times as a function of reverberation condition
for both reproduction modalities. Participants re-
sponded significantly faster in the immersive room
(p < 0.001). Statistical analysis revealed signifi-
cant main effects of modality (F'(1,25) = 91.59,
p < 0.001, 772 = 0.786) and reverberation condition
(F(3,75) = 28.85, p < 0.001, 7712, = 0.536), but no sig-
nificant Modality x RT interaction (F(3,75) = 0.89,
p = 0.452, n2 = 0.034), indicating that the latency
advantage of the immersive room remained relatively
constant across reverberation conditions. These re-
sults suggest that increasing reverberation imposed an
additional cognitive burden on the localization task
regardless of the reproduction modality employed.

4. Discussion

The results demonstrate that the audiovisual immer-
sive room yielded higher localization accuracy and
shorter response latencies than binaural VR. However,
the performance dynamics across acoustic environ-
ments revealed distinct behaviors for each reproduc-
tion modality. Statistical analysis indicated significant
main effects of reproduction modality and reverbera-
tion condition, alongside a non-significant Modality x
RT interaction for localization accuracy. From RTO to
RT3, accuracy decreased by 8.8 percentage points in
the immersive room and 3.7 percentage points in bin-
aural VR. Because the order of presentation was coun-
terbalanced across participants, the observed modality
differences cannot be readily attributed to learning or
fatigue effects.

Although the immersive room provided a higher ab-
solute baseline, its advantage over binaural VR was
strictly condition-dependent. Specifically, the loud-
speaker array outperformed the virtualized system by
a significant margin of 11.8 percentage points in the
anechoic baseline (RT0). Interestingly, as reverbera-
tion was introduced (RT1-RT3), this gap narrowed

to approximately 5-6 percentage points and became
statistically non-significant. The immersive room ex-
hibited a progressive reduction in localization accuracy
as reverberation increased.

The binaural VR showed a descriptive improvement
from RTO (82.2%) to RT1 (85.2%) before declining
under the more reverberant conditions. Although this
effect was not strong enough to produce a significant
interaction, a possible explanation lies in the differ-
ent perceptual roles of early and late reflections. As
demonstrated by Gutiérrez-Parera et al. [17], early
reflections can improve source localization and appar-
ent source width, whereas late reverberation primar-
ily contributes to envelopment. Consequently, the
moderate early reflected energy introduced in RT1
may have provided supplementary spatial cues that
temporarily enhanced directional discrimination and
partially compensated for the limitations associated
with non-individualized HRTFs [8], [12]. However, as
reverberation density increased in RT2 and RT3, the
direct-to-reverberant ratio (DRR) progressively de-
creased, reducing the salience of directional cues and
increasing spatial blurring. Under these conditions,
the detrimental influence of the late reverberant tail
outweighed the potential benefits of the early reflec-
tions, resulting in degraded localization performance.
The confusion matrix analysis provides additional in-
sight into the underlying mechanisms. In binaural VR,
front-back confusions constituted the dominant source
of error (peaking at 12.1% in RT3), while lateral mis-
localizations remained comparatively stable, ranging
between 7.4% and 9.3% across conditions. This aligns
with classical literature stating that non-individualized
spectral filtering primarily disrupts median-plane lo-
calization.

The immersive room successfully anchored the frontal
focal point, keeping sagittal errors consistently lower,
in contrast to what occurred with the binaural VR
modality. Response latency results further support
this discrepancy in perceptual effort. Participants
consistently responded faster in the immersive room,
maintaining a latency advantage of over 500 ms across
all conditions. The highly significant effect of rever-
beration on latency, combined with a non-significant
interaction, demonstrates that both modalities exhib-
ited a parallel increase in response times as reverber-
ation increased. The combination of lower accuracy
and longer response times suggests that listeners re-
quired greater cognitive resources to resolve spatial
uncertainty under reverberant virtualized conditions,
although the acoustic blurring slowed down decision-
making comparably in both systems.

Finally, it should be noted that the immersive room
was evaluated under real-world operational conditions,
where the real room response naturally coexisted with
the virtualized sound field. Rather than representing
a limitation, this reflects the operational context of
real-world immersive audiovisual environments. Con-
sequently, the present results provide insight into the
practical performance differences between loudspeaker-
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Figure 4: Confusion matrices aggregated across participants for the immersive room and binaural VR conditions.
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based immersive reproduction and head-tracked binau-
ral virtualization when simulating reverberant spaces.

5. Conclusions

This work has explored the influence of reverberation
on horizontal sound source localization by comparing
a 16.2.10 audiovisual immersive room with a head-
tracked binaural VR system. The evaluation was
conducted under four simulated acoustic conditions,
ranging from quasi-anechoic to highly reverberant,
derived from a reverberation chamber. The results
in this work support the use of audiovisual immer-
sive rooms as an effective platform for spatial audio
reproduction under reverberant conditions. Across

all reverberation conditions, the immersive room con-
sistently achieved higher localization accuracy and
shorter response latencies than the evaluated binau-
ral VR implementation. Although both reproduction
systems exhibited a degradation pattern as reverber-
ation increased, the immersive room maintained a
stable performance advantage of approximately 5-7
percentage points under reverberant conditions, reach-
ing a maximum difference of 11.8 percentage points
in the anechoic baseline, alongside substantially lower
response times. The findings highlight the potential of
loudspeaker-array-based immersive environments for
spatial hearing experiments and perceptually demand-
ing virtual acoustic applications. Future work will
investigate how different immersive-room rendering
strategies and room configurations influence localiza-
tion performance under increasingly complex acoustic
scenarios.
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