
Volume 58 http://acousticalsociety.org/

International Symposium on
Musical and Room Acoustics 

Loyola University 
New Orleans, Louisiana

24-28 May 2025

Architectural Acoustics

Comparison of the auditory and auditory-visual perception in four 
concert halls
Jonas Heck
Institute for Hearing Technology and Acoustics, RWTH Aachen University, Aachen, North Rhine-Westfalia,
52074, GERMANY; jonas.heck@akustik.rwth-aachen.de

Josep Llorca-Bofı́
Fraunhofer-Institut für Bauphysik IBP Stuttgart, Baden-Württemberg, GERMANY; 
josep.llorca-bofi@ibp.fraunhofer.de

Hyeju Park
RWTH Aachen University, Aachen, North Rhine-Westfalia, GERMANY; hyeju.park@rwth-aachen.de

Nils Meyer-Kahlen and Tapio Lokki
Department of Information and Communications Engineering, Helsinki, Uusimaa, FINLAND;
nils.meyer-kahlen@aalto.fi; tapio.lokki@aalto.fi

Michael Vorländer
Institute for Hearing Technology and Acoustics, RWTH Aachen University, North Rhine-Westfalia, 
Aachen, GERMANY; mvo@akustik.rwth-aachen.de

An interesting research question is still to what extent the visual impression of a room influences the auditory 
perception. Subjective evaluations have been collected for four concert halls based on Individual Vocabulary Profiling 
(IVP) and MUSHRA-like ratings. The experiment was conducted with two groups, each comprising 20 participants. 
One group performed the auditory-visual experiment (AV) with 360-degree photographs of the halls being presented 
in a head-mounted display. The other group performed a blind test (B) evaluating the stimuli purely auditorily 
without seeing the hall. The acoustic stimuli were identical and reproduced over head-tracked headphones for both 
groups. The stimuli consisted of anechoic orchestra recordings that have been convolved with measured spatial 
impulse responses from the concert halls under study. The aggregated comparative ratings allow to study the 
differences induced by the type of presentation, i.e. auditory versus auditory-visual. For this purpose, a multiple factor 
analysis has been performed that highlights the dominant perceptual dimensions. The results show that differences 
between the two presentation types can be mainly seen in the timbre, intimacy, reverberation and spatial perception.
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1. INTRODUCTION

While the experience of in-situ listening of concerts presumably leads to more reliable and realistic
perceptions than listening using virtual acoustics technologies, the comparison between concert halls is
practically challenging and lacks robustness. Therefore, laboratory studies have been established to instan-
taneously switch between different concert halls and listener locations while listening to the same music
piece [1]. Pätynen et al. [2] have introduced spatial impulse response measurements to be able to reproduce
the spatial characteristics of the orchestra as a sound source better and to allow for spatial reproduction at
the listener/receiver location. This allows a detailed comparison but ignores the influence of vision on the
auditory perception.

The aim of this study is to overcome the limitation of a missing visual stimulus by presenting not
only acoustic but also visual stimuli. Thus, an experiment has been performed to test the impact of the
visual information of the listening position in a hall and to compare the purely auditory evaluation with the
auditory-visual perception. The individual vocabulary profiling (IVP) technique has been shown to deliver
interesting insights in perceptual dimensions in earlier studies [3]. To do so, we ran an IVP experiment for
purely auditory presentation, as done earlier, as well as for audiovisual presentation. The visual information
was expected to lead to an emphasis of different perceptual dimensions compared to blind assessments. As
in earlier studies, hierarchical multi-factor analysis (HMFA) was used to evaluate the collected data. To
ensure good immersion, the test subjects assessed the concert halls in a virtual reality (VR) environment
with a head-mounted display, which – unlike a 2D screen – a full panoramic view.

2. SELECTED HALLS

Four halls were selected for the study. The selection was made to ensure variability in both acoustic
features and visual appearance. However, the interior design and decoration were not supposed to appear
historical. Instead, the halls were chosen to follow a modern aesthetic language as this is assumed to be
more relevant regarding the design of new halls. The four halls were the Cologne Philharmonie (CP), the
Philharmonic hall in Munich’s Gasteig (MG), Lahti Sibelius Hall (LS), and Beethovensaal in Stuttgart’s
Liederhalle (SB).

As shown in Fig. 1, two receiver locations (= listener positions) have been selected in each hall for
evaluation. Receiver 1 (R1) is located closer to the stage while receiver 2 (R2) is always further back. This
selection of two receiver locations per hall should allow for some variance in the listener perception not only
between halls but also within a room.

A. ACOUSTIC CAPTURE

Spatial impulse responses provide the basis for the analysis in this study. The impulse responses have
been measured in the selected halls during a measurement campaign by Lokki et al. in August 2010 (LS)
and November 2012 (MG, SB, CP). The loudspeaker orchestra introduced by Pätynen et al. [2] has been
used to represent distributed acoustic sources on stage, mimicking the instrument placement of a symphonic
orchestra. As receiver, six omnidirectional microphones (a GRAS 50VI intensity probe) have been used to
measure spatial room impulse responses. The resulting room impulse response database contains transfer
paths between each emitter and each receiver point.

For the purpose of this study, the measured spatial room impulse responses were postprocessed accord-
ing to the spatial decomposition method. The required directional analysis was performed using a time
difference of arrival estimation [4]. Then, a fourth-order Ambisonics B-format room impulse response was
synthesized, as in Frank and Zotter [5].
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(a) Munich Gasteig (MG) (b) Stuttgart Beethovensaal, Liederhalle (SB)

(c) Lahti Sibelius Hall (LS) (d) Cologne Philharmonie (CP)

Figure 1: The selected concert halls in photogrammetry-based top view. In the experiment, 360-degree pictures
were used rather than photogrammetry-generated models.

B. VISUAL CAPTURE

For the visual representation of the listener positions, each room has been captured with 360-degree
photographs. For this purpose, a Kandao Obsidian S camera was placed on the seat of each listener location
under study. The camera position should correspond approximately to the head height and the resulting
viewing perspective of an average adult sitting on the chairs in each of the concert halls. Thus, the camera
with its six lenses, distributed equally on an horizontal plane, were positioned to 80 cm above the seat level.
Due to different chair designs, the camera height from floor level varied within and across rooms between
105 and 120 cm.

During image capture, the camera settings were kept close to a reference setting as follows: ISO = 200;
shutter time = 1/2 sec; aperture = F/2.4; temperature = 3800. However, several photographs were taken
with slight variations to the reference setting in order to fit the actual dynamic range. While ISO as well
as aperture values were fixed, shutter time was adjusted because this parameter had a major impact on the
pictures’ brightness, without directly affecting the colors [6, 7]. The shutter speed was always below 1/50
sec to avoid sudden changes in color temperature due to flickering lights.
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In order to adjust the small differences between photographs, a reference picture was selected for each
room that all the other pictures of that room were matched with. The color matching postprocessing included
the changes of luminance, color range and neutralization of color cast. For this purpose, the Color Match
tool from Adobe Photoshop was used, which performs very similarly to the approach of Reinhard et al. [8]
as it maintains the mean and standard deviation of the color distribution of the reference image [9]. When
the photographs of the camera’s six individual lenses were stitched together to one 360-degree picture, the
files were stored as monoscopic pictures in .jpg format. The postprocessed pictures have an image size of
8760× 2880 pixels. For the display in the virtual reality environment via head-mounted display, the bitrate
was increased from 24 to 32 and the resolution was upscaled to 15360 × 8640 pixels. Subsequently, it is
saved in .hdr format. A database containing the photographs of the receiver locations used here as well as
further additional positions in the four concert halls can be found at https://zenodo.org/doi/10.
5281/zenodo.15409975 [10].

3. EXPERIMENT

A. EXPERIMENTAL PROCEDURE

The experiment followed a procedure that is known as Individual Vocabulary Profiling (IVP). The tech-
nique has been developed from the Flash profile and has been applied to concert hall evaluation [3]. In our
case, it consisted of the following elements:

• Introduction to the experiment, demographics questionnaire,

• 1st phase of the experiment consisting of the stimuli exploration in Virtual Reality (VR) and develop-
ment of an individual vocabulary list,

• 2nd phase to review and revise the vocabulary list,

• 3rd phase in which the items from the vocabulary list are used as attributes to assess the stimuli,

• a short subsequent questionnaire to inquire supplementary information.

During the experiment’s 1st phase, the participants have been asked to explore the eight audio-visual
scenes, each corresponding to one of the receiver locations introduced in Fig. 1. While exploring the scenes,
each participant was asked to find four to six attributes (=individual vocabulary) that can be used to describe
and distinguish the scenes by auditory and visual means. An attribute defines an individual perceptual
dimension to assess the scenes. For each attribute, a lower and a higher anchor were to be defined to
facilitate the assessment/rating in phase 3.

The 2nd phase was used to review the collected vocabulary list together with the experimenter. This has
been established to ensure a list of attributes that is as concise as possible. For this reason, a review tool
had been implemented which allowed to check for the cosine similarity of a collected attribute with other
known attributes from Kuusinen and Lokki [11] as well as Weinzierl et al. [12] using the large language
model word2vec-google-news-300 [13]. The tool suggested a list of ten attributes that were closest to the
participants’ initial choices, and allowed participants to choose whether they wanted to select a suggestion
or stick with the original words.

Eventually, in the 3rd phase, the participants navigated through the different scenes again. But this time,
they were asked to assess the differences by entering their ratings on a MUSHRA-like interface, see Fig. 2a.
The interface allowed to switch between the different listening locations/concert hall seats while the music
was continuously looped. The attributes were assessed one after each other. Once all attributes and all
scenes were assessed, the participants could decide to finish the experiment or to continue to re-assess the
attributes.
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B. VIRTUAL CONCERT HALL ENVIRONMENT

The experiment was conducted in the virtual reality (VR) laboratory at the Institute for Hearing Tech-
nology and Acoustics, RWTH Aachen University. The VR laboratory consists of a silent room with low
illumination. The participants were seated in an upholstered chair comparable to a typical seat in a concert
hall, see Fig. 2b. The following hardware was used:

• A head-mounted display (HMD), HTC Vive Pro, together with

• a corresponding wireless controller for user input,

• a pair of Sennheiser HD650 headphones, and

• a Windows PC with i7-12700K Intel CPU and Nvidia RTX-3070 graphics card.

The framework for the visual reproduction was built in Unreal Engine (UE) to which the eight 360-
degree pictures in .hdr format were imported as so-called HDRI backdrop images. These are High Dynamic
Range (HDR) images that are spherically projected as a backdrop onto a background mesh. The projection
mesh is a sky dome with the virtual actor (= viewer) position at the center of the dome. The actor height was
adjusted to the actual floor level around the subject when sitting in the VR laboratory. In the UE project, each
photograph and its backdrop was placed in a separate level while all backdrops share the same center point.
The switching between listener locations and the display of the corresponding photographs was achieved by
hiding or un-hiding the respective level upon user input.

A higher-order, persistent level contained the first-person actor at a fixed position that corresponds to
the backdrops’ center point. Graphical user interfaces (GUIs) were embedded in this level to guide the
participants through the experiment and facilitate the simultaneous comparison between the stimuli. The
GUIs provide buttons to select the stimulus/scene to explore. The order in which the stimuli appeared was
randomized across participants. During the experiment’s 1st phase, the GUI only contained buttons with
the numbers 1 to 8 in order to switch between stimuli. In the 3rd phase, the GUI provided sliders to enter
ratings on a continuous rating scale (lower to higher anchor) and incorporated two further buttons to change
between the attributes, see Fig. 2a. The participants used a wireless controller to navigate through the GUIs
and to enter their rating values, see Fig. 2b.

(a) Graphical user interface in Unreal Engine (b) Participant during the experiment, equipped with head-
mounted display, headphones and controller

Figure 2: The listening test environment: Virtual reality (VR) laboratory
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C. ACOUSTIC STIMULI

The choice for the piece of music was Beethoven’s symphony no. 7, movement 1, bars 14–16 which cor-
responds to an approximately 11s long excerpt. The anechoic recordings from Pätynen et al. [14] were used.
As each loudspeaker position substitutes a specific instrument’s position on stage, the anechoic recordings
were convolved with the spatial impulse response between the respective loudspeaker and a receiver point.
Thus, the sum of all loudspeaker signals convolved with their respective anechoic input signal yield the final
stimulus at a receiver location.

The acoustic stimuli were pre-rendered in fourth-order Ambisonics B-format. In the presented setup,
we used dynamically adapted binaural playback via headphones which accounts for head rotations. The
Ambisonics signal was decoded into binaural signals using head-related transfer functions that were mea-
sured from an artificial head [15] in 5 × 5 degree angular resolution. Eventually, the output was equalized
accounting for the headphone characteristics.

The decoding of the Ambisonics audio files into binaural signals was performed in Virtual Acoustics
(VA), using the class BinauralAmbisonicsMixdown [16]. It incorporates the dynamic head movements that
are tracked by the head-mounted display. VA and UE are synchronized sharing the location and orientation
of the receiver/rendering point. This is achieved by using the VA Unreal plugin [17].

D. PARTICIPANTS

The experiment was conducted as between-subjects design. Participants were divided into the following
two groups:

• Auditory-visual (AV): The participants of this group were presented with both the acoustic stimuli
and the visual 360-degree pictures of the concert halls. Thus, they were asked to assess the scenes by
auditory and visual descriptors.

• Auditory-only or blind (B): The second group of participants was presented the same set of acoustic
stimuli but without visual information. As a result, this group was only asked to provide and assess
descriptors of their auditory perception.

In total, a number of 20 participants took part in each group of the experiment. Nobody participated in both
parts. Apart from the 360-degree pictures, both groups were exposed to the same conditions. In particular,
everyone was assessing the scenes with the same GUI using an HMD and headphones.

The participants cannot be considered as expert assessors/listeners, but most of them were students with
experience in acoustics-related fields. As a result, participants were requested to indicate whether they were
aware of any hearing loss or deviations from normal hearing. No such case was reported. Thus, nobody was
excluded from the experiment.

4. RESULTS AND DISCUSSION

A. INDIVIDUAL VOCABULARY

The first result of the experiment is a vocabulary collected by the assessors to describe their auditory
perception in the 1st phase. In Fig. 3a we present a list for the group that assessed the scenes by auditory and
visual means (AV) and a second list for the group that performed a blind test (B) without visual information.
Both lists are grouped according to the main categories of the “Wheel of Concert Hall Acoustics” proposed
by Kuusinen and Lokki [11]. The colors in Fig. 3 indicate the different categories. The distribution of the
groups are shown in Figs. 3b and 3c. Only those words that could not be attributed to any category have
been removed from the list. For group B, a single mention of “comfort” was removed, while for group AV,
two mentions of the attribute “comfort” were removed.
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When looking at the distribution across categories, i.e., the occurrence of an attribute of the respective
category, both groups AV and B appear to be similar. For most categories, the proportional deviation is below
5%. Although “Loudness” is the most frequently used category in both groups, it shows the largest deviation
(8.4%) with an 18.8% portion of AV and 27.2% of B. The only other category that shows a deviation of more
than 5% is “Timbre”, which was used more frequently in the AV group by 5.3%. Besides “Loudness”, the
category “Spatial impression” shows a tendency to be more frequently used in B. The tendency for the other
categories is the opposite; they show higher contributions in AV. This and the difference in “Timbre” and
“Loudness” might suggest that, in the case of audio-visual stimuli, people find it easier to assess a concert
hall’s qualities in more diverse ways than with regard to loudness. The difference in “Timbre” might be due
to lighting and colors influencing the perceived relevance of tone coloration.

B. MULTIPLE FACTOR ANALYSIS

In the next step, we focus on the rating values delivered through the MUSHRA-like assessment during
the 3rd phase, see Fig. 2a. For this, we do not analyze each attribute descriptor individually but by applying
hierarchical multiple factor analysis (HMFA) [18–20], which allows to get a broader picture. First, a Prin-
cipal Component Analysis (PCA) is carried out on the dataset of every individual assessor, which is z-score
normalized across the attributes. In a second step, the individual datasets are merged into the two groups
AV and B. Finally, both groups are combined in the HMFA, with the result that both, AV and B, share the
same space for a common representation.

i. Attribute groups

Figure 4 depicts the center points of the categorized attributes’ loadings in the HMFA space, which is
represented by its first three Principal Components (PCs). The vectors are suggested to be interpreted as
the axes of the corresponding perceptual dimensions. Thus, the AV results (left) can be compared with the
B results (right) in the 2D-projections of PC1-2 (top) and PC1-3 (bottom). PC1 explains 64.28% of the
variance in the underlying data, while PC2 and PC3 explain 9.49% and 8.67% respectively. The line width
indicates the number of attributes within a cluster.

When considering PC1-2 (Fig. 4a and 4b) first, the vector directions of “Loudness”, “Clarity” and “Bal-
ance” show great agreement with PC1 in both AV and B. For the direction of “Reverberance”, PC2 shows
more influence, and the distance from the cluster centers to the origin clearly differs along PC1. A strong
influence of PC2 can be seen for “Intimacy” and “Timbre”, with the direction of “Timbre” aligning well
between the two groups, while “Intimacy” does not precisely match in direction. The vector orientation of
“Spatial impression” differs most strongly between AV and B, whereby it coincides with PC1 for B and
correlates strongly with PC2 for AV.

The representation in PC1-3 visualizes more differences between AV and B. While the vectors “Loud-
ness” and “Reverberance” coincide in both groups, their direction differs. In the case of AV, they correlate
closely with PC1. For B, however, both are not pointing in the direction of PC1. Moreover, “Timbre”, “Bal-
ance” and “Clarity” deviate more from the direction of “Loudness” than in AV. “Spatial impression”, like
“Reverberance”, is located close to the origin in AV. As for PC1-2, “Spatial impression” highly correlates
with PC1 in B while it does not in AV. This also holds for “Timbre”. The vector of “Intimacy” shows no
impact of neither PC2 nor PC3 in AV. In B though, it shows an important contribution of PC2 and PC3.

In summary, the comparison of cluster centroids suggests that “Spatial impression” and “Intimacy”
are less related to the perceptual dimensions “Loudness” in AV compared to B. Furthermore, the “Spatial
impression” seems to be perceived closer to the dimensions of “Timbre” and “Intimacy” when exposed
to audio-visual stimuli (AV), compared to the blind stimuli presentation (B) that suggests proximity to
“Clarity”, “Balance” and “Loudness”. Eventually, “Timbre” stands out as PC3 appears to be an important
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A-BassPresence
A-Bass

A-Pleasantness
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(a) Auditory-visual (AV) and Blind (B) vocabulary lists

Balance (14.1%)

Clarity (15.3%)

Intimacy (7.06%)

Loudness (18.8%)

Reverberance (16.5%)

Spatial impression (10.6%)

Timbre (17.6%)

(b) Auditory-visual (AV) vocabulary distribution

Balance (13.6%)

Clarity (13.6%)

Intimacy (6.17%)

Loudness (27.2%)

Reverberance (13.6%)

Spatial impression (13.6%)

Timbre (12.3%)

(c) Blind (B) vocabulary distribution

Figure 3: The collected vocabulary grouped according to Kuusinen and Lokki [11]

contributor to it in AV but not in B.
A comparison to earlier studies by Lokki et al. [3, 21, 22] shows that the distribution of attributes

across the perceptual clusters is generally similar. Loudness and other perceptual aspects related to loudness
or reverberance dominate the discrimination of different concert halls. These studies identify clarity and
definition, as well as sometimes balance, to be well distinguishable from loudness-related aspects. However,
we found timbre and intimacy to be further separated from loudness than clarity and definition in the HMFA.
This is an interesting finding to be further explored in the future since Lokki et al. [21, 22] have reported
that concert hall preferences can often be related to timbre and intimacy.
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Figure 4: Representation of the cluster centroids in the principal components’ space as a result of the HMFA

ii. Assessed receiver locations and concert halls

Another way to compare the two modes of stimuli presentation is to contrast the concert halls. Figure 5
depicts the four assessed concert halls in HMFA space. Each hall is represented by two receiver locations
as introduced in Fig. 1. All receiver locations are given for the AV group (blue square) and for the B group
(red diamond) as well as their average across both groups (black circle).

The first aspect we can observe in Fig. 5 is that both receiver locations R1 (close to the stage) and R2
(further away from stage) in the two concert halls LS and CP are rated consistently close to each other. In
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contrast, for the halls SB and MG, both receiver locations appear to be more similarly perceived across the
halls than within a hall. Also, it can be seen that the spread of values along PC1 is considerably higher
than along PC2 or PC3. This suggests that the main dimension of distinction between stimuli is found in
loudness. But this does not necessarily mean that this dimension is the main criterion for distinction between
the concert halls. Especially those receiver locations centered around the origin of PC1 show higher impact
of PC2 or PC3 to differentiate between them.

The probably most important observation, however, is that the difference in perception between AV
and B does not appear to lie in PC1, but in PC2 and PC3. As the “Loudness” vectors in Fig. 4 show little
contribution of PC2 and PC3, this suggests that it is not the dimensions “Loudness” that drives the difference
between B and AV. Instead, the results indicate that bigger differences are perceived for the categories
“Timbre” and “Intimacy” as well as potentially for “Spatial impression” and “Reverberance” as they show
larger contribution of PC2 and PC3. In consequence, AV results seem to emphasize the differentiation
between the halls without completely changing their arrangement.

Finally, it can be observed that the AV and B perceived dimensions do not differ equally in all rooms.
From Fig. 5 we can observe that the room ratings of LS and CP spread wider along PC2 than MG and SB. In
PC3, a similar spread distribution can still be seen for CP, but not for LS. Instead, SB shows a large variation
in PC3 for R1. Presumably, there are room-related visual features triggering these differences. Furthermore,
in AV both receiver locations in CP and LS are located closer to each other than in B, which might also be
explained by visual similarity.
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Figure 5: HMFA representation of the concert halls by receiver location and group (AV, B)

5. CONCLUSION AND OUTLOOK

The presented study applied the individual vocabulary profiling (IVP) technique to assess four concert
halls by auditory-visual (AV) and by purely auditory, also referred to as blind (B), stimuli evaluation. Re-
spectively, two sets of vocabulary have been collected. The main difference between both attribute lists was
found in the categories “Loudness” and “Timbre”. While the cluster “Loudness” contains less attributes in
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AV than in B, “Timbre” contains more.
MUSHRA-like ratings based on the individually collected attributes allowed for a hierarchical multiple

factor analysis (HMFA), which delivered a broader picture of the perceptual dimensions involved when
evaluating concert halls. The largest difference between center points of AV and B has been observed in the
category “Spatial impression”.

When considering the assessments of receiver locations and concert halls, the main conclusion is that
differences between groups AV and B cannot be explained by the loudness-related categories but rather by
other dimensions, mainly the perceived “Timbre”, “Intimacy” and “Spatial impression”.

To summarize, we can draw the conclusion that the dominance of “Loudness” reduces in the auditory-
visual perception compared to the auditory-only case. This can be seen mainly in the clusters “Spatial
impression” and “Reverberance”, which become more distinguishable in AV compared to B with respect to
the distance and direction of the “Loudness” vector in Fig. 4. Nevertheless, regarding the comparison of
concert hall seats, “Loudness” is governing the largest spread over the perceptual space, which is consistent
with the results of previous studies [3, 21]. But at least for certain receiver locations, the audio-visual stimuli
presentation increases the importance of other perceptual clusters.

The study has been limited to only four concert halls, one shoebox-shaped (LS) and three fan-/arena-
shaped halls (MG, SB, CP), with two receiver locations each. This and the choice of only one short music
excerpt might be limitations to the study. Nevertheless, it was shown that the applied techniques are able to
identify differences in pure auditory and auditory-visual evaluations of concert halls.

In the future, further analysis of the collected data may provide more detailed results in order to evaluate
the underlying mechanisms and for comparison with previous studies. The collection of more case-specific
vocabulary for similar scenarios and more participants could be ways to verify the approach’s robustness.
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