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Abstract: The acoustic evaluation of indoor environments is common in the application of virtual
acoustics. In addition, in the study of cultural heritage buildings, it is a useful tool, but it is not so
common when describing the acoustic environment in intangible cultural heritage events and even
in outdoor environments. In this paper, the acoustic environment of the Water Tribunal of the Plain
of Valencia (Spain) is studied. It is analyzed from a soundscape perspective, characterizing the sound
source and evaluating it within relation to the environment and evaluating its subjective response.
With the research carried out, it has been obtained, on the one hand, a complete study of the acoustics
of the environment of the Water Tribunal and, on the other, an enhancement of the Valencian tangible
and intangible heritage.

Keywords: acoustics; simulation; semi-open environment; cultural heritage; soundscape; auralization

1. Introduction

The concept of virtual acoustics includes a series of computer and acoustic signal
processing techniques that allow to study and recreate the acoustic behavior of a room.
Virtual acoustics has proven to be a very effective tool for studying heritage enclosure
against different variables [1,2]. However, there is no specific tool for studying the acoustic
behavior of an open space with heritage interest. To solve this challenge, different authors
have studied the applicability of the tools provided by the acoustics in rooms in the study
of open and semi-open heritage soundscapes [3–5]. In this sense, Álvarez et al. studied
the characteristic loudness of various Roman theater stages using virtual acoustics, a tool
commonly used in the acoustic study of rooms [6–9]. In the same way, Berardi et al.
performed a virtual reconstruction of the historical acoustics of the Theatrum Tectum of
Pompeii [10,11] and Fazenda and Drumm performed a reconstruction of the acoustic sound
field of Stonehenge based on measurements taken at a full-size replica [12]. For his part,
Lubman analyzed acoustic echoes around the Mayan temple of Kukulkan at Chichen Itza,
Mexico [13]. Also of interest is the research carried out by Azevedo et al., in which they
used auralization to recreate the entire soundscape of a specific event, in this case, John
Donne’s 1622 gunpowder plot sermon at Paul’s Cross, outside St. Paul’s Cathedral in
London, as it was prior to the fire of 1666 [14].

Following the line of these investigations, in the present study, virtual acoustics is
applied to acoustically characterize the environment of the Water Tribunal of the Plain
of Valencia. This event, declared Intangible cultural heritage of Humanity in 2009 by
UNESCO, is the oldest-existing justice institution in Europe [15]. The sessions of the Water
Tribunal of the Plain of Valencia take place every Thursday under the Door of the Apostles
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of the Cathedral of Valencia, which is an excellent sample of the late Gothic of the Valencian
Golden Age [16]. It is a soundscape of great heritage value where the transmission of the
word is a preferential factor.

The purpose of this work is the analysis of the acoustic conditions in the environment
of the Water Tribunal of the Plain of Valencia and its soundscape, characterizing the main
sources in this environment to serve as an objective record of the cultural heritage event.
This study is intended to contribute to the knowledge for researchers and practitioners in
outdoor cultural heritage events.

The methodology followed for this work, in the acoustic measurement, is based on
the requirements of ISO-3382-1 [17] and some open perspectives in ISO 12913 [18–20].
The acoustic simulation was carried out with ODEON and CATT-Acoustic software. As
a novelty, this research has proven convenient to perform the calibration of the acoustic
model with the parameters C80 and C50 instead of with T30, because they turned out to
be more stable parameters in the singular environment studied, in contrast with the usual
results in closed rooms [21]. A comparison of the results obtained with both acoustics
software was carried out to analyze their applicability in the acoustic study of open spaces.
For the auralization of event sound, an anechoic recording of recited text during sessions
was made. In addition, to give more precision to auralization, the real source of the event
was characterized, which is the voice of the bailiff who recites the text. For this, the anechoic
chamber located in Universitat Politècnica de València was used. As a result of process,
the acoustic and visual simulation of the surroundings of the Water Tribunal of the Plain
of Valencia were obtained. Using this simulation, the soundscape has been characterized
using the protocol established by Mitchell et al. [22].

The paper is developed as follows: After this introductory section, which motivates
the work and explains the context, Section 2 explains the methodology and materials used
which make an exposure of the different data collection (that is, scan of the environment,
outdoor acoustic measurements, calibration and simulation of the environment, sound
source characterization and auralization, and a survey for subjective soundscape evalua-
tion). Section 3 is oriented to explain the results obtained and analyze them in the context of
this cultural heritage event (acoustic analysis, sound source characterization, combination
of the soundwalk with its visualization, and analysis of the results of the survey). Finally,
Section 4 summarizes the main results of this work.

2. Materials and Methods
2.1. Data Collection

In this research, virtual acoustics were applied in the study of Water Tribunal, a
heritage event that takes place in Plaça de la Verge (Virgin’s Square) in Valencia (Spain).
The Water Tribunal is an ancient institution dedicated to regulating and settling disputes in
the management of water resources in the irrigation channels of Valencia and surrounding
areas. The rulings of this old tribunal have legal validity in the field of environmental law
on irrigation water in the Valencian territory, and constitute a part of the old Valencian
Civil Law that is currently being recovered in the field of jurisprudence.

2.1.1. Geometric Data Collection

Due to the uniqueness of the environment, geometric data collection was carried out
with a scanning technique using a FARO Laser scanner Focus 3D S120 (from FARO) [23].
A total of eight scans were performed, processed, and linked using Scene software (from
FARO) [24]. The final outcome was a cloud of environmental points that was exported
to AutoCAD software (from AutoDESK) [25] for the acoustic and visual modeling. The
3D scans were made in the environment where the Water Tribunal takes place. Some
measurements were also made with a laser distance meter in the place of the Apostles’
Door at the Cathedral. These measurements were compared in the model to ensure the
precision of the scan. Additional measurements of the Virgin’s Square and Miguelete Street,
necessary to perform the characterization, were obtained from its planimetry.
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2.1.2. Acoustic Data Collection

The methodology followed in the acoustic measurements follows ISO-3382-1 [17]
specifications. In total, nine positions of the source were established, corresponding to the
location of the bailiff (source A) and the seats of each of the members of the Water Tribunal
(sources B–I). The receivers were positioned in six different places; two receivers located
inside the Door of the Apostles and four receivers facing the Virgin’s Square, as shown in
Figure 1.

Sound source Measurement point 0 1 2 3m

Figure 1. (a) Location of sound sources and measurement points during acoustic measurement of the
environment of the Water Tribunal. (b) Image of the acoustic measurement equipment used during
acoustic measurement of the environment of the Water Tribunal.

For acoustic measurement, a sound emission equipment consisting of a model DO12
omnidirectional dodecahedral sound (from 1 dB) source and a model M-1000 amplifier
(from Inter-M) were used. To record the sound emission, Behringer C2 model omnidirec-
tional microphones were used. In addition, an 8-channel multichannel sound card was
used, of which we used one channel to emit the sweep and another 6 were used to register
the sweep in the environment. Table 1 shows the specific characteristics of the measurement
equipment used. Using a sweep signal, recordings were made with all the microphones to
subsequently obtain impulsive response (IR) of the sound space. Table 1 shows the specific
characteristics of the measurement equipment used.

Table 1. Specific characteristics of the equipment used during acoustic measurement of the environ-
ment of the Water Tribunal.

Equipment Model Characteristics

Omnidirectional dodecahedral
sound source (01 dB) DO12 Rated power 600 W, sound power > 120 dB, frequency range:

80 Hz–6.3 kHz
Amplifier (Inter-M) M-1000 Output power level RL = 4 Ω bal. 520 W + 520 W

Omnidirectional microphone Behringer C2
Open circuit sensitivity (at 1KHz) of −40 dBV
(0 dBV = 1 V/Pa), 10 mV/Pa, linear frequency response
between 20 Hz and 20 KHz, with 1% THD

Multichannel sound card Presonus AudioBox
1818 VSL

24 bit/96 K, USB 2.0, 6 input microphone/line and 2 input
microphone/instruments, with pre-amp XMAX with high
dynamic range (Class A)

2.2. Acoustic Simulation
2.2.1. Acoustic Model Building and Calibration

For the acoustic simulation, a simplified model of the environment of the Water
Tribunal was used, which includes the Door of the Apostles, Virgin’s Square, and Miguelete
Street. From the 3D scans and the planimetry, a wireframe of the environment was raised
using AutoCAD. This software allows working comfortably with both plans and the
generated point cloud. The wireframe model was exported to Sketchup software, where
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the correctly oriented model surfaces were generated and layered based on actual materials.
In order to work later with CATT-Acoustics [26] and ODEON [27] software, the model was
closed with surfaces representing the open field, to which 100% absorbent material was
applied in the acoustic simulation process. Figure 2 shows final acoustic model, made up
of 516 surfaces and with a volume of 150,865 m3; it also shows the sound source—in red
color—and the first receivers (the location of the judges)—in blue color.

Figure 2. Virtual model used in the acoustic simulation of the soundscape of the Water Tribunal.

The usual procedure for calibrating an acoustic model of a room is to include the
absorption and diffusion of the materials used in such a way that the simulated rever-
beration time coincides with or is very close to that which is experimentally determined.
In numerous studies, the adjustment of the average at frequencies from 500 to 1000 Hz
of reverberation time (T30) was followed as a calibration procedure, in such a way that
the experimental average and the simulated average are not more than 1 just noticeable
difference (JND) (5%) away, that is, at the perceptual level, no difference can be seen. This
procedure is considered adequate because the T30 practically does not vary in a room. In
the modeling of the acoustic space where the Water Tribunal is performed, it was observed
that an adjustment similar to that performed in a closed room is not adequate, since there is
a greater variation in parameters such as the T30 and the early decay time (EDT). However,
it was observed that in this type of environment the parameters clarity up to 80 ms (C80)
and clarity up to 50 ms (C50) show less variation. For this reason, the calibration of the
model with C80 (musical clarity) and C50 (speech clarity) was considered adequate.

The acoustic simulation was carried out with the different software, CATT-Acoustics
and ODEON, with the aim of studying the applicability of this type of tool in the study of
open and semi-open heritage environments.

2.3. Auralization

Once the acoustic model is calibrated, one can start the auralization of the environment
under study. “Auralization is the process of rendering audible, by physical or mathematical
modeling, the sound field of a source in a space, in such a way as to simulate the binaural
listening experience at a given position in the modeled space” [28]. The auralization
was carried out through the convolution of an in situ recording of a session of the Water
Tribunal with the binaural impulsive response of the environment (BRIR). For this, the
received power at each reception point was calculated with ODEON software to have it
as a reference. The calculated power was applied to auralization, so that it establishes the
appropriate attenuation due to distance and reverb at each point. In the process, it was
necessary to reduce recording background noise by 3 dB. The anechoic recording used
corresponds to the speech of the bailiff when he calls for the members of the different
irrigation ditches and it was captured in the characterization of the sound source.

Sound Source Characterization

The bailiff was characterized as a sound source in the anechoic chamber of the School
of Architects at the Polytechnic University of Valencia. By incorporating the created source
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into the acoustic model instead of a generic speech source, a higher degree of precision is
achieved in sound auralization.

The dimensions of the anechoic chamber are 5.97 m × 5.6 m × 2.83 m and, as shown in
Figure 3, there is a metallic floating floor. The bailiff makes a speech calling for the members
of the different irrigation ditches in the area of the city of Valencia. Figure 4 shows the
schematic setup of the microphones at different levels to measure the speech of the bailiff.

Figure 3. Anechoic chamber used for sound source characterization (School of Architects at the
Polytechnic University of Valencia).
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Figure 4. Microphones placement during measurement for sound source characterization. ((a) source
medium level, (b) source bottom level, (c) seated source top level).

The anechoic recording was made by registering the bailiff’s speech at the different
heights of the microphones shown, forming a hemisphere, with a 8-channel recording
audio interface (Presonus Audio Box 1818 VSL 24 Bit/96 K/USB 2.0 Recording Interface).
In order to obtain these recordings, an 8 s logarithmic sweep signal, with three repetitions,
was reproduced in the environment with the omnidirectional sound source, and processed
to obtain the average impulse response. This impulse response was further processed with
Matlab to obtain band values for each of the referenced main acoustic parameters. From
the anechoic recordings and using Matlab v2021a software (from Mathworks), the average
sound pressure levels were evaluated for each direction.
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Figure 3 shows the anechoic chamber with the microphones at the height of the mouth
of the speaker (corresponding to measure 1 and 2 in Figure 4).

2.4. Visual Simulation

For visual simulation, a geometric model with a higher level of detail than that used
in the acoustic simulation was used to give it a more realistic appearance. A 3D model was
developed in AutoCAD software using measurements and planimetry of the environment.
Once the model was finished, it was exported to 3DS Max software to carry out the texturing,
a process that consists of applying its texture to each plane of the model according to the
real environment (stone, marble, wood, etc).

Complete simulation of the environment is achieved by combining the real sound
obtained by auralization with the visual simulation. For this, a virtual tour is established
where the viewer can see and hear the same as if they were in the real environment. In this
way, a model is obtained where both image and sound correspond to reality.

2.5. Public Survey

In this study, a study of the subjective response is also carried out; a study of the sub-
jective response associated with the soundscape of the Water Tribunal was been carried out.
This was performed by applying the so-called Swedish protocol for determining the quality
of the soundscape. The Swedish Soundscape-Quality Protocol was first proposed by O. Ax-
elsson et al. [29–31]. The work of Cain et al. [32] further extended the previous contribution,
which later became the basis for the two-dimensional model in the ISO 12913-3:2019 [20].
The survey of this protocol evaluates the perceived emotional quality using eight adjectives:
pleasant, unpleasant, active/with many active sources or events, relaxed/with few active
sources or events, exciting, monotonous, calm, exciting, and noisy [29–31,33,34]. On the
other hand, it also asks for information on some social aspects (gender and age). For this
survey, a Google form with the survey (https://docs.google.com/forms/d/e/1FAIpQLSd0
PypVKfaVX9m5b8PlHPZUxOjN1KMnRCKZ_c69nP1VweKSrA/viewform, accessed on 12
April 2022) was developed to allow a quick collection of data from the respondents.

As the survey was offered and tested over the Internet, the hearing abilities of the
participants were not checked. The test was presented as a Google Form, with the recom-
mendation to be used with headphones. The evaluation of the soundscape can be described
with a circumplex model [35].

The test signal was a simulated video as a soundscape walk from the middle of the
Plaça de la Verge (Virgin’s Square) to the location where the Water Tribunal is placed. The
audio rendering is the dynamic auralization of the bailiff’s voice with 25 impulse responses
simulated in the ODEON’s acoustic model.

3. Results and Analysis
3.1. Soundscape Acoustics

In the singular soundscape studied, the reverberation parameters T30 and EDT present
a greater variation, depending on the location of the source and receivers, than the energy
parameters C80 and C50, in contrast to the usual results in rooms and closed spaces.
Figure 5 shows the variation of T30 and EDT in the measurement made with source A
(bailiff), depending on the location of the receiver. Figure 6 shows the variation of C80
and C50 in the measurement made with source A (bailiff), depending on the location of
the receiver.

https://docs.google.com/forms/d/e/1FAIpQLSd0PypVKfaVX9m5b8PlHPZUxOjN1KMnRCKZ_c69nP1VweKSrA/viewform
https://docs.google.com/forms/d/e/1FAIpQLSd0PypVKfaVX9m5b8PlHPZUxOjN1KMnRCKZ_c69nP1VweKSrA/viewform
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Figure 5. Frequency variation of T30 (a) and EDT (b) measurements.
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Figure 6. Frequency variation of C80 (a) and C50 (b) measurements.

3.2. Just Noticeable Difference (JND)

For the calibration of the acoustic model, the absorption coefficients indicated in Table 2
were established depending on the type of material, taking as reference the values obtained
by Vorländer through standardized tests [36]. As previously stated, a 100% absorbent
material was applied to the surfaces representing free field.

Table 2. Absorption coefficients by frequencies of the materials used in the acoustic simulation.

Material
Absorption Coefficient by Frequency in Hz

125 250 500 1000 2000 4000 8000

Marble floor 0.01 0.01 0.01 0.02 0.02 0.02 0.02
Limestone walls 0.02 0.02 0.03 0.04 0.05 0.05 0.05

Hard surfaces average 0.02 0.02 0.03 0.03 0.04 0.05 0.05
Solid wooden door 0.14 0.10 0.06 0.08 0.10 0.10 0.10

Free field 1.00 1.00 1.00 1.00 1.00 1.00 1.00

Regarding the dispersion coefficients, in this study, three levels were established, based
on the roughness of the materials, as established in Table 3. The values of these coefficients
were adjusted during the calibration process of acoustic model. In this environment, the
degree of detail of the decoration of the Door of the Apostles is of special importance, which
notably increases the dispersion of these surfaces.

Table 3. Scattering coefficients of the materials used in the acoustic simulation.

Material Scattering Coefficient

Smooth 0.10
Some degree of roughness 0.25

Rough 0.50
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The validation of the acoustic model was performed using the JND of parameters C80
and C50. The ISO 3382-1 [17] standard sets the JND for parameter C80 to 1 dB. However,
there are authors who have determined higher values of this threshold from experimental
studies. Ahearn et al. established a JND of 1.6 ± 0.3 dB for parameter C80 [37]. Höhne et al.
placed the JND for C80 in real sound fields around 2.5 dB [38], results that were confirmed
by Witew by using synthetic sound fields [39]. Regarding parameter C50, the standard
does not indicate a specific value of the JND differential threshold. However, there are
experimental studies that have analyzed the minimum differences of this parameter in
order to be perceived by the human ear. Bradley et al. estimated a JND of 1.1 dB, with an
increase of approximately 3 dB being necessary to create an easily detectable improvement
in everyday situations [40]. With all this, it is important to note that today there is no
definitive consensus accepted by the entire scientific community [41]. Taking into account
the investigations analyzed, in this study, the JND for the parameters C80 and C50 were
established at 2.5 dB for the calibration of the acoustic model.

Comparing measurement with ODEON simulation for all points, for parameter C80,
we found that 87% of measuring points have a JND equal to or less than unity, the most
unfavorable value being 1.38. For parameter C50, said percentage is 93%, all values being
below 1.2. In average values, JND of both parameters is less than unity, taking for C80 the
value of 0.59 and for C50 the value of 0.40. Figure 7 shows the dispersion of the JDN values
of C80 and C50 with ODEON simulation for each of the sound sources (A–I). The locations
of the different judges of the different irrigation ditches correspond to the letters B to I in
Figure 1a. These locations correspond to the measurements taken in the cultural heritage
environment. The location of the bailiff is next to the position of A.
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Figure 7. (a) Just noticeable difference of C80 (ODEON simulation). (b) Just noticeable difference of
C50 (ODEON simulation).

Comparing the measurement with the simulation in CATT-Acoustic, for parameter
C80 we find that 81% of measuring points have a JND equal to or less than one, presenting
the most unfavorable value at this point (1.47). For parameter C50, said percentage is 83%,
the most unfavorable value being 1.35. In average values, JND of both parameters is less
than unity, taking for C80 the value of 0.67 and for C50 the value of 0.56. Figure 8 shows
the dispersion of the JND values of C80 and C50 with CATT-Acoustic simulation for each
of the sound sources (A–I).

Figure 9 shows a comparison between measurement and simulations with ODEON
and CATT-Acoustic of C80 and C50 average values obtained with sound source A. In these
representations it can be seen how both pieces of acoustic software adequately reproduce
the behavior of C80 and C50 in the singular acoustic environment studied.
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Figure 9. (a) Comparison of C80 in measurement and simulations with ODEON and CATT-Acoustic
in source A. (b) Comparison of C50 in measurement and simulations with ODEON and CATT-
Acoustic in source A.

In view of the results obtained, the calibration of the acoustic model in both software,
ODEON and CATT-Acoustics, is considered valid, presenting the ODEON simulation best
JND values.

3.3. Statistical Analysis of Results

The results obtained in the measurement and in the simulations with the ODEON and
CATT-Acoustic software were analyzed by means of a statistical study of the correlations
between the different elements and a global reliability analysis.

This reliability analysis is based on the (Pearson) correlation, the Cronbach’s alpha
coefficient, and the intraclass correlation index between acoustic parameters obtained for
measurements and for simulations.

The Cronbach’s alpha (α) is a coefficient used to measure the reliability of a measure-
ment scale, but as there is no p-value associated to allow hypothesis rejection of scale
reliability, we cannot use it as a rule of thumb. However, the closer it is to its maximum
value, which is 1, the greater the reliability of the scale [42]. In addition, the intraclass
correlation index (ICC) is a descriptive statistic that can be used when quantitative measure-
ments are made on units that are organized into groups. It describes how strongly units
in the same group resemble each other. Sometimes, it is perceived as a type of correlation,
but unlike most of the other correlation measures, it operates on data structured as groups,
rather than data structured as paired observations [42].

Below is the comparative analysis performed for time parameters T30 and EDT, and
energy parameters C80 and C50.
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3.3.1. T30 and EDT

Table 4 shows the correlations between the measurement and the simulations with
ODEON and CATT-Acoustics of the temporal parameters T30 and EDT. In the case of T30,
both simulations show a moderate correlation with the measurement (ODEON 0.534 and
CATT-Acoustics 0.576), while there is a very high correlation between both simulations
(0.870). For EDT, the ODEON simulation shows a moderate correlation with the mea-
surements (0.544), while the correlation between the CATT-Acoustic simulation and the
measurement is low (0.285). On the other hand, the simulations between both pieces of
software have a moderate correlation (0.519).

Table 4. Correlations between measurement and simulations for T30 and EDT.

Measurement/ Measurement/ ODEON/
ODEON CATT-Acoustic CATT-Acoustic

T30 0.534 0.576 0.870
EDT 0.544 0.258 0.519

In Figure 10, the dispersion by frequencies of T30 and EDT is observed as a function of
the location of the source at the measurement point 1. For parameter T30, the measurement
results are those that represent a greater dispersion, while simulation results with ODEON
turn out to be the most stable. Furthermore, a decrease in dispersion can be observed in
medium and high frequencies both in the measurement and in both simulations. In the case
of EDT, simulation results with CATT-Acoustics represent the greatest dispersion, while
simulation results with ODEON remain the most stable.
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Figure 10. (a) Dispersion of T30 in measurement at point 1. (b) Dispersion of T30 in measurement at
point 1.

Table 5 shows the reliability statistic and the interclass correlation for T30 and EDT.
The internal consistency of T30 is good (0.8 < α ≤ 0.9), while that of EDT is questionable
(0.6 < α ≤ 0.7). On the other hand, T30 presents an interclass correlation coefficient with a
substantial degree of agreement (0.6 < ICC ≤ 0.7), while the degree of agreement for EDT
is regular (0.2 < ICC ≤ 0.4) .

Table 5. Reliability statistics and interclass correlation for T30 and EDT.

Cronbach’s Alpha Intraclass Correlation Index
(Single Measures)

T30 0.841 0.638
EDT 0.645 0.377

3.3.2. C80 and C50

Table 6 shows the correlations between the measurement and the simulations with
ODEON and CATT-Acoustics of energy parameters C80 and C50. In the case of C80, a high
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correlation is observed between the measurements and the simulation with ODEON (0.728)
and between both simulations (0.777). However, the correlation between measurement and
simulation with CATT-Acoustic is moderate (0.558). For the C50 parameter, a moderate
correlation is observed both between the measurements and the simulations (ODEON 0.643
and CATT-Acoustic 0.524), and between both simulations (0.683).

Table 6. Correlations between measurement and simulations for C80 and C50.

Measurement/ Measurement/ ODEON/
ODEON CATT-Acoustic CATT-Acoustic

C80 0.728 0.558 0.777
C50 0.643 0.524 0.683

Figure 11 shows the variation by frequencies of C80 and C50 as a function of the
location of the source for the measurement point 1. In this case, both measurements and
simulations present a lower dispersion compared to the results obtained for T30 and EDT.
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Figure 11. (a) Dispersion of C80 in measurement at point 1. (b) Dispersion of C50 in measurement at
point 1.

Table 7 shows the reliability statistic and the interclass correlation for C80 and C50.
The internal consistency in both cases is good (0.8 < α ≤ 0.9). On the other hand,
C80 presents an interclass correlation coefficient with a substantial degree of agreement
(0.6 < ICC ≤ 0.7), while the degree of agreement for C50 is moderate (0.4 < ICC ≤ 0.6).

Table 7. Reliability statistics and interclass correlation for C80 and C50.

Cronbach’s Alpha Intraclass Correlation Index
(Single Measures)

C80 0.858 0.668
C50 0.816 0.597

3.3.3. Sound Source Measurement

After the recordings in the anechoic chamber and the evaluation of the sound pressure
levels (SPL) at each direction (explained in Section 2.2.1), an interpolation (with splines) was
applied in order to obtain the SPL every 10 degrees, in accordance with the procedure used
by ODEON software and following the orientation of the maximum value (red point in
Figure 4).

Figure 12 shows the 3D sound source diagram for different frequencies in ODEON
software (the sound source in ODEON format (that is SO8) and CLF format can be down-
loaded from http://github.com/ACUSVIRT/Tribunal, accessed on 12 April 2022). After
the calibration of the model with an omnidirectional source, the auralization was achieved
with the bailiff’s sound source.

http://github.com/ACUSVIRT/Tribunal
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Figure 12. 3D sound source diagrams in ODEON software at different frequencies of the characterized
sound source.

3.4. Visual Simulation

In Figure 13, a view of the final result of the visual simulation is shown. To give the
simulation more realism, 3D models of people were incorporated to represent the members
of the Water Tribunal and the spectators. With the aim of disseminating the study carried
out, you can enjoy the virtual tour of the environment of the Water Tribunal on the official
page of the Virtual Acoustics Research Group (ACUSVIRT) [43].

(a) (b)

Figure 13. (a) Visual simulation overview of the environment of the Water Tribunal. (b) Detail of the
representation of a session of the Water Tribunal.
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3.5. Psychoacoustic Parameters

Taking into account the results and code obtained by Pastor et al. in [44], the audio
signal generated after the auralization was processed to compute the psychoacoustic param-
eters (that is, loudness, sharpness, roughness, fluctuation strength, and tonality—together
with the Zwicker’s psychoacoustic annoyance) with a specific software programmed in
Matlab [45]. Table 8 summarizes the computed values for the average value and standard
deviation for the different parameters.

Table 8. Average and standard deviation values of the computed psychoacoustic parameters for the
auralization of the bailiff sound source in the environment of the Water Tribunal.

Loudness
(Sone)

Sharpness
(Accum.)

Roughness
(Asper)

Fl. Strength
(Vacil)

Tonality
(-)

Psychoac.
Annoy.

Avg 8.99 1.31 0.06 0.44 0.13 11.17
Std 7.46 0.15 0.06 0.57 0.15 8.32

These values can be related to the subjective response evaluated with the public survey
based on the Swedish Soundscape Quality Protocol. In our case, a total of 30 surveys were
carried out, 61.5% of which were conducted by men and 38.5% by women. In addition, the
information on the age ranges of the respondents corresponded to those under 30 years of
age (7.7%), between 30 and 50 years of age (34.6%), and over 50 years of age (57.7%). The
statistical mode value of the description of the global soundscape is good (2), with average
equal to 2.3 and standard deviation equal to 1.2, while the statistical mode value in the
evaluation of the appropriateness of the global soundscape to the perceived environment is
very appropriate (4), with average value equal to 3.4 and standard deviation equal to 1.1.

Figure 14 shows the overall averages of the subjective ratings (on a scale of 1 to 5, where
1 is “strongly agree” and 5 is “strongly disagree”) for each of the respondents’ perceived
soundscape ratings. This figure shows that, in general, although listeners perceive the
soundscape as little annoying (4.03/1.37), little chaotic (4.19/1.05), and slightly exciting
(3.42/1.27) due to the perceived reverberation, they interpret it as monotonous (2.26/1.25)
and little active (2.46/1.48) as the auralized event just presents one main sound source,
which is the bailiff, but with the interpolated reverberation in each position. Therefore, the
environment is perceived as somehow pleasant (2.46/1.24) due to the ambient reverberation
that does not allow the source to be perceived properly at some points.

Figure 14. Survey with average response of perceived soundscape of the Water Tribunal.
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According to the average value of the psychoacoustic annoyance obtained in Table 8
compared with the results shown in [44,45], we found that the results in the survey are in
good accordance with the subjective perception, qualified as “little annoying”.

4. Conclusions

In view of the data obtained, the calibration carried out on the acoustic model in
both pieces of software, ODEON and CATT-Acoustic, is considered valid, presenting the
ODEON simulation with better JND values. These results show the applicability of the
tools and procedures used in closed spaces for the acoustic study of open and semi-open
heritage environments, being necessary to make certain adaptations. For the acoustic
simulation it was necessary to lift a closed model in which a 100% absorbent material
was applied to the surfaces representing the free field. This procedure was satisfactory,
in line with results obtained in similar investigations carried out in open and semi-open
environments [6–10,46,47].

In case of the Water Tribunal environment, it was convenient to perform the calibration
with the energy parameters C80 and C50, given that the temporal parameters T30 and EDT
present a greater variation depending on the location of the source and the receivers, in
contrast with the usual results in rooms and closed rooms [21]. The simulations carried out
with both pieces of software adequately reproduce the behavior of the temporal parameters
C80 and C50. On the other hand, it can be observed that the results of the T30 and EDT
parameters better fit the measurement at medium and high frequencies, while at low
frequencies there is a higher variation, which is in agreement with the results obtained by
Paini et al. in his acoustic study undertaken in an open environment [47].

The measurement of the bailiff source, together with its application to the acoustic
environment of the Plaça de la Verge (Virgin Square) in Valencia, allowed us to obtain a
dynamic auralization which was combined with the images of a pathway in the square, and
the result was a video which was presented with the soundscape survey. The soundscape
perception was evaluated through this survey containing the so-called Swedish protocol.
With this survey, applied to 30 listeners, we found that the environment was appreciated
just as a little chaotic and annoying, due to the reverberation, but quite pleasant as the main
source is highly appreciated in the auralization.

In this research, the application of virtual acoustics in the study of an open environment
of great heritage value was deepened. As a result, an analysis of the acoustic behavior of
this unique environment was performed. Likewise, the acoustic and visual simulation of
the surroundings of the Water Tribunal of the Plain of Valencia was obtained, disseminated
on the official page of the Virtual Acoustics Research Group of Universitat Politècnica de
València [43], which allows anyone to enjoy the acoustics and architecture of this unique
environment from anywhere.This is especially interesting in the current health emergency
situation caused by COVID-19, offering the possibility of remote tourism. Likewise, if, in
the future, the soundscape suffers alterations of any kind, a detailed compendium of visual
and sound information on its current state would be available, which would guarantee its
conservation and allow future generations to enjoy and study it.

As a future line of research, it is proposed to delve into the generation of interactive
acoustic and visual models in open environments, in which the viewer can move freely,
listening and observing the same as if they made a face-to-face visit. Currently, work is
being carried out on the development of interactive acoustic and visual models using the
Unity software.



Appl. Sci. 2022, 12, 4292 15 of 17

Author Contributions: Conceptualization, E.D.-R., J.S.-G. and A.G.-P.; methodology E.D.-R., J.S.-G.
and A.G.-P.; software, E.D.-R., J.S.-G., R.F.-J., S.C. and R.M.C.; validation, E.D.-R., S.C. and R.M.C.;
formal analysis, E.D.-R. and R.M.C.; investigation, E.D.-R.; resources, A.G.-P.; data curation, E.D.-R.;
writing—original draft preparation, E.D.-R.; writing—review and editing, E.D.-R.; visualization,
E.D.-R.; supervision, J.S.-G. and A.G.-P.; project administration, J.S.-G. and A.G.-P.; funding acquisi-
tion, J.S.-G. and A.G.-P. All authors have read and agreed to the published version of the manuscript.

Funding: This research was partially funded by Spanish Ministry of Science, Innovation and Uni-
versities, grant number BIA2016-76957-C3-3-R and by the Universitat de Valencia with the grant
UV-INV-AE-1550319.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Acknowledgments: We would like to thank the responsibles at the Cathedral of Valencia for the
collaboration in the measurement process. The authors would also like to thank Noelia Segura for
her expert proofreading.

Conflicts of Interest: The authors declare no conflicts of interest. The funders had no role in the
design of the study; in the collection, analyses, or interpretation of data; in the writing of the
manuscript, or in the decision to publish the results.

References
1. Katz, B.F.G.; Murphy, D.; Farina, A. Exploring cultural heritage through acoustic digital reconstructions. Phys. Today 2020,

73, 32–37. [CrossRef]
2. Pietroni, E. Mapping the Soundscape in Communicative Forms for cultural heritage: Between Realism and Symbolism. Heritage

2021, 4, 4495–4523. [CrossRef]
3. Bevilacqua, A.; Ciaburro, G.; Iannace, G.; Lombardi, I.; Trematerra, A. Acoustic design of a new shell to be placed in the Roman

amphitheater located in Santa Maria Capua Vetere. Appl. Acoust. 2022, 187, 108524. [CrossRef]
4. Sukaj, S.; Ciaburro, G.; Iannace, G.; Lombardi, I.; Trematerra, A. The Acoustics of the Benevento Roman Theatre. Buildings 2021,

11, 212. [CrossRef]
5. Chourmouziadou, K.; Kang, J. Acoustic evolution of ancient Greek and Roman theatres. Appl. Acoust. 2008, 69, 514–529.

[CrossRef]
6. Álvarez Corbacho, A.; Zamarreño García, T.; Galindo del Pozo, M.; Girón Borrero, S. Virtual acoustics of the Roman theatre of

Italica. In Proceedings of the TecniAcustica 2014, Murcia, Spain, 29–31 October 2014; Soc. Esp. Acustica: Madrid, Spain, 2014;
pp. 1229–1236.

7. Álvarez Corbacho, A.; Zamarreño, T.; Galindo, M.; Girón, S.; Bustamante, P. Virtual acoustics of the Roman theatre of Regina
Turdulorum. In Proceedings of the TecniAcustica 2015, Valencia, Spain, 21–23 October 2015; Soc. Esp. Acustica: Madrid, Spain,
2015; pp. 1515–1522.

8. Álvarez Corbacho, A.; Bustamante, P.; Zamarreño, T.; Galindo, M.; Girón, S. Virtual acoustic reconstruction of the Roman theatre
of Palmyra. In Proceedings of the TecniAcustica 2017, A Coruña, Spain, 4–6 October 2017; Soc. Esp. Acustica: Madrid, Spain,
2017; pp. 1225–1232.

9. Álvarez Corbacho, A.; Bustamante, P.; Girón Borrero, S.; Zamarreño García, T.; Galindo del Pozo, M. Acoustic reconstruction of
the Roman theatre of Cadiz. In Proceedings of the TecniAcustica 2018, Cadiz, Spain, 24–26 October 2018; Soc. Esp. Acustica:
Madrid, Spain, 2018.

10. Berardi, U.; Iannace, G.; Maffei, L. Virtual reconstruction of the historical acoustics of the Odeon of Pompeii. J. Cult. Herit. 2016,
19, 555–566. [CrossRef]

11. Ciaburro, G.; Iannace, G.; Lombardi, I.; Trematerra, A. Acoustic Design of Ancient Buildings: The Odea of Pompeii and Posillipo.
Buildings 2020, 10, 224. [CrossRef]

12. Fazenda, B.; Drumm, I. Recreating the Sound of Stonehenge. In Proceedings of the Acoustics of Ancient Theaters Conference;
Hellenic Institute of Acoustics, European Acoustics Association, Patras, Greece, 18–21 September 2011; pp. 18–21.

13. Lubman, D. Convolution-Scattering Model for Staircase Echoes at the Temple of Kukulkan. In Proceedings of the EuroNoise
—Acoustics’08 ASA–EEA–SFA Joint Congress, ASA–EEA–SFA, Paris, France, 29 June–4 July 2008; pp. 4161–4166. [CrossRef]

14. Azevedo, M.; Markham, B.; Wall, J.N. Acoustical Archaeology—Recreating the Soundscape of John Donne’s 1622 Gunpowder
Plot Sermon at Paul’s Cross. In Proceedings of the ICA 2013, Montreal, QC, Canada, 2–7 June 2013; International Commission for
Acoustics: Montreal, QC, Canada, 2013; Volume 19; p. 015133. [CrossRef]

15. Mascarell Navarro, M.J. El Tribunal de las Aguas de la vega valenciana y su proceso jurídico (The Water Tribunal of the Plain of
Valencia and its legal process). In El Tribunal de las Aguas de Valencia; Javier Boronat: Valencia, Spain, 2002; pp. 3–45.

http://doi.org/10.1063/PT.3.4633
http://dx.doi.org/10.3390/heritage4040248
http://dx.doi.org/10.1016/j.apacoust.2021.108524
http://dx.doi.org/10.3390/buildings11050212
http://dx.doi.org/10.1016/j.apacoust.2006.12.009
http://dx.doi.org/10.1016/j.culher.2015.12.004
http://dx.doi.org/10.3390/buildings10120224
http://dx.doi.org/10.1121/1.2934779
http://dx.doi.org/10.1121/1.4799054


Appl. Sci. 2022, 12, 4292 16 of 17

16. Núñez Sanmartin, A. La Puerta de los Apóstoles (The Door of the Apostles). In Análisis, Estudio y Restitución Gráfica de la Catedral
de Valencia antes de la Repristinación de 1972; Universitat Politècnica de València: Valencia, Spain, 2017; p. 13.

17. ISO 3382-1; Acoustics—Measurement of Room Acoustic Parameters. Part 1: Performance Rooms. ISO: Geneva, Switzerland, 2009.
18. ISO 12913-1:2014; Acoustics—Soundscape— Part 1: Definition and Conceptual Framework. ISO: Geneva, Switzerland, 2014.
19. ISO 12913-2:2018; Acoustics—Soundscape—Part 2: Data Collection and Reporting Requirements. ISO: Geneva, Switzerland, 2018.
20. ISO 12913-3:2019; Acoustics—Soundscape—Part 3: Data Analysis. ISO: Geneva, Switzerland, 2019.
21. Montell, R.; Giménez, A.; Cerdá, S.; Segura, J.; Cibrian, R.M.; Barba, A. Influencia de la localización de la fuente sonora en los

parámetros acústicos en la Catedral Metropolitana de Valencia (Influence of the location of the sound source on the acoustic
parameters in the Metropolitan Cathedral of Valencia). In Proceedings of the Acustica 2012, Ëvora, Portugal, 1–3 October 2012;
Soc. Esp. Acustica: Madrid, Spain, 2012.

22. Mitchell, A.; Oberman, T.; Aletta, F.; Erfanian, M.; Kachlicka, M.; Lionello, M.; Kang, J. The Soundscape Indices (SSID) Protocol: A
Method for Urban Soundscape Surveys—Questionnaires with Acoustical and Contextual Information. Appl. Sci. 2020, 10, 2397.
[CrossRef]

23. FARO Technologies Inc. FARO Laser Scanner FOCUS 3D. February 2013. Available online: https://downloads.faro.com/index.
php/s/CY5BS9Jd2JEf8YY (accessed on 11 April 2022).

24. FARO Technologies Inc. FARO SCENE User Manual. Available online: https://downloads.faro.com/index.php/s/
CJpAZrodftrR4q5?dir=undefined&openfile=114215 (accessed on 11 April 2022).

25. AutoDesk. AutoCAD Architect User’s Manual 2011. 2010. Available online: https://images.autodesk.com/adsk/files/autocad_
aca_user_guide_english.pdf (accessed on 11 April 2022).

26. Dalënback, D. CATT. Acoustics. Available online: http://www.catt.se/ (accessed on 12 December 2019).
27. Christensen, C. ODEON Room Acoustics Program; Version 10.1, User Manual, Industrial, Auditorium and Combined Editions;

ODEON A/S: Lyngby, Denmark, 2009.
28. Kleiner, M.; Dalenbäck, B.; Svensson, P. Auralization—An overview. J. Audio Eng. Soc. 1993, 41, 861–875.
29. Axelsson, O.; Nilsson, M.E.; Berglund, B. A Swedish instrument for measuring Soundscape Quality. In Proceedings of the Euro-Noise

2009: Action on noise in Europe, Edinburgh, UK, 26–28 October 2009; Institute of Acoustics: Milton Keynes, UK, 2009.
30. Axelsson, O.; Nilsson, M.E.; Berglund, B. A principal components model of soundscape perception. J. Acoust. Soc. Am. 2010,

128, 2836–2846. [CrossRef] [PubMed]
31. Axelsson, O.; Nilsson, M.E.; Berglund, B. The Swedish soundscape-quality protocol. J. Acoust. Soc. Am. 2012, 131, 3476. [CrossRef]
32. Cain, R.; Jennings, P.; Poxon, J. The development and application of the emotional dimensions of a soundscape. Appl. Acoust.

2013, 74, 232–239. [CrossRef]
33. Jeon, J.; Hong, J.; Lavandier, C.; Lafon, J.; Axelsson, O. A cross-national comparison in assessment of urban park soundscapes in

France, Korea, and Sweden through laboratory experiments. Appl. Acoust. 2018, 133, 107–117. [CrossRef]
34. Aletta, F.; Oberman, T.; Axelsson, O.; Xie, H.; Zhang, Y.; Lau, S.; Tang, S.; Jambrošic, K.; de Coensel, B.; van den Bosch, K.; et al.

Soundscape assessment: Towards a validated translation of perceptual attributes in different languages. In Proceedings of the
49th International Congress and Expo on Noise Control Engineering, Virtual Event, 23–26 August 2020.

35. Watcharasupat, K.N.; Jaratjarungkiat, S.; Lam, B.; Jitwiriyanont, S.; Akaratham, K.; Ooi, K.; Ong, Z.T.; Suthiwan, T.; Pichetpan,
N.; Rojtinnakorn, M.; et al. Quantitative Evaluation Approach for Translation of Perceptual Soundscape Attributes: Initial
Application to the Thai Language. arXiv 2022, arXiv:2203.12245.

36. Vorländer, M. Auralization: Fundamentals of Acoustics, Modelling, Simulation, Algorithms and Acoustic Virtual Reality; Springer:
Berlin/Heidelberg, Germany, 2008; pp. 304–310.

37. Ahearn, M.J.; Schaeffler, M.J.; Celmer, R.D.; Vigeant, M.C. The just noticeable difference of the clarity index of music, C80. J.
Acoust. Soc. Am. 2009, 126, 2288. [CrossRef]

38. Höhne, R.; Stroth, G. Zur Wahrnehmbarkeit von Deutlichkeits- und Durchsichtigkeitsunterschieden in Zuhörersälen (The
visibility of definition and clarity parameters in concert halls). Acustica 1995, 81, 309–319.

39. Witew, I. Is the perception of listener envelopment in concert halls affected by clarity? Energy 2006, 1, R1.
40. Bradley, J.S.; Reich, R.; Norcross, S.G. A just noticeable difference in C50 for speech. Appl. Acoust. 1999, 58, 99–108. [CrossRef]
41. Sanmartín, R.; Lopetegui, K.; Arana, M. Determinación del Just Noticeable Difference (JND) de parámetros acústicos mediante

Campos Sonoros Reales (Determination of the Just Noticeable Difference (JND) of acoustic parameters using Real Sound Fields).
In Proceedings of the TecniAcustica 2009, Cadiz, Spain, 23–25 September 2009; Soc. Esp. Acustica: Madrid, Spain, 2009.

42. Cohen, L.; Manion, L.; Morrison, K. Research Methods in Education; Routledge (Taylor & Francis Group): London, UK, 2018.
43. Research Group in Virtual Acoustics at UPV-UVEG. El Tribunal de las Aguas (The Water Tribunal). 2020. Available online:

http://www.upv.es/contenidos/ACUSVIRT/info/1091226normalc.html (accessed on 9 September 2020).
44. Pastor-Aparicio, A.; Segura-Garcia, J.; Lopez-Ballester, J.; Felici-Castell, S.; García-Pineda, M.; Pérez-Solano, J.J. Psychoacoustic

Annoyance Implementation with Wireless Acoustic Sensor Networks for Monitoring in Smart Cities. IEEE Internet Things J. 2020,
7, 128–136. [CrossRef]

45. Segura-Garcia, J.; Lopez-Ballester, J.; Pastor-Aparicio, A. URPAA: Urbauramon Psycho-Acoustic Annoyance Analyzer. 2019.
Available online: https://github.com/jausegar/urbauramon/tree/master/URPAA (accessed on 19 April 2022).

http://dx.doi.org/10.3390/app10072397
https://downloads.faro.com/index.php/s/CY5BS9Jd2JEf8YY
https://downloads.faro.com/index.php/s/CY5BS9Jd2JEf8YY
https://downloads.faro.com/index.php/s/CJpAZrodftrR4q5?dir=undefined&openfile=114215
https://downloads.faro.com/index.php/s/CJpAZrodftrR4q5?dir=undefined&openfile=114215
https://images.autodesk.com/adsk/files/autocad_aca_user_guide_english.pdf
https://images.autodesk.com/adsk/files/autocad_aca_user_guide_english.pdf
http://www.catt.se/
http://dx.doi.org/10.1121/1.3493436
http://www.ncbi.nlm.nih.gov/pubmed/21110579
http://dx.doi.org/10.1121/1.4709112
http://dx.doi.org/10.1016/j.apacoust.2011.11.006
http://dx.doi.org/10.1016/j.apacoust.2017.12.016
http://dx.doi.org/10.1121/1.3249382
http://dx.doi.org/10.1016/S0003-682X(98)00075-9
http://www.upv.es/contenidos/ACUSVIRT/info/1091226normalc.html
http://dx.doi.org/10.1109/JIOT.2019.2946971
https://github.com/jausegar/urbauramon/tree/master/URPAA


Appl. Sci. 2022, 12, 4292 17 of 17

46. Santander Pantioso, A.; García Pérez, I.; Aspuru Soloaga, I.; Herranz Pascual, K.; Viñez, F.; Bustamante Fernández, M.T. Diseño de
soluciones de confort acústico para el espacio bajo viaducto de la plaza Rekalde de Bilbao (Design of acoustic comfort solutions
for the space under the viaduct of Rekalde square in Bilbao). In Proceedings of the TecniAcustica 2015, Valencia, Spain, 21–23
October 2015; Soc. Esp. Acustica: Madrid, Spain, 2015; pp. 1374–1381.

47. Paini, D.; Rindel, J.H.; Gade, A.C.; Turchini, G. The acoustics of public squares/places: A comparison between results from a
computer simulation program and measurements in situ. Inst. Noise Control Eng. 2004, 7, 825–832.


	Introduction
	Materials and Methods
	Data Collection
	Geometric Data Collection
	Acoustic Data Collection

	Acoustic Simulation
	Acoustic Model Building and Calibration

	Auralization
	Visual Simulation
	Public Survey

	Results and Analysis
	Soundscape Acoustics
	Just Noticeable Difference (JND)
	Statistical Analysis of Results
	T30 and EDT
	C80 and C50
	Sound Source Measurement

	Visual Simulation
	Psychoacoustic Parameters

	Conclusions
	References

