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Abstract

Depending on the type of configuration to be adopted there are multiple forms of occupation of a
cathedral which can significantly influence the acoustic environment. As a result, several activities
with different acoustic requirements, including preaching and the musical performance of a song or
piece can coexist during the same ceremony. Therefore, the requirements needed to achieve

suitable acoustic conditions may vary depending on the type of configuration.

This article presents the development of the multiple spaces inside the cathedral of Seville, the
largest Gothic church in the world. The aim is to evaluate the acoustic environment of the
cathedral, which has an exceptional multifunctional character, in terms of the different
configurations generated inside for concerts and other unique ceremonies, as well as the varied
arrangement of the sound sources to meet the requirements of these events. The in situ acoustic
measurement carried out in the cathedral enabled the assessment of the current acoustic
conditions. In addition, the use of virtual simulation tools made it possible to recover the sound of
past times and to establish its potential in future intervention projects. The evaluation of various
configurations established the effects of the occupation, of decoration in the acoustic environment,
and of different choral and instrumental musical motifs. This analysis was carried out taking into
consideration the objective acoustic parameters contained in ISO 3382 and a subjective approach
to the temporal and spatial factors. According to this analysis in a large multifunctional building
such as the cathedral of Seville there is no general preference for a specific music motif given that
the subjective perception of the sound field depends on the type of configuration, while occupation

varies depending on the purpose of the event.

Keywords: Virtual acoustics, religious music, worship acoustics, cultural heritage, cathedral of

Seville.
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1. Introduction and objectives.

The acoustic complexity of cathedral spaces is due partly to their geometry, materials, and
multifunctional character. The wide range of options for the occupation of a cathedral requires the
potential evaluation of the suitability of these churches as venues for events, depending on aspects
such as the position of the sound source [1], the configuration of the space [2], the percentage of
occupation [3] and the decoration [4, 5], as well as the type of activity carried out [6, 7], both choral
and instrumental [8]. In recent years, there has been an increase in the number of studies on the
acoustic conditions of worship spaces [1, 2,9], mainly examining their current state [10, 11, 12].
However, there is little research analysing the behaviour of these spaces in the past, taking into

account the multiple configurations within the single space [6].

From an architectural perspective, the choir of the cathedral is crucial in generating and
transforming interior church spaces. On occasion, the shape and location of the choir lead to major
modifications of the interior spaces, as in the case of Seville cathedral, which follows what is
known as the "Spanish configuration" [13]. Several Spanish cathedrals, following the
recommendations of the Council of Trent, moved the choir space from the centre of the nave to
other locations around the presbytery, prompting major spatial and acoustic transformations [2]. In
other European typologies the positioning of the choral space marks the main difference in relation
to the Spanish model. Unlike the Spanish model, the other two European models allow for the
occupation of large audiences along the central nave in all kinds of celebrations, with the source

located on the Main Altar.

In the cathedral of Seville, the choir is located in the centre of the church, dividing the central nave
into two differentiated areas. One of the areas in front of the presbytery creates a space for
preaching where the voice can carry from the pulpits reaching the audience in an acceptable
manner. As analysed in a previous study [14], the position of the choral space prevents the depth
of the central nave from being used making it necessary to find a configuration that can
accommodate a large audience. The different forms of occupation in the cathedral have created
multiple spatial configurations to adapt the acoustics of the space to the necessary requirements to

ensure suitable acoustic conditions [15].

An acoustic model was used for the development of the study, and was calibrated based on onsite
measurements inside the cathedral, following the methodology established for this type of large
historical space [8,16,17]. In addition, virtual simulation tools were used to create past
configurations, allowing the recovery of sound from past eras [14, 15,18], and the discovery of a
method for achieving suitable acoustics in future intervention projects, obtaining the results of the

acoustic parameters analysed.

The main aim of this article is the objective and subjective assessment of this acoustic environment
for music in the multiple spaces that are part of a Spanish cathedral, in this case Seville, the largest
Gothic church in the world. Given the multifunctional nature of the cathedral, the results are
evaluated for different configurations with various source positions established. Equally, this paper

analyses the influence of the occupation and the ephemeral architecture incorporated for individual



events, the performance of different pieces of music for the same scenario, and the adaptation of
several spatial configurations for the same piece of music, which will allow the optimal configuration

for this typology to be determined.

2. Multiplicity of spaces

Since its construction, the cathedral of Seville has become the most emblematic representative of
the cultural heritage of the city, even being used as the model of the Spanish cathedral type
exported to Ibero-America. This exceptional model promotes the celebration of great ceremonies,
especially liturgical-religious ones, indoors. Although the cathedral was conceived as a space of
great historical and heritage value, this is no impediment to its multifunctionality, which allows for
the development of individual civil events. In this regard, the cathedral of Seville should be
understood not as a single space, but as a series of different spaces with their own acoustic

characteristics and function, both liturgical and cultural.

The interior space of the cathedral is articulated around two main longitudinal and perpendicular
axes: the central nave and the transept. In addition, the central position of the choir stalls breaks up
the space in the main nave, generating a new space, the frascoro. Figure 1 shows how the
different zones inside the cathedral are organised. For centuries, the multifunctionality of the
cathedral space has meant that numerous events have been held in each of the zones generated
within the cathedral. In this study, numerous existing configurations have been analysed in different
historical stages and in past, present, and future forms. Each configuration corresponds to a virtual

model (M) acoustically analysed in the results section.

Figure 1 provides an understanding of the two ways in which the liturgical space can be analysed.
These ceremonies have been developed fundamentally along the two main perpendicular axes of
the interior cathedral space: the central nave and the transept. Different zones were used
depending on the type of event held, as well as the occupation and space requirements. Figure 2
shows the configurations adopted inside the cathedral of Seville for the main celebrations that have
taken place up to the present and analysed in this work. The sound source positions most
frequently used throughout history in the most common events celebrated inside the cathedral are

as follows:

e Source S1: Main Altar [19]: During the 16th century, the few documented events were held
mainly in the Main Altar. This configuration follows the traditional way in which the liturgical
space was used. This source position is the one used in the calibrated model reproducing

the current state of the cathedral.

Events at S1: this source was used for spatial transformations carried out centuries ago for
major festivities such as the Royal Coronation in the 17th century (Model M1), and Easter,
in the 16th century (Model M2) [20,21]. It is also important to note the luxurious displays
set up for these festivities, transforming the inner space of the cathedral and noticeably

affecting the acoustics.



e Source S2: Trascoro: this area was originally occupied by the congregation, who remained

separate from the presbytery and choir and did not take part in the liturgy.

Events at S2: Liturgical celebrations held, both ordinary and annual [22], evaluating the

occupation and the position of ephemeral architecture (Models M3 and M4).

e Source S3: Transept [11]: this source position noticeably increases the areas suited to the

presence of the audience, taking advantage of the depth of the transept nave.

Events at S3: it should be noted that at present configurations are adopted for holding
massive concerts, with an audience of up to 2000 (Easter Miserere model M5 and the
Messiah model M6) [23]. Two configurations conceived as future interventions and
incorporating proposals for improvement compatible with the heritage character, are also
analysed (Models M7 and M8).
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Figure 1. Plan of cathedral of Seville with delimitation of zones. Location of sound sources (S) and

receiver points (R) during in situ measurements.
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Figure 2. Configurations adopted inside the cathedral of Seville: a) M1; b) M2; ¢c) M3 and M4; d)
M5; e) M6; f) M7 and M8.

3. Methodology

Acoustic simulation based on acoustic measurement results is a highly useful tool for predicting the
indoor acoustic environment of a space where it is impossible to reinstall ephemeral interventions
used in the past. Thus, this technique also allows historic acoustic behaviour to be assessed by

offering the chance to recover the sound field of a centuries-old space.

The methodology followed in this work begins with the development of an experimental technique

that enables the evaluation of acoustic conditions of the individual spaces of the cathedral. The



acoustic parameters obtained from measurements are used for the initial calibration of the
simulation model for analysis. Subsequently, several acoustic models were created for the
reproduction of configurations adopted at specific moments (M1-M8) in order to assess the effects
of occupation, decoration and type of musical piece performed. Thus, sound space reconstruction
was recreated virtually and the main acoustic parameters calculated for the comparison of the
acoustic sound field of all the configurations specified. Moreover, a study of early reflections and an
analysis of the relationship between subjective qualities and the measured acoustic parameters

were also carried out.
3.1 Experimental technique

Room impulse responses were obtained in order to characterise the current indoor acoustics of the
cathedral of Seville. In this regard, acoustic measurements were carried out at night in the
unoccupied cathedral following the guidelines of 1ISO 3382-1 [24]. The procedure is explained in
depth in [14]. Thanks to the low background noise values registered, Impulse response to Noise
Ratio (INR), a parameter normally used to determine the quality of the signal recorded and to give
a reliable calculation for the acoustic parameters, values over 45 dB were obtained in each
frequency band, thus establishing the suitable quality of the signal recorded. In turn, this made it

possible to calculate the acoustic parameters reliably [25].

A sine sweep signal was emitted from an omnidirectional dodecahedronsource S (AVM DO-12),
with frequency increasing exponentially over time. Commercial software (WinMLS2004) was used
together with an audio interface (EDIROL UA-101) to generate the sweep signal, with a duration
set to 20 s and covering a frequency range from 63 to 16 kHz using a power amplifier (B&K 2734).
The sound source was located at the three positions analysed in this study at a height of 1.50
metres from the floor. Impulse responses were recorded using a multi-pattern microphone (Audio-
Technica AT4050/CM5), placed at a height of 1.20 metres at different points throughout the

audience area.

3.2 Model calibration and acoustic simulations

SketchUp 3D modelling software was used to create a virtual acoustic model of the cathedral of
Seville, based on plans and sections which describe the complex geometry of its interior space.
The model, with an approximate volume of 200,000 m3, was exported to CATT-Acoustic v9.0 [26]
to carry out the acoustic assessment. The acoustic simulation used TUCT v1.0d software, a
calculation engine known to be effective in the prediction of the acoustic parameters [27]. The
number of rays used in the simulations was determined manually (300,000), after tests showed the
number of rays was sufficient and converged. The length of the room impulse response, that is to
say the truncation time, was also set manually, since it should be longer than the measured

reverberation time (7 s).

The effects of reducing the area and sound dispersion associated with this simplification are

compensated for by assigning suitable scattering coefficients to each surface. The geometrical



simplification of the ornate decoration significantly reduced model computation time, allowing the
sound diffusion generated by a large percentage of surfaces to be classified. There are two main
reasons for scattering: i) surface irregularity, as given in absorption; and ii) surface scattering is
greatly dependent on size versus wavelengths. A small irregular surface will therefore have both.
However, with frequency the first consideration typically increases while the second decreases. In
this regard, the small size of surfaces in relation to wavelength should be taken into consideration.
In addition, scattering coefficients have frequency dependence, an important aspect in such a

highly ornamented place.

In this study, the average scattering requires the application of different grade scales adopted
depending on the measurements of the irregularities of the area considered. Scattering values vary
from 12-18% in the 125Hz - 4kHz range, suitable only for non-ornamented medium-sized surfaces,

to 55-80% in the same range when an audience is present.

It should be noted that the absorption in this model is almost the same in three quarters of the
surface since stone masonry is the main material in the space. In addition, ornamentation and
decoration have considerable influence on the absorption of the cathedral and by extension, on its
acoustic parameters. It has been confirmed that scattering has little effect on Ty, although when
highly absorbing surfaces are introduced in the model, scattering becomes much more important
and affects Tzg. Even with uniform absorption, as in the reference case, scattering affected

prediction of measures of parameters influenced by early reflections, such as Cgo.

A complete calculation of all the acoustic parameters was carried out to verify the acceptability of
the results obtained. The simulation process for the calibration of the 3D model was based on an
iterative algorithm resulting from the assignment of estimated absorption and scattering
coefficients. The acoustic properties of each of the new surfaces were obtained from contrasted
bibliographical sources [14]. Table 1 shows initial absorption and scattering coefficients assigned to
the materials used in all configurations, along with the basis for selection. Differences in the
threshold of perception between measured and predicted values of the main acoustic parameters
were determined in terms of the just-noticeable difference (JND), defined as the smallest
perceptible difference of a specific sensory stimulus. In this work, comparisons between measured
and calculated values mainly show differences lower than 1 JND for T3 (5%), and less than 2
JNDs for evaluating other parameters. However, given the differences in the threshold of subjective
perception the estimated consideration for widely reverberant spaces must remain flexible, as
noted by Martellotta [28]. The initial acoustic model was validated following the calibration process
described extensively in [14]. Figure 3 compares measured values and the corresponding values
calculated under the same conditions as well as standard errors in order to confirm the basis of the
calibration process. Thus, a solid basis was established for the simulation of acoustic behaviour of

the past configurations adopted in the cathedral.



Table 1. Sound absorption and scattering coefficients associated with the main materials used
in all configurations.

Material 125Hz 250 Hz 500 Hz 1 kHz 2kHz 4kHz

Finishing materials

a 0.13 0.13 0.13 0.14 0.16 0.16
0.12 0.13 0.14 0.15 0.16 0.17
0.01 0.01 0.01 0.02 0.02 0.02
0.12 0.13 0.14 0.15 0.16 0.17
0.13 0.13 0.13 0.14 0.16 0.16
0.20 0.25 0.30 0.35 040 045
0.10 0.10 0.10 012 014 0.14
0.12 0.13 0.14 0.15 0.16 0.17
0.13 0.12 0.08 0.07 0.06 0.04
0.12 0.13 0.14 0.15 0.16 0.17
0.12 0.12 0.15 0.15 0.18 0.18
0.30 0.40 0.50 0.60 0.70 0.80
0.11 0.13 0.28 045 029 0.29
0.12 0.13 0.14 0.15 0.16 0.17

Stone masonry* [29]

Floor marble [30]

Stone mouldings*

Royal Chapel masonry*

Windows [31]

Wood in Choir stalls [32]

Carpet on wood flooring [33]

w Q »u Q »u Q »u Q »u Q u Q o

Decoration

0.12 0.12 0.15 0.15 0.18 0.18
0.30 0.40 0.50 0.60 0.70 0.80
0.12 0.14 0.16 0.16 0.16 0.16
0.30 0.40 0.50 0.60 0.70 0.80
0.08 0.08 0.30 0.60 0.75 0.80
0.12 0.13 0.14 0.15 0.16 0.17
0.10 0.15 0.18 0.20 0.20 0.20
0.12 0.13 0.14 0.15 0.16 0.17
0.03 0.12 0.15 0.23 037 042
0.30 0.40 0.50 0.60 0.70 0.80
0.06 0.10 0.38 0.63 0.70 0.73
0.12 0.13 0.14 0.15 0.16 0.17
0.20 0.25 0.30 0.35 040 0.50
0.12 0.13 0.14 0.15 0.16 0.17

Wooden altarpieces [32]

Organ [31]

Carpets [33]

Canvas [4]

Cotton curtains folded 7/8 area [30]

Densely woven window curtains 9 cm
from Wall [30]

Lightweight curtains >1 m from wall [34]

w Q nu Q »nu Q nu Q »nu Q u Q nu Q

Pews. chairs and audience *

Wooden chairs [30] a 0.12 0.12 0.15 0.15 0.18 0.18
Plastic chairs [30] 0.06 0.10 0.10 0.20 0.30 0.20
Wooden pews [30] 0.10 0.15 0.18 0.20 0.20 0.20
Upholstered pews [30] 0.30 0.32 0.27 0.30 0.33 0.33
Occupied wooden seats [30] 0.24 040 0.78 098 0.96 0.87
Occupied plastic seats [35] 0.30 0.50 0.80 0.80 0.90 0.80
Occupied wooden pews [36] 0.23 0.37 0.83 099 098 0.98
Standing audience (2 pers/m2) [30] 0.26 0.46 0.87 099 0.99 0.99

Q Q Q Q Q Q Q

*Scattering coefficients for audience 0.55, 0.60, 0.65, 0.70, 0.75, 0.80
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Figure 3. a) Comparison between measured and simulated values: Spectral behaviour of spatially
averaged acoustic parameters T3y and EDT; c) Values of individual seat positions respect to

source-receiver distance: b) Cgo, ¢) Ts and d) J.¢.

New virtual models were created to reproduce past configurations adopted in the cathedral of
Seville (Figure 2), with Table 2 providing descriptions of individual configurations. Some changes
required the incorporation of new elements such as decoration and / or an audience area. Other
interventions required variations in the sound source position depending on the different types of
music performed. RIRs from all source positions enabled the development of a detailed analysis of

various spatial transformations.

3.3 Acoustic parameters

Objectively, the most recurrent acoustic evaluation method and the acoustic parameters usually
considered are those presented in ISO 3382-1 [23]. Based on this approach, most studies measure
acoustic parameters in several positions and calculate average values and standard deviations of

these parameters to describe the acoustic quality of the space [37].



In contrast, from the subjective position, scientific contributions from researchers have identified
different methods for acoustic assessment. Evaluation of the acoustic behaviour of a worship
space is difficult to quantify, given that certain authors have shown that it has an important
perceptive consideration, as well as a variability dependent on factors such as size of the room,
musical motif, or the purpose of the event. One of the most frequent evaluation methods, also used
in this work, is the discrimination of the subjectively perceived sound, which is discussed in terms
of JND [38]. In addition, it has been verified that spatial impression can be divided into several
perceptual properties, such as spaciousness, size impression, and reverberation [39]. At present,
virtual reality techniques are also applied to combine sound and visual perception within worship
spaces. Postma and Katz present an overview of the different essential elements needed to
achieve an immersive experience by carrying out a subjective judgement of measured and
simulated RIR auralizations [17]. Ando stated that the acoustic properties at specific seats in a
space should be evaluated in relation to the subjective preferences of the audience, and it was
found that the individual differences in subjective preference for orthogonal acoustical parameters
and the audience can potentially identify the preferred seat [40]. Ando’s model of hearing is based
on brain activities and implies that the sound-processing capabilities of human’ brains have a

noticeable effect on the description of subjective parameters.

In this work, the acoustic analysis of the multiple configurations of the cathedral of Seville was
carried out by evaluating the acoustic environment both in terms of the objective acoustic
parameters defined in 1SO 3382-1 [24], and of the four orthogonal parameters for subjectively

perceived sound in the temporal design of the sound field [40,41].
The parameters considered in the objective analysis are as follows:

- The quantification of the reverberation is presented through the analysis of the time
parameters, that is to say, reverberation time (T3p) and Early Decay Time (EDT). T3, was
the main factor considered in the calibration process, but also other parameters such as
Cso, Dsp and Ts were also taken into account [14].

- The analysis focuses primarily on the musical quality of the cathedral, given the wide
variety of music performed there. This study therefore focuses on the values provided by
parameters such as clarity (Cgo), which measures the range of the listening perception for
musical performance, and the centre time (Ts), associated with the balance between early
and late energy reaching the receiver.

Given the links discovered between acoustic parameters and perceptive aspects of human hearing,
the hearing model defined by Ando [40] was taken into consideration in subjective analysis. In this
study, Ando’s method was used because temporal data are considered to contain information on
important musical qualities, a factor to be taken into account when assessing musical purposes of

configurations adopted in the Cathedral of Seville. The following parameters are considered:
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Table 2. Configurations adopted inside the cathedral of Seville

Model Sound source | Configuration Period Audience | Decoration

M1 S1 - Main | Royal Canonization 16th century Medium Dense
Altar

M2 S1 - Main | Easter 16th century Medium Medium
Altar

M3 S2 - trascoro Liturgical ceremonies 20th century Slight Slight

M4 S2 - trascoro Liturgical ceremonies 20th century Massive Medium

M5 — | S3 - Transept Musical concerts 21st century Massive Slight

M6

M7 — | 83 - Transept Improvement proposals | Future project | Massive Medium

M8

- Temporal factors: The delay of first reflection (At1), defined as the physical time between
the direct sound perceived by the listener and the first reflection; and the subsequent
reverberation time of the signal after the early reflections (Tsub), which coincides with T3
and is calculated following conventional procedures.

- Spatial factors, Listening Level of sound (LL), coincides with SPL (A-weighted) and
describes the spatial distribution inside the cathedral; while Inter Aural Cross Correlation

(IACC) measures the similarity in sound signals arriving at each ear of the listener.

3.3.1 Subjective preferred conditions

The spatial complexity and unique geometry and materials that characterize the cathedral of Seville
make it difficult to determine the optimal values of acoustic parameters for speech or musical
performance within a cathedral space. Given the shortage of references relating to subjectively
preferred sound qualities in large spaces, the optimal values recommended for large concert halls
proposed by Gade [42] were considered for the objective analysis, displaying some flexibility in

establishing the ideal ranges of sound quality of the cathedral.

When applying the orthogonal parameters defined by Ando it is necessary to first calculate the
corresponding scale value of preference (Si-value) which determines the approach to the preferred
listening conditions. The majority of the preferred conditions are defined based on the actual
duration of the autocorrelation envelope (te), which is largely dependent on the type of sound
signal emitted, that is to say, the type of music repertoire. Martellotta established a value of 26 and
90 ms for Gregorian and Alleluia chants, respectively, and 70,136 and 150 ms for orchestral music,
in this case Bruckner's Romantic Symphony, Mozart’s Overture, and organ, respectively (Table 3).
These values confirm that subjective sensation is greatly dependent on the individual piece of
music performed. In fact, subjective preferred conditions for certain acoustic parameters including
Cgo and Ts inside an ecclesial space can differ in relation to less reverberant spaces [43]. The

research conducted by Ando [44] provides a detailed calculation process which was later adapted
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to church spaces, where a simplified approach was followed, assuming the preferred delay time
(Atyp) equal to the Te value resulting from the various pieces of music [2,40].

Table 3. Values of temporal factors depending on the individual piece of music.

Music [At1]p [Tsub]p
Gregorian 90 ms 2.09s
Chant
Alleluia 26 ms 06s
Mozart’s Overture 70 ms 16s
Instrumental ,
orchestral Bruckner’'s Symphony 136 ms 3.08s
Organ 150 ms 3.70s

Conventionally, the preferred listening level of sound is evaluated assuming that the sound level is
at a specific point of the audience area. In the case of the cathedral, this is considered to be a point
located in the middle of the audience area, 15-20 metres from the sound source. Finally, it should
be noted that a recent work [45] has shown that perception of the IACC parameter in large

reverberant spaces is not greatly influenced by the dissimilarity of signals arriving at each ear.

4. RESULTS.

In this section, the multifunctional character of the cathedral of Seville is evaluated through the
analysis of the various configurations adopted (Figure 2, Table 2), considering different positions of
sound source, occupation, decoration and musical performance. Acoustic analysis was divided into
two stages: the initial evaluation of objective acoustic parameters followed by a subjective analysis,

taking into consideration the temporal and spatial factors studied by Ando [29].

4.1 Acoustic assessment of the configurations

Table 4 shows the spectral values of T3, (s) and EDT (s) obtained from measurements, and
spatially averaged for each source position considered in this research. As stated in Table 5, the
multiplicity of different zones inside a single space is determined when analysing T3 and EDT, as
mean values vary depending on the zone assessed. In the case of T30 a difference of 1 JND is
observed in the trascoro compared to the other areas, while a difference of up to 4 JND is
observed for EDT. This can be explained by the creation of a space delimited by walls, where there
is an increase in the first reflections on the stone surface. The results of the parameters in 1ISO
3382 indicate the high reverberation of the cathedral, and are 2 seconds away from 2.8 s, the

optimum value considered based on the theoretical values proposed by Beranek [46]. However, it
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can be observed that values are lower than those usually obtained in this type of worship space.

One of the reasons for this is the high porosity of stone, a material which covers three quarters of

the cathedral. The low density of early reflections in several of the points considered involves a

reduction of 0.5 s in EDT with respect to T3, The evaluation of Cgy is also far from the

recommended values. The results reflect the deficient acoustic conditions in the unoccupied space

hypothesis.

Table 4. Spectral values of Early Decay Time (s) obtained from spatially averaged measurements
(M), for each position of the source.

Frequency (Hz) Taom
Sound source

125 250 500 1000 2000 4000 EDT n

s Tso 5.88 5.64 5.16 4.42 3.53 2.70 4.79
EDT 457 453 4.02 3.33 2.68 1.99 3.67

o Tso 5.89 5.66 5.34 4.74 3.82 2.91 5.04
EDT 5.03 5.28 4.88 4.38 3.50 2.63 4.63

3 Tao 5.77 5.51 5.09 4.37 3.49 2.61 473
EDT 4.70 4.90 4.54 3.89 3.27 2.57 4.22

In contrast, the assessment of the different configurations adopted in different time periods (Figure

2) is analysed taking into consideration each of the sound sources. Table 5 shows calculated

values for each condition for direct comparison and to ensure the transparency of the simulated

results while Figure 4 depicts the differences between spatially averaged values of all

configurations expressed in JND:

Source S1: After the evaluation of the past spatial transformations for major festivities (M1
and M2), unique differences are observed in the results. The inclusion of extensive
ephemeral architecture during the Royal Canonization (M1) reduces Tz by 5 JNDs and by
close to 4 JNDs in the case of EDT. Variations of 2 and 4 JNDs can also be observed for
the other parameters, Cgo and Ts respectively. In the case of the adoption of configuration
M2, with textiles closing off the entrances to the side chapels, a greater acoustic influence
is observed, with a decrease of 6 JNDs with respect to the current state model. Despite
incorporating a smaller area of textile material than in M1, and the textile being of lower
density, a large percentage of sound energy is obstructed inside the chapels as a result of
the virtual reduction in volume due to the chapels being closed off with energy-absorbing
and -transmitting fabrics. However, the occupation area, with similar percentages in M1
and M2, does not generate significant acoustic changes compared to those produced after
the inclusion of decoration.

Source S2: The configurations adopted in the trascoro (M3, and M4) are evaluated and
following the assessment of the results it is concluded that the occupation of 160 m? of the
central nave (M3) reduces the EDT parameter with respect to the current state model by
almost 1 s. In the case of the other acoustic parameters, more satisfactory values are also

obtained, with an increase of almost 2 JNDs in Cg in points close to the source, or of 1
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JND in receivers located at 20 metres. After the addition of textile hangings on the pillars
an improvement of 2 JNDs is noted in the 1 kHz band of the EDT parameter. In addition,
when considering massive occupation (M4) (1000m?2 of area), there is a remarkable
variation, reaching differences higher than 3 JNDs for Cgy, with acceptable values 30
metres from the source. However, the lack of direct sound due to the presence of
numerous 3-metre-wide pillars impedes suitable acoustic conditions in a large percentage
of the area occupied by the audience.

» Source S3: The adaptation of the indoor space to the massive concert configurations (M5
and MB6) increases acoustic absorption due to the audience. This implies a difference of up
to 4 JNDs with respect to the current state model in parameters that evaluate
reverberation, such as T3, and EDT. In the case of Cgy, acceptable values are considered
up to 30-35 m of distance from the source. In the case of Ts, the most significant
differences are observed at the points located close to the source, diminishing from 25
metres.

The partial achievement of the recommended acoustic conditions requires the
incorporation of improvement proposals (M7 and M8). The delimitation of an audience area
and the arrangement of an ephemeral grandstand to accommodate the furthest positions
of audience (M7) reduce the objective reverberation time by up to 1 second. In contrast,
the use of heavyweight textiles to cover a large percentage of the stone finishes further
reduces T3 to 5 JNDs. This significant decrease in reverberation is the closest to the
optimal values considered. In the case of Cg and Ts, it is worth highlighting the results
obtained at the receiver points located in the stand, where the sloping surface generates
an increase in early reflections. Therefore, although EDT is slightly higher than the average
optimum time, the acoustic conditions of the M7 and M8 configurations can be considered

to be acceptable proposals.

Table 5. Simulated results for each configuration of main acoustic parameters.

M1 M2 M3 M4 M5 M6 M7 M8

Tao 3.39 3.84 4.21 3.29 3.90 3.81 3.91 3.53
EDT 3.06 3.24 3.25 2.64 3.07 3.19 2.87 2.62
Cso 1.81 1.19 -0.34 2.58 -0.12 -0.20 0.20 1.66
Ts 140.2 154.0 190.9 152.4 163.6 168.3 151.7 128.5
10,00 T === e e e
9.00 1 T30 MEDT
800 ' mceo miTs
7.00 1

a 600

Z 500 -
4.00
3.00 1
2.00 -
1.00 A
0.00 - . " r " " T "

M1 M2 M3 M4 M5 M6 M7 M8

Receiver

Figure 4. Differences in JND between spatially averaged values of all configurations (M1 to M8).
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Figure 5. Spectral behaviour of T3, spatially averaged for each configuration.

4.1.1 Subjective assessment of the effect of audience and decoration considering various source

positions

The analysis of the past configurations detailed below follows an approach which considers the
temporal and spatial factors. Firstly, the analysis considers the different historical transformations
with the same sound source location, so that it is possible to focus directly on the variations of the
model configurations (addition of audience or decoration). Secondly, the assessment compares the
results when the sound source varies the position in the cathedral, paying particular attention to the
values obtained in receivers that are present in all configurations in order to be able to highlight the

preferred configuration for improving acoustic conditions.

In the first part of the analysis, it was possible to observe which model was acoustically more
suitable by analysing the total scale value of preference (Si). Gregorian chant was considered as a
piece of music performed in S1 and S3. Therefore, the same 1e was selected in the obtainment of

the parameters in attaining the models, since the same piece of music was considered.

However, varying sound source positions greatly affects the arrival of the early reflections at
receivers. This fact significantly affects the results of Si since the scale value determines the sum
of four preferred listening conditions, assuming a direct relationship between the most preferred

delay time and the actual duration of the autocorrelation envelope (1e).
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Figure 6. Influence of various configurations of the cathedral in the orthogonal parameters

considered on the linear scale value of each receiver, from the same sound source.

Source S1: Figure 6 shows an increase of the negative effect, mainly on the delay of the first
reflections, at the closest points R1 and R2, since the short distance S-R generates an extremely
early reflection, far from the preferred value in Gregorian chant (Tp=91 ms). A similar situation can
be seen in R14 and R15, located inside the choir area, where the proximity of stone walls notably
affects the arrival of first reflections. Taking into consideration the influence of audience and
decoration in the results, Gregorian chant involves a preferred reverberation that greatly differs
from the long reverberation time obtained in the cathedral, so that Si-value of Tsub temporal factor
is notably reduced after the addition of a very high percentage of decoration (M1). Variations in

Tsub Si of the other configurations do not generate big differences from M1.

On the one hand, when receivers are taken into account, it is observed that the sum of Si-values in
R7, R8, R10, R11, R12, R27, and R28 attain a result below 2 points, since they are located at a
distance of 15-20 metres in the middle of the audience area, coinciding with the preferred sound
level (LLp), which generates a positive effect on the results. In addition, when considering the total
Si value of the configurations, it can be confirmed that, as in the previous analysis of objective

acoustic parameters, model M2 provides the best acoustic quality with the shortest scale value.
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The reduction in volume due to the location of curtains at the entrance of side chapels generates

values close to 1 point in the subjective preference.

Source S3: When analysing configurations adopted along the transept, the results show visible
variations between models. Consequently, despite the fact that the addition of improvement
proposals (M7 and M8) reduce temporal factors scale value, since Tg,, approaches the preferred
value, the total Si (sum of temporal and spatial factors) does not always involve a reduction in the
total scale value Si. Si of spatial factors makes a noticeable difference, except in the points closest
to the sound source, where first reflections are extremely short. High values of the LL factor are
obtained at the closest points. Values differ from the preferred value (LLp) by almost 10 dB.
Generally, IACC is the parameter with the greatest negative influence on the subjective preference
due to the arrival of similar signals at two ears (or at least, the perception) that provides more than
1 point of the total scale value at almost all points considered. This is due to the binaural sensation
being perceived as monaural within the cathedral, since IACC values are far from 0. This fact
means that an improvement of the acoustic conditions from a subjective approach is strongly

dependent on spatial factors (IACC and LL).

It should be noted that when values below 2 are obtained in the total scale value, this determines a
better general distribution of the audience, and therefore, a more suitable position of S3 with

respect to S1 in terms of best acoustic quality.

4.2 Subjective assessment of the acoustic quality considering various pieces of music

The same configuration was considered in the assessment of the acoustic quality when different
pieces of music are performed. This approach enables the evaluation of the effect of the type of
music in one specific model of the cathedral of Seville. Figure 7 shows variations of each
orthogonal parameter, depending on the type of music. As stated in previous sections, there are
four types of music, each with a different duration of the autocorrelation envelope (1e): Alleluia and
Gregorian as choral chants, Bruckner's Romantic Symphony and Mozart’s Overture as orchestral
pieces and Organ as instrumental music. Therefore, in this type of analysis, the two temporal
factors, both the subsequent reverberation time and delay of first reflection have a notable effect on
the variation of the total scale value (Si), whereas the selection of the same configuration means

that spatial factors maintain constant values.
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Figure 7.Influence of five separate pieces of music on the orthogonal parameters considered on the

linear scale value of each receiver.

As can be observed in Figure 7, the perception of the sound field when different pieces of music

are performed depends on the preferred values of temporal parameters. The mid value of

reverberation time in the cathedral is almost 5 seconds, which is far from the optimum

reverberation time value for the Alleluia chant (Table 1). Nevertheless, the lengthening of the

syllables during the Gregorian chant drastically improves the sound quality by reducing Si-value.

Generally, the longer these are, the better suited to the acoustic behaviour of the cathedral. Thus
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the strong negative effect of Tsub scale value determines that chants, requiring short delay time of
the first reflection, are the worst option to be performed in configurations where the source is
located at S1 or S3.

In the trascoro (S2), the orthogonal scale values of temporal factors are counterbalanced, since the
presence of numerous columns diminishes the first reflection delay time in most of the receivers. In
this regard, the results do not greatly differ from the optimum values for this type of music (1p=20
ms), thereby obtaining the shortest negative effect of At;, which compensates for the reverberation
effect. However, the long preferred te required for instrumental music generates the opposite effect
when an organ performance or a slow-tempo passage of an orchestra is played. Consequently,
except for certain receivers, the comparison between all types of music considered in the study
shows that there is no significant preference for one in particular when the performance is
conducted in the trascoro.

Different subjective preferences can be obtained when the same piece of music is performed in a
multifunctional space, but selecting a particular configuration in a different zone. In the cathedral of
Seville, the acoustic behaviour of configurations located in the transept (S3) or the main altar (S1)
differs from configurations adopted in the frascoro (S2). In the light of the results, the influence of
music motifs is strongly significant and determines the scope of acoustic quality. However, it is also
important to consider the location of the source in the same indoor space as it can make the best
suitable performance (organ music) the worst configuration where the preference scale value

moves away from the optimum conditions (Figure 7 a-c).

5. CONCLUSIONS.

The multifunctional character of the cathedral gave rise to the adoption of different spatial
configurations, determined by the position of the choir and the use and form of occupation of the
liturgical zones. This study assesses the multiplicity of spaces in the acoustic environment of the
cathedral of Seville. In this work, a comparative study of the acoustic behaviour of configurations
with different source positions was carried out to provide suitable acoustic methods for the
evaluation of the cathedral and to show different proposals for future acoustic renovations. In
addition, the influence of occupation and decoration was also analysed, as was the performance of
different types of music in configurations adopted in the Cathedral of Seville. The procedure
performed requires onsite measurements and acoustic simulations for the prediction of the acoustic
indoor environment of the cathedral.

In light of the results, the objective assessment of the increase in sound absorption due to
ephemeral decorations or mass occupation improves the acoustic behaviour of each of the
different areas of the cathedral. Based on the work done, some points should be highlighted:

e Acoustic evaluation of such a large cathedral is made possible by assessing an analysis
with a double focus, taking into consideration musical quality analysis, as it provides both
objective and subjective approaches.
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e Regarding decoration and space conditioning: A notable influence is observed in the
acoustic parameters after the incorporation of extensive ephemeral decoration during the
performance of historical ceremonies, especially after the side chapels were closed off with
textile hangings, preventing or reducing the transmission of sound energy. The possibilities
of space conditioning including the acoustic effect generated by the addition of hangings
on the pillars noticeably improved perception by decreasing subjective reverberation. In
addition, improvements in acoustic conditions are more noticeable when the textile material
is close to the audience.

e Regarding audience: Massive attendance substantially improves the acoustic conditions of
the cathedral for the performance of music concerts. Nevertheless, it is necessary to
incorporate acoustic renovation proposals such as the introduction of a grandstand or the
use of textile materials. The subjective assessment of the effect of audience and
decoration considering various source positions confirms a better general distribution of the
audience, and in turn, a more suitable position for the source in the transept, guaranteeing
the best acoustic quality.

¢ Regarding the music motif: In terms of temporal and spatial factors, in the case of organ
music, the late arrival of first reflections is close to the listeners' preference. This analysis
establishes that in a large multifunctional building such as the cathedral, there is no
general preference for a specific type of music, since the subjective perception of the
sound field depends on the type of configuration and the form of occupation varies based
on the purpose of the event.

Acknowledgements

This work has been financially supported by the Spanish Government, with reference BIA2014-
56755-P.

References

[1] Alvarez-Morales, L., Zamarrefio, T., Girén, S., Galindo, M. A methodology for the study of the
acoustic environment of Catholic cathedrals: application to the Cathedral of Malaga. Building and
Environment 2014;72: 102-115.

[ 2] Alonso, A.; Suarez, R.; Sendra, J.J. Virtual reconstruction of indoor acoustics in cathedrals: the
case of the cathedral of Granada. Building Simulation 2016;10:431-446.

[ 3] Alvarez-Morales, L, Martellotta, F. A geometrical acoustic simulation of the effect of occupancy

and source position in historical churches, Appl. Acoust. 2015;91:47-58.

[4 ] Martellotta, F., Castiglione, M. L. On the Use of Paintings and Tapestries as Sound Absorbing
Materials. In: Proceedings of the Forum Acusticum 2011, Paper 00078, June 27—-July 1,
Aalborg;2011.

20



[ 5] Martellotta, F., Acoustical reconstruction of San Petronio Basilica in Bologna during the
Baroque period: the effect of festive decorations. In: Proceedings of Euronoise, 2008, June 29—July
4, Paris;2008.

[6 ] Pedrero, A., R. Ruiz, A. Diaz-Chyla and C. Diaz. Acoustical study of Toledo
Cathedralaccording to its liturgical uses”. Appl Acoust 2014;87: 23-33.

[7 1 M. Sender, A. Planells, R. Perello, J. Segura, A. Giménez, Virtual acoustic reconstruction of a
lost church. Application to an Order of Saint Jerome monastery in Alzira, Spain. J. Build. Perf.
Simul 2018;11 (3):1-29

[ 8] Schnoebelen, A. Performance practices at San Petronioin the Baroque, Acta Musicologica
1969;XLI: 41.

[9] Elkhateeb, A., Refat, M. Sounds from the past: The Acoustics of Sultan Hassan Mosque and
Madrasa. Build. Acoust. 2007;14(2): 109-132.

[10] Alvarez-Morales, L., Girén, S., Galindo, M., Zamarrefio, T. Acoustic environment of Andalusian
cathedrals. Build and Environ 2016;103: 182- 192.

[11] Girén, S., Alvarez-Morales, L., Zamarrefio, T. Church acoustics: A state-of-the-art review after
several decades of research”. J Sound Vib 2017;411: 378-408.

[12] Soeta, Y., Ito, K., Shimokura, R., Sato, S., Ohsawa, T., Ando, Y. Effects of sound source
location and direction on acoustic parameters in Japanese churches. J Acoust Soc Am 2012; 131:
1206—-1220.

[13 ] Navascués Palacio, P., Teoria del Coro en las Catedrales espaniolas. In: Discurso del

académico electo, leido el 10 de mayo de 1998, Madrid.

[14 ] Alonso, A.; Sendra, J.J; Suarez, R; Zamarrefio, T. Acoustic evaluation of the cathedral of
Seville as a concert hall and proposals for improving the acoustic quality perceived by listeners. J
Build Perfom Simu 2014;7 (5):360-378.

[ 15] Suarez R, Alonso A, Sendra JJ. Intangible cultural heritage: The sound of the Romanesque

cathedral of Santiago de Compostela. Journal of Cultural Heritage 2015;16: 239-243.

[ 16] Martellotta, F., Cirillo, E., Carbonari, A., Ricciardi, P. Guidelines for acoustical measurements
in churches. Appl Acoust 2008;70: 378—-388

[17 ] Postma BNJ, Katz, BFG, Perceptive and objective evaluation of calibrated room acoustic
simulation auralization, J. Acoust. Soc. Am. 2016; 140 (6):4326-4337.

[18 ] Suarez R, Alonso A, Sendra JJ. Archaeoacoustics of intangible cultural heritage: The sound of
the Maior Ecclesia of Cluny. J Cult Herit, 2016;19: 567-572.

[ 19] Alonso. A., Suarez, R., Sendra, J. J. Sound Space Reconstruction in the Cathedral of Seville
for major feasts celebrated around the main chancel. In: Proceedings of Forum Acusticum.
Krakow;2014.

21



[ 20] Torre Farfan, F. d. I. Fiestas de la Santa Iglesia Metropolitana y Patriarcal de Sevilla al nuevo
culto del Sr. Rey San Fernando. Colegio Oficial de Aparejadores y Arquitectos Técnicos de Sevilla:
Sevilla: 1995.

[21 ] Santos-Gémez, S., San Andrés-Moya, M. La Pintura De Sargas. Archivo Espafiol de Arte
2004;77 (305): 59-74

[ 22] Baena Gallé, J. M. Exequias reales en la catedral de Sevilla durante el siglo XVII, Diputacion

Provincial de Sevilla: Sevilla; 2002.
[ 23] Jiménez, A., Plan director de la Catedral de Sevilla. Junta de Andalucia; 1999.

[24 11SO 3382-1:2010. Acoustics-Measurement of Room Acoustic Parameters. Part1: Performance

Rooms”. Geneva: International Organization for Standardization; 2010.

[ 25] Hak, C. C. J., Wenmaekers, R. H. C., van Luxemburg, L. C. J. Measuring Room Impulse
Responses: Impact of the Decay Range on Derived Room Acoustic Parameters”. Acta Acust
United Acust 2012;98: 907-915

[ 26] Dalenback B.l.L. CATT-Acoustic v9 Powered by TUCT User'sManual”. CATT : Gothenburg;
2011.

[27 ] Berardi, U. Simulation of Acoustical Parameters in Rectangular Churches. J Build Perform
Simu 2012;7 (1):1-16

[28 ] Martellotta, F. The Just Noticeable Difference of Center Time and Clarity Index in Large
Reverberant Spaces. J. Acoust. Soc. Am. 2010;128 (2): 654—663.

[ 29] Bork, I. Report on the Third Round Robin on Room Acoustical Computer Simulation — Part Il:
Calculations Acta Acust united Acust 2005; 91 (4): 740-752.

[ 30] Vorlander, M. Auralization. Berlin: Springer-Verlag; 2008.

[ 31] Carmona, C., Zamarrefio, T, Girén, S, Galindo, M. Acustica virtual de la iglesia san Lorenzo
de Sevilla. Revista de Acustica 2009;40 (3—4): 7-12.

[ 32] Martellotta, F. Identifying Acoustical Coupling by Measurements and Prediction-Models for St.
Peter’s Basilica in Rome. J. Acoust. Soc. Am. 2009;126 (3): 1175-1186.

[ 33] Cox, T. D’Antonio, P. Acoustic Absorbers and Diffusers, Third Edition: Theory, Design and
Application. CRC Press: Boca Raton; 2016.

[ 34] Alonso, A., Martellotta, F. Room acoustic modelling of textile materials hung freely in space:

from the reverberation chamber to ancient churches, J. Build. Perf. Simul. 2016;9: 469-486.
[35 ] Physikalisch - Technische Bundesanstalt database.

[36 ] Martellotta, F. S. Della Crociata, and M. D’Alba. On Site Validation of Sound Absorption
Measurements of Occupied Pews. Appl Acoust 2011; 72 (12): 923-933.

22



[ 37] Hidaka, T., Beranek, L.L., and Okano, T. Interaural cross-correlation, lateral fraction, and low-
and high-frequency sound levels as measures of acoustical quality in concert halls, J. Acoust. Soc.
Am. 1995; 98, 988-1007.

[38 ] Zwicker, E., and H. Fastl. Psychoacoustics, Facts and Models, 11-12. Berlin: Springer-Verlag;
1990.

[39 ] Becker, J., Sapp, M. Synthetic soundfields for the rating of spatial perceptions. Appl. Acoust.
2011; 62:217-228

[40 ] Ando, Y. Subjective Preference as an Overall Impression of the Sound Field. Chap. 4 in:
Architectural Acoustics: Blending Sound Sources, Sound Fields, and Listeners, 26-40. Springer-
Verlag: New York; 1998.

[ 41] Takatsu, A. and Ando, Y. Temporal and spatial designing in architecture”. J. Temporal Des.
Arch. Environ. 2013;12 (1):34-47

[ 42] Gade, A. C. Acoustics in Halls for Speech and Music. In Springer Handbook of Acoustics,
edited by T. D. Rossing, 301-350. Springer: New York; 2007.

[ 43] Martellotta, F. Subjective Study of Preferred Listening Conditions in Italian Catholic
Churches”. J Sound Vib 2008; 317 (1-2): 378-399.

[44 ] Ando, Y. On the temporal design of Environments. J Temporal Design in Architecture and the
Environment, 2004; 4 (1): 22-14.

[ 45] Alonso, A., Murillo, D. M. Significance of binaural synthesis to evaluate the spatial impression
of enclosures. Arch Acoust 2018; Accepted 06/07/2018.

[ 46] Beranek, L. Acoustics. New York: American Institute of Physics, Acoustical Society of
America; 1993.

23



