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Abstract: The bullring of Ronda, one of the oldest in Spain, declared in 1993 as an Asset of Cultural
Interest, occupies a paramount place among the buildings of its type thanks to its outstanding
beauty. Its configuration as an open-air enclosure with a circular floor plan, as an evocation of the
ancient Roman amphitheaters, and its interior with galleries on two levels that house the audience
play a fundamental role in the acoustic energy decay and diffusion of the space. The link between
architecture and acoustics of the Ronda bullring has been carried out by using on-site measurements
and simulation techniques. To this end, an acoustic model is created, which is adjusted by taking
the set of 3D impulse responses recorded on-site. The presence of the public and the various sound
sources that exist during the bullfight itself are analyzed in the simulations, whereby the conditions
of occupation and vacancy are compared, as are the variations due to the location of the sources.
Finally, speech intelligibility conditions are simulated with a human directivity source. The precision
of the virtual acoustic model enables the sound architecture of this singular space to be ascertained
and preserved, thereby incorporating sound as an associated intangible heritage.

Keywords: acoustics of bullrings; heritage acoustics; acoustic simulation; digital models

1. Introduction and Goals

Bullfighting is an event of profound importance in Spanish life, which has implications
for many social, economic, cultural, and artistic activities. It is not in vain that Spanish
legislation recognizes bullfighting as an essential part of Spain’s historical, artistic, cultural,
and ethnographic heritage. The bullring, as a space where bullfighting takes place, is a
construction that “combines its historical and architectural value with the virtue of being a
meeting place, public space and celebration scene, and a building closely linked to the social
and urban fabric of the city in which it is located” [1]. This article continues the research on
the acoustics of bullrings that the authors have been developing with the general objective
of contributing to the narrative of bullfighting through the link between architecture and the
sounds of voice, atmosphere, effects, music, and silence that are manifested in bullrings [2],
thus providing valuable information regarding its renowned architectural heritage.

In the listening process, the acoustic space in which the acoustic source and receiver
are immersed is decisive. Each space has its own architecture of sound. The principles and
foundations of aural architecture as the aural perception of space were laid out by Blesser
and Salter [3]. The aural architecture of a space is determined by its physical attributes
(its geometry, its delimiting surfaces, and the objects that it contains) and by the cultural
context. When listeners share similar sensations immersed in the same aural architecture,
they become a relatively homogeneous group. Hearing, along with its active complement,
listening, is a means by which humans perceive life events, visualize spatial geometry
aurally, experience social relationships, and retain a memory of experiences.
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Sounds that listeners perceive in certain spaces and places constitute vestiges of our
collective memory and form part of that intangible cultural heritage that is worth studying
and preserving for the understanding of culture and society [4,5]. The viability of adapting
acoustic theory and methods to archaeology enables the archaeological interpretation of
ancient places and materials to be extended and their re-sounding to be carried out [6–8].

The acoustics of prominent historical-cultural buildings have received substantial
attention in recent decades thanks to precise measurements that contribute significantly
towards ascertaining, preserving, and disseminating their acoustic heritage [9–11]. The
complete description of the spatial propagation of sound is obtained from the 3D impulse
response by analyzing the distribution of sound energy in the time-frequency and spa-
tiotemporal domains, whereby sources and receivers are placed in the relevant positions.

The safeguarding of acoustic heritage was promoted by Gerzon [12] through the sys-
tematic collection of 3D impulse response measurements in order to evaluate the behavior
of unique buildings and to preserve them for posterity. These 3D impulse response measure-
ment systems using compact microphone arrays have been under development since the
late 1980s [13–18], of which the recent research by the Lokki group [19] deserves mention.

Likewise, Beranek [20] defined texture as the “subjective impression that listeners
derive from the patterns in which the sequence of early sound reflections arrive at their
ears”, referring to early reflections as the acoustic signature [21] of any venue. The author
was referring to that characteristic of rooms whose early reflections should not be too far
apart nor too stacked. Recent research addresses the possible relationship between the
reflection sequence and the acoustic signature of a room [19,21,22] and can affirm that early
reflections provide a sound representation of its architectural form.

On the other hand, digital acoustic simulations have been under development for the
last 60 years [23–25]. The acoustic simulation methods of venues can be classified into
two groups: one based on solving the wave equation numerically and another based on
the approximation by means of rays or geometric acoustics (GA) [26]. The choice of the
most appropriate method is influenced by factors such as the physical size of the room, the
frequency range of interest, the accuracy required, and the computing resources available.
The applications of the wave-based methods are limited to low-medium frequencies and
small rooms, while the GA methods, based on the validity and application of the laws of
specular and diffuse reflection, offer better results in large rooms and at relatively high
frequencies where wave phenomena are less significant. Currently, hybrid algorithms that
provide accurate broadband results by taking advantage of the benefits and minimizing
the drawbacks of each method are emerging [23,27].

The acoustic simulations of heritage spaces enable the knowledge thereof to be re-
vealed and their sound architecture to be preserved [28–32], given that the quality of the
documentary and graphic information employed to create the model determines the accu-
racy of the prediction. In digital acoustic modeling, the details are simplified to improve
the approximation; when studying the acoustics of historical-cultural buildings, however,
the effect of architectural detail can prove to be of major importance [10].

To ensure that the virtual model resembles reality, a calibration is carried out by
comparing the acoustic behavior of the model with that of the building itself, obtained
through acoustic measurements in situ. The criteria adopted for a correct validation should
consider the estimation of the uncertainty of the values measured in situ and the sources of
uncertainty of commercial software [33,34]. In open-air and unroofed venues, as in the case
of bullrings, the opening to the sky often dominates the architecture, which causes problems
in the calibration of their models. Certain room simulations, with high absorption in ceilings
and reflective walls, generate an unrealistic lengthening of their reverberation time [35,36],
which leads us to consider it necessary to modify the absorption coefficient therein.

The objective of this work is to present the integral characterization of the sound
field of the bullring of Ronda based on the parametric acoustic description and the spatio-
temporal and spectro-temporal analysis of the 3D impulse responses measured in the space
in the absence of an audience. The study considers the positions of the sound sources
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involved in the bullfighting spectacle. It is completed with the results of a computational
acoustic model validated with the experimental measurements to extend the analysis to
include the presence of the public in the bullring.

This paper is organized as follows: subsequent to this introduction; the Section 2
corresponds to a brief history and architectural description of the building under study; the
Section 3 exposes the materials and methods; the Sections 4 and 5 state the results obtained
in the empirical campaign and in the digital simulations and their discussions, respectively.
Finally, the Section 6 summarizes the main conclusions of this study.

2. The Real Maestranza de Caballería de Ronda and Its Bullring

The Real Maestranza de Caballería de Ronda (RMCR), created in the 16th century
as a noble corporation for the defense of the city and its territory, is today a non-profit
charity dedicated to the conservation, dissemination, and research of its historical and
documentary heritage, to the promotion of culture, and to the teaching of horse riding [37].
Among its properties, the bullring, located within the historical center of Ronda, is one of
the oldest bullrings in Spain, takes pride of place, and was declared an Asset of Cultural
Interest in the monument category in 1993.

2.1. Brief History of the Bullring

The city of Ronda is located in the south of Spain in a unique natural setting: a lofty
rocky promontory bordered by sheer cliffs. This exceptional orography has led to its
military defensive character and has conditioned its urban development. The constrained
limits of the old city gave rise to a new neighborhood outside the walls on the other side of
the Guadalevin River. The construction of the New Bridge (1759–1787) by the architect José
Martín de Aldehuela over the rocky gorge of the Tagus enabled the urban development of
Ronda in a high, flat, sunny, and wide place.

Ronda had its appropriate places where equestrian games and bullfighting took
place [38,39]. Unlike other Spanish cities with a bullfighting tradition (such as Seville,
Madrid, Córdoba, and Granada), in Ronda the scenario of the festival jumped directly from
the Plaza Mayor to the Plaza de Toros built for this purpose, situated outside the urban
area, and constructed on the Hollanquilla plain, without going through the stage of using
provisional bullrings built of wood, as experienced elsewhere.

In the second half of the 18th century, Neoclassicism became the prevailing style,
with the Roman amphitheaters as an example of the best archetype and antecedent for
an outdoor performance. The circular shape, leaving behind the quadrangular space that
was characteristic of its equestrian exhibitions, is an example of the RMCR promoting
bullfighting on foot. Since its official inauguration in 1785, numerous interventions have
been carried out on the building, such as the transfer of the main doorway to its current
location, the work due to the destructive aftermath of subsequent wars, and deterioration
caused by the passage of time. In recent years, the RMCR has followed a major conservation
and maintenance program for the recovery and improvement of the bullring.

With regard to bullfighting, during the 19th and 20th centuries, the world’s best
bullfighters performed here since the bullring of the Maestranza of Ronda remained a sign
of glory as the cathedra and historical center of bullfighting.

2.2. Architectural and Constructive Description of the Bullring

The bullring of the Royal Maestranza in Ronda occupies a prime place among build-
ings of its type due to its outstanding beauty. Circular in shape, as an evocation of the
ancient Roman amphitheaters, it responds to the aesthetics of the Neoclassical style typical
of the 18th century [40,41]. The floor plan is arranged according to the logic of its use
and construction, where the axis defined by the main gate is a principal feature, formerly
aligned with the new path of urban growth that would later become the New Bridge and
the bullpen. Another axis, orthogonal to that previous, marks the door for the crews and
dragging mules.



Buildings 2024, 14, 298 4 of 26

Its interior façade has two floors with continuous galleries, reminiscent of the double-
arched balcony of the Collegiate Church of Santa María located in the Plaza Mayor, which
had been used as a platform for equestrian shows. The double gallery of arcades has
136 columns forming 68 inset arches on their fronts and is supported by Tuscan columns on
a plinth finished off at the top with flamingos that protrude from the roof. The four arches
corresponding to the axes are somewhat larger than the rest, whereby the arch of the main
or Royal box is formed of two fluted drum columns upon which an arch decorated with
plant motifs rests. The grandstands are distributed across both galleries, with five rows of
stands each (Figure 1a).
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Figure 1. (a) General view of the interior of the RMCR Bullring. (Source: RMCR). (b) Simplified 3D
model of the interior of the bullring.

The building rises through a structure of three concentric rings. The outer ring and
the middle ring are stone walls with mud and lime mortar, while the inner ring, with a
diameter of 64.45 m, is made up of a double gallery of arcades. The spaces between these
rings are used for access, warehouses, and outbuildings.

The double arches are built in yellowish sandstone extracted from the quarries near
Ronda, which gives the bullring its distinguishing hallmark. The exterior of the bullring
shows smooth, whitewashed walls where some holes have been inserted. The gabled roof,
protected with Arab tiles, is supported by a framework of fir wood, a singular and unique
species from the Ronda mountains.

The arena is one of the largest that exists, with a diameter of 60 m. The albero sand
that covers it provides a peculiar, unique, and different canvas. Albero is a calcarenite, a
sedimentary rock of materials of marine origin with a characteristic ochre color, which is
extracted from a Sevillian region. The barrier in the arena is built of stone and wood and
was later erected in line with the bullpen door. Access from the circular passageway is
through four doors located in the center of each of the zones into which the bullring is
divided by the two main axes. The circular passageway to the stands could be accessed
through several cuts in the stone, which is covered with wood today and was used in
ancient times for public access to the arena.

3. Materials and Methods

This study has been carried out inside the RMCR bullring. Its configuration as an
open-air space and the fact that bullfights are performances in which the spoken word,
music, and silence all play their role, making it especially interesting from an acoustic point
of view.
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3.1. Graphic Documentation and 3D Geometric Modelling

The 3D geometric models are prepared by using Sketchup Pro [42] modeling software
from the graphic documentation and planimetry provided by the architects of the RMCR
bullring [43] and from the photographs obtained in situ. To facilitate the export of the
models created in Sketchup to the acoustic simulation program ODEON [44], the SU2Odeon
plugin is available, which permits the export of complicated models and of sources and
receivers, thereby positioning them directly in the Sketchup model.

In the context linked to research, dissemination, and preservation of cultural heritage,
a much more detailed and rigorous first model can be created. From this first detailed
model, another more simplified model used in the acoustic simulation is made, whereby
all those elements and surfaces that do not necessarily translate into a higher precision of
the simulated results are eliminated [26]. In particular, the acoustic model of the RMCR
bullring, with a volume of 69,237 m3, 15,749 surfaces, and a total interior area of 18,843 m2,
has been created by smoothing columns, cornices, and pilasters and by eliminating the
wooden framework, pinnacles, etc. As good practice, the model surfaces were labeled to
correspond to a specific material in the simulation stage (Figure 1b). The current capacity
of the bullring is approximately 4890 spectators.

3.2. Sound Sources, Segments, and Audience Positions

During the bullfight itself, the silence of its protagonists predominates but is inter-
spersed, both with voices and with music. The voices are between the bullfighters and
their assistants, picadors and banderilleros, with the people of the passageway, even with
the public present, and include the irrational dialogue between bullfighter and bull. The
music emerges in two manifestations: the bugle calls to signal the changes of the third
phase of the bullfight and the pasodoble interpretations in the repertoire of the music band
that performs in the bullrings. The public can also show their appreciation with applause
and ovations or, in contrast, with whistles and cries of censorship. Following the guide
published by the authors to perform acoustic measurements in circular bullrings, and in
accordance with the characteristics of bullfighting, four source positions are proposed in
this bullring [2].

The first position (S1) in the center of the arena is considered a reference due to its
central symmetry and equidistance to all points in the bullring. The second position (S2) is
chosen in the segment of the ring where most of the bullfighting takes place. Specifically, it
is located at the intersection of the 7 m picador line (double circular line drawn in the sand
to mark the ground where the bulls are pitted) with the axis indicated by the old main gate
and the bullpen gate. The third position (S3) is in a central place in the box reserved for the
music band. The fourth position (S4) is in the lower grandstands, a position occupied by
the audience that characterizes the ambient sound of the spectators.

For the location of the receiving positions, the disposition of the spectators around the
arena is considered. The central symmetry of the bullring enables all the receiving positions
to be located in only one-half of the enclosure. The exact location of the receiving positions
is set at the intersections of some of the 12 reference radii with the barrier of the passageway
or the rows of the grandstands. The direction defined by the 12 o’clock radius is made to
coincide with the geographic North. Under the above conditions, 12 receivers are chosen in
the positions of 2 in the barrier of the passageway and 5 in the lower grandstand, row no.
3; and 5 in the upper grandstand, row no. 3; as shown in Figure 2a,b.

The multi-source scenario in which the bullfighting event takes place makes it advis-
able to employ a good number of source-receiver combinations to understand its sound
field. Table 1 shows the 48 source-receiver combinations that have been registered: those
combinations that lack direct sound often depend on the positions of the sources in grand-
stands when said sources are not in the spectators’ line of sight.
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Table 1. Source-receiver combinations. (o) Receivers with direct sound. (x) Receivers without direct
sound.

Receivers

R1 R2 R3 R4 R5 R6 R7 R8 R9 R10 R11 R12

Sources

S1 o o o o o o o o x o o o
S2 o o o o o o o o o x o o
S3 o x o o o x x o x o o o
S4 o o o o o o o o o x x x

3.3. Experimental Measurements

The acoustic experimental measurements were carried out without the presence of
the public by following the protocol established in the ISO 3382 standard [45,46]. Environ-
mental conditions were monitored by means of measuring the temperature with ±1 ◦C
of accuracy; the variation of temperature during the days of measurement ranged from
26.3 ◦C to 33.2 ◦C, and relative humidity was taken with an accuracy of ±5% with a range
of variation from 34.8% to 49.0%. There was no wind during measuring times (air velocity
less than 0.5 m/s). These thermo-hygrometric conditions have been included in the mea-
surements of the impulse responses in the bullring. As highlighted by Tronchin [47], in
enclosures during the summer season, the sound strength and clarity parameters are less
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dependent on changes in air velocity at low frequencies and more dependent at mid-high
frequencies, while the opposite is stated for reverberation time parameters.

The bullring was acoustically excited to obtain the impulse responses (IRs) at the re-
ception points by means of sine-swept signals of up to 30 s duration, wherein the frequency
grows exponentially over time from 20 Hz to 20,000 Hz. These signals are provided and
processed by the commercial software platform IRIS [48] for the 3D impulse responses con-
nected to the rest of the measurement chain through MOTU 4PRE HYBRID. The excitation
signal was reproduced in the space using an Omnipower 4292 dodecahedral sound source
Type 4292-L, located 1.50 m above floor level, and amplified with a B&K 2734-type power
amplifier. The 3D impulse responses were captured with the Core Sound TetraMic micro-
phone array pointed in the same direction as the seat; this microphone allows temporal and
spatial (3D) information to be incorporated. The intuitive and interactive visualization of
3D impulse response data in the form of an “intensity hedgehog” constitutes an interesting
feature provided by the IRIS measurement software and shows the sound energy reaching
the receiver position as a series of vectors or peaks, where the length of each vector indicates
the level, the angle is the input direction, and the color corresponds to the arrival time.
Through the inspection of these 3D hedgehogs, it is possible not only to visualize the link
between architecture and sound spatiality and to observe the directional distribution of
early and late energy but also, for example, to observe the extent of the lateral distribution
of the initial reflections and the degree of diffusion of the sound field [49].

The IRIS system has the ability to ascertain the directional parameters (JLF and LJ)
directly. In the post-processing phase, IRIS automatically positions a virtual lateral figure-
of-8 microphone. By analyzing the initial 2 ms of the recorded impulse response, the
IRIS system identifies the direct sound and aligns the null position of the virtual lateral
microphone in that specific direction. In order to measure parameters related to sound
intensity (G), which involves comparing the energy of the impulse response measured
within a room to the energy of the impulse response measured in a free field 10 m away from
the sound source, a sound strength calibration is carried out in a semi-anechoic chamber.

In all cases, microphones were placed at 1.20 m from the floor except when placed in
the passageway at 1.60 m.

Impulse responses recorded by the IRIS system show a sufficient range in the impulse-
response-to-noise ratio (INR > 45 dB in each octave band) for the decay ranges in each band
of interest. The background noise level was recorded with a PCE-430 Class I Sound Level
Meter, averaging 5 min of background noise level and measuring 48.2 dBA.

3.4. Acoustic Simulation

For the simulation of the acoustic model, the commercial software ODEON Room
Acoustics [44] version 17, based on GA, has been utilized. ODEON software employs
algorithms that calculate early reflections by combining the Image Source Method (ISM)
and the Early-Scattering Method (ESM), and by applying a stochastic scattering process
using secondary sources. Late reflections are calculated via the Ray-Radiosity Method
(RRM), where secondary sources radiate energy locally from surfaces and are assigned a
directionality by considering scattering due to the size and surface roughness.

ODEON enables reliable predictions in rooms when the frequency band of interest
is above four times the Schroeder frequency [23]. Since the lowest frequency (approx. 88
Hz) of the 125 Hz octave band is much higher than four times the Schroeder frequency
of the bullring, approximately 11 Hz, considering the volume of the bullring as if it were
enclosed, then the model provides reliable results above this octave band. In accordance
with the recommendations of ISO 3382-1 [45], the frequency range involved in this study
runs from 125 to 4000 Hz.

The source and receiver positions used in the acoustic simulation were the same as
in the actual measurements, as illustrated in Figures 2 and 3. For each of the sources, two
directivity patterns were defined: one radiating sound spherically “Omni”, to obtain the
acoustic parameters, with a gain of 31 dB, and another with a radiation diagram like that
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of the human voice speaking aloud “BB93 Raised Natural”, for the intelligibility values
(STI), which provides a level of 66.5 dBA at a distance of 10 m. For this second purpose,
the sources were also pointed at receiver R5 (as a representative position), and the noise
registered during the measurements with a total SPL of 49.3 dBA was also established as
background noise.
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Figure 3. View of the acoustic simulation 3D model with the source (red) and receiver (blue) positions.

Most of the materials of the surfaces of the RMCR bullring have low absorption co-
efficients, except for the sand on the arena, the fictitious surfaces of the “ceiling” over
the bullring, the holes in the vomitoria, and the public (if present). The absorption co-
efficients were obtained from the ODEON materials library, from the literature, as well
as from previous experience in similar studies. Although the scattering coefficient varies
with frequency, in ODEON, a single value corresponding to 707 Hz is assigned, which
is distributed across the remaining frequencies. Hence, the lower frequencies have less
scattering, while higher frequencies have higher scattering. In the simulation, the scattering
coefficients suggested in the ODEON manual were used according to the roughness of
the finishing surfaces. Scattering due to diffraction from effects such as distance, angle of
incidence, and automatically calculated edge diffraction during ray tracing was also con-
sidered. Table 2 shows the random-incidence absorption coefficients (initial and optimized
with calibration), the scattering coefficients, the relative percentages of surface area, and
the corresponding reference.

ODEON defaults to all surfaces as normal type, which applies scattering and diffrac-
tion across the entire frequency range when the reflection-based scatter is enabled. By
manually selecting the “open ceiling” surface as the Exterior type, less scattering is applied
at low frequencies. The curved elements (columns and grandstand arches) were modeled
as several small fractional surfaces to compensate for edge diffraction that these surfaces
would cause individually. The smoothing of details in bases, capitals, and cornices was
also compensated with a higher scattering coefficient.
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Table 2. Relative surface percentages (%), scattering (s), absorption (α) coefficients, and wall types
used in the simulations.

Materials
Area
(%)

s
α

Type Ref.
125 Hz 250 Hz 500 Hz 1 kHz 2 kHz 4 kHz

Sandstone (fractal) 1.9 0.01 0.02 0.02 0.03 0.04 0.05 0.05 fractional [50]
Sandstone (bases capitals and cornices) 2.3 0.05 0.02 0.02 0.03 0.04 0.05 0.05 normal [50]
Sandstone 2.6 0.01 0.02 0.02 0.03 0.04 0.05 0.05 normal [50]
Granite stone 5.3 0.01 0.11 0.10 0.10 0.10 0.08 0.08 normal [44]
Wood (barriers and gates) 2.6 0.01 0.14 0.10 0.06 0.08 0.10 0.10 normal [23]
Concrete (screeds) 2.3 0.01 0.01 0.01 0.02 0.02 0.02 0.05 normal [23]
Fir wood 4.3 0.01 0.10 0.10 0.10 0.09 0.10 0.12 normal [50]
Vomitorium 0.6 0.01 0.80 0.80 0.80 0.80 0.80 0.80 normal [51]
Ceramic (flooring) 6.2 0.01 0.02 0.02 0.02 0.02 0.02 0.02 normal [50]
Ceramic (Arabic tile) 3.0 0.01 0.03 0.03 0.03 0.04 0.05 0.07 normal [52]
Audience 1 10.6 0.7 0.60 0.74 0.88 0.96 0.93 0.85 normal [44]
Wood (floorboards) 0.6 0.01 0.10 0.07 0.05 0.06 0.06 0.06 normal [44]
Mortar render 13.0 0.01 0.12 0.10 0.08 0.06 0.06 0.06 normal [50]
Gypsum plaster 4.6 0.01 0.02 0.02 0.03 0.04 0.05 0.05 normal [23]
Albero (sand soil) 2 Init. 14.8 0.01 0.02 0.21 0.23 0.23 0.20 0.08 normal [53]

Opt. 0.02 0.22 0.27 0.25 0.23 0.10
Open ceiling 2 Init. 19.9 0.01 1.00 1.00 1.00 1.00 1.00 1.00 exterior -

Opt. 0.86 0.90 0.95 0.93 0.93 0.92
Gypsum plaster + wood 3 5.1 0.2 0.07 0.06 0.04 0.06 0.07 0.07 normal -

1 In simulations without an audience, the chosen material is “transparent” with absorption coefficients equal to 0
at all frequencies. 2 Material coefficients used for the adjustment of the model. 3 Obtained by a combination of
gypsum plaster (53.9%) and wood lattice (46.1%).

In order to obtain the most accurate results possible, the Simulation Parameter In-
vestigation tool from ODEON was employed to investigate how the number of rays and
the order of transition occurred in agreement between the simulations and the in-situ
measurements. The tool displays different curves for different transition orders, thereby
helping to determine the optimal number of rays and transition order for the simulations.
In this way, the transition order was set to 2, and 1 was discarded since it reduced the
representation of the first reflections by the image source method. The number of late rays
was increased to 1,150,000 to ensure that the reflection density parameter remained greater
than 100 reflections/ms and that the decay curves presented no bumps or abrupt drops.
The duration of the impulse response was fixed at 2400 ms. Background noise temperature
and relative humidity were set to the average thermo-hygrometric conditions, measured
in situ.

4. Experimental Results and Discussion

The acoustic study of performance spaces is frequently carried out on the basis of a
set of parameters obtained from the measurement of impulse responses, which in turn are
related to subjective aspects of their aural architecture. These acoustic descriptors defined
in ISO 3382-1 [45] generally include acoustic parameters or descriptors based on decay
time, EDT, T20, and T30; energy parameters, G, C80, D50, and TS; and directional parameters,
JLF and LJ, among others. Furthermore, the speech transmission index, STI, is used as the
speech intelligibility parameter in accordance with the IEC 60268-16:2020 standard [54].

The ISO 3382-1 standard mainly applies to enclosed spaces, where there is a widespread
consensus on its validity for the assessment of their acoustic behavior. However, there are
currently uncertainties when evaluating the acoustics of unroofed spaces using the parame-
ters defined in said standard since these spaces have a significantly different characteristic
sound field compared to the reverberant field of enclosed spaces. While the averaged
reverberation time works well as a global descriptor of the acoustics in enclosed rooms
due to its small spatial variations, other parameters, such as EDT, subjectively related to
perceived reverberance, clarity, or sound intensity, have recently been questioned as to their
suitability as parameters for the evaluation of the acoustics of open-ceiling spaces [55].
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With few exceptions, acoustic descriptors are traditionally calculated by integrating the
sound energy of impulse responses over time; this makes them unsuitable for investigating
acoustics in detail, especially in the early part of the impulse response [19], where early
reflections define the acoustic signature of any room.

The complete description of the spatial propagation of sound is obtained from the
3D impulse response by placing sources and receivers in several relevant positions and
analyzing the distribution of sound energy in the time-frequency and spatiotemporal
domains, thereby overcoming the lack of detail of the standard analysis.

4.1. Main Measured Acoustic Descriptors

Table 3 presents the impulse-response-to-noise ratio, INR of the recorded impulse
responses, and several acoustic descriptors considered in the present study related to
reverberation, EDT, and T30, and to sound clarity, evaluated through the parameters C80
and D50. The plotted graph of parameter C80 highlights the measurements obtained with
the source at position S3, where the music band is located. Certain analyses related to the
perceived spatial sensation are also carried out, using the apparent source width of the
source, JLF descriptor, and the listener’s envelope, LJ. In all cases, the spatial dispersion is
studied through the standard deviation and the perceptual differences in terms of the ratio
between the standard deviation and the corresponding JND of the parameter expressed in
ISO 3382-1. Values are presented in octave frequency bands between 125 and 4000 Hz and
as a single-number frequency average, along with the standard deviation (in parentheses).
These ratios are presented for a total of 48 source-receiver combinations for decay time
parameters and 39 source-receiver combinations for the remaining parameters.

Table 3. Overall results of measurement. Values in frequency octave bands averaging for all sources
and receivers, standard deviation (in parentheses), number of JNDs of this deviation, and single-
number frequency averaging in accordance with ISO 3382-1 [45].

Frequency Single
Number125 Hz 250 Hz 500 Hz 1 kHz 2 kHz 4 kHz

INR [dB] 55.8 (5.7) 60.6 (4.8) 60.4 (5.2) 59.3 (5.6) 65.0 (5.4) 64.9 (4.4) -

T30
[s] 2.66 (0.20) 2.24 (0.18) 1.99 (0.14) 1.96 (0.13) 1.83 (0.12) 1.66 (0.12) 1.98 (0.14)
N◦. JND 1.5 1.6 1.4 1.3 1.3 1.4 1.4

EDT
[s] 2.46 (1.46) 1.94 (0.99) 1.73 (0.78) 1.73 (0.76) 1.57 (0.77) 1.35 (0.65) 1.73 (0.77)
N◦. JND 11.9 10.2 9.0 8.8 9.8 9.7 8.9

C80
[dB] 2.2 (6.5) 2.9 (5.1) 2.6 (2.9) 4.4 (3.0) 5.1 (3.9) 4.7 (3.4) 3.5 (3.0)
N◦. JND 6.5 5.1 2.9 3.0 3.9 3.5 3.0

D50
[-] 0.50 (0.22) 0.52 (0.19) 0.54 (0.17) 0.57 (0.16) 0.62 (0.16) 0.62 (0.17) 0.56 (0.17)
N◦. JND 4.4 3.8 3.4 3.3 3.2 3.4 3.4

JLF
[-] 0.18 (0.14) 0.16 (0.11) 0.17 (0.10) 0.17 (0.09) 0.19 (0.11) 0.21 (0.11) 0.17 (0.11)
N◦. JND 2.8 2.2 1.9 1.8 2.3 2.2 2.2

LJ
[dB] −1.5 (3.0) −7.5 (3.3) −10.8 (3.2) −11.7 (2.7) −9.0 (2.6) −4.4 (3.0) −5.9 (3.1)
N◦. JND 3.0 3.3 3.2 2.7 2.6 3.0 3.1

These previous results are expanded and refined by means of graphs where the
average values for each of the sound sources have been plotted. In this case, there are four
source positions (for the energy parameters, average values of 11 measurements for S1,
11 measurements for S2, eight measurements for S3, and nine measurements for S4), and
hence four curves are plotted. In all the plotted graphs of the acoustic parameters, the
horizontal marks correspond to the standard deviation values (Figure 4).
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The linearity of the energy decay curves is evaluated by using the degree of curvature
C and the degree of non-linearity ξ for the parameter T30, defined in Annex B of ISO 3382-
2 [46]. Of these linearity values, 74.7% (48 source-receiver combinations and six-octave
bands) meet the linearity criteria of 0–5% and 0–5‰, respectively, for both parameters. The
linearity threshold, established at 10% for C and 10‰ for ξ, is exceeded by 8.7% of the
values, which casts doubts on the T30 results corresponding to these decay curves. The
high degree of linearity in the time-energy decay curves is due to the fact that most of
the audience is seated inside the galleries, and hence, the late energy has sufficient input
compared to that which occurs in open spaces, such as Greek and Roman theaters. The
most outstanding non-linearity occurs in the extreme bands of 125 and 4000 Hz. There are
two combinations, S2–R12 and S3–R12, where the degree of non-linearity ξ exceeds the
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threshold of 10‰ for the six-octave bands, possibly due to poor visibility and proximity
between source and receiver, respectively.

Figure 4a,b show the spatially averaged T30 and EDT of measured results for each
sound source. In open bullrings, the reverberation time depends little on the location
of receptors, as shown by the similarity of the different curves obtained and low spatial
dispersion. However, the values of T30 corresponding to the S3 source, where the music
band is located, are slightly lower. The average reverberation time T30m is 1.98 s (spatial
average of the 48 source-receiver combinations, at frequencies of 500 and 1000 Hz), with
similar spatial dispersion at all frequencies. In contrast, the EDT parameter, related to the
listeners’ perceived reverberation, proves to be more dependent on location. Similarly,
the mean early decay time EDTm is 1.73 s, with much greater spatial dispersion at all
frequencies, especially at low frequencies. The significant variability observed indicates
that EDT provides a warning that these global average values for the entire space must be
used with extreme care [54].

The spatially averaged C80 and D50 results for each sound source and octave band are
shown in Figure 4c,d. For parameter C80, which is subjectively associated with perceived
musical clarity, and where clarity and reverberation are opposite perceptual attributes, the
higher the reverberation, the lower the clarity (and vice versa), and therefore a simultaneous
meeting point is desirable in this type of space. The graph of parameter C80 highlights the
curve corresponding to position S3, where the music band is located. The mean clarity,
C80m of the bullring is 3.5 dB (frequency average of a single number), and the spatial
dispersion corresponding to the mean value of source S1 is 3.0 JND, while the other sources
S2, S3, and S4 present dispersions of 3.8, 3.0, and 2.7 JND, respectively. One key aspect
of this parameter is that in open-ceiling spaces, the late energy can be extremely low or
non-existent, resulting in C80 values that can reach high dB levels (approaching infinity),
which is clearly not significant. However, in this space, due to the receptors being immersed
in the gallery, there is a sustained level of sufficient late energy, as is evident from the linear
decay observed. Regarding D50, speech definition, the spectral behavior is very similar
to that of C80. The average value of D50m for the entire bullring is 0.56, and the spatial
dispersion of the whole is 3.4 JND. This presents a behavior for the sources similar to clarity,
with 2.0 JND for S1 and dispersions of 4.5, 3.6, and 2.7 for S2, S3, and S4, respectively. This
indicates that D50 is a meaningful descriptor for the characterization of speech definition in
this particular space [55].

The spatially averaged results for each sound source of the directional parameters
related to the subjective aspects of apparent source width, JLF, and the listener envelope,
LJ, are shown in Figure 4e,f, respectively. Once again, the most unfavorable values are
presented for position S1 due to the reduced lateral sound effects in comparison to other
configurations, which gives the subjective impression that the sound source is less wide or
is smaller in the center of the ring, in keeping with the spectacle, where the sound sources
correspond to the bull and the bullfighters. For the bullring, the single-number value of the
early lateral energy fraction, JLFm, is 0.17 (arithmetic average for the four-octave bands from
125 to 1000 Hz), with smaller spatial dispersion for source S1 than for sources S2, S3, and
S4. The impression of being surrounded by the sound field, evaluated by the parameter LJ,
late lateral sound level, presents differences ranging between +1.1 and −14.5 dB for the
values averaged per source, with maximum levels at extreme frequencies and minimum
levels at mid frequencies. The value of LJ expressed as a single number is −5.9 dB (energy
average for the four-octave bands from 125 to 1000 Hz).

According to the last column of Table 3, the single-number parameters in this bullring
present values for each parameter that lie within the typical range indicated in ISO 3382-1
for non-occupied concert and multi-purpose halls of up to 25,000 m3: T30m 1.98 s, Gade [56]
recommends 2–2.4 s for a ratio of 25,000 m3/2000 seats for symphony music, (compared
to Roman theaters, whereby Carthago Nova theater has 1.86 s and Saguntum theater has
2.23 s, both in Spain [49], while Aspendus theater in Turkey [57] has 1.70 s); EDTm 1.73 s,
typical range 1–3 s; C80m 3.5 dB, typical range −5 dB to +5 dB (compared to Roman theaters,
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whereby Carthago Nova theater has 8.9 dB and Saguntum theater 1.33 dB, both of which
are in Spain [49]); D50m 0.56, typical range 0.3–0.7 (compared to Roman theaters whereby
Carthago Nova theater has 0.80, Saguntum theater 0.49, both of which are in Spain [49],
while Aspendus theater in Turkey [57] has 0.70); JLFm 0.17, typical range 0.05–0.35 and
within the range recommended by Gade; LJ energy average −5.9 dB, typical range −14 dB
to +1 dB; Gmid −0.34 dB, whose typical range is −2 dB to +10 dB.

Lastly, various analyses were carried out based on source-receiver distance, the speech
transmission index STI, and the sound strength Gm (average frequency of 500 and 1000 Hz);
see Figure 5a,b. The STI is calculated from the impulse response measured with the IRIS
system following the indirect method validated by Cabrera et al. [58]. The STI has been
estimated for a given voice level (Loud Speech Effort), and background noise has been
measured in situ. The majority of the results lie within the good-fair range despite the
long distances. Regarding the subjective level of sound of this space, evaluated through
the sound strength Gm, the measured values for the 39 source-receiver combinations
are represented, differentiated for each of the four sources together with the theoretical
propagation of sound in free field and in the classic diffuse field model of closed rooms.
For this calculation:

G(r) = 10 log (100/r2 + 31,200T/V) (dB), (1)

a volume of the bullring of V = 69,237 m3 and T30mid averaged for each source have been
considered. The values of T30mid are nearly the same for all four sources, and hence, so are
the curves. Most of the experimental results show a level below the diffuse field result,
while several results for certain sources, especially S3, are above this level.
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Figure 5. Measured acoustic parameters as a function of source-receiver distance for the four sources
S1–S4: (a) Speech transmission index; (b) Mean-sound strength; solid lines show other theoretical
behaviors. Error bars correspond to their JNDs.

The results of Gm versus distance show the variations depending on the proximity to
the source and the contribution of the energy reflected in the space where the floor of the
arena and the interior façade with galleries at two heights predominate.

4.2. Acoustic Signature

The acoustic signature of the RMCR bullring, obtained from the information provided
by the early reflections from the 3D impulse response, was performed by analyzing the
distribution of sound energy in the time-frequency and space-time domains [19,21]. The
levels and relative delays of the reflections that arrive after direct sound have been studied
through the frequency response (RFR) derived from the room impulse response (RIR). All
receiving positions present behavior of their analogous RFRs, with a very similar pattern of
the frequency spectrum. As an example, Figure 6 shows the RFR magnitude curves within
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time windows corresponding to receiver R5 for the four sound sources, S1 to S4. Each
curve indicates the responses within a time window from the initial direct sound to 20, 50,
80, 200 ms, and to the final time.
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Figure 6. Frequency responses corresponding to receiver R5 for the four sound sources, S1 to S4,
smoothed in 1/1 octave bands.

The selection of 20 ms as the duration of the first-time window is due to the prece-
dence effect in the human ear that merges the first reflections with the direct sound. The 50
and 80 ms curves are associated with the early energy limits of speech and music clarity,
respectively. The upper limit of 200 ms is associated with the initial margin of −5 dB
in the commonly used linear fit for reverberation-time estimates. Finally, the cumula-
tive frequency response curve after 200 ms represents the energy of the diffuse or late
reverberant sound.

In the four graphs of the measurements obtained in the R5 receiver, the RFR curves are
characterized by an appreciable drop between 200 and 1100 Hz caused by sound diffraction
from the rows of seats of the early reflection sound coming from the arena, similar to those
studied in classical theatres [59–61]. The overlap of direct and delayed sounds causes
destructive interference, resulting in substantial level attenuation that varies significantly
in frequency when switching from one source to another.

Although this characteristic affects the level of voice and the frequency content of
vowels of the human voice, nevertheless, according to the spectra, the different orders
of reflections and edge diffraction in the grandstands enhance spectral content in the
high-frequency region, which is vital for the intelligibility of speech as indicated by the
acceptable and good values of the STI parameter even at great distances from the source.

The frequency-domain analysis above is corroborated by the spatiotemporal simplified
description performed in this study. The IRIS [48] three-dimensional impulse-response
measurement system can determine the direction of incoming sound at the measurement
position using a sound intensity technique. The display of sound arriving at the receiver
is represented as a series of linear vectors known as “intensity urchins” on a 2D or 3D
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Cartesian diagram. The length of each vector indicates the magnitude, the angle is the
direction, and the color corresponds to the time of arrival. In the measurements studied,
a 2 ms time window was used, which restricts the analysis to frequencies of 500 Hz and
above, and the vectors were colored according to the following time intervals: 0–2 ms, Red;
2–15 ms, Green; 15–50 ms, Dark Blue; >50 ms, Blue (Figure 7b).
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XY, XZ, and YZ Cartesian diagrams of IRIS, the “speech” time window used in the analysis.
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It is worth bearing in mind that a single line represents the average sound intensity
over the respective 2 ms time window. Each line must not be taken as representing an
individual reflection since, in many cases, a time window may include more than one
reflection, and the resulting line will indicate the average level and direction of all included
reflections. The “intensity hedgehogs” were primarily utilized to identify significant
reflections and the cause of the reflections related to the architecture of the bullring, and
secondly to determine where early and late energy comes from and how this distribution
changes over time.

All broadband “intensity hedgehogs” are exported to Sketchup modeling software to
visualize the link to the architecture. The time intervals are organized in layers, which can
be shown and hidden for ease of analysis, and the intensity lines extend to the limits of the
geometric model, appearing as a cross at the intersection with the surface. As an example,
Figure 7 shows the “intensity hedgehog” of the S1–R5 combination for the “speech” time
window, together with the 2D and 3D IRIS Cartesian diagrams. For the sake of simplicity,
late reflections have been omitted.

The spatial and temporal energy analysis for the S1–R5 combination confirms the
result of its frequency response by graphically showing how the acoustic reflections are
distributed on the rows of seats and the back wall, responsible for the overlap and interfer-
ence with the sound that comes from the source. This effect is noticeably improved when
the sources move from the center of the arena. In most receivers, early energy has a front
and rear spatial origin. Late energy, with less energy input, provides the lateral energy. It
can also be observed in receivers R1 and R2 (passageway) that practically no reflections
come from the upper part, as would correspond to an open space without a roof.

5. Results from the Acoustic Simulations and Discussion
5.1. Calibration

The calibration of the acoustic model was carried out by evaluating the similarity
between the measured and simulated values of reverberation time (T30) and musical clarity
(C80), which usually show a strong negative correlation with each other: the higher the
reverberation, the lower the clarity (and vice versa), in order to achieve a meeting point
between these two perceptual attributes in a consistent way. The four sound sources and
all the source-receiver combinations with direct sound in Table 1 were taken into account.
Calibration was considered achieved when most of the differences between the measured
and simulated values, for each octave band between 125 and 4000 Hz, and for all source-
receiver combinations, came within twice the JND [23]. In this case, 10% for T30 and 2 dB
for C80. Although this study has taken into account the perceptual thresholds of ISO 3382-1,
recent research with different stimuli, listening tests, and evaluator quantities suggests the
existence of larger increases in JND than that which has been previously reported in the
literature [62–64]. These differences enable the estimation of the uncertainty of not only
the measurements taken in situ to be considered but also that of the sources of uncertainty
inherent in commercial software [33,34].

The process consists of quantifying the sensitivity of the acoustic model to variations
in the absorption coefficients of those materials that generate the most uncertainty through
the execution of simulations and successive adjustments within reliable ranges until the
calibration is achieved. The optimized simulation was reached from the initial simulation of
24.36% differences for T30 and 57.26% differences for C80 to 81.62% and 58.55%, respectively,
for a total of 234 differences (39 source-receiver combinations and six-octave bands), see
Table 4.

The results are also analyzed separately for each source S1, S2, S3, and S4, and the
coincidence is highlighted between simulated and measured values of the combinations
corresponding to S4 (98.15% for T30 and 72.22% for C80), followed by the sources S1 and
S2. Figure 8 shows the comparison between the measured and simulated average values
of reverberation time (T30) and musical quality (C80) for each source position. It can
be observed that, with the adjustment made, a high degree of concordance between the
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measurement and the simulation for all the source-receiver combinations has been achieved.
The remaining acoustic descriptors follow the same trend, whereby most of the differences
are left within twice their corresponding JND (Early Decay Time, EDT: 37.44%; Center Time,
TS: 57.89%; Sound Strength, G: 30.53%; Definition, D50: 63.15%; and Clarity for speech,
C50: 62.02%).

Table 4. Measured and simulated results and JND in octave bands and as a single number for the
evaluated acoustic parameters, corresponding to the Initial and Optimized simulations. Percentage
of differences that verify the calibration criteria via sources S1 to S4 and global value. (The results of
<2 JND are given in bold).

Frequency [Hz] Single
Number

% Diff < 2 JND

125 250 500 1000 2000 4000 S1 S2 S3 S4 Global

T30
[JND = 5%]

Meas. [s] 2.66 2.24 1.99 1.96 1.83 1.66 1.98
Sim. Init. [s] 1.90 1.83 1.80 1.75 1.66 1.46 1.78

Diff. Init. (JND) 5.70 3.62 1.89 2.20 1.91 2.42 2.04 10.61% 25.76% 41.67% 24.07% 24.36%
Sim. Opt. [s] 2.59 2.26 2.10 2.05 1.92 1.67 2.08

Diff. Opt. (JND) 0.52 0.26 1.11 0.86 0.96 0.17 0.99 83.33% 87.88% 52.08% 98.15% 81.62%

C80
[JND = 1 dB]

Meas. [dB] 3.3 3.3 3.3 3.9 4.9 5.2 3.6
Sim. Init. [dB] 3.8 3.9 3.9 4.1 4.5 5.4 4.0

Diff. Init. (JND) 0.49 0.60 0.59 0.15 0.40 0.21 0.37 51.52% 60.61% 54.17% 62.96% 57.26%
Sim. Opt. [dB] 2.0 2.7 3.1 3.3 3.8 4.7 3.2

Diff. Opt. (JND) 1.32 0.55 0.17 0.63 1.12 0.49 0.40 43.94% 65.15% 54.17% 72.22% 58.55%
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and S4.

5.2. Simulations with the Various States of Occupancy

In order to complete the sound characterization of the Ronda bullring, the results of the
acoustic simulations are presented and discussed, and the influence of audience occupancy
and vacancy are compared, as are the variations due to the location of the various sound
sources that exist in the performance of the on-foot bullfighting.

The results of the simulations are presented using the color maps provided by the
ODEON program. The most relevant horizontal surfaces have been selected as those
defined by the audience areas of the lower and upper grandstands, the passageway, and,
additionally, to facilitate analysis, the arena. The height at which the grid floats has been set
at 1.2 m for seated people and 1.6 m for standing people. Grid density has been adjusted
to 1 m between receivers, which enables a trade-off between a fine-mesh grid and undue
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computation time and results in a smooth interpolated grid without an excessive number
of elements.

Table A1 in the Appendix A presents the average values obtained from the color maps
for the two states of occupancy and for the four source positions of the main acoustic
descriptors. The values are presented in frequency octave bands between 125 and 4000 Hz
for a total of 3659 receivers. The average values of the STI obtained for a given voice level
(Loud Speech Effort) and the background noise measured in situ are also included.

The grid responses of the interpolated results of the parameters T30, D50, C80, and STI
are displayed using color scales for the occupied and unoccupied states of the audience
and for the four source positions S1, S2, S3, and S4. However, it should be noted that the
parameter C80 is only presented for source position S3, where the music band is located. The
default color scale and manual color scale ranges have been used for ease of comparison.
Furthermore, their rating scale was used for STI, whereby each color represents a descriptive
quality of speech intelligibility.

As expected, the presence of the public modifies the results of all the parameters and,
therefore, improves the associated attributes of the sound sensation. The results obtained
related to reverberation, EDT, and T30 show only small variations between octave bands
but reveal significant differences depending on the audience area. Thus, for the simulation
without occupancy, the average values of T30 oscillate between 2.6 s for 250 Hz and 1.6 s for
4000 Hz in the simulation without occupation, while with an audience, these are between
1.9 s and 1.3 s, respectively. Figure 9 shows the distribution in terms of zones of T30
(average), where it can also be appreciated that, for sound source S1, values lower than 1.3
are located. This is in contrast with the results for the EDT parameter in the closest locations
to the source (arena), whereby the values are greater than 1.5 s in the areas furthest from
the source, passageway, and grandstands. The increase in EDT results with the presence of
the audience (added absorption), which only occurs when the sound source is in the center
of the arena and never occurs in any of the other configurations. This anomaly is due to the
simulation since no real measurements were made for the areas close to S1, which causes
the averages that appear in Table A1 to be so high. The significant variability observed
indicates that EDT must be used with extreme caution [55].

The clarity of sound, evaluated through parameters C80 and D50, presents results in
accordance with the greater or lesser absorption provided by the audience according to
their state of occupancy and with the location of the source. The average values of C80 of
the simulation without occupation are between 1.2 dB for 250 Hz and 3.9 dB for 4000 Hz,
while in the simulation with occupation, this figure oscillates between 3.8 dB and 6.7 dB at
identical frequencies. For D50, analogously, the average values oscillate between 0.4 and
0.5 and between 0.6 and 0.7 for the simulation without and with occupancy, respectively.
Figure 10 shows the color map of definition D50 for source positions S1, S2, and S4, and
clarity C80 (average) (dB) for source position S3, with occupied and unoccupied audience
area, and where especially for S3 and S4, the acoustic visibility zones and the shadow zones
produced by the columns of the archway can be appreciated.

In order to conclude this discussion, the results of speech intelligibility with a human
directivity source are analyzed using the STI index under the simulation conditions de-
scribed in Section 3.4. The average value of STI for the simulation without occupancy is
between 0.52 and 0.58, while in the simulation with occupancy, this lies between 0.61 and
0.64. The color maps of STI for the two states of occupancy and for the four sound sources
are shown in Figure 11, together with the scale where each color represents a descriptive
quality of speech intelligibility. It can be observed that the intelligibility decreases from
the closest zones to the source, reaching values of the STI index qualified as excellent
(dark green), going through the intermediate zones, qualified as good (light green) and fair
(yellow), up to the most remote areas classified as poor (orange). It should be noted that no
simulation has classified grids as having bad intelligibility (red). The influence of the state
of occupancy is also observed, whereby larger areas with better intelligibility of speech are
obtained with occupancy than those areas without an audience. In the simulations with
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sources S3 and S4, the zones of acoustic visibility and shadow produced by the diffraction
caused by the columns of the arcade can also be appreciated.

1 
 

 

 

Figure 9. Grid responses for the reverberation T30 (average) (s) with occupied (left-hand side) and
unoccupied (right-hand side) audience area and for the source positions S1, S2, S3, and S4.
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Figure 10. Grid response for definition D50 for the source positions S1, S2, and S4, and clarity C80

(average) (dB) for the source position S3, with occupied (left-hand side) and unoccupied (right-hand
side) audience area.
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 Figure 11. Grid response for the STI parameter of intelligibility with occupied (left-hand side) and

unoccupied (right-hand side) audience area and for the source positions S1, S2, S3, and S4.

6. Conclusions

In this article, the acoustics of the bullring of Ronda have been studied: a monument
declared an Asset of Cultural Interest, which stands out for its history, its architecture,
and its beauty. The singularity of the sound architecture of this space has been analyzed
from the parametric acoustic description and the spatiotemporal and spectrotemporal
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analysis of the 3D impulsive responses measured in the absence of the public. The acoustic
characterization is completed with the simulations of the digital model and validated with
the experimental measurements, whereby the presence of the public and the different sound
sources that exist in the development of the bullfight are analyzed, thereby contributing to
the safeguarding of its acoustic heritage. As indicated in Section 1, Gerzon [12] promotes the
preservation of acoustic heritage through the systematic collection of 3D impulse response
measurements in order to assess the behavior of unique buildings and preserve them for
posterity. In this regard, up to 48 3D impulse responses have been measured in this work
for archival and preservation purposes.

The study has concluded that the acoustics of these unique performance spaces,
although they do indeed share similar considerations to other outdoor venues designed
for listening, such as ancient theatres and amphitheaters, possess a significant difference
with said theaters since they host almost all members of the audience in their galleries.
This fact makes it possible to maintain a greater contribution of late energy over time. This
manuscript adopts the methodology for the acoustic characterization of bullrings that the
authors have been developing in this type of large outdoor performance space. However,
in addition to the acoustic descriptors related to aural perception defined in ISO 3382-1,
this study has highlighted the importance of analyzing the acoustic signature of the place,
which provides early reflections of the impulse response. Through the frequency response
(RFR) and the spatiotemporal analysis of the intensity hedgehogs in the Ronda bullring,
the diffraction of sound caused by the rows of seats has also been verified in a similar way
to that which occurs in the stands of classical theatres.

It has been shown that the majority of evaluated acoustic descriptors maintain values
within the typical ranges for use as a performance space and their frequency dependence is
satisfactory. However, the great variability in the EDT parameter provides a warning for
this parameter to be utilized with extreme care. Although musical clarity and definition
are related, it is preferable to use D50 so that any issues that may arise when late energy is
very small or absent can be avoided. The virtual acoustic techniques utilized herein have
enabled the reconstruction of the sound field of the Ronda bullring and the comparison of
the influence of the presence of the public depending on the degree of occupancy, together
with the variations due to the location of the various sound sources.
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Appendix A

Table A1. Comparison of averaged grid simulated results at each octave band, without the audience
(first row) and with the audience (second row) for the various acoustic parameters and for S1, S2, S3,
and S4 sound sources.

Frequency [kHz] Frequency [kHz]

0.125 0.25 0.5 1 2 4 0.125 0.25 0.5 1 2 4

T30 [s] EDT [s]

S1 2.57 2.21 2.02 1.98 1.83 1.55 2.53 2.38 2.37 2.31 2.29 2.26
1.80 1.47 1.30 1.26 1.20 1.12 2.29 2.55 2.71 2.62 2.56 2.45

S2 2.61 2.29 2.10 2.06 1.91 1.65 2.04 1.62 1.44 1.42 1.31 1.13
1.95 1.65 1.49 1.45 1.39 1.29 1.40 1.15 1.06 1.04 0.99 0.87

S3 2.60 2.25 2.08 2.04 1.92 1.68 2.41 2.04 1.87 1.83 1.70 1.44
1.90 1.60 1.47 1.44 1.39 1.30 1.82 1.59 1.46 1.41 1.32 1.08

S4 2.58 2.23 2.06 2.01 1.88 1.65 2.41 2.02 1.85 1.79 1.65 1.39
1.93 1.64 1.51 1.48 1.43 1.33 1.73 1.41 1.25 1.19 1.12 0.99

C80 [dB] D50

S1 0.5 0.5 0.5 0.5 0.6 0.6 0.06 0.05 0.05 0.04 0.04 0.04
0.6 0.6 0.6 0.6 0.6 0.7 0.05 0.04 0.03 0.03 0.03 0.03

S2 0.5 0.6 0.6 0.6 0.6 0.6 0.15 0.15 0.16 0.16 0.16 0.17
0.6 0.7 0.6 0.7 0.7 0.7 0.14 0.14 0.14 0.14 0.15 0.15

S3 0.4 0.4 0.5 0.5 0.5 0.5 0.16 0.15 0.15 0.15 0.15 0.15
0.6 0.7 0.7 0.7 0.7 0.7 0.14 0.13 0.13 0.13 0.13 0.14

S4 0.4 0.5 0.5 0.5 0.5 0.6 0.15 0.15 0.15 0.15 0.15 0.15
0.6 0.7 0.7 0.7 0.7 0.7 0.14 0.14 0.14 0.14 0.14 0.14

JLF LJ [dB]

S1 0.06 0.05 0.05 0.04 0.04 0.04 −7.4 −9.4 −10.4 −10.6 −11.3 −12.5
0.05 0.04 0.03 0.03 0.03 0.03 −9.9 −12.3 −13.5 −13.8 −14.3 −15.1

S2 0.15 0.15 0.16 0.16 0.16 0.17 −6.9 −8.6 −9.5 −9.6 −10.2 −11.4
0.14 0.14 0.14 0.14 0.15 0.15 −9.2 −11.2 −12.1 −12.4 −12.7 −13.6

S3 0.16 0.15 0.15 0.15 0.15 0.15 −7.1 −8.5 −9.2 −9.4 −10.2 −11.8
0.14 0.13 0.13 0.13 0.13 0.14 −13.1 −15.6 −16.9 −17.3 −17.6 −18.4

S4 0.15 0.15 0.15 0.15 0.15 0.15 −7.3 −8.7 −9.6 −9.8 −10.5 −12.1
0.14 0.14 0.14 0.14 0.14 0.14 −12.2 −14.5 −15.9 −16.3 −16.6 −17.4

G [dB] STI

S1 1.6 0.6 0.2 0.2 −0.1 −0.6 0.57
0.7 −0.3 −0.7 −0.7 −0.9 −1.3 0.61

S2 1.8 0.7 0.3 0.1 −0.2 −0.8 0.58
0.8 −0.2 −0.7 −0.9 −1.1 −1.5 0.64

S3 0.5 −0.5 −0.9 −1.0 −1.6 −2.5 0.52
−3.7 −5.2 −6.1 −6.2 −6.4 −6.7 0.63

S4 0.5 −0.5 −1.1 −1.1 −1.6 −2.4 0.53
−2.6 −4.0 −4.8 −4.9 −5.1 −5.4 0.63
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