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Abstract

Multi-rate sound decays are often found and studied in complex systems of coupled volumes where diffuse
field conditions generally apply, although the openings connecting different sub-spaces are by themselves
potential causes of non-diffuse behaviour. However, in presence of spaces in which curved surfaces clearly
prevent diffuse field behaviour from being established, things become more complex and require more
sophisticated tools (or, better, combinations of them) to be fully understood. As an example of such
complexity, the crypt of the Cathedral of Cadiz is a relatively small space characterized by a central vaulted
rotunda, with five radial galleries with flat and low ceiling. In addition, the crypt is connected to the main
cathedral volume by means of several small openings. Acoustic measurements carried out in the crypt
pointed out the existence of at least two decay processes combined, in some points, with flutter echoes.
Application of conventional methods of analysis pointed out the existence of significant differences
between early decay time and reverberation time, but was inconclusive in explaining the origin of the
observed phenomena. The use of more robust Bayesian analysis permitted the conclusion that the late decay
appearing in the crypt had a different rate than that observed in the cathedral, thus excluding the explanation
based on acoustic coupling of different volumes. Finally, processing impulse responses collected by means
of a B-format microphone to obtain directional intensity maps demonstrated that the late decay was
originated from the rotunda where a repetitive reflection pattern appeared between the floor and the dome
causing both flutter echoes and a longer reverberation time.
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1. Introduction

Multi-rate sound decays, that are typically observed in presence of coupled volume geometries,
have received considerable attention in recent decades for acoustic design of modern performance
venues [1-3]. In fact, non-exponential sound-energy decays can contribute to control
reverberation and clarity of the hall [4].

The interest in coupled volume acoustics dates back to the 1950s [5] and has subsequently
received several theoretical developments based on the use of statistical acoustics (SA) theory [6-
8]. Recently, such theoretical approaches have been further refined and generalized [9] to address
direct sound radiation and non-diffuse transfer of energy between sub-rooms. Other revisions to
the improved statistical-acoustics model have later been published by the same authors [10,11].
Applications of the diffusion equation [12] as well as of geometric acoustics methods [13,14] to
model coupled-room phenomena can be accounted.

In parallel to the above studies, several research efforts investigated both subjective effects
[15,16] and methods to identify and quantify the different components in multi-rate decays.
Several measures of double slope effect or ratios between different portions of decay were used
in the literature [17-19] to describe the slope variation as a function of time. However, only the
application of Bayesian methods to multi-rate decay time evaluation provided the most rigorous
instrument for analysing acoustically coupled spaces [20-23].

The above mentioned models and methods of analysis successfully contributed to explain the
experimental results of various acoustic parameters measured in large, and complex, spaces.
Anderson and Bratos—Anderson [24] extended the original SA two-room model to a larger
number of sub-rooms and applied this method to St Paul's Cathedral, London. Similarly,
Martellotta used Bayesian analysis [20] and SA models [9] to explain and model the acoustics of
St. Peter’s Basilica [25], and of a larger set of Papal Basilicas [26] in Rome, within the framework
of coupled volumes. Chu and Mak [27], and Martellotta [28] proposed the use of multi-rate decays
to predict the early sound energy decay performance in churches. All the previous analyses
involved spaces where, despite their complexity, sound propagation complied with diffuse field
specifications, otherwise SA model would not have been valid nor accurate. However, multiple-
rate decays may also appear under different circumstances, such as in long enclosures [29], in
spaces with non-uniform sound absorption distribution [30], and in presence of curved and
focussing surfaces [31]. In all of these cases the sound field can hardly be considered diffuse, and
together with multiple-rate decays, strong non-uniform sound pressure level distribution, and odd
phenomena like coloration and “flutter echoes” may appear. With particular reference to the effect
of curved surfaces there are some theoretical studies [32,33], but limited measured data can be
found [31] and analyses are carried out only by means of conventional methods.

In the present paper, the case of the crypt of the cathedral of Cadiz in southern Spain, is
investigated. Due to its shape, a circular rotunda covered with a low dome, connected to
radial galleries, this space presents almost unique acoustic features, including non-linear
decays and flutter echoes, which would be difficult to analyse and explain using
conventional methods. Consequently, non-linear decays were first investigated by means
of Bayesian analysis to identify the different components. As this space is directly
connected to the cathedral, the origin of the multi-rate decay was investigated either by
comparing decay rates pertaining to different sub-volumes and by taking advantage of
visualization techniques based on the use of B-format impulse responses [34]. The latter
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technique also allowed to clearly explain the origin of the flutter echoes. Results are
discussed below and proved that only the use of both Bayesian methods and intensity
maps allowed the correct interpretation of the phenomena which, using conventional
approaches might have been explained in a different, and probably incorrect, way.

2. Methods
2.1. The case study

The cathedral of Cadiz, located in the historical center of the southernmost city of Spain, is
one of the cathedrals more recently built in the country. The long duration of its construction
process, which began in 1722, involved seven master architects, a fact that resulted in a
combination of different architectural styles: Baroque and Rococo in the interior, and
Neoclassicism in the fagade and the two towers. The main space of the cathedral has a Latin cross
plan surrounded along its entire perimeter by lateral chapels and organized in three naves, creating
an interior volume of about 70,000 m?. Its structure is made up of Corinthian marble columns,
from which a second body of limestone pillars emerges, concluded by very lightly decorated
vaults. The choir is characterized by stalls made of cedar and mahogany and is one of the key
elements of the building, being located in the central nave and subdividing the space. The southern
part of the church includes an ambulatory and the presbytery covered with a dome. A gilded
bronze pulpit is located on each side of the altar (Fig. 1a). The crypt is located right under the
main altar, below sea level. The crypt, which was built by Vicente de Acero in 1730, is almost
entirely finished in oyster stone, a brown porous stone typical of the region. The space, having a
volume of approximately 3,000 m?, is formed by a central vaulted rotunda, which reaches a height
of 5 m in its highest point (Fig. 1b), and five axial galleries with a flat low ceiling (Fig 2). The
crypt is connected to the cathedral by means of stairs arranged symmetrically on both sides of the
main altar and also by means of several small openings around the rotunda (Fig. 1b).

Fig. 1. Interior view of the presbytery of the cathedral of Cadiz (a) and interior view of the rotunda of the
crypt (b).

2.2. Measurement technique
The measurement methodology applied to record and analyse the room impulse responses
followed the recommendations listed in the ISO 3382-1:2009 standard [35] and the specific
guidelines published for this type of buildings [36,37]. Such methodology has been applied in
order to analyse the current acoustic environment of several Spanish cathedrals of the same
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typology [38]. Considering the various liturgical and cultural uses of the churches, different
sound-source positions were set. Typical source positions included the high altar, the pulpit, the
choir, the organ position, and the retro-choir. For the purpose of the present paper, the crypt was
also analysed in detail by taking into account two source positions, one at the altar (S1), and one
in the rotunda (S2). However, some of the measurements in the main cathedral volume were also
considered to better understand the results in the crypt. Receivers were also distributed to
represent different homogeneous areas both in the worship area and in the crypt of the cathedral.
In particular, in the crypt, receivers were distributed throughout the rotunda, and also in each
radial gallery (one position was set close to the opening and the other well inside each sub-
volume). A summary of the different source and receiver positions is given in Fig. 2.
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Fig. 2. a) Longitudinal sections of the cathedral and its crypt. b) Schematic plan and cross-sections of the
crypt, with indication of source (S) and receiver (R) locations.

The process of generation, acquisition, and analysis of the signal was performed using
WinMLS2004 software for the worship areas of the cathedral and EASERA v.1.2 software for
the crypt, which were connected with the measurement chain through an Edirol UA-101 sound
card. All the room impulse responses (IRs) were recorded at a sample rate of 48 kHz and 16-bit
depth. The software tools used a swept-sine technique, emitted through an AVM DO-12
dodecahedral sound source with a B&K 2734 power amplifier, and a Behringer Eurolive B1800D-
Pro self-amplified subwoofer, in order to improve the signal-to-noise ratio at low frequencies. A
single output channel was used since the signal is sent to the subwoofer, which is self-powered
and has a high-pass filter (cut-off frequency at 90 Hz) that allows the signal to be sent up to the
dodecahedron. The duration of each single sweep was set at 22 s (much longer than the longest
reverberation time expected in the crypt, so to ensure that harmonic distortions can be removed
from measured IRs). A frequency-weighted log-sweep, spanning between 20 Hz and 20 kHz, was
used as excitation signal, so to achieve an almost flat spectrum that enables the best performance
of the subwoofer and the dodecahedron without exciting non-linear behaviour. The software
recorded the monaural IRs through an Audio-Technica AT4050/CMS5 omnidirectional/figure-of-
eight microphone whose amplifier and polarization source is a SMP200 Sound Field. Binaural
IRs were measured with a Head Acoustics HMS III dummy head connected to a B&K-2829 power
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supply. Moreover, B-format IRs were registered by using a MK-V SoundField microphone. This
measurement chain complies with the “advanced” set-up proposed in Ref. 36. Measurements were
carried out at night, when the church was unoccupied and the background noise was at a minimum
(equivalent sound levels of 28.7 dBA and 26.7 dBA were recorded in the main church and crypt,
respectively). Furthermore, environmental conditions were monitored, with average values of
22°C and 76% RH.

2.3.Methods of analysis

In order to analyse the measured decays, several techniques were used. First, Bayesian
analysis [20-23] was chosen as it provides the most rigorous method to detect and quantify
multiple slopes in decays. According to Bayesian analysis, any decay curve can be expressed in
terms of a multi-rate decay process given by the sum of different components:

F(A B, ty) = Ag(L — ty) + X1 A; exp(—B;ty), with0 <t <L, €))

Where 7 is the decay order, f is the time step, L is the total duration of the decay, 4; is the
“linear parameter” representing the amplitude of the i-th decay, B; is the “nonlinear parameter”
equal to 13.8/T;, with T; being the i-th reverberation time to be estimated. Finally, 4o is the
amplitude of the background noise component of measured IRs. The scope of Bayesian analysis
is to determine the set of 4; and B; parameters which best describes the decay curve.

Among the many algorithms developed in the last years [20-23], the fully parametric one
proposed by Xiang et al. [23] was implemented in Matlab. Even though the procedure may be
applied to a virtually unlimited number of slopes, for the IRs under test only double and triple
slopes were considered.

In order to use a single number parameter to compare the energy associated to different
decays, the logarithmic ratio of the amplitudes 4;;=10-logio(4i/4;) was used in the manuscript.
Finally, to limit lengthy discussions and be consistent throughout the different sections of the
paper, the 125 Hz, 500 Hz, and 2 kHz octave bands were considered. However, similar results
were obtained at the other bands.

3. Experimental results

3.1. Conventional analysis

The analysis of the acoustical parameters measured in the crypt pointed out interesting
differences depending on source and receiver positions (Table 1). When the source was in the
rotunda (S2) longer EDT and T30 values were measured at the receivers located in the same sub-
volume (R10-R13). Listening to impulse responses (IRs), and observing decay curves, showed
that such an effect was associated with a very audible flutter echo (Fig. 3). The origin of such
flutter echoes (having a period of about 0.2 s, depending on the receiver, corresponding to a
roundtrip path of about 70 m) was originally attributed to reflections between the opposite ends
of the galleries. However, thanks to the more sophisticated analysis, it was demonstrated that, as
will be better explained below, they depended on the curved surfaces (walls and vault) of the
rotunda. When receivers were located in the adjacent sub-volumes (R1-R9), EDT values spanned
between 1.4 and 2.1 s at 500 Hz octave band, while T30 values spanned between 2.9 and 3.4 s.
At different octave bands slightly shorter values were generally observed, with EDT being shorter
than T30 in any case. When the source was moved to the altar (S1) a significant change occurred,
with EDT decreasing nearly everywhere (spanning from 0.9 to 1.6 s at 500 Hz octave band) and
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T30 varying between 3.1 and 3.9 s in the rotunda, and dropping to about 1.45 s (spanning from
1.4 and 1.5 s) in the galleries. Substantially similar trends were observed at other octave bands.

Table 1.
Summary of EDT and T30 values measured at the 125 Hz, 500 Hz, and 2 kHz octave bands for all source
and receiver combinations located in crypt. S1 = source position at the altar; S2 = source position in the
rotunda.

125 Hz 500 Hz 2 kHz 125 Hz 500 Hz 2 kHz

S1 EDT T30 EDT T30 EDT T30 S2  EDT T30 EDT T30 EDT T30

R1 1.37 141 128 142 1.18 1.33 R1 1.70 1.63 191 342 150 243
R2 149 158 1.60 147 125 142 R2 1.39 2.02 2.16 3.07 148 232
R3 1.64 139 125 145 1.05 1.31 R3 0.88 1.66 1.74 3.49 153 252
R4 1.01 1.58 122 144 1.19 135 R4 0.77 193 179 351 134 249
RS 098 134 089 136 1.12 1.32 RS 1.55 221 176 299 1.09 2.09
R6 1.24 122 1.08 143 1.12 1.26 R6 0.89 192 145 292 129 230
R7 1.27 140 120 144 1.07 133 R7 1.01 1.61 154 3.40 156 2.49
RS 1.16 143 1.14 138 1.07 1.36 RS 094 1.62 172 3.08 145 238
R9 1.52 1.60 123 144 1.06 133 R9 1.76 194 186 2.82 155 244
R10 170 229 1.57 3.70 131 2.62 R10 2.15 345 382 492 243 3.17
RI11 136 238 140 3.11 1.19 247 RI11 2.05 323 385 435 274 283
R12 128 251 148 3.87 147 282 R12 277 3.17 399 454 244 333
R13 140 227 154 3.00 142 223 R13 141 289 328 397 208 285

Relative level [dB]
Relative level [dB]

0 0.5 1 1.5 2 25 3 0 0.5 1 1.5 2 25 3

a) Time [s] Time [s]

Fig. 3. Plot of relative level (wide band) as a function of time for receivers S2-R11 (a) and S2-R12 (b)
showing the flutter echo appearing in the rotunda.
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Fig. 4. Graphs of EDT and T30 values as a function of frequency and source position and receiver location:
a) average of receivers located in the galleries (R1-R9); b) average of receivers located in the rotunda (R10-
R13). Error bars correspond to standard deviation across measured values.

As shown in Fig. 4, the behaviour observed at 500 Hz also appears at other frequencies. In
particular, when the source is at S1, EDT and T30 are rather similar inside the galleries, while in
the rotunda EDT remains more or less the same, while T30 increases significantly, with the largest
values observed at mid frequencies. When the source is in the rotunda (S2), EDT remains nearly
the same as before in the galleries, while T30 becomes longer across the entire spectrum, with
mean values very similar to those observed in the rotunda with source S1. In the rotunda, both
EDT and T30 values get longer, with T30 approaching 4.5 s at 500 Hz. EDT values are quite
similar to T30 values observed when the source is in position S1.

Table 2.

Summary of mean (M) and standard deviation (SD) for EDT and T30 values measured in the cathedral, at
octave bands from 125 Hz to 4 kHz as a function of source position. #R indicates the number of receivers
used in the calculation.

T30 EDT

Source #R 125 250 500 1000 2000 4000 125 250 500 1000 2000 4000
M 11.70 11.29 9.88 7.90 588 4.18 1130 11.03 9.62 7.62 558 3.80
SO 0.09 0.04 0.04 0.01 0.01 0.01 0.17 021 0.13 0.08 0.07 0.07
M 11.72 11.14 9.82 7.87 583 4.13 11.16 11.11 9.54 738 540 3.57
SD 0.06 0.04 0.03 0.02 0.02 0.02 0.23 0.17 0.11 0.13 0.12 0.16
M 11.67 11.19 9.84 7.83 578 4.08 10.02 10.51 9.01 7.09 5.11 346
SO 0.14 0.03 0.03 0.09 0.07 0.10 1.58 0.74 0.68 0.73 0.70 0.47
M 1120 10.87 949 733 528 3.51 633 584 550 4.18 3.09 228
sb 0.17 0.12 0.05 0.08 0.07 0.09 1.16 050 032 0.27 0.19 0.16
M 11.66 11.16 9.70 7.80 577 4.11 995 9.14 795 635 468 3.12
sb 0.10 0.10 0.07 0.08 0.12 0.15 249 239 236 1.83 137 0.86

Altar (14)

Pulpit 1n

Choir %)

Retro-choir (4)

Organ 3)

The analysis of the same parameters measured in the cathedral (Table 2) showed that T30
values are very consistent throughout the church with negligible spatial variations. As expected,
EDT values showed a much larger variation, with the shortest values observed when both source
and receivers were in the retro-choir. Over the entire octave-band spectrum, both EDT and T30
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values measured in the cathedral were significantly longer than those measured in the crypt. Thus,
conventional analysis based on classical acoustic parameters provided a first set of clues, but a
more refined analysis was required in order to draw conclusions.

3.2. Bayesian analysis

Bayesian analysis allows the actual time constant of each decay process to be estimated,
together with its relative amplitude. Before delving into a detailed analysis of the different cases,
it is worth presenting an overview of the whole set of decay curves as a function of octave band
and source and receiver position (Fig. 5). For the sake of brevity, only octave bands of 125, 500,
and 2000 Hz were considered. As already appeared discussing T30 and EDT, receivers could be
divided into two subsets, those located in the galleries (with little differences between those
located at the opening and those deeper into the galleries), and those in the rotunda. Among the
latter group, when source was in S2, the stepped decay typical of flutter echoes was observed,
particularly at receivers R11 and R12. In addition to flutter echoes, variations in the energy of the
late decays appeared as a function of source position. In fact, at medium and high frequencies the
second decay was more energetic for source S2, while it was weaker for source S1. This was
consistent with the pattern observed for T30 as a function of source position.

Source S2 - 125 Hz

Source S1-125Hz

3

S

3
0
3

Receiversin the rotunda

@
8

Normalized Level (dB)
8
IS
3

Normalized Level (dB)

&
3

3
a) Time (s) b) Time (s)

Source S1-500 Hz Source S2 - 500 Hz

Receiversin the rotunda

©
3

Receiversin the rotunda

'S @
3 8

Normalized Level (dB)
&
3

C) Time (s) d) Time (s)

Source S$1-2kHz Source S2 - 2 kHz

Receiversin the rotunda Receiversin the rotunda

Fig. 5. Normalized backward integrated decay curves as a function of source and receiver position and
octave band frequency. Normalization is obtained in each case by assuming receiver with highest relative
level as a reference. a) Source S1, 125 Hz octave band; b) Source S1, 500 Hz octave band; ¢) Source S1, 2

kHz octave band; d) Source S2, 125 Hz octave band; e) Source S2, 500 Hz octave band; f) Source S2, 2
kHz octave band.
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At the 125 Hz octave band the second decay had a slower decay rate and was more or less
the same at all receivers (also having approximately the same energy both in the rotunda and in
the galleries), and appeared between 30 and 40 dB below direct sound. The initial decay was
relatively similar among all the receivers for source S1, while it differed for source S2 as receivers
in the rotunda showed a slower decay rate with a stepped shape.

At the 500 Hz octave band, when source S2 was used, receivers in the rotunda showed an
apparently linear behaviour, but Bayesian analysis will show that two slopes can still be identified.
Receivers in the galleries showed a second slope which resembled that observed in the rotunda,
and a first slope which was much steeper. For source S1 the second decay had weaker initial
energy, likely because when source was in this position a larger amount of acoustic energy could
escape in the galleries being absorbed. In addition, the slope in the galleries showed an initial
steep part up to about 0.8 s, followed by a short part (between 1 and 2 s) with a slope similar to
that observed into the rotunda, finally followed by an even slower decay, thus suggesting a
possible third slope.

Finally, at the 2 kHz octave band the same trends observed at the 500 Hz octave band were
found, although with faster decay rates. However, for source S1 the second slope seemed more
similar both in the rotunda and in the galleries, where no third slope could be identified in this
case.

Considering the clustering observed above, and the relatively small standard deviations
observed among EDT and T30 values in Section 3.1, Bayesian analysis was applied only to four
source-receiver combinations, corresponding to both source positions, and two of the most
representative receivers located respectively in the galleries and in the rotunda. In the light of the
strong frequency-dependent variation observed in Fig. 5 the analysis was performed at the
frequency bands of 125 Hz, 500 Hz, and 2 kHz. A summary of the results is shown in Table 3.

Table 3.
Summary of T1, T2 and T3 (when applicable), and A, and A,z values measured at 125 Hz, 500
Hz, and 2 kHz octave bands for the selected source receiver combinations.

S1-R2 S1-R10 S2-R2 S2-R10
i 1 2 3 1 2 3 1 2 3 1 2
125Hz  Ti[s] 1.35 114 1.45 4.0 10.1 1.53 11.15 3.33 11.4
Aiin [dB] 232 15.5 8.2 22.1 27.1
500 Hz Ti[s] 1.45 4.65 103 1.78 545 101 1.85 5.31 10.1 3.44 5.89
Aiir1 [dB] 243 11.0 10.8 18.4 12.7 23.0 29
2kHz  Til[s] 1.23 343 1.08 295 53 1.49 3.47 1.53 3.54
Aiir1 [dB] 192 5.0 16.7 9.0 1.6

First the combination with the source at the altar and the receiver in one of the galleries (S1-
R2) was analysed (Fig. 6a). Results showed that at 125 Hz two slopes were identified. The first
having a reverberation time T1=1.35 s, and the second having T2=11.4 s, with A;,=23.2 dB. A
comparison with Table 2, suggests that the second slope might be related to the reverberation time
observed in the cathedral volume. As supposed observing Fig. 5, at 500 Hz three decays appeared.
The first with T1=1.45 s, the second with T2=4.65 s, and the third with T3=10.3 s.

At this octave band, the third decay process, although being very weak, was similar to that
taking place in the cathedral volume (Table 2), thus, suggesting that the energy radiating into the
cathedral and coming back into the crypt was much weaker than at 125 Hz, and, in addition, a
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new, louder, decay process appeared, whose origin will be better investigated below. Finally, at
2 kHz octave band two slopes appeared, the first having T1=1.23 s, and the second having
T2=3.43 s. The latter was shorter than values measured in the cathedral, thus suggesting that the
origin must be related to the crypt characteristics.
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Fig. 6. Results of Bayesian analysis applied to 125 Hz, 500 Hz, and 2 kHz octave bands, at combinations:
a) S1-R2; b) S1-R10; c¢) S2-R2; d) S2-R10. (—) Measured decay; (...) Bayesian decay; (- - -) Bayesian
decay components.
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When combination S1-R10 (Fig. 6b) was considered, several similarities to S1-R2 were
found, although with some important differences. At 125 Hz three slopes appeared, with T1=1.45
s, T2=4.0 s, and T3=10.1 s. The third decay again showed consistent similarities with the
reverberation time of the cathedral, while the second decay, making a smoother transition from
the first to the third, required some further investigation. At 500 Hz, three slopes appeared with
T1=1.78 s, T2=5.45 s, and T3=10.1 s. The second decay was about 14 dB louder than it was in
R2, with a slightly longer reverberation time. The third decay was 7 dB louder than it was in R2,
but the reverberation time was essentially the same, confirming an influence from outside the
crypt. At 2 kHz, three decays appeared with T1=1.41 s, T2=3.45 s, and T3=5.7 s. The second was
almost coinciding with the second decay observed in R2, while the third decay showed some
similarities with that observed in the cathedral, thus suggesting a possible contribution from that
volume.

When combination S2-R2 was considered (Fig. 6¢), at 125 Hz, nearly the same behaviour
found in S1-R2 was observed (T1=1.53 s, T2=11.15 s, and A12=22.2 dB). This seemed to suggest
that at the lowest frequencies galleries behave in the same way, independent of source position.
At 500 Hz three slope appeared, with T1=1.85 s, T2=5.3 s, and T3=10.1 s. The values were quite
similar to those observed in combination S1-R10, suggesting that, although with minimal energy,
late sound might enter the crypt from the cathedral. At 2 kHz only two decays appeared with
T1=1.49 s, and T2=3.47 s, again with great similarity with S1-R10, even in terms of Aj».

Finally, combination S2-R10 was considered (Fig. 6d). At the 125 Hz octave band two
slopes appeared, with T1=3.33 s, T2=11.4 s, and A;»=27.1 dB. Thus, while the late decay may be
interpreted as the contribution from the cathedral, the first decay showed a clearly longer
reverberation time than it was in the same position with source S1. It is interesting to observe that
there was no evidence of this slower decay rate in the other combinations observed. At the 500
Hz octave band two slopes appeared with T1=3.44 s, T2=5.89 s, and A,=2.94 dB, confirming
that the two slopes can be identified using Bayesian analysis, but the second played a major role.
The decay rate was nearly the same as was found at the 500 Hz octave band in all the other
combinations. Similarly, at the 2 kHz octave band reverberation times were T1=1.32 s, T2=3.46
s, and A,=0.4 dB, thus confirming that the two decay processes had nearly the same energy and
consequently the slowest tended to mask the other.

At this point, in order to better understand the origin of the different decays and, in particular,
to identify those pertaining to the cathedral, Bayesian analysis was extended to a sample of IRs
measured with both source and receivers in the cathedral. Reverberation times (T30) in the
cathedral were systematically longer than those appearing in the crypt, with the only exception of
the 125 Hz octave band and the third decay appearing, with very low energy, at 500 Hz, while
some similarities appeared between the second decays and EDT values measured in the retro-
choir. As the crypt openings are connected directly with side aisles, it was worth investigating in
greater detail what happens in those sub-spaces, and hence two IRs measured with both source
and receiver in the retro-choir and organ aisle were considered. Bayesian analysis clarified (Fig.
7) that in both cases the initial decay had shorter reverberation time T1 (3.52 s at 500 Hz, and 2.0
s at 2 kHz) and an initial energy that only moderately exceeded the energy of the late decay,
meaning that after less than 1 s the first decay process was completely masked by the second
slower decay. Thus, it could be excluded that the origin of the decay appearing in the crypt at 500
Hz and 2 kHz might be related to the main volume of the cathedral.
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Fig. 7. Results of Bayesian analysis applied to 500 Hz octave band, at combinations corresponding to both
source and receiver in the same subspace of the cathedral: a) retro-choir; b) organ position. (—) Measured
decay; (...) Bayesian decay; (- - -) Bayesian decay components.

3.3. Directional maps

In order to analyse in greater detail the decay process, directional intensity maps were created
[34], taking advantage of B-format impulse responses available at each receiver position. Such
maps provide, for the selected time interval, a level distribution that accounts for the integral of
the reflections arriving from a given direction. Thus, higher levels may result from either stronger
reflections or a large number of weaker reflections. To simplify localization of direction of arrival
of sounds, panoramic images were obtained using the SketchUp model of the Crypt.

First of all combination S2-R10 was analysed, because according to Bayesian analysis the
late decay processes showed the maximum energy in the rotunda, thus suggesting it might have
an important role. At the 500 Hz octave band, as already observed, in the early part of the impulse
response several flutter echoes appeared, and the directional maps showed (Fig. 8a) that
reflections between the floor and the dome were responsible for such behaviour. The process
continued, as it can be observed by properly zooming into the late part, so that even after 3 s the
sound field remained clearly non-diffuse.

As shown in Fig. 8b, the loudest late reflections kept coming from above and from below,
while the energy coming from the horizontal plane was more than 20 dB weaker. The distribution
remained approximately the same even after 5 s, confirming that when the source was in the
rotunda the sound field was strongly non uniform.

Similar results were observed at receiver R11, which, being located along the symmetry axis,
was also more likely to show odd behaviours. In fact, an even more evident flutter echo appeared,
in which each sequence included one reflection from the floor, and two from the dome (one from
front and one from the back), mostly aligned along the symmetry axis (Fig. 9a-d). The late part
(Fig. 9¢) was again characterized by a strongly non-uniform behaviour, with late reflections
coming from the horizontal plane being much weaker than the others.

When the source was moved into the altar area (S1), flutter echoes disappeared, and the early
sound field appeared more evenly diffused (Fig. 10a). However, in the late part, from 1 s onward,
the sound field showed again a prevailing contribution of reflections coming from above and from
the floor (Fig. 10b), suggesting that, although with a lower intensity, the non-uniform distribution
of sound inside the rotunda always occurred.
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Finally, combination S2-R8 was considered to represent the case when receivers are moved
into the galleries. In this case the sound field distribution changed significantly as the early part
(Fig. 11a) showed a clear dominance of reflections coming from the front (from the opening
connecting to the rotunda) and from the back (reflecting back from the rear wall). Limited
contribution of lateral reflections, and even more limited contributions from top and bottom
surfaces, was observed because the loudest reflections arrived from the rotunda at grazing angles
(very close to the direction of arrival of direct sound), while more diffuse reflections lost much of
their energy after hitting several times the walls. In the late part (Fig. 11b) most of the acoustic
energy kept arriving from the opening, but diffuse reflections were finally observed arriving from
all directions.

To summarize, the analysis of the directional reflection maps allowed to conclude that the
origin of the late decay at 500 Hz and above was the rotunda. However, the longer reverberation
was due to a non-diffuse sound field caused by reflections between the floor and the dome, which
are also the origin of the observed flutter echo. This late decay had a stronger initial energy when
the source was in the rotunda (S2), and became weaker when the source was at the altar (S1),
likely because the latter position caused direct sound to enter the rotunda with a grazing angle
which caused a greater amount of acoustic energy being reflected towards the galleries, with lower
and more scattered energy remaining in the rotunda, thus preventing flutter echoes to appear.
When receivers were in the galleries the early sound came from the rotunda and spread initially
along the main axis of the gallery. In the late part a diffuse field was finally observed, but the
loudest reflections kept arriving from the opening, thus supporting the idea that the late decay
originated from the rotunda. At the 2 kHz octave band, similar results were found, although
characterized by increased diffusion of the sound field.

4. Discussion

At the end of the previous analysis of the measurements carried out in the crypt, it is possible
to summarize the main findings, also trying to provide an explanation for each of them.

First of all, the directional intensity maps clarified that the longer reverberation time in the
rotunda was due to a mostly mono-dimensional propagation between the floor and the vault. Such
propagation appeared at selected receivers in the form of a clear flutter echo having a period of
about 200 ms, depending on position. For combination S2-R11, with both source and receiver
along the symmetry axis, the period was 185 ms, corresponding to a roundtrip path of 63 m. Along
that direction, the distance between the opposite terminations of the galleries was about 45 m,
corresponding to a longer period of 260 ms, but assuming that sound was reflected before entering
the chapel such distance would reduce to 34 m, corresponding to a period of 200 ms. However,
directional intensity maps clearly showed that points of origin of the fluttering reflections were
the floor and the ceiling. A geometrical acoustic reconstruction of the reflection paths along the
cross section was made to provide a simple qualitative explanation of how the flutter echoes can
be generated by the curved surface of the vault, while showing that time periods may be quite
long despite the limited height (Fig. 12). The analysis showed that adding up all the reflections
yielded a roundtrip path of 53.3 m, corresponding to a period of 157 ms. This should be considered
as the shortest period, as longer roundtrip paths (moving circularly) could be identified using a
3D model of the space.
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Fig 12. Schematic geometrical acoustic interpretation of the flutter echo appearing between source S2 and
receiver R11. (— ——) propagation from source (S) to receiver (R), (—) roundtrip from (R) to (R).

Once this premise was made, the combined analysis of Bayesian methods and directional
intensity maps showed different behaviours at different octave bands. A common feature to all
measured responses was the presence of a steep initial decay followed by one or more, much
weaker decays, with slower decay rates. Combination S2-R10 was a significant exception both in
terms of initial decay (slower than others), and energy of the late decay (stronger than others,
except at 125 Hz). Such steep initial decays observed in sub-volumes where no source was present
contradicted the diffuse-field behaviour which was expected for such spaces (characterized by a
concave shape and by an initial energy which is nearly zero). This suggested that a significant
part of the direct sound was radiated into each sub-space, as if the source was right inside it. Then,
the large opening and the repeated reflections between parallel surfaces caused a sudden drop of
the acoustic energy, finally followed by the late reverberant sound coming from the rotunda.

At the 125 Hz octave band the observed double slope likely depended on coupling with the
cathedral. In fact, the second decay had a reverberation time comparable with that of the cathedral.
The initial decay was very similar in all the cases, except when both source and receiver were in
the rotunda. In which case T1 was more than doubled compared to the other cases and, apart from
a second slope appearing in S1-R10, no evidence of its propagation to galleries was found using
Bayesian analysis. However, the shorter reverberation time in the rotunda (as compared to other
octave bands), suggested the existence of some damping which also reduced the overall energy
of that decay, thus making it less visible in the galleries. In fact, analysis of the spectrum measured
in S2-R10 pointed out major peaks at 77 Hz, 115 Hz, and 155 Hz (easily explainable as axial
modes along the z-axis, as the average height in the rotunda is 4.4 m), and spectral analysis carried
out in S2-R2 pointed out similar resonance peaks, although only observed during the transition
between the two decay processes.

At the 500 Hz octave band a rather complex picture appeared. For combination S2-R10 3D
sound maps confirmed that the late decay (with T2=5.9 s) originated from the rotunda because of
the floor-ceiling reflections, in combination with an initial decay (having T1=3.44 s) about 3 dB
more energetic. The late decay appeared in all the other combinations, although with different,
and generally much lower, energy. Consistently, the energy of the late decay process dropped
when either the receiver was in a gallery, or the source was at the altar, and reached a minimum
when source was at the altar and receiver was in a gallery. When source at the altar the excitation
of the one-dimensional reflection pattern was less effective (being about 10 dB weaker) and the
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sound field was slightly more diffuse. Under these conditions a third, but very weak, decay
appeared, realistically due to sound energy coming back from the volume of the cathedral (as
demonstrated by the very similar reverberation time).

Finally, at the 2 kHz octave band the combination of the different results was slightly closer
to a “diffuse field” condition. In fact, in agreement with the behaviour predicted by SA equations
for coupled volumes the late decay was mostly the same, independent of source position, and its
energy consistently was at a maximum in the rotunda (particularly with the source in it), and
decreased to a minimum when source was at the altar and receiver was in a gallery. However, the
big difference between the energy of the first and second decay, suggested that while direct sound
entered through the (comparatively) large gallery openings, a much lesser fraction of late sound
got into them. Despite a slightly increased scattering, this was likely to depend, as observed at the
500 Hz octave band, on the vertical flutter echo, as sound kept on reflecting between floor and
dome in the rotunda, and the fraction which was intercepted by the openings remained small.

5. Conclusions

The acoustics of the Crypt of the Cathedral of Cadiz was analysed in detail, starting from an
on-site measurement campaign. The complex geometry of the space, made of a circular and
domed central space (the rotunda) connected to six radial galleries (five of them very deep), and
to the cathedral, originated an impressive collection of acoustic phenomena. Flutter echoes, non-
diffuse sound propagation, double and triple slope decays were among the phenomena observed.
Only the combined application of non-conventional methods of analysis, including Bayesian
analysis and 3D sound maps, allowed us to identify and explain each of these phenomena. In
summary, when sound is radiated in the rotunda it propagates into the galleries, thus being very
rapidly absorbed by the many reflections taking place before sound can actually come back into
the rotunda. Meanwhile, in the rotunda, a non-diffuse sound propagation is formed in which, due
to its shape, sound travels between the floor and the dome for a long time causing audible flutter
echoes. In this process, the mostly vertical propagation, emphasized by the lack of scattering
elements on both surfaces, causes little late energy to reach the galleries which consequently show
a second decay, having the same slope of the process in the rotunda, but with much less energy.
Small variations occurred between the octave bands, with the notable exception of the 125 Hz
octave band where, to complicate things, late sound coming from the cathedral masks the process
originating from the rotunda. Further investigations are needed to clarify the origins of the
complex phenomena discussed above, also involving on-site measurements of absorption
coefficients of the different surfaces. Modelling of the coupled-space system is also under way
but, considering the non-diffuse nature of the observed phenomena, also related to the presence
of curved surfaces, setting up the correct parameters is a non-trivial task which requires a careful
tuning.
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