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a b s t r a c t

Sound propagation in large reverberant religious spaces has remained relatively unexplored within the
general context of the acoustics of places of worship. However, complex acoustic physical phenomena
can occur in these buildings, where substantial changes in the behaviour of the space can be produced
depending on where the sound source is placed. This paper describes the methodology used for the
study of the acoustic environment of the Catholic cathedrals of southern Spain, and this is applied to the
Cathedral of Malaga. The monaural and binaural impulse responses were determined in the various
receivers for five positions of the sound source: major altar, pulpit, choir, organ and retrochoir, which
correspond to the positions of use of liturgical, musical, and cultural activities that take place in the
temple nowadays. According to the typology of the cathedral, six areas can be established for the location
of the congregants and/or the audience. The interdependence of the positions of the source and positions
of listeners in the various zones is analysed by processing acoustic parameters related to reverberation,
sound strength, clarity, early lateral reflections, and the speech intelligibility. Furthermore, experimental
results are compared spectrally with the simulated values obtained from a 3D geometrical-acoustic
model created for the space, in which simulation mappings determine the areas of visibility for each
sound source position together with the statistical distribution of the values of the acoustic parameters
in the areas of influence selected in the cathedral.

� 2013 Elsevier Ltd. All rights reserved.
1. Introduction

Throughout history, architecture of the Christian church has
transformed its layout based on liturgy and activities performed
within the worship space. The transition from Romanesque to
Gothic, for example, is a change aimed at urban life and the birth of
universities and great cathedrals [1]. Not only is the cathedral
conceived for liturgical worship, but also as a place of remem-
brance, celebration and massive representation. The history of ar-
chitecture is rich in allusions to ephemeral interventions made in
the great temples (carpets, drapes, stands, etc.), mainly from the
second half of the sixteenth century, reaching its peak in the two
Baroque centuries, the seventeenth and the eighteenth centuries,
for magna religious, civil, festive and mourning ceremonies. These
occasions significantly increased sound absorption in churches and
cathedrals, towards which large crowds also contributed. In the
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absence of a specific architecture for music, large temples were also
ceded for music which sponsored, for example, the evolution of
monody to polyphony in the history of music [2].

Speech intelligibility in Catholic worship has been an essential
objective of its activity only in certain historical periods. In this
context, the second half of the sixteenth century can be highlighted
as a result of the determinations of the Council of Trent, and the
importance that it gave to preaching as a tool of the Counter-
Reformation movement. In recent times, the reformation in the
liturgy introduced by the Second Vatican Council (ended in 1965)
allowed priests to face the congregation, the use of common lan-
guage instead of Latin in the religious services and masses, and the
call for the active participation of the congregation in choral
singing. The relevant role of the spoken word in sermons and
prayers implied the need for good speech intelligibility. Hence,
design of contemporary Catholic churches must ensure both an
acceptable standard of acoustics, since original flaws are hard to
remedy by using electro-acoustic systems, and refrain from
compromising the quality of a good ambience for music [3,4].

From a scientific standpoint, a more in-depth knowledge of
room acoustics together with the introduction of digital computers
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Fig. 1. (a) Room impulse response, RIR; and (b) energy time curve, ETC, with the
Schroeder’s integral (thick line) calculated with noise compensation. (All measured at
the receiver point R3, for source S1, filtered at 1 kHz in the Cathedral of Malaga).
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as research tools have propitiated great advances. Computers are
involved in various purposes: for acoustic measurement to produce
impulses and to process impulse responses; to generate synthetic
acoustic fields which are addressed to subjective perception in-
vestigations; and the most recent, to produce$3D virtual scenarios,
related to the past, present or future, for the evaluation and
reproduction of optical and sound field conditions of indoor and
outdoor designs [5e7]. Since the beginning of this digital age, the
main focus has been to quantify the physical parameters that
determine the ear response to sound, in order to apply this infor-
mation to the design process with special emphasis on the archi-
tecture for music performances. However, at around the same time,
acoustic studies of places of worship were initiated in all faiths [8],
following the same metric procedures established and agreed for
music venues [9]. Therefore statistical methods to determine the
orthogonal acoustic parameters in churches are also used [10,11],
and models are formulated to describe the pattern of early re-
flections in these religious spaces through diffuse sound field hy-
potheses [12,13], by imposing corrections to theories for concert
halls and other proportionate spaces [14]. Given the great vari-
ability of ecclesiastical shapes and in order to compare the acoustics
between them, a team of three Italian universities has proposed a
specific methodology for conducting acoustic measurements in
worship spaces [15]. The most recent research considers, through
acoustic measurements at various source locations and directions,
the effects of the style of liturgy on the acoustic characteristics
within churches [16], and several authors propose a synthetic way
to summarize the acoustics of churches for both music and speech,
by means of the calculation of synthetic indexes [17,18].

In regard to large reverberant worship enclosures, the pieces of
work that analyse sound propagation in cathedrals are scarce at the
moment, and only studies addressed to partial aspects are currently
under development, such as the dependence of the just noticeable
differences of certain descriptors of musical sound quality [19] on
long reverberation times, and advanced phenomena of acoustic
coupling effects in St Paul’s Cathedral in London [20], and in St
Peter’s Basilica in Rome [21].

Despite the large geometric complexity of religious buildings,
improvements in computational algorithms have extended the use
of ray tracing techniques to also study the spatial sound field in
these spaces [21,22].

As a final comment in this section, the quest for in-depth
knowledge of the aspects of architectural heritage has led to
abundant work in regard to the study and determination of the
acoustics of existing spaces, a certain number of which have been
rehabilitated and/or renovated for cultural purposes in several
countries in the Western environment [23,24]. In this context, the
research described in this paper is part of an interdisciplinary
research project on the acoustic behaviour of themain cathedrals of
Andalusia, which aims to incorporate this behaviour of religious
buildings as a scientific part of their cultural legacy and intangible
heritage [25]. All cathedrals are organized in the so-called “Spanish
style” in which the choir is situated in the centre of the temple.

This paper describes the methodology implemented in the
aforementioned research project for the characterization of the
sound fields of the Catholic cathedrals of Andalusia and its appli-
cation to a particular case study, the Cathedral of Malaga (southern
Spain), to describe all liturgical and cultural uses of the building for
speech and musical events.

2. Methodology

This section describes the procedures followed to measure
objectively the room acoustic quality of the Catholic cathedrals by
using experimental measurements and simulation techniques. In
this analysis, the various usual positions for natural sound sources
and the various zones for audience locations are considered and
that determine the adopted methodology.

2.1. Experimental measurements

An impulse response (IR), in general, describes the behaviour of
a linear time-invariant system in response to a certain external
change, as a function of time. Thus, by considering the room as a
linear time-invariant system, the room impulse responses (RIR) can
be measured at various reception points in order to describe the
acoustic behaviour of the cathedrals (see Fig. 1a). Fig. 1b shows a
decay energy curve calculated from the RIR by means of backward
integration [9] (Schroeder’s curve). The reverberation time and
other acoustic parameters have been obtained from those impulse
responses in accordance with ISO 3382-1 [9].

Measurements were carried out in the unoccupied temples.
Environmental conditions were monitored during the measure-
ment period in order to control the sound velocity in air and its
absorption in the calibration process of the geometrical models for
the simulations. The background noise spectrum was recorded by
averaging several minutes of “silence” with a Svantek 958 sound
analyser meter. This information is introduced into the simulation
setting dialogue in order to obtain the index for the assessment of
speech intelligibility.

For the description of the acoustic environment of the cathe-
drals from RIRs, it is essential to address the various uses of each
enclosure. Nowadays, in addition to the liturgical function, with
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spoken and sung passages and those of a musical nature, certain
musical events not directly related to their religious character are
held in cathedrals, together with other cultural activities where
sound perception plays a primary role. Based on these uses and
conditioned by the typology and the Catholic faith, various zones
are established in the cathedrals. The presence therein of congre-
gants, or the general public, will be associated to such use, and
there is also logic interdependence between the different zones and
the position of the sound source.

In general, sound sources analysed for the cathedrals are
located in the main altar, the pulpit, the choir, the organ and the
retrochoir. On a specific level, every cathedral has established a
schedule throughout the year, within their pastoral and liturgical
scope, which represents the temporary appearance of new sound
source locations and areas of use, associated with different
ephemeral set-ups (Easter, Corpus Christi, Immaculate Conception,
etc).

Acoustic source positions were located at the most usual point
of location of the natural source, at a height of 1.50 m from each
floor level. The reception points were placed at 1.2 m above floor
level in the area of the pews and chairs used by the congregation.

The process of generation, acquisition, and analysis of the
acoustic signal was performed with WinMLS2004 software
through an Edirol UA-101 sound card. The generated signal was
emitted to the cathedral through an AVM DO-12 dodecahedral
sound source with a B&K 2734 power amplifier and a self-amplified
Beringher Eurolive B1800D-Pro subwoofer in order to improve the
low-frequency results.

At each reception point, monaural and binaural RIRs were
measured by using several types of microphones. For the monaural
RIRs, an Audio-Technica AT4050/CM5 microphone connected to an
Earthworks-LAB 1 bias supply was used. The configuration between
omnidirectional and figure-of-eight of this multi-pattern micro-
phone can be easily changed in order to simulate the spatial
impression of the listener through the lateral acoustic energy
perceived. For the binaural RIRs, a Head Acoustics HMS III (Code
1323) dummy head together with the OPUS 01 dB signal condi-
tioner were used. This model takes both the properties of the
listener (or dummy head) into account by using head-related
transfer functions, and the properties of the room.

All RIRs were obtained from sine-swept signals, in which the
scanning frequency increases exponentially with time. The range
frequency, the level, and the duration of the excitation signal were
adjusted so that the frequency range would cover the octave bands
from 63 to 16,000 Hz, and the impulse response to noise ratio (INR)
would be at least 45 dB in each octave band to guarantee accuracy
of certain other parameters, such as T30 [26].

2.2. Acoustic simulation

With the aim of performing an in-depth study of the acoustic
behaviour of this kind of space, the acoustic simulations were
carried out by using CATT-Acoustic v9.0b, which is based on geo-
metric acoustic algorithms [27]. Three different algorithms for the
generation of echograms (E) and impulse responses (h) and the
subsequent calculation of widely-accepted acoustical descriptors,
in octave-frequency bands, are present in the engine calculation:
TUCT v1.0h (The Universal Cone Tracer). Specifically, algorithm 1 for
closed rooms “short calculation, basic auralization” with “max
split-up order 0” was used. The number of rays was set manually
once the convergence was determined and the impulse responses
were truncated to a length of a value of the order of the reverber-
ation time in each case. Algorithms 2 and 3 attained a real
improvement in the desired stability of the simulated results.
However, the enormous computational effort required for this
simulation constitutes a major obstacle for their use in these
spaces.

The construction of a three-dimensional simplified geometrical
model of the cathedrals provides the starting point towards reliable
acoustical computer-aided simulations. Sound sources, receivers
and the geometry of the room itself have to be implemented into
the model. The plane surfaces of this model must be characterized
by their capability to absorb and scatter energy from incident sound
rays by means of absorption and scattering coefficients, respec-
tively, expressed as a percentage. The frequency-dependent values
of the absorption coefficients for the various materials are obtained
from the bibliographical sources or adjusted in the tuning process
of the model. The frequency-dependent scattering coefficients are
assigned to each of the materials, and are defined as a function of
length and depth of the corrugation profile associated to the visible
face. Additional contributions are locally introduced based on the
size, complexity and nature of the elements omitted from the
digitized model. As a common procedure in the simulation of the
cathedrals, plain and scarcely decorated surfaces are assigned
scattering coefficients varying from 0.12 at 125 Hz to 0.17 at
4000 Hz, which include a linear increase of 0.01 to account for
frequency dependence. Shallow decorated surfaces are assigned
higher scattering coefficients which vary linearly from 0.20 at
125 Hz to 0.40 at 4000 Hz. Finally, pews, sculptures, and coffered
vaults are assigned scattering coefficients varying from 0.30 at
125 Hz up to 0.80 at 4000 Hz [21].

Every entity in the model whose size shows an order of
magnitude not comparable to the wavelength of the excitation
signal is acoustically invisible, and thus should be disregarded and
then compensated by flat surfaces with accordingly-corrected
scattering coefficients. In agreement with the literature [28], the
threshold size for entities in the model must be set at 0.5 m, which
corresponds to a 700 Hz sound frequency.

Additionally, the use of prediction software only based on the
fundamentals of geometrical acoustics brings concerns about the
lack of reliability of its outcome in the range of low audible fre-
quencies. As a rule of thumb, it is commonly assumed that this tool
could be considered reliable enough for frequencies higher than 4fS,
which for big cathedrals range from 40 to 90 Hz, where fS stands for
the so-called Schroeder’s frequency [28]. Therefore, the simulated
results for the spaces for the 125 Hz octave band have been taken
with due caution at least for the smallest and the most reverberant
cathedrals.

Locations of the receivers in the geometrical model have proved
to be of exceptionally great significance. Since it turns out to be
practically impossible to achieve a perfect resemblance between an
experimental setup and its computerized counterpart due to the
simplification of the actual architecture implied in the process,
attention is focused on keeping the divergences to a reasonable
minimum.

The simulations undertaken use a simple tuning process to be
able to predict the values of the parameters with acceptable un-
certainty by using a minimum number of input parameters. In this
case, an iterative process is utilized, based on an adjustment of the
values of absorption and scattering coefficients of the least-known
material of each cathedral, such that the spatially averaged simu-
lated reverberation times differ, on average, by no more than 1 JND
(5%) from those measured on site.

2.3. Description of the Catholic cathedral under study

The construction of the Cathedral of Malaga (southern Spain)
[29], began in 1528 following the plans of the architect Diego de
Siloé. In the first stage, the building work was under the direction of
the architect Pedro López, who began with the apse, and reached
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termination of the transept. Later, other architects, such as Andrés
de Vandelvira, one of the most significant architects of the Renais-
sance in Andalusia, and Diego de Vergara, intervened and modified
the plans. A long building process caught up in constant in-
terruptions and modifications under the direction of a variety of
architects took place until 1782, when the work was paralysed. As a
result, various architectural styles are superimposed on the build-
ing: its interior is Renaissance and its façade is predominantly
Baroque. Although it was designedwith two towers, only one tower
was actually built (Fig. 2a).

The building has a basilica ground plan (rectangular) which
covers an area of about 5096m2. The temple has three naves, where
the central nave is the highest and the widest. In the lateral spaces
of the naves and around the apse, there are 15 chapels, each of
which boasts its own altar. The entire temple is supported by large
pillars covered by columns with a capital from which new pillars
with pilasters emerge and support a network of semicircular
domes. Light penetrates the interior through the triple arches open
at the height of the second body, from the main windows and also
through the chapel windows (Fig. 2bed).

The presbytery, located in the apse of the temple, is raised and
surrounded by walls cut by high windows between fluted Corin-
thian columns and topped with a beautiful ribbed vault. There are
two pulpits, made of marble, which are placed on each side of the
high altar. The choir, situated in the centre of the temple, (organized
in the so-called “Spanish style”), is furnished with wooden seating
carved by Pedro de Mena (Fig. 2c). Two large organs flank it (Fig. 2b).
The retrochoir is dominated by an altar with a majestic marble
sculpture.

The temple has white and red jasper marble flooring. The col-
umns supporting the lower and upper galleries are made of lime-
stone, and the domes and the chapel walls are made of stone. The
inner doors in the transept are made of pine wood. The presbytery
is carpeted and there are wooden pews and plastic chairs in the
Fig. 2. Outer and inner views of the Cathedral of Malaga: (a) Complete and incomplete exter
column, capital and stained-glass windows.
congregational seating zones. Fig. 3a summarizes the main
geometrical data of the temple.

In the case of this cathedral, five source positions were located at
the most usual points of location of the natural source: two in the
high altar, where mass and concerts are held (S1 high altar, S2
pulpit); another inside the choir (S3), where dailymass is given and
where musical ensembles, which include singing at Mass and Lit-
urgy, are placed; another source next to the organ (S4); and the last
was located in the retrochoir, used as an exhibition area and where
the Lenten concert of the Municipal band is performed (S5).

The seventeen characterized reception points were placed in the
area of the pews and chairs used by the congregation, and also in
the retrochoir and ambulatory. Fig. 3b shows the longitudinal
section of the cathedral displaying the height of the acoustic
sources from the floor, and the ground plan in Fig. 3c presents the
location of the receivers, the area of pews, and the various listeners’
zones delimited by dashed lines (presented on-line in colour).

Table 1 summarizes the considered source positions as well as
each of their associated receivers, which are located in the various
zones of use for congregants and listeners.

During acoustic measurements in this cathedral, the average
temperature was 25.6 �C, the average relative humidity was 50%,
and the background noise spectrum recorded by averaging five
minutes of “silence” at reception point R6 is shown in Table 2. This
background noise can be qualified by the NCB 29 index [30].

3. Results and discussions

The experimental results below are presented by analysing the
spectral behaviour and by the single numbers of the parameters
spectrally and spatially averaged (indicated by subscript m) in the
entire space and/or by zones for the acoustic parameters defined
from time and acoustic energy. In Table 3, based on ISO [9], the
proposals of other authors on subjective frequency bands for
ior towers. (b) Panoramic view from the top of the choir. (c) Choir seating. (d) Detail of



Fig. 3. Cathedral of Malaga: (a) Geometrical data; (b) longitudinal section, along the line depicted in the ground plan, showing the height from the floor of each source; (c) ground
plan with the source positions (S), the receiver points (R), the pew area in grey, and the various zones of influence of each source delimited by different colours (on-line only).
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averaging [31], and the just noticeable differences (JND) for
churches [19,28], the subjective aspect that describes each
parameter, the frequencies for the spectral average, and their JNDs
are detailed.

In this work, one parameter for each of the aspects of perception
has been chosen: EDT for reverberation, G for sound level, C80 for
musical clarity, JLF for spaciousness (sourcewidth), and STI to assess
speech intelligibility (see their definitions in ISO [9] and for STI
[32e34]). LJ has not been considered in the assessment of the
envelopment since the simulation software does not calculate this
parameter.

3.1. Experimental results

In Fig. 4a, the spatial average of T30, as a function of the fre-
quency, measured for the receivers of each zone for the different
positions of the sources involved (see Table 1), is presented for the
various zones of use of the cathedral. Furthermore, the optimum
tonal curves calculated for the volume of this cathedral, for both
religious music and speech estimated according to Knudsen et al.
[35], are included. It can be observed from Fig. 4a, that T30 values
are independent of the zone of use and, therefore, of the position
inside the cathedral. In addition, very large values are measured for
all the octave-band frequencies, which remain far from the opti-
mum recommended values, with the 4000 Hz band as an exception
due to the great air absorption for high frequencies. As expected,
the cathedral has a high degree of reverberation with a global
averaged mean value T30m equal to 6.99 s.

In Fig. 4b, EDT values versus frequency, spatially averaged for the
five source positions at the different zones of use, are presented. In
order to give an idea of the spatial dispersion, the standard error
has been calculated in each octave-frequency band (vertical bars).



Table 1
Source positions considered and their associated receivers with direct sound in the various zones.

Source Zone A Zone B Zone C Zone D Zone E Zone F

High altar Choir Transept þ Lat. altar Lateral choir Retrochoir Ambulatory

S1 R1 R3eR4 R2eR5eR7eR9 R6eR11eR12eR13 e R8
S2 R1 R3eR4 R2eR5eR7eR10 R6eR11eR12eR13 e e

S3 R1 R4 R2eR5eR9eR10 e e e

S4 e R4 R7 R13 R14 e

S5 e e e e R14eR15eR16e17 e

Table 2
Background noise spectrum.

Frequency (Hz) 31.5 63 125 250 500 1 k 2 k 4 k 8 k LeqA LeqC NCB

Leq (dB) 53.9 53.7 45.0 39.4 35.0 31.0 25.4 20.1 21.8 37.4 55.4 29
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The reverberation impression is similar to the T30 value for the high
altar, transept, ambulatory and lateral choir, (EDTm range 6.79e
6.35 s), and less reverberant for the choir (EDTm ¼ 5.88 s) and
retrochoir (EDTm ¼ 4.98 s), where the direct sound has more in-
fluence. Even so, according to Martellotta [36], these values remain
high compared with the desirable values of 2.1e4.2 s.

Table 4 summarizes the spectrally and spatially averaged values
of the main acoustical parameters calculated for each source po-
sition in the cathedral. For these calculations, all the receiver points
with direct sound, measured in the different zones of use associated
with each source position (see Table 2) have been considered.
Certain differences are presented for the various source positions:
especially for TSm, C80m, C50m, Gm, and LJm parameters.

Spatial distribution of the four acoustic parameters chosen for
the study of the acoustics of the cathedral, Gm, C80m, JLFm and STI,
are presented in Fig. 5 as a single value for the various sources and
zones of use. These values correspond to the spatial average
considering all the reception points with direct sound of each zone
of use for each source (see Table 1). In addition, the spectral average
value has been calculated as shown in Table 3. Zones A and F have
been excluded since these areas correspond to the high altar and
the ambulatory, where activities with a significant presence of
congregants are not performed and only one receiver is placed in
each zone. The spectral behaviour of these parameters, including
EDT and excluding STI, is discussed in Section 3.2.1 in relation with
the simulation results.

The clergyman and his companions are on the high altar during
the performance of Mass and other liturgical acts, and also per-
formers for these occasional concerts. The congregants and mem-
bers of the audience are distributed throughout the cathedral, thus
the areas of influence of the source located at the high altar (S1) and
pulpit (S2) are Zone C, corresponding to the transept and both sides
Table 3
Subjective listener aspects, related acoustic parameters with subjected bands for average

Subjective listener aspect Acoustic quantity

Perceived reverberance Early decay time, EDT (s)
Perceived clarity of sound Centre time, TS (ms)

Clarity, C80 (dB)
Definition, D50

Subjective level of sound Sound strength, G (dB)
Listener envelopment (LEV) Late lateral sound level, LJ (dB)
Apparent source width (ASW) Early lateral energy fraction, JLF

Early interaural cross-correlation coefficient, IA

a Arithmetical average for the octave bands, except for LJ which is energy averaged.
b According to Martellotta [19].
c According to Vorländer [28].
d According to Okano et al. [31].
of the altar; Zone D, corresponding to the pews of the lateral naves;
and Zone B, corresponding to the choir. In the choir, Mass and daily
services (Lauds, Vespers .) are also held, whereby Zone B is the
only area occupied by the audience for the source position S3.
Occasionally, choirs and music groups occupy the choir when Mass
and liturgies are officiated at the high altar. In these cases, the
source S3 extends its influence over the audience seated in Zones C
and D. The retrochoir is often used as an exhibition area, which can
be accompanied by explanations directed at groups, and it is also
used by the Municipal Band in the Lent concert. Zone E is the area
influenced when the source is placed in the retrochoir (S5).

Regarding results shown in Fig. 5, when the source is placed on
the high altar (S1) in the area of the transept and the lateral altar
(Zone C), the speech intelligibility hardly reaches the lower limit of
the range considered fair according to the qualification ranges
established for the STI. In addition, the listener perceives an
adequate location of a possiblemusical sound source in terms of the
registered value of JLF. The value of C80 indicates that musical clarity
in this area is sufficient, and a proper subjective sound level,
measured in terms of G, is attained. The acoustic conditions in the
choir (Zone B) are generally more deficient, due in part to the
increased sourceereceiver distance; the average value of G in this
zone is approximately 3 dB (3 JNDs) lower than in Zone C, clarity
about 4 dB lower (just over 2 JNDs) and speech intelligibility drops
to a poor qualification. Only the parameter for spatial perception, JLF,
maintains similar values as calculated for Zone C. Fixing attention
on the zone of pews arranged in the lateral naves beside the choir,
Zone D, it can be observed that in this area the conditions are even
more unfavourable than in Zone C: the sound level is about 4 dB (4
JNDs) lower than the average value of Zone C, clarity decreases
approximately by 7 dB (about 5 JNDs), and speech intelligibility
becomes bad. Only the parameter associated with the sense of
d values, and just noticeable differences.

Frequency averaginga (Hz) Just noticeable difference (JND)

500e1000 Rel. 5%
500e1000 Rel. 8.5%b

500e1000 1.5 dBb

500e1000 0.05
500e1000 1 dB
125e1000 1 dBc

125e1000 0.05
CCE 500e2000d 0.075
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spaciousness increases, by about 1 JND, owing to the location of
pews in the aisles.

As expected, the position of the source in the pulpit (S2) con-
stitutes a significant positive impact in the choir, transept and choir
lateral (Zones B, C, and D, respectively). Specifically, in the choir, the
sound strength increases with respect to the previous position of
the source, by 5 dB (5 JNDs) and by 2 dB (slightly more than 1 JND)
for the clarity, these being the most remarkable features. This
Table 4
Summary of the spectral average of the acoustical parameters measured for each source

Source T30m (s) BRm
b EDTm (s) TSm (ms) C80m (dB) C5

S1 7.00 1.21 6.65 439.75 �6.20 �
S2 7.02 1.21 6.52 372.14 �2.68 �
S3 7.09 1.21 6.23 418.58 �5.20 �
S4 6.90 1.23 5.72 352.70 �3.23 �
S5 6.71 1.23 4.56 261.50 �1.64 �
a STI was calculated from the impulse response without considering background nois
b Bass Ratio, BR, is defined in Ref. [37]. STI and BR do not appear in the standard ISO 3
positive influence is the greatest in Zone C, where the sound
strength is increased by approximately 4 dB (4 JNDs), clarity 2 dB
(almost 2 JNDs), and the speech intelligibility also increases. This is
due to a greater proximity of the sound source, the relative position
of the source concerning the audience, (given by the higher
elevation of the source, which reduces the seat dip effect over the
audience), and the support of the soundboard, which achieves an
increment in the number of early reflections towards the audience.
Furthermore the effect of the pulpit is revealed in Zone D, since it
augments the value of G by almost 2 dB (2 JNDs), the clarity im-
proves by about 5 dB (just over 3 JNDs) and the intelligibility of
speech increases up to the qualification poor.

Daily services held in the choir and other activities involving the
sound source positioned in the choir, (S3) present the best acoustics
for speech and music of all uses of the cathedral, since ISO pa-
rameters reach the most conducive values: the sound strength
close to 5 dB, the clarity near 4 dB, and the greatest value of the
early lateral energy fraction, 0.45, together with a speech intelli-
gibility qualification good (albeit in the lower limit of the range). It
is worth highlighting that the choir itself is configured architec-
turally as a unique space within the Cathedral and can be consid-
ered as having a lower volume with a more absorbent capacity,
particularly because of the use of wood (wooden seating). This
singularity is also acoustically corroborated, as evidenced in the
assessment of the EDT, which is shorter than in other areas, except
the retrochoir. The values measured in Zone C for this source
location highlight the deterioration of the acoustic conditions with
regard to those existingwithin the choir. These experimental values
show a diminution of about 2 dB below that of Zone B for the sound
strength, muchmore for the clarity (about 9 dB, which is 6 JNDs), of
about 4 JNDs for the JLF spatial parameter, and the intelligibility
decreases down to poor qualification.

Finally, speeches and concerts of themunicipal band, which take
place in the retrochoir (S5), are perceived as suitable by listeners
(Zone E). The proximity of the source and the diaphanous space
make subjective reverberation time shorter than in other areas,
thereby achieving an increase of the subjective sound level, an
acceptable level of clarity, of spatial impression parameter JLF, and
fair speech intelligibility (although it barely exceeds the lower limit
of the range).

In order to obtain typical ranges of single valuesmeasured in the
interior of large worship spaces, a bibliographic collection of data
from Refs. [23,38e40] and from an internal report from the
Andalusian cathedrals has been achieved for the acoustic param-
eters with the sound source placed in the high altar. These results
appear in Table 5 in comparison with measurements for Malaga
Cathedral.

Single values for the Cathedral of Malaga are located in the
middle of the range for all acoustic parameters with the exception
of G, which remains very close to the minimum value of the range.
These values do not signify that the acoustic behaviour of this
cathedral is adequate, only that they are similar to the other
worship spaces.
.

0m (dB) D50m Gm(dB) LJm (dB) JLFm IACCEm STIa

7.52 0.19 0.09 �6.20 0.19 0.50 0.38
3.72 0.33 2.68 �5.06 0.17 0.50 0.45
6.69 0.23 2.40 �5.84 0.19 0.44 0.39
5.00 0.27 0.45 �4.36 0.17 0.46 0.40
3.01 0.34 5.81 �1.00 0.24 0.52 0.49

e.
382-1 [9].



Choir Transept+
Lat. altar

Lateral
  choir

Retrochoir

ST
I

0.00

0.15

0.30

0.45

0.60

0.75

0.90

C
80

m
 (d

B)

-12

-10

-8

-6

-4

-2

0

2

4

6
G

m
 (d

B)

-4

-2

0

2

4

6

8

Choir Transept+
Lat. altar

Lateral
  choir

Retrochoir

J LF
m

0.0

0.2

0.4

0.6

0.8

1.0

Ba
d

Po
or

Fa
ir

G
oo

d
Ex

ce
lle

nt

S1 
S2 
S3 
S5 

ba

dc

Fig. 5. (a) Spectrally and spatially averaged G, (b) Spectrally and spatially averaged C80, (c) Spectrally and spatially averaged JLF, and (d) averaged STI, for the various sources in each
zone of use.

L. Álvarez-Morales et al. / Building and Environment 72 (2014) 102e115 109
Several indexes [17,18] have been proposed as an instrument to
show and synthesize the acoustical properties of a church to people
with only basic knowledge of acoustics. In Table 6, the results of the
indexes by Kosala (W) and Berardi (Pspeech, Pmusic) are depicted.
These indexes are calculated from data of Table 1 which shows the
number of receivers, and from data of Table 4 which shows the
spectral average value of the parameters for each source. The index
values have been calculated by considering all sources and all re-
ceivers and also for each source, in which case only the receivers
associated to that source have been considered. W and Pspeech in-
dexes calculated for all sources present similar values. However,
when they are calculated for each source, W index discriminates
between them. The lowest value (0.32) is reached for S1 and the
highest (0.56) for S5, while the value of Pspeech is very similar for all
sources with a value that is situated in the middle of the range. The
Pmusic index, by considering all sources and receivers, is about 85%
of the maximum value of the index. Pmusic values for each zone
Table 5
Typical range of acoustic parameters frequency averaged for worship spaces with
volumes greater than 25,000 m3 compared to measurements of Malaga Cathedral.
Data collected from Refs. [23,38e40] and internal report. All data for the source in
the High altar (S1).

Acoustic quantity Range Malaga Cathedral

Reverberation time T30m (s) 4.4e11.6 7.00
Early decay time, EDTm (s) 3.7e11.3 6.65
Centre time, TSm (ms) 240.2e610.5 439.75
Clarity, C80m (dB) �10.5 to �2.2 �6.20
Definition, D50m 0.12e0.32 0.19
Sound strength, Gm (dB) �0.5 to 9.0 0.09
Late lateral sound level, LJm (dB) �11.4 to �2.5 �6.20
Early lateral energy fraction, JLFm 0.11e0.26 0.19
Early interaural cross-correlation

coefficient, IACCEm

0.47e0.60 0.50

STI/RASTI 0.25e0.44 0.38
discriminate for music, whereby the lowest value (0.62) corre-
sponds to S1, and the highest (0.99) to the S5 source. In any case,
Pmusic values are almost double those of Pspeech.

3.2. Simulation results

The simplified geometrical 3Dmodel of the Cathedral of Malaga,
composed of 3500 planes (Fig. 6), has been refined from an initial
model [41]. Furthermore, Table 7 shows the absorption coefficients
associated to materials whose relative surface in the model is
greater than 0.8%, in addition to their assigned colours and their
references. The number of rays was set manually once the
convergence was determined at 300,000 rays, and the length of the
impulse response was truncated to 9 s. The value of 4fS in this case
is about 60 Hz.

The simulations undertaken use a tuning process, based on an
adjustment of the values of absorption coefficients of columns and
stone walls of the cathedral, such that the spatially averaged
simulated reverberation times differ, on average, by no more than 1
JND (5%) from those measured on site for each octave band fre-
quency (Table 8).

3.2.1. Comparison between experimental and simulated results
Fig. 7 shows a comparison of the spectral behaviour in octave

bands of spatially averaged values for the S1, S2, S3 and S5 source
Table 6
Synthetic indexes of Kosala [17], W, and Berardi [18], P, calculated for all sources of
the cathedral of Malaga and for each source.

S1 S2 S3 S4 S5 All sources

W 0.32 0.47 0.34 0.45 0.56 0.40
Pmusic 0.62 0.83 0.82 0.77 0.99 0.84
Pspeech 0.45 0.45 0.45 0.45 0.50 0.45



Fig. 6. Geometrical 3D model created to simulate the acoustic fields of the cathedral.
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positions, of G, C80, JLF, and EDT parameters (left-hand side). In
addition, their standard errors have been represented in order to
take into account the spatial dispersion in each octave band (right-
hand side).

For the G parameter, the spectral trend of measured results is
very similar for the four source positions analysed, since this
behaviour is significantly changeable with frequency, while the
results obtained from the computational predictionmodel exhibit a
Table 7
Absorption coefficients for each frequency octave band and colour of the materials for th

Material Fractional area (%) Colour in Fig. 6

Columnsa 24.6

Stone wallsa 24.2

Domes and arches [21] 18.0

Marble floor [28] 11.2

Altarpieces in chapels [21] 5.2

Chapels [21] 4.6

Stained-glass windows [42] 4.0

Organ (estimated) 2.0

Wooden pews [28] 1.3

Choir seating [21] 1.1

Doors [28] 1.0

Plastic chairs [28] 0.8

a Adapted from the experimental results in the tuning process.
mild dependence on frequency for all sources. The greatest dis-
crepancies between measured and simulated values occur when
the source is placed on the high altar (S1), and in general, in 125 and
500 Hz octave bands.

Spatial dispersions of measured and simulated results for the G
parameter are between 0.5 and 1.5 dB, at nearly all frequencies;
only when the source is placed in the choir (S3) domeasured values
have a spatial dispersion of the order of 2 dB for all frequencies,
e simulations.

Absorption coefficients

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

0.16 0.18 0.16 0.16 0.18 0.17

0.04 0.04 0.04 0.05 0.05 0.05

0.04 0.04 0.05 0.05 0.06 0.06

0.01 0.01 0.02 0.02 0.02 0.02

0.12 0.12 0.15 0.15 0.18 0.18

0.04 0.04 0.05 0.06 0.06 0.06

0.13 0.12 0.08 0.07 0.06 0.04

0.12 0.14 0.16 0.16 0.16 0.16

0.10 0.15 0.18 0.20 0.20 0.20

0.12 0.12 0.15 0.15 0.18 0.18

0.14 0.10 0.06 0.08 0.10 0.10

0.06 0.10 0.10 0.20 0.30 0.20



Table 8
Spatially averaged measured reverberation time (T30), for each frequency octave-
band, used in the tuning process of the model, and their adjusted values.

Freq. (Hz) 125 250 500 1 k 2 k 4 k

T30 (s) (measured) 8.64 8.35 7.52 6.44 4.92 3.51
T30 (s) (adjusted) 8.58 8.34 7.49 6.37 4.83 3.42
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mainly caused by the high level reached for a receiver in the
transept for all octave bands.

The C80 parameter shows major discrepancies between
measured and simulated values in 250 and 500 Hz frequency bands
for all source positions. Spatial dispersions vary between 0.5 and
2 dB in all cases. When the source is located in position S3 (choir),
the worst agreement is obtained since, in this position of the
source, the behaviour of receivers located inside and outside the
choir differ considerably.

For the JLF, parameter, a variable behaviour versus frequency can
be observed which depends on the position of the source. The
largest differences between measured and simulated results occur
at mid-frequency bands. The spatial dispersion is smaller than
0.075 for all frequencies and all source positions except for the
source in the retrochoir, S5, which presents greater dispersion for
the measured values, in particular in the 125 Hz frequency band. It
is worth mentioning that this is the parameter which incorporates
the most uncertainty into the measured values and is also the most
difficult to simulate.

As for the EDT parameter, the correspondence between
measured and simulated values is suitable, evenwhen the source is
located in the retrochoir (S5), where again the lowest perceived
reverberation is found, as shown in Fig 4b. Spatial dispersions are
greater at low frequencies, and are all bounded below 0.6 s.

For all of the above, it is worth highlighting the acceptable
concordance between experimental values of the different pa-
rameters calculated from the measured IRs and from the simulated
impulse responses, from any of the four locations of the source
studied. For all bands, the differences observed are below 2 JND,
except for isolated cases in the low-frequency bands, in which, for
some parameters such as G and EDT, differences of about 4 JNDs can
be found. In general, the standard error obtained is below 2 JND in
all frequency bands, thus it can be concluded that the spatial
average is representative of the sample.

Moreover, in the plotted graph of Fig. 8, the behaviour of the
model at each reception point is analysed by representing, for G,
C80, JLF, and EDT parameters, the percentage of points of the receiver
whose absolute differences (the difference between the value of
each parameter calculated from the simulated impulse responses
and that of the measured impulse responses including data from
the four main sources S1, S2, S3, and S5) are in four ranges of JND
values, as a function of frequency.

Only for the G parameter, and in the 125 and 500 Hz octave
bands, is the discrepancy highly significant (over 80% and 70%,
respectively, of the receivers present discrepancies over 3 JND),
probably due to the additional uncertainty associated to the
necessary measurement system calibration. Except for this fact, the
percentage of points with differences below 3 JND exceeds, in
general, 84% in high frequency, 75% at medium frequencies, and lies
at around 70% at low frequencies. Depending on the parameter
under consideration, this percentage may decrease to 55% in
certain bands.

These results indicate that the computational model reliably
represents the sound field of the enclosure, evaluating both the
spatial average of each parameter at the various octave bands and
their spectral average value calculated at each reception point. This
enables conclusions to be drawn from the simulations, and even
enables the simulated impulse responses to be employed for the
generation of auralizations which can be used for various purposes,
such as the enhancement of the acoustic aspects as a heritage value
of the architectural space for earlier situations, e.g. at Easter, when
multiple textile elements were introduced, or in which the density
of occupation and clothes of the faithful could change, all of which
modifies the absorption of the enclosure. It is also possible to
recreate the conditions of current events, such as the concerts held
at Christmas or on specific liturgical occasions (Easter, Corpus
Christi, etc).

3.2.2. Simulation mappings
The simulation software executed facilitates the application of

mappings of the congregational zone. Mappings calculate the value
of the parameters on a grid of receivers defined over the zone. In
this case, the entire ground plane of the temple is defined as the
audience zone; above this plane a grid of receivers of height 1.2 m
andwith a step of 0.5m is created. Results include the acquisition of
a visual image of the acoustic behaviour of the enclosure, which
highlights the areas that have “acoustic visibility”, i.e. with direct
sound, and the comparison of the related acoustic characteristics
they present. Fig. 9 shows the mappings of the C80 parameter at
1 kHz, which assesses musical transparency, and Fig. 10 shows the
mappings of the STI index, which assesses speech intelligibility,
obtained in the cathedral when the source is located in 4 of the
positions analysed: S1, S2, S3, and S5. For each source position, its
area of significant influence is selected (bounded by the red line) to
build the histogram of statistical distribution which accompanies
each map. The percentage of receivers in each interval (1.5 dB, 1
JND, for C80, and 0.02 for STI) can be read on the left vertical axis,
and the cumulative percentage (solid line) on the right-hand ver-
tical axis.

With reference to the mappings of the C80 parameter, for the
source position S1, the visibility zone is limited by the large col-
umns flanking the altar, however, this visibility zone corresponds to
the area in which pews and chairs are arranged for the congrega-
tion. When the source is in the pulpit, S2, the areas of acoustic
visibility change in relation to the main altar, producing shaded
areas in the zones of pews in the lateral naves beside the altar,
especially on the side of the large column where the pulpit lies.
However, the area of visibility increases significantly in the crossing
and in the naves next to the choir. For S3 and S5 source positions,
the areas of influences are smaller, with the fewest zones of shadow
in the retrochoir.

For the C80 parameter, the (�1, 3) dB interval can be considered
as an acceptable range [4] for the evaluation of the distribution of
results in the mappings. It can be observed that, for position S2, the
distribution is approximately normal, and that its maximum value,
20% of receivers, corresponds to approximately the (�1.5, 0) dB
interval, and that about 45% of receivers lie within the recom-
mended range. For the remaining positions, S1, S3, and S5, very
pronounced peaks appear at intervals close to 0 dB (about 15% for
S1, 30% for S3 in the interval (0, 1.5) dB, and up to 50% in the range
(�1.5, 1.5) dB for S5).

Sources S1 and S3, at around 25 and 30% respectively of the
points considered, present fair intelligibility, since the rest are
either in shaded areas, or are at a considerable distance from the
sound source. When the source is in the pulpit, S2, and in the
retrochoir, S5, this percentage increases to around 60%. It can be
noted that the intelligibility grows in the areas closest to the source,
reaching values of the STI index rated as good in the high altar for
S1, in the transept and high altar for S2, and in the entire choir for
S3. For S5, the percentages in the ranges good and excellent are the
highest since the source-receiver distances are smaller and there
are fewer shaded areas. In this case the distribution corresponding



Fig. 7. Measured and simulated spatial average versus frequency for each source position S1, S2, S3 and S5, for G, C80, JLF and EDT parameters (on the left) and their spatial dis-
persions assessed in terms of standard errors versus octave bands (on the right).
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EDT acoustic parameters, in the six octave bands and calculated for source positions S1, S2, S3, and S5.

Fig. 9. Simulation mappings of C80 parameter at 1 kHz, for source positions S1, S2, S3, and S5, together with the histograms associated with each mapping (relative to the area of
influence marked by continuous line in each case), which show the percentage of values that belong to each class (left vertical axis) and the cumulative percentage (right-hand
vertical axis).
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Fig. 10. Simulation mappings of the STI index, taking into account the background noise, for S1, S2, S3, and S5 source positions together with their associated histograms (relative to
the influence area marked by continuous line in each case) in which the percentages of values that belong to each class are shown (left vertical axis), and the cumulative percentage
(right-hand vertical axis).
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to the S2 position is also that which most closely resembles a
normal distribution.

4. Conclusions

This paper presents an experimental methodology for studying
the acoustic environment of large cathedrals, especially those
which follow the Spanish type, in which the location of the choir in
the centre of the central nave results in restrictions of visibility
between the location of the source and the distribution of con-
gregants. The procedure locates the omnidirectional source in the
positions where the natural sources emit in the rituals of the
Catholic liturgy, of a spoken and sung nature, and the various
musical and cultural activities that can be performed in these
spaces. The methodology is applied to the particular case of the
cathedral of Malaga. Whereby, 17 receiver positions distributed
throughout the audience area are located within the cathedral and
up to 188 room impulse responses (RIRs) are recorded and analysed
which consider the most common positions of source emission:
altar, pulpit, choir, organ and retrochoir, according to the current
uses of the temple, which include up to six zones of influence of the
various locations of the source. The analysis of the experimental
results indicates that the reverberation time, spatially and spec-
trally averaged across the cathedral, is 6.99 s, and that the subjec-
tive reverberation time is shorter, especially within the choir, 5.88 s,
and is even shorter in the retrochoir, 4.98 s. The spectrally and
spatially averaged values of the main acoustical parameters calcu-
lated for each source position in the cathedral reveal an increase of
both the musical clarity and of the distinction and speech intelli-
gibility when the emission source is in the pulpit, in relation with
the position in the high altar and in the choir. When source and
receivers are in the choir, results exhibit that the choir is configured
architecturally as a unique space within the Cathedral and can be
considered as a smaller volume, with a more absorbent capacity
particularly due to the carved wooden seating. Results also show
that the retrochoir area is configured as an independent space
where there is less influence from the naves, domes, vaults, and
chapels of the cathedral, thereby favouring: a reduction of rever-
beration; an increase of clarity for musical sounds; distinction and
intelligibility of speech; and an increase of initial and final lateral
reflections leading to a greater feeling of spaciousness and envel-
opment of sound. In addition, the acoustic parameter values ob-
tained are within the typical range for these large reverberant
places of worship, but remain far from the adequate values for
listening to either music or speech, as occurs for the T30 parameter
for which an optimal range is available (Fig. 4a).

The synthetic indexes to qualify the acoustics of churches by
Kosala and Berardi have been calculated for each source and for all
sources together. In general, these indexes can discriminate be-
tween the various sources. For Berardi’s indexes, the value for
music is nearly double that of speech.

Another objective of the methodology of analysis of these ca-
thedrals is to make use of virtual acoustics procedures, which,
although designed mainly for concert halls, can be applied to these
huge religious sites with appropriate adaptations in the modelling
process. The algorithm used has yielded satisfactory results of the
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acoustic parameters studied in all positions of the source, which are
in very good agreement with the experimental results both for the
spatially averaged spectral values and their spatial dispersions. The
1 point-by-point comparison of the spectral values, expressed in
terms of JNDs, confirms this agreement. The mappings carried out
for the most important source positions in the cathedral, together
with the distribution of acoustic parameter values within the zones
of influence of the sources, have confirmed the previous experi-
mental study and would enable the prediction, with reasonable
fidelity, of other past, present, and future sound hypotheses.
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