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Abstract 
An in-depth study of the cathedral’s function and its liturgy is essential for evaluating the cathedral’s 
acoustic conditions from a historical point of view. In most cases, ceremonials, missals, books of 
anniversaries, processionals, choirbooks, chapter acts, etc. clearly outline the exact position, 
movement, order, sound level, type of message, and recipient of the sound emission of each of the 
participating actors. 
With the information provided by original documents, we apply a virtual acoustic simulation model, 
validated with measurements made on site, to reconstruct the acoustic conditions of a conventual mass 
in the Cathedral of Toledo in 1549. With the model, we obtain results for the most relevant acoustic 
properties in this type of space. Then, with a geographic information system (GIS), we use the data to 
represent on an acoustic map the relation and fit between the acoustic values and the spatial and usage 
conditions of the solemn liturgy. 
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1 Introduction 

This paper belongs to a line of research by the Grupo de Investigación de Acústica Arquitectónica de 
la E.T.S. de Arquitectura de la UPM (the Architectural Acoustics Research Group of the School of 
Architecture of the UPM). The goal of this line of research is to achieve a complete definition of the 
sound phenomena in places of worship from a historical point of view. 
In previous studies, which were devoted to the Cathedral of Toledo, the influence on acoustic 
conditions of wall covering materials [1, 2], the spatial configuration [3], the relationship between 
architectural space and liturgy [4], and the existence of multiple, simultaneous sound sources [5] has 
been studied. 
 
This paper is devoted to an in-depth study of just one event, the Conventual Mass of the Cathedral of 
Toledo in 1549. This study is a response to a gap in the existing Acoustics literature: the Catholic 
Mass ceremony is not examined with the consideration of all of its participants, and these participants 
are characterized by a unique level of sound power. However, the presence and specific functions of 
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numerous participants are defined in liturgical books, as well as the various levels and instructions for 
sound emission of each participant, depending on the part of the Mass, the content of the text, or 
whether the participant spoke or sung. 

1.1 Research objectives  

To properly assess the acoustic fit between these spaces and their usage, not only is it necessary to 
determine the position of the various actors and those they are addressing, but it is also important to 
know in detail their different forms of emission. 
 
The objective is to characterize functionally, spatially, and acoustically the different parts that 
constituted the Catholic mass, in order to determine the sound quality of each part in the different 
areas of the church with historical accuracy. 
It is intended to advance the graphical representation of the acoustic conditions of complex spaces 
through the use of acoustic maps of various types, which allow for the spatial and temporal 
representation of both the overall characteristics of the ceremony and each of its parts. 

1.2 The Conventual Mass Ceremony 

Conventual Mass or Solemn Mass was celebrated daily in the cathedrals, usually after the Terce Hour 
and it was the main act of the cathedral liturgy. It is a sung mass, celebrated by a priest, with the 
assistance of sacred ministers (deacon and sub-deacon) and the help of several lower-ranked ministers. 
It consists of several parts, including some parts with fixed content (Ordinary) and other parts with 
variable content (Proper) depending on the time of year. The liturgical books dictate which parts 
should be said aloud and audibly and which parts should be said quietly and inaudibly [6]. All of the 
audible parts had to be sung. The celebrant faced either the back of the chapel or the faithful, 
depending on whether he should be heard or not. 
 
In this Mass, there is a choir of clerics, which sings the different parts of the Mass either in plainchant 
or in polyphony. Usually one or several clergymen would commence the singing and then the rest 
would follow, with the two sides of the choir taking turns. As singing became increasingly complex, 
figures with specific musical tasks began appearing. Joining the succentor, who was the director of 
plainchant, was the chapel master. The chapel master directed the most complex musical parts, such as 
polyphony or instrumental pieces that were becoming part of the ceremony. In the time period studied 
here, the cathedral already had eight singers who specialized in polyphony in addition to the seises, 
children from the clerizones´s choir with special musical ability [7] 
 
Even though the development of liturgy was established in the Roman Rite, each cathedral’s liturgy 
had particular characteristics as a result of its own history, customs, or even architectural peculiarities 
[8] [9], especially prior to 1570, when the liturgy was codified at the Council of Trent. 
Each participant in the ceremony fulfilled his function in a specific location: the ministers were 
positioned at the top of the Main Chapel, the faithful in the Crossing and the clergy in the Quire. With 
respect to the position of the faithful during the Conventual Mass, since the expansion of the Main 
Chapel in the early 16th century, the presbytery area closest to the crossing was reserved for men, 
while the crossing itself was designated for women [10] 
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1.3 El espacio arquitectónico 

Toledo Cathedral stands on a site previously occupied by a mosque and – before that – by a Visigothic 
church. Construction began in about 1222, and the main body was completed at the end of the 15th 
century; it subsequently underwent various modifications and extensions up until the 18th century. 
 
The building has five naves, a circular apse and various chapels of different styles and periods around 
the perimeter. The approximate dimensions of the interior without chapels are 108 meters long and 54 
meters wide. The volume is about 125,000 cubic meters. 
The Main Chapel is practically enclosed along three of its sides, and the far end of the chapel is totally 
enclosed by the altarpiece. The Quire occupies two bays of the nave and is delimited by a wall of 
approximately 6 meters in height, with two organs closing the rear intercolumns. 
The Main chapel and the Quire are separated by the Crossing. These three sections create a kind of 
inner church inside the whole church space and constitute the space where the Conventual Mass is 
celebrated. The total length of this space is approximately 48 meters and its width varies between 14 
meters in the main chapel and 11.5 meters in the choir. 

2 Methodology 

Intelligibility and sound pressure, measured with Speech Transmission Index (STI) properties and 
Sound Pressure Level (SPL), respectively, are used for acoustic characterization. The STI indicates the 
expected level of speech comprehension. For this study, we relate this level with the ability of each 
space to fulfill its function. We use the SPL as a measure of the church’s “environment”, which 
indicates the distance at which a given moment in the ceremony would be perceived. 
For acoustic assessment the concept of 'aural space' is used. This would be the place where the sound 
event can be perceived according to the expectations of a certain type of listener [11]. To determine 
the extent of aural space the 'acoustic horizon’ is determined. The acoustic horizon is defined as the 
maximum distance between the listener and the source at which the sound event meets the listener’s 
expectations. In this study, the STI (Speech Transmission Index) is considered the basic index for 
defining the aural spaces. As a first approximation, by analogy with the ISO 3382-3 [12] standard, for 
the acoustic horizon, two parameters of spatial reduction of the STI have been used: the distraction 
distance (rD) and the privacy distance (rP). 
 
This study was accomplished by combining calculations with the ODEON acoustic simulation 
software and data integration with the GIS geographic information software. The STI data obtained 
with Odeon have been entered into the geographic information software ArcGIS, obtaining maps of 
STI curves. With the curves STI=0.5 for rP and STI = 0.2 for rD the areas of privacy and distraction are 
defined, indicating the approximate boundary area where a source would be dominant over the other. 
With this delimitation of STI, the aural spaces of the most characteristic moments of the Mass are 
represented on the blueprints of the Cathedral of Toledo. To have a global comparative vision of the 
Mass, a timeline is created, which is organized according to the different parts of the Mass, and which 
includes the information needed to describe every moment of the ceremony. 
 
The procedure for this study is as follows: 
 

- Detailed study of the Conventual Mass ceremony from original documentation, to obtain the 
position, orientation, and type of emission of each participant 

- Assignment of values of sound power and simulation of the case studies in ODEON, to obtain 
the values of STI and SPL throughout the church. 
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- Transfer of ODEON results to ArcGIS to obtain the acoustic maps and the iso-STI 0.2 (rD, 
distraction distance) and iso-STI 0.5 (rP, privacy distance) curves for the determination of the 
acoustic horizons. 

- Construction of the Mass’s timeline with the STI and SPL values in the chosen receivers. 
- Definition of the aural spaces by the superposition of different acoustic horizons. 

2.1 The case study 

The following parts of the Mass have been selected for this study: 

Table 1 – The case study  

Sound source Source type Audible parts of the Mass 

S1 Priest (P) Canto 
Raised/
relaxed 

Gloria, Collect, Credo, Offertory, Preface, 
Lord’s Prayer, Post Communion, Blessing 

S2 
Priest+Deacon+Subdeacon 
(P+D+sD) 

Canto 
Raised/
relaxed 

Gloria, Gospel, Confiteor, Ite Missa est 

S3 Subdeacon (sD) Canto  
Raised/
relaxed 

Gloria, Epistle 

S4 Succentor auxiliary (Sa) Canto  Raised “bridge” between priest and choir 

S5 Succentor (S) Canto Raised 
Introit, Gradual, Alleluia (o Tracto), 
Offertory, Communion 

S6 
Chapel Master+Chanters+Seises 
(Cm+Ch+6’s) 

Polyphonic 
chant 

Raised Kyrie, Gloria, Credo, Sanctus, Agnus Dei 

S7 Dean’s Choir (Gospel side) Plainchant 
Raised/
Normal 

Introit, Gradual, Alleluia (o Tracto), 
Offertory, Communion 

S8 Invited clerics (I) o Caperos (C) Plainchant 
Raised/
Normal 

Introit, Gradual, Alleluia (o Tracto), 
Offertory, Communion 

 

 
 
 
 

Figure 1 – Interior blueprints of the Cathedral of Toledo showing its architectural sections and the 
position and direction of the sound sources used in the analysis. 

1. High Altar  2. Presbitery  
3. Main Chapel 4. Crossing  
5. Quire (Choir)    

East 

1 

2 

4 3 5 

P Priest  D Deacon   sD Subdeacon 

S Succentor  Cm Chapel Master Ch Chanters 
6’s Seises Sa Succentor (aux) I “Invited” clerics 
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2.2 The acoustic model 

For the acoustic simulation, the virtual model validated by the ODEON software, already employed in 
the research mentioned in the introduction, has been used. Starting from the validated models, virtual 
models adapted to the specific conditions of each case have been created. The grids with the results 
have been drawn up with one meter per side (7.336 points). 
 
In all the simulation models, a uniform background noise throughout the cathedral has been taken into 
account (45dB). Its value in third octaves was obtained as an average of four of the six measurements 
made on site, eliminating the measurements with the highest and lowest SPL. Environmental noise due 
to other activities has not been taken into account, since the celebration of other events during the 
Conventual Mass was forbidden. 

Table 2 – SPL assigned to each emission type studied. Speech spectra in octave bands [13][14] 

Frequency (Hz) 63 125 250 500 1000 2000 4000 8000 A-weighted 
Relaxed 54.7 54.9 59.3 63.0 57.0 49.8 43.8 38.5 62.4 
Normal 60.7 60.9 65.3 69.0 63.0 55.8 49.8 44.5 68.4 
Raised 65.0 65.0 69.5 74.9 71.9 63.8 57.3 48.4 75,5 

3 Results 

3.1 STI longitudinal section 

 

Figure 2 – STI of the studied sound sources on a longitudinal section of the Main Chapel-Crossing-
Quire space  
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3.2  STI Maps 

 
 
 
 
 
 

 

Figure 3 –STI maps of the case study. Iso-STI contours with the values 0.50 and 0.20 are traced 

S2 Priest+Deacon+Subdeacon 

S3 Subdeacon (Epistle chant)  
 

S4 Succentor (auxiliary) 

S6 Chanters+Seises (choirboys for poliphony) 

S7 Dean’s side choir 

S8 “Invited” clerics 

S1 Priest  S5 Succentor  

 



 EuroRegio2016, June 13-15, Porto, Portugal  
 

 
 

7 

3.3 SPL Maps 

 
 
 
 
 
 
 

 

Figure 4 –Iso-SPL maps of the case study, 10dB range 

 

S1 Priest S5 Succentor  

S2 Priest+Deacon+Subdeacon S6 Chanters+Seises (choirboys for poliphony) 

S3 Subdeacon (Epistle chant) S7 Dean’s side choir 

S4 Succentor (auxiliary) S8 “Invited” clerics 
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3.4 Timeline of the Conventual Mass Ceremony on an Ordinary Sunday 

 

Figure 5 – Timeline of the Conventual Mass Ceremony. Each horizontal line represents one minute. 
The “Sound sources” column represents the SPL at 1 meter of the source; the STI columns represent 
the intelligibility of each source position; the SPL columns represent the level of background noise, 

the signal to noise ratio (green solid fill) an the entire SPL (green lines fill). Orange = sacred ministers, 
High Altar; blue = clergy, Quire; purple = organ; gray = silence. The red line in the “Crossing” 

column represents the STI in the presbytery area. 
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3.5 Maps of the aural spaces 

 

Figure 6 – Maps of the aural spaces with the STI and SPL contours corresponding to each space. 
Sound sources S1 Priest on the left and S6 Chanters+seises on the right 

4 Conclusions 

The integrated application of acoustic simulation software and geographic information software allows 
one to relate acoustic variables in order to characterize and describe the sound phenomena associated 
with complex spaces, such as cathedrals. 
The Conventual Mass of the Cathedral of Toledo was a ceremony with multiple sound nuances. In this 
ceremony, one can broadly distinguish two kinds of perception, both of great value, that characterize 
the space from a sound perspective: listening by the participants in the ceremony in the Main Chapel-
Crossing-Quire space, determined by intelligibility, and listening in the entire space of the church, 
determined by sound pressure level. 
As a general conclusion of this study, it is important to note that in order to assess the acoustic quality 
of a building in its historical context, it is essential to determine accurately and meticulously the 
functions these buildings had, who was involved and in what way, as well as the expectations that 
each group of people had regarding each ceremony. 
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