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Abstract 

 

Listening acoustic conditions are an usual topic for worship places study. These buildings summarize the 

tradition and culture of nations or communities and their construction was often long, spread over centuries, 

and design changes were used to. Later modifications are also usual and it is hard to find unchanged churches 

from the completion. Santa Maria della Consolazione in Todi is one of the few examples of worship spaces in  

quasi-unchanged conditions since the construction in 1607 and it offers the opportunity to study the acoustics 

during the Counter-Reform period. It allows to analyze the original acoustic comfort and represents a spot on 

the consideration of the acoustic design by some of the most famous Italian architects who worked at this 

project at the time. To study this place, a monoaural in situ campaign was led, according to ISO 3382:1. The 

results are discussed and show that uncomfortable conditions arise; a FFT analysis of the original text of the 

mass during the Counter-Reform is developed, in order to search in the usual sound materials of the period 

the reasons of an apparent lack in consideration of the acoustic comfort within the enclosed space.        

 

1. Introduction 

Worship spaces are one of the most significant buildings typologies. They summarise the culture, the 

tradition, and the history of a country, of a population, and, sometimes, it is even possible to observe the 

superfetation of each modification on the former structure across the centuries. Churches are the most 

representative worship spaces for the Occidental tradition, due to the historical presence of the Christian 

religion since the late Roman Empire period. Since the origin, these enclosed spaces have been used for 

Christian life (like masses), representing a reference point for the people living in the surrounding area, 

and their function was approximatively unchanged through the centuries. What actually evolved was 

their architecture: during more than twenty centuries of history, different styles were adopted from the 

Paleo-Christian to the more contemporary ones and dimensions, volumes, and shapes drastically 

changed. This highlighted gap between the architectural configuration evolution and the unchanged 

function of the places, let arise a third important characteristic: the quality of listening. Masses essentially 

consist in a performed rite recited by a minister (f.e. a priest) and listened by an audience, specifically 

named assembly, that has to answer in specific points of the sequences with specific phrases. The sound 

transmission, quality and characteristics are fundamental parameters for the word comprehension [1] 

and for a correct development of the rite. Since the architecture configuration highly influences the 

sound quality in an enclosed space [2], there are examples in the history when architectural configuration 

and sound transmission coupled to highlight the renovation massage of Christian orders, like the 

Franciscan or the Dominican ones, that made the most of this aspect to get close to the faithful [3]. Long 

reverberation times of the gothic churches influenced the musical tradition and the monodic Gregorian 



chant lived its golden age before the implementation of polyphonic styles in the late medieval age [4].  

Anyway, there is no reliable acoustic standard among them because, over the course of time, the more 

the countries started to build churches in their own style following their traditions, the more kinds of 

acoustic started to exist [5]. An important feature for a good acoustic quality in a church is the wooden 

roof, well-stressed parameter during the early baroque period by many important architects (although 

not in practice) [3]. They preferred wooden roofs to the volute and curved surfaces, nonetheless, domes 

were used since the Roman architecture and churches still exist with the original roman configuration 

and, sometimes, even with an acceptable reverberation time (RT), like the Rotunda in Thessaloniki 

(15’645 m3, RT=5𝑠 at 500 Hz, empty hall configuration) [6]. The presence of curved surfaces complicates 

the design of the acoustic of an enclosed space [7]; nonetheless, the presence of a domed ceiling can 

reduce RT values at a lower frequency when compared to a flat roof. In equity volume conditions, this 

advantage may be attributed to the wider absorption surface of the dome [8]. Despite the debate, during 

the late Renaissance and the Baroque age, most of the built churches were with domed ceiling, multiple 

lateral chapels and decorated with high reflexive marble. Curved surfaces were stressed and became the 

signature of important Italian architects like Bernini and Borromini [9]. The sound transmission design 

became a complex task; in the literature there are many case studies about Catholic churches of the XVI-

XVII century with all the features expressed above [5, 10–12]. During the same period, from 1545 to 

1563, the Council of Trento let begin the Counter-Reform, a general and deep reformation inside the 

Catholic church to face the new doctrine led by Luther. Many things changed and the rite was reformed 

in the Tridentine form [13]. In the same period many Sanctuaries were built and pilgrimage was 

implemented. One of the pilgrimage church to Rome was the Temple of “Santa Maria della Consolazione” 

in Todi, a domed ceiling worship space built between the XVI and the XVII century and quasi-unchanged 

since the edification; it potentially represents an example of acoustic conditions of the Counter-Reform 

period.  

In order to investigate this unchanged acoustic of the Counter-Reform period, a complete monaural 

analysis of the church was led in situ in May 2020, according to ISO 3382-1:2009 [14]. In this paper, the 

most significant historical data of the church are provided and, after an explanation concerning the 

method and the experimental campaign set-up, the results are shown. The source-receivers considered 

configurations represent the main locations of the minister and the assembly during celebrations. 

Although the source is an omnidirectional one and no head-related-directivity is considered during the 

in situ campaign, the results arise uncomfortable acoustic conditions for speech recognition (long 

reverberation times and late-energy predominancy). Then, because the results may describe 

uncomfortable conditions only for the contemporary form of rite, in which there is a form of dialogue 

between minister and assembly, the original rite from the XVI-XVII is considered. To understand the 

influence of measured conditions on the speech, a spectral analysis is led of the specific phrases that the 



minister had to recite and the assembly had to hear and the most significant one is analysed, by 

considering different increasing reverberation times, from 1s to the measured values.  

                             

1.1. Santa Maria della Consolazione Church in Todi 

 

The temple (Figure [1]), nowadays a church, is one of the pilgrimage churches built in Renaissance style 

and a rare still-existing-example of a short, centralized, and symmetric Greek cross plan surmounted by 

a high dome. The original architect was Cola da Caprarola and the construction work began in 1508, just 

outside of the mediaval walls of the city of Todi; Caprarola was aided by Baldassarre Peruzzi, Antonio da 

Sangallo il Giovane, Galeazzo Alessi, Michele Sanmicheli, Vignola, and Ippolito Scalza [15]. Since the 

completion in 1607, no superfetation is recorded, despite some changes arise from the edification’s 

history. The floor and the lower part of the building are in a pure renaissance style (Figure [2]) and proofs 

of the original altar, never realized, are still visible at the centre of the plan (Figure [2.b]). The huge dome 

in Baroque style is 48 m hight (Figure [3]); the four apses make the temple a real interesting case study 

of the indoor sound behaviour. Table [1] summarizes the main dimensions of the church.  Later additions 

are the Sanctuary, in Baroque style, located at the north apse, and 12 gypsum statues of Saints located 

each one in an own niche (XVIII century, Figure [4]). Another later addition was the sacristy, as an external 

building linked to the church by a small corridor. Anyway, the sacristy was completed in 1613 and 

completely destroyed during a popular uprising in 1862; only the technical drawings of the time mention 

about it. The conservation of the original configuration makes this church an important reference point 

for the cultural heritage of the XVI century and of the Counter-Reform period. Nowadays, besides masses, 

concerts are usually performed there and festivals take place. A pipe organ was installed in early 2000 in 

the centre point of the west apse [16].  

Figure [1] a) The Church of “Santa Maria della Consolazione” in Todi from the Est gate; b) Roof plan of 
the church; c) West-Est vertical section of the church. 



 

Figure [2] a) The renaissance-style of the windows and of the decorations on the perimeter wall of the 
church; b) the floor of the church with the central disk supposed to be the former position of the base 

of the altar.  
 
 
 
 
 
 
 

 

Figure [3] a) The 48 meter hight Dome of the church surmonted by the lantern and surrounded by the 
four apses (the est and the south ones in the photo); b) The 15 meter hight Baroque Sanctury located at 

the North side. 
   

 

 

 



Table.[1] List of the dimensions of the main components of the church. 

Component Dimensions [17] 

Total cross length  37 m (Est gate – West gate) 

21 m ( Transept intersection diagonal) 

Transept 14 m (width) 

15.5 m (highness) 

Dome highness 24 m (pendative) 

34 m (drum) 

44 m (cupola) 

48 m (lantern) 

 

 

Figure [4] 360° indoor photo at the eyes level. The 12 statue of Saints are visible at the three apses 
(Actually 11 because S.Bartolomeus’ statue ruined during the 2016 earthquake). 

 

 

2. Materials and methods 

An experimental campaign was carried out in situ in May 2020, in order to investigate the acoustic of the 

Santa Maria della Consolazione Church. It allowed to evaluate the acoustic conditions during a mass or a 

public speech performed by the minister during the XVII century, when the Counter-Reform was at his 

apex. 

 

2.1. The experimental set-up 

The experimental set-up, according to ISO 3382 [14], is composed of: 

- Omni-directional sound source DODECAEDRO DL301 by Look Line: electroacoustic sound source 

complying with international standards UNI EN ISO 140-3 [18] and UNI EN ISO 3382;  

- sound signal used with electro-acoustic sources: MLS signal provided by a Symphonie dB01 

hardware; 

- omni-directional microphones: two 1/2 inch (40 AR) Random Incidence microphone capsules by 

G.R.A.S. (Sound & Vibration) and two ½ inch preamplifiers for condenser microphone (PRE12H), 

with frequency scale 1-20 kHz;  



- frequency range: from 125 Hz to 4000 Hz in octave bands, sampling rate of at least 44.1 kHz at 

16 bit; 

- measurable parameters: all the monaural acoustic parameters from ISO 3382. 

The measurement equipment is in class 1 (IEC 60651, IEC 60804, IEC 60942, and IEC 61260). 

 

2.2. Measurement positions and methodology 

A fundamental step was the choose of the positions of both sound source and receivers for the data 

acquisition. Source’s position depends on what are the main actions made inside the worship 

(masses, speeches, etc.), receivers positions depend on the main location of the listeners and on the 

architectural characteristics of the place [19]. Another important aspect to be considered to 

optimize the number of tests is the selection of a Main Listening Area (MLA)  corresponding to the 

zone where listeners are almost located. 

Reverberation Time T60, Clarity Index C50, referred to the first 50 milliseconds, usually used for 

speech clarity, and Definition Index D50, related to the intelligibility of syllables in speech were 

identified as essential for the measurements, according to UNI EN ISO 3382-1: 2009 standard [14]. 

The number of the omnidirectional source’s position for the acoustic measurement is three, 

consistently to the position of the minister, according to ISO 3382-1. These positions, S1, S2, and S3, 

were chosen for the evaluation of the reverberation time and other acoustic quality criteria, such as 

C50 and D50 (Figure [5]), identified by considering the typical “natural” sound sources of the place: 

- S1: the Altar source, representing the priest during the celebrations, is the main source of a 

church. The source is located at 1.5 m height and at 1.5 m far from the altar; 

- S2: since it is interesting to study what had to be acoustic of the church when the celebrant 

used to speak in Latin directed towards the Sanctuary [20], the source is located at 1.5 m hight at 

1.5 m far from the Sanctuary; 

- S3: the Cornu Epistolae is another important sound source position in a church and it is 

usually involved during all events (masses as well as concerts’ introduction). 



 

Figure [5] Plan of the church with the source and receiver positions. In the bottom side, there are 
also represented the Sanctuary, the Altar, the pulpit, and the existing pipe organ on the right side 

of the plan. The defined Main Listening Area (MLA) is red-dotted line represented. 
 

The perfect symmetry of the plan simplifies the data acquisition process, reducing the number of 

receivers and letting focus the acquisition in just one half of the church. Anyway, the big dimensions 

of the architecture and the presence of the dome require a significant number of receivers [19].  

The receivers’ locations are reported in figure [5] and they are organized as follows: 

- Six receivers (R1 to R6) are dedicated to the dome area, corresponding to the Main Listening Area 

(MLA); 

- Receivers R7-R8 consider an area where people can attend standing-up; 

- Receiver R9 considers a different location sometimes organized with seats; 

- Receiver R10 considers the sounds that reach the Sanctuary area and the seats of the other 

ministers; 



- Six receivers (from C1 to C6) are control receivers used to check the symmetrical behaviour of the 

sound in the enclosed space, considering the possible asymmetries generated by the Baroque 

Sanctuary and the pipe organ. 

 The background noise was also measured, in order to evaluate the IR signal to noise ratio during 

the measurements.  

 

3. Results 

In this section the results of the experimental campaigns are provided. For each position of the source, a 

table shows the arithmetic average values for each octave band; results are also shown in acoustic maps 

of the church. During the measurement, air Temperature was 19.1°C with a Relative Humidity of 48%.    

3.1.  The Altar Source Configuration S1 

The Altar position (S1) is the most important one because it represents the main position of the 

church minister during the liturgy. Table [2] resumes the average values of the parameters 

introduced in section 3.3. The following figures [6], [7] and [8] represent the distribution of the 

parameters inside the plan of the church for each octave band.  

 

Table [2] Average values at source position S1 for each octave band 

S1 
Frequency (Hz) 

125 250 500 1 k 2 k 4 k 

T60 (s) 12.35 10.16 8.97 7.32 5.54 3.49 

C50 (dB) -7.70 -10.20 -10.35 -6.81 -5.52 -3.49 

D50 (%) 16.76 10.53 14.15 20.89 25.19 33.09 

 

 

 



 

Figure [6] Detailed maps of the reverberation time RT trends in the church plan with Altar source 
configuration S1 

13      12      11      10      9      8     7      6      5     4      3     



 

Figure [7] Detailed maps of the Clarity index (C50) trends in the church plan with Altar source 
configuration S1 
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Figure [8] Detailed maps of the Definition index (D) trends in the church plan with Altar source 
configuration S1 
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3.2.  The Sanctuary Position S2 

With the Source in the Sanctuary position (S2), it is possible to simulate the configuration “standard” 

for a mass during the XVII century, when the minister was double facing the Sanctuary and the 

assembly depending on the moment of the rite. Like for the previous configuration, Table [3] resumes 

the average values of the parameters introduced in section 3.3, whereas the following figures [9], 

[10] and [11] represent the distribution of the parameters inside the plan of the church for each 

octave band.  

 

Table [3] Average values at source position S2 for each octave band 

S2 
Frequency (Hz) 

125 250 500 1 k 2 k 4 k 

T60 (s) 12.62 10.61 9.24 7.40 5.51 3.50 

C50 (dB) -8.58 -9.80 -9.64 -6.64 -5.82 -3.84 

D50 (%) 13.98 11.68 15.14 21.71 24.51 31.73 

  



 
 

Figure [9] Detailed maps of the reverberation time RT trends in the church plan with Sanctuary 
source configuration S2 
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Figure [10] Detailed maps of the Clarity index (C50) trends in the church plan with Sanctuary source 
configuration S2 
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Figure [11] Detailed maps of the Definition index (D) in the church plan with Sanctuary source 

configuration S2 
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3.3.  The Cornu Epistolae position S3 

The Cornu Epistolae position (S3) represents the moment of the lecture; this is part of proxy since the 

first times and it is the less important position and possible configuration of the source during the mass 

or other important events. Like for the other two sources’ position, Table [4] resumes the average values 

of the parameters introduced in section 3.3, whereas the following figures [12], [13] and [14] represent 

the distribution of the parameters inside the plan of the church for each octave band.   

 

Table [4] Average values at source position S3 for each octave band 

S3 
Frequency (Hz) 

125 250 500 1 k 2 k 4 k 

T60 (s) 12.78 10.71 10.37 7.35 5.45 3.45 

C50 (dB) -9.81 -9.79 -11.41 -8.73 -6.96 -4.43 

D50 (%) 12.62 14.00 12.19 16.44 20.74 29.51 

 

 

 



 

Figure [12] Detailed maps of the reverberation time RT trends in the church plan with Cornu 
Epistolae source configuration S3 
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Figure [13] Detailed maps of the Clarity index (C50) trends in the church plan with Cornu Epistolae 
source configuration S3 
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Figure [14] Detailed maps of the Definition index (D) trends in the church plan with Cornu Epistolae 
source configuration S3 
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4. Analysis and Discussion 

From Tables [2], [3] and [4] and Figures [6-14], it is possible to observe that the values of the 

Reverberation Time RT are extremely high; RT values above 5 s are extremely uncomfortable for 

comprehension and word transmission [1].  

Looking at Figures [15-17], the Clarity and Definition index values reported in Tables [2], [3], and [4] are 

lower than the typical values, according to ISO 3382:1 [14]. Only in a few receivers’ locations Definition 

and Clarity Index at mid-frequencies are within the typical range at the S2 source position. In particular, 

looking at Figure [15], the worst configuration is the Cornu Epistolae S3, whereas the other two are quite 

similar with each other. Anyway, the positions of the microphones for this configuration let focus more 

on the left side of the assembly, in a longer distance range and more influenced from the dome than the 

right side of the assembly. Comparing the RT from S3 configuration with the others, the sound decay is 

influenced at 500 Hz and this may be due to the position of the source; the sound from S3 is directly 

exposed to the dome air volume and this may contribute to a wider and stronger amount of direct sound 

components directed into the dome volume than the other locations, the volume influences the energy 

decay at 500 Hz. 

 

Figure [15] Trend of the Reverberation Time RT for the three source position. Results are provided 
as the arithmetic average of the receivers in the MLA. Measurement uncertainty bars are also 

provided. 
 

Receiver 
Distance from source (m) 

S1 S2 S3 

R4 7.5 9.8 12.5 

C2 7.5 9.8 4.3 

R2 8.5 11.3 11.2 

R1 10 13.5 11.5 



R5 12 14.6 15 

R3 14 16.7 15.5 

C1 14 16.7 13 

R6 17.5 20 19.5 

Table [5] Distance in meters from the corresponding source of each receivers located in the MLA in 
Figure [5].  

 

 

Figure [16] Mid-frequency (500-1000Hz) avaraged values in each receiver’s position of the Clarity 
Index for the three source position. Results are provided for the receivers located in the MLA in 

function of their distance from the source (see Table [5]). Just-Noticeable Difference JND bars (+/- 
1dB) are also provided. 

 

Figure [17] Mid-frequency (500-1000Hz) avaraged values in each receiver’s position of the 
Definition Index for the three source position. Results are provided for the receivers located in the 

MLA in function of the distance from the source (see Table [5]). Just-Noticeable Difference JND 
bars (+/- 5%) are also provided. 



 

Looking at Figures [16-17], the values of Clarity Index and Definition at receivers R1-R5 for the S2 

configuration provide an interesting behaviour: they represent the central axes of the dome and they are 

the receiver positions farthest from any kind of vertical reflective surfaces. Instead to show the lowest 

values for both the indexes, they show the highest. Because moving the source a few meter toward the 

altar (S1) provides completely different and worst results, this effect cannot be attribute to the dome 

configuration but it may be attribute to the Sanctuary structure instead. Although S2 distances only for 

3 meters, the major influence of the Sanctuary is the only difference from the S1 configuration. Thanks 

to the scattering and complexity of its geometry, this structure may direct the sound toward the centre 

of the plan rather than spread it into the dome volume.       Nonetheless, this analysis is led by averaged 

or mid-frequencies results in a considered Main Listening Area. In order to carry on a more detailed 

analysis, Figures [6-14] are essential and allow to analyse the behaviour of the sound energy in general 

plan view of the church. 

In the first configuration, the Altar configuration S1 represented in figures [6-8], the indoor furniture and 

the presence of the pipe organ influence the sound distribution. In fact, the magister chairs located on 

the left of the altar are the only upholstered furniture present at the time of the experimental campaign; 

all the other furniture, from the assembly seats to benches and confessionals are wooden ones, and the 

higher sound absorption of the upholstered seats makes asymmetries in the Reverberation Time and 

Clarity index maps. The pipe organ creates another asymmetry; it reflects the sound energy toward the 

C8 receiver position (Figure [7]) and led to higher values of the C50 in that location. Anyway, despite a 

general asymmetry that a complex element like a pipe organ with sensible dimensions (2.5x4x5 m) should 

create in an enclosed space, the pipe organ does not affect the sound distribution with any focalisation 

in the other configuration S2 and S3. This may be caused by the absence of a direct contact between the 

source and the pipe organ enclosure because the sound reaches the instrument only diffused and no 

more directed.  

The Baroque Sanctuary behaves like a sound diffuser in source configuration S2 and this is visible for both 

the Clarity and the Definition indexes in Figure [10] and [11]. Nonetheless, at high distance from the 

source, it seems that the Sanctuary does not behave as a diffuser with the reverberant conditions of the 

enclosed space. In fact, in the other source configurations, Sanctuary does not correct asymmetries of 

the sound source propagation a part from the S1, Definition index at 1kHz octave band case (Figure [8]). 

This loss of effect with the increasing of the distance from the source is visible also for the minister chairs 

presence in S2 and S3 configurations; the great influence they have in the S1 configuration is completely 

lost here, and, although this was not the real condition, it could be even suggested their absence. So, it 

can be assumed that the big volume that surround those elements (Sanctuary and minister chairs), due 

to the highness of the roof (24 m at pendative) and the scattering of both the curved surface of the 



building and the doomed roof, masks any kind of impact these elements can have on the sound above a 

certain distance. This can be also explained assuming the sound as completely diffused.  

Assuming the sound field as completely diffused helps to explain why the dome and the other curved 

surfaces do not focalise the sound. The distances of these elements from the source are enough to make 

negligible the effect of the focalisation of sounds because, compared with the diffuse field, the direct 

sound field is too weak when hits the elements. Furthermore, any direct sound effective reflection 

disappears during the surface-receiver path and diffuse field dominates. For this reason, in all the source 

configuration maps it is possible to observe the influence of the dome more as a diffuser rather than a 

localizer; the more evident ones are at 250 and 4000 Hz in the centre of the church (receiver R1) for the 

S1 source configuration, especially at 250 and 4000 Hz. Bigger influence arises in the S2 configuration at 

500 Hz in the R2 receiver location (Figure [10]), but it is improbable that it is due to the dome influence. 

In fact, the apex is recorded for a parameter expressed in the first 50 ms (C50 in this case); at the time of 

the measurement the sound travels at ≅342.7 𝑚/𝑠 at 19.1°𝐶 and 48% 𝑅𝐻, and the maximum distance 

reached can be 17.13 m during the integration time interval of numerator of the index. Considering the 

high of the drum of the dome (34 m), the minimum distance from the source to the receiver R2 though 

the dome is ≅ 64 𝑚. So, it is impossible that dome can have important influence on the sound in the first 

50 ms. It is more consistent to consider the dome and the other four upper domed roofs like coupling 

volumes that interact with the main volume and that influence the Impulse Response in the later time, 

like studied in other churches with big volumes or domes [11].  

The source position S3 (Figure [12-14]) assures the more comfortable Reverberation Time values for the 

assembly in the MLA at 250 Hz; however, the values are higher than 4 s and the S1 and S2 configurations 

are even worst.  

              

5. Spectral analysis of the Original Latin text 

As previously exposed, the architectural characteristics of the church are unique, it is completely 

unchanged since the completion in 1608 and world-famous architect of the time worked on the design 

of this church. It seems surprisingly that there was no attention on the acoustics of the building 

considering the know-how and the competence of the architect at the time [3]. Voice directional pattern 

are quite different than an omnidirectional source, but, with the hypothesis of diffused sound field 

exposed in the previous paragraph, the results may not drastically change. Probably there is another 

contribution. Analysing what it used to be said in the church at the time, it is now important to introduce 

some historical fact; In 1570, 38 years before the completion of the church, it was published the Roman 

missal which introduced the Tridentine Mass as the Roman Rite Mass of the Catholic Church; this was 

one of the main results of the Council of Trent (1545-1563) to face the Protestant Reformation [13]. In 

the Roman missal, Latin language is established as the official language of the Catholic Rite [20] and all 



the passage of the Rite are widely explained and described. In these descriptions, it is also indicated the 

position of the magister and where he has to be directed while reciting each section. 

Reading the missal, two are the main directions of the celebrating magister during the mass, he faces the 

Sanctuary for all the celebration, despite of a few moments when he faces the assembly. These moments 

are [20]: 

- when calling for prayer reciting “Orate, frates…”; 

- at the communion reciting “Ecce Agnus Dei….”; 

- at the end reciting “Ite,missa est!”; 

- before the “Colletta”, the Offertory, and during the post-communio reciting “Dominus Vobiscum”. 

This proxy had almost remained unchanged during the centuries obeying to the papal bull “Quo primum” 

by Pope Pius V who decreed: "We order and enjoin that nothing must be added to Our recently published 

Missal, nothing omitted from it, nor anything whatsoever be changed within it” (English translation from 

the original Latin text) [21]. 

This unchanged configuration allows to start from the written part in the missal to analyse the recite 

parts facing the assembly, assuming that these phrases had to be understood by the assembly. 

To make this FFT analysis, an experimental campaign was led recording 20 male volunteers while reciting 

these phrases. The recording audio system is composed of a directional condenser microphone 

Beheringer C4, an external sound card linked to a computer. Then data acquisition is led in MATLAB with 

a sample frequency of 44.1 kHz, 16 bit were used. The script was programmed for a spectral analysis of 

the audio data acquired by a spectrogram function with a Hamming window of 1200 samples. 

In Figure [18], it is possible to observe the spectrograms of the Latin phrase “Dominus Vobiscum”  

[‘dɔmɪ,nus vo’bɪ:zcum] and the Italian translation “Il Signore sia con voi” [ ɪʟ ,sɪ’ɲɔre sɪa koɲ ‘vo:ɪ ] for 

two different volunteers A and B. Differences between the two texts are the more regular alternation of 

vowels ad consonant of the Latin text rather than the Italian translation, the Latin words end with 

consonants, and the absence in the Latin text there are no open vowels (a) and trill consonants (r). 

The reason of this choice is to analyse the most frequent phrase recited facing the assembly in the church 

in Todi, comparing it to the Italian version which substituted the Latin one with the publication of the 

Roman missal after the Vatican Council II in 1969.     



 

Figure [18] Spectral analysis of the Latin text “Dominus Vobiscum” and, below, the corresponding Italian 
translation “Il Signore sia con Voi”. On the right and left, two of the volunteers of the recording program. In 

the x-axis the time evolution of the signal spectrum whom frequency in the y-axis. 



 
Figure [18] lets arise a first great difference between Latin and Italian language; whereas in the Italian version 

the sound energy is widely spread across the spectrum at the beginning of the words, in the Latin version the 

sound energy is more spread at the end of them. 

This is due to the effect of alveolar fricatives /s/ and labial nasals /m/ at the end of the words [22], 

consequence of the grammatical construction of the Latin language. This energy distribution can affect the 

word comprehension in particular situations like adverse reverberation conditions [23]. Furthermore, Latin 

language was a non-native language for almost of the people in the assembly.     

        

5.1 Adverse conditions effects on non-native speech perception 

 

The listener task in recognising speech is a complex process and different kind of problems can occur: 

- because words resemble one another, people while listening a word temporary support a wide 

range of possibilities from the same input [24] (f.e. approximate and approximately), and this is 

a constant workload; 

- distance between the source and receiver as well as difference in the size and shape of the vocal 

tract of the speaker introduce a great number of considered variables while hearing [25]; 

- a person who is listening a non-word that could become a word makes a great effort to reject 

that sound and can led to misunderstanding or gap in the comprehension continuity [26]; 

- in presence of ambiguous sounds (f.e. between /f/ and /s/), people are more pushed to 

recognize the listened word like the last word they are sure to have heard sufficiently similar 

[27] (f.e. knife and nice); 

- the context is a never-stopped background workload considered by the listener, because it can 

help to avoid misinterpretation of a word [28].  

All these processes are even more stressed if the listener is non-native of the spoken language because they 

have to challenge an imperfect signal with imperfect knowledge [23].  The same configuration happens if a 

non-native Latin speaker is listening a Tridentine mass and this brief list of the speech-recognition tasks lets 

understand that difficulties may arise during the listening procedure.  

Anyway, what could represent the problem for a good comprehension of the Latin text in the “Santa Maria 

della Consolazione” church is the indoor acoustic environment. 

Form the experimental campaign results and the analysis of sections 3 and 4, in all the three source position 

configurations, the reported values suggest an uncomfortable listening configuration. 

In the Main Listening Area from Figures (7-14), even at the first benches, Clarity Index values are below –5dB, 

Definition is lower than 30% and Reverberation Time (RT) is above 3-4 s.  

Focusing on RT, [23] since reverberation is an adverse condition that can led to several forms of masking, 

thanks to a computational process and after a little calibration, it is possible to extrapolate the Impulse 



Response IR of a simulated virtual room with a quasi-flat RT value for all the frequency bands, taking 500 Hz 

as reference. RAMSETE software is used for Geometrical Acoustics simulations and the extrapolated IR is 

used to convolve the recorded phrases into an output signal, which represents the sound with the desired 

reverberation time. A rectangular-plan room was designed and implemented into the software. To avoid 

stationary phenomena, the room has asymmetries. Changing the absorbing properties of the materials 

assigned to the model’s surfaces, it was possible to design the same room but with different an incremental 

RTs. The IR of each configuration it is then applied to the recorded phrase by convolution. In this way it was 

possible to analysis what happen at the same signal if the RT of the room increases.  

Figure [19] shows the spectrogram of the Latin phrase “Dominus Vobiscum” of the B volunteer from figure 

[18] at different increasing RT value conditions are represented. Figure [19] perfectly represents the smearing 

of energy in the horizontal direction. Despite the initial part of the word, the low-energy regions are invaded 

from preceding segments and energetic masking occurs. In the worse RT=5.5 s conditions, even the first labial 

fricatives /v/ from “Vobiscum” is masked. However, the information masking [29, 30] should not occur 

because the phrase is composed of only two words and in a fixed structure by the Missal. Static vowel suffer 

little and they can be recognized easier as usual [31].  

Comparing the Latin language simulation to the same simulation led on the Italian version of the phrase 

(Figure [20]), Italian version suffers of the same problem of the Latin text; energy masking [32, 33] appears 

and the involution of a major number of words may led to an Information masking too.   



  

Figure [19] Spectrograms of the Latin text convolved signal from the Tridentine Missal “Dominus Vobiscum” 
when increasing Reverberation Time RT. 

 
 



      

Figure [20] Spectrograms of the Italian translation of the Latin text convolved signal from the Tridentine 
Missal “Dominus Vobiscum” (“Il Signore sia con Voi” trasl.) at different increasing Reverberation Time RT. 

 

The Reverberation Time measured in the main Listening Area in “Santa Maria della Consolazione” Church 

is completely over the 4 s of RT value. For this reason, it can be considered in the worst reverberation 

conditions and spectral energy distribution in time like the one at the bottom of Figure [19] and [20] are 

representative. Although a phonetical spectral analysis is usually ranged between 0 and 5000 Hz, spreading 

the frequency parameter of the FFT analysis up to the 20 kHz (Figures [21, 22]), the more regular alternation 

between vowels and consonants in the Latin text help to reduce the sound energy overlay at the higher 

frequencies. Comparing figures 21 and 22 it is possible to observe the advantages of vowels-consonants 

alternance on energy overlay. Nonetheless, higher frequencies are just a part of the perceived sounds, that 

is more usual for vowels or fricative sounds, and miss the fundamentals of the vowels. So, this feature alone 



cannot demonstrate any advantage of the Latin text over the Italian one in the uncomfortable conditions 

previously shown. 

 

Figure [21] Spectrograms of the Latin text convolved signal from the Tridentine Missal “Dominus Vobiscum” 
when increasing Reverberation Time RT for the whole audible spectrum (1-20 000 Hz). 



 
Figure [22] Spectrograms of the Italian translation of the Latin text convolved signal from the Tridentine 
Missal “Dominus Vobiscum” (“Il Signore sia con Voi” trasl.) at different increasing Reverberation Time RT 

for the whole audible spectrum (1-20 000 Hz). 
 

Famous architects designed the church and no attentions seems to be attributed to the indoor acoustic at 

the time. Actually, from the spectral analysis of the Latin text of the Missal, it arises that the words that has 

to be heard from the assembly suffers of energy masking, but not of information masking because of the 

small number of words (maximum 3 words) and the fixed recurrence of the sentences in precise moments 

established by the rite. All the other sections of the mass, , recited facing the Sanctuary with their back to 

the assembly, do not require comprehension. Otherwise, the long reverberation time had to improve a 

greater effect on the recited parts that became more “aural” and “mystic”.    

 

 



6. Conclusions  

An experimental acoustic analysis of the “Santa Maria della Consolazione” church was led. The historical 

interest of this church is relevant, being a rare quasi-unchanged church built during the Counter-Reform. It 

was designed by some of the most important architects of the time; this unchanged configuration makes the 

church a representative case- study of the Acoustic design of churches during the Counter Reform period. 

Three source locations were chosen as the more fitting for studying the sound behaviour during the usual 

activities performed inside the church. The parameters measured were the Reverberation Time, and the 

Clarity and Definition Indexes. A Main Listening Area was defined in the church plan, and tables with average 

values per octave band and more detailed maps for each parameter per octave band were provided.  

Form an analysis of the acoustic environment it raised an uncomfortable configuration for the sound 

transmission and comprehension of speech signal. Clarity and Definition indexes in the MLA confirm 

uncomfortable conditions for word comprehension, and they are outside the usual ranges reported in ISO 

3382:1. Furthermore, the RT values are always above 8 s at 500 Hz band and it even pass the 13 seconds at 

the lower bands. In order to explain a alleged lack of acoustic design, unusual for the time, a spectral analysis 

of specific parts of the Tridentine mass was carried out by FFT method, considering comprehension 

challenges for non-native Latin listeners in aversive conditions; Latin phrases resulted affected by energy 

masking without information masking, due to the limited number of words and the fixed form in the Missal. 

Reverberation time affects heavier the Italian version, which substituted the Latin form after the Vatican 

Council II. There, besides energy masking, also information masking can occur, due to the larger amount of 

words. 

There are a lot of Counter Reform acoustic examples in the literature and most of them arise uncomfortable 

configurations for the speech transmission and comprehension, nonetheless this can lead to a 

misunderstanding. The present configurations can be considered as uncomfortable if it is considered as 

essential that the all the part of the Mass or of the Rite have to be understood. Actually, the Tridentine Mass, 

the rite of the time, required that only a few phrases have to be understood by the assembly, whereas the 

other part of the mass did not require to be comprehended. This is demonstrable looking at the Roman 

Missal, which indicates the way in which sentences and parts have to be recited and what the celebrant has 

to face. From the spectral analysis, high RT values do not affect the correct comprehension of the Latin text, 

despite the assembly is made of not native Latin listeners, due to the short length of the Latin words, their 

restricted differentiation, and their fixed position in the Rite. Making the frequency band wider (Figure [21-

22]), the advantage of the Latin text becomes more evident because the smaller energy overlay, due to a 

more regular alternation of vowels and consonants. Furthermore, the long Reverberation Times would affect 

the Mass in a positive way, increasing the “Mysticism” and the “Religious atmosphere”, spreading the sound 

energy of the phrases recited by the celebrant, when facing the Sanctuary. 
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