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ABSTRACT 
Churches are usually characterized by big volumes surrounded by smaller and complex ones. The boundaries 
are characterized by hard materials surfaces and distributed into complex geometries. This particular 
combination leads to acoustic effects related to coupling volumes. The phenomena consists in the acoustic 
energy interaction between two or more interconnected rooms, and one of its effects is the multi-slope energy 
decay of the Room Impulse Response (RIR) from a source-receiver analysis. Santa Maria della Consolazione 
Temple in Todi was analysed to study the effects of coupling volumes. The church presents a Greek-cross 
plan, which has been preserved without substantial modifications from the original one since 1608. The 
geometrical complexity gives the opportunity to investigate the acoustic result of the style of the designers, 
i.e.  Bramante and all the major architects of the San Pietro Basilica’s Opera. Coupling volumes, due to the 
temple’s geometry, were analyzed by means of statistical acoustic criteria, in situ IR measurements, and a 
calibrated 3D model implemented in Ramsete. Limits of the statistical criteria raised analyzing measured IRs, 
and discrepancies have been observed between measurements and simulations. Finally, Bayesian Analysis 
confirmed the possibility of a coupling effect.        
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1. INTRODUCTION 
Many historical spaces are characterized by large interior volumes and interconnected subspaces 

that result into a main volume with a central dome and lateral sub-domes. This type of configuration 
may lead to multi-slope sound energy, that is typical of coupled-volume spaces (1, 2, 3) Several works 
highlighted the objective and perceptual effects of these combinations. However, the effects of 
coupled volumes are still object of detailed research. The introduction of Bayesian parameters has 
further developed the research on volumes with different complexities and connections (4), which 
were initially identified by visual inspection (5). The measurement set-ups may present limitations 
given the volume extension and particular preservation conditions in most current spaces that present 
these features. Therefore, simulations have been also used as exploration tools of the exceptional 
effects on the Impulse responses (IRs) (1, 2). These approaches may also help to identify coupling 
effects in spaces that do not present an obvious architectural condition to foster them. To this aim, the 
case study of Santa Maria della Consolazione Temple in Todi was investigated. Coupling effects were 
assessed by means of Bayesian estimation and statistical acoustic (SA) criteria applied to in-situ 
measurements and simulated impulse responses (IRs) obtained through a calibrated 3D geometrical 
acoustic (GA) model. 
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2. MATERIAL AND METHODS 

2.1 Case study 
The Santa Maria della Consolazione church is an unchanged state church from the XVII century 

located in Todi, Umbria (Italy). It was designed by Bramante and the most important architects of the 
San Pietro Opera in Rome and has a greek-cross plan in accordance with the aesthetic taste of the 
time. Peculiarity of this space are the well-preserved original conditions; the Altar and the gypsum 
statues of Saints, although in the original plan, were  later built. A more detailed description of this 
worship space may be found in literature (6). Figure 1 shows the plan of the church and the 
axonometric section of the main volume, i.e. the transept, lateral, and center domes. 

Given the simplicity of the volume of the church, the possible coupling effect between the volume 
of the transept and the volume of the dome is the subject of the present study. First, measured and 
simulated configurations were compared considering the same source-receiver positions. Second, a 
detailed investigation was performed in specific source-receiver positions only through simulations.   

2.2 Prediction methods, settings and calibration procedure 
As a first hypotheses, the coupling effects could be generated between the center dome and the 

transept, which present a demanding measurement set-up configuration for in-field investigation. 
therefore a simulation tool was used. A measurement campaign was performed in the church in several 
source and receiver positions (Figure 1. a) in order to have baseline of the acoustic characteristics, 
whuch were used to calibrate a geometrical acoustic (GA) based simulation model.  

To this aim a 3D CAD model of the church was implemented in RAMSETE software (7) for 
simulations (Figure 1. B and Figure 2). The modelling level of detail (LOD) of the inner space was  
drawn considering a simplification approach, over which is necessary in GA based simulations and 
allows to preserve the main acoustic features as accurately as possible (8). The calibration procedure 
was based on the validated literature (9).  

The sensibility of the 3D model to scattering was first evaluated running simulations assuming all 
the materials with 0.1 and 0.99 of s coefficient respectively, at all the considered frequencies. The 
final material distribution is shown in Figure 2. c and final materials absorption and scattering values 
are reported in Tables 1 and 2 respectively. These data allowed to obtain a difference below 1 JND for 
the reverberation time (T30) and clarity (C50) parameters, which were used for the calibration 
procedure.           

 
Figure 1 – a) Section plan AA’ with source and receiver positions in measurement set-up and used in the 

simulation model calibration and b) source and receiver positions in simulations for room acoustics 

coupling investigation between volumes A-B for configuration c) coupling 1 and d) coupling 2 
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Figure 2 – a) 3D model imported in Ramsete (2364 3dFaces) and materials distribution b) over 

the domes and vertical surfaces and c) floor and furniture 
Table 1 – Sound absorption coefficients for each octave bands. 

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

Plaster 12mm on solid wall 0.04 0.05 0.06 0.08 0.04 0.06 

Plaster porous  0.05 0.05 0.05 0.08 0.14 0.2 

Concrete tooled stone 0.02 0.02 0.02 0.03 0.04 0.05 

Wood 0.3 0.25 0.15 0.1 0.1 0.07 

Organ facade 0.04 0.05 0.06 0.08 0.04 0.06 

Wooden seats 0.03 0.05 0.05 0.1 0.15 0.1 

Gypsum 0.01 0.02 0.02 0.03 0.04 0.05 

Glass window 0.35 0.25 0.18 0.12 0.07 0.04 
 

Table 2 – Scattering coefficients for each octave bands.  

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

Plaster 12mm on solid wall 0.4 0.4 0.4 0.5 0.5 0.8 

Plaster 12mm on solid wall 0.2 0.3 0.5 0.8 0.8 0.8 

Plaster porous  0.1 0.1 0.1 0.1 0.15 0.15 

Concrete tooled stone (floor) 0.1 0.1 0.1 0.1 0.1 0.1 

Concrete tooled stone (stairs) 0.15 0.3 0.6 0.8 0.8 0.8 

Wood (doors) 0.1 0.1 0.1 0.1 0.2 0.3 

Wood (Ambon) 0.1 0.1 0.1 0.2 0.2 0.2 

Wood (Sanctuary) 0.15 0.3 0.5 0.6 0.8 0.8 

Wood (Organ box) 0.1 0.1 0.1 0.15 0.15 0.15 

Organ facade 0.02 0 0.03 0.46 0.6 0.68 

Wooden seats 0.3 0.3 0.3 0.6 0.8 0.8 

Gypsum (statues) 0.1 0.2 0.3 0.5 0.8 0.8 
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Gypsum (rib) 0.1 0.2 0.4 0.6 0.8 0.9 

Glass window 0.1 0.1 0.1 0.1 0.2 0.2 

2.3 Statistical theory for coupled rooms 
In order to identify the possible coupling volumes, the church has been split in two different 

coupling system configurations: 
1) arm of the transept – the whole church’s volume 
2) transept and central nave – central dome  
To assure whereas they are coupling volumes, a Statistical Acoustic (SA) approach (10, 11) has 

been used and the coupling coefficients have been assessed. Specific IRs have been analysed in the 
chosen coupling spaces. A final investigation was performed to explore in detail the effect of placing 
the source in the middle of the dome volume. The IR was extracted from the calibrated 3D model in 
Ramsete introduced in section 2.2. First, in order to assure the reliability of the calibrated model, IRs 
were extracted and compared with the ones at measurement positions. Furthermore, Bayesian Analysis 
was applied to complete the comparison between measured and simulated IRs.  

 
  Steady state 

The SA approach was used to assure the strength of coupling by calculating a coupling factor 𝑘𝑘 
and by using the absorption data and area of the surfaces i.e. the equivalent absorption area, of the 3D 
model shown in section 2.2. The coupling factor 𝑘𝑘 is evaluated following the Smith’s criterion for 
strong coupling in a two-room system (10): 

 

𝑘𝑘 =
𝑆𝑆𝑖𝑖𝑖𝑖
𝐴𝐴𝑖𝑖0

+
𝑆𝑆𝑖𝑖𝑖𝑖
𝐴𝐴𝑖𝑖0

 (1) 

 
where 𝐴𝐴𝑖𝑖0 is the equivalent absorption area for the ith room, 𝐴𝐴𝑖𝑖0 is relative to the jth room and 𝑆𝑆𝑖𝑖𝑖𝑖 =
𝑆𝑆𝑖𝑖𝑖𝑖 is the total surface area of the two rooms. The same coupling factor can be also evaluated following 
the Cremer and Muller's criterion for the two-room systems (11):  

 

𝑘𝑘𝑖𝑖 =
𝑆𝑆𝑖𝑖𝑖𝑖

𝐴𝐴𝑖𝑖0 + 𝑆𝑆𝑖𝑖𝑖𝑖
 (2) 

 
For a source in the jth room, 𝑘𝑘𝑖𝑖~1  indicates a strong coupling, whereas 𝑘𝑘𝑖𝑖~0  means a weak 

coupling. Differently, according to Smith criterion, a strong coupling is present when 𝑘𝑘 > 1, and 𝑘𝑘𝑖𝑖 
or 𝑘𝑘𝑖𝑖 > 0.5 are sufficient to assure a strong coupling. 

Reason behind the use of both the criteria is their fallibility. In fact, Smith’s criterion may over-
estimate the coupling between the two volumes, while Cremer and Muller’s criterion often fail 
defining coupling rooms as single rooms. The reason for this fallibility may lie in the overestimation 
of the contribution of the equivalent absorption area, which in the SA is completely and uniformly 
taken into account. This does not necessarily happen with the behavior of the simplified sound waves 
into beams in the GA simulations (12), some portions of the surface may not be evenly taken into 
account. 

       
  Bayesian Analysis 

A Bayesian Analysis was implemented to statistically determine the contribution of each coupling 
room on the energy decay curve. Bayesian inference has been widely used in recent years for the 
reconstruction of the energy decay in the case of coupled volumes (3, 4) and it is based on the 
assumption that the Schroeder curve can be decomposed as: 

 

𝐹𝐹(𝐴𝐴,𝐵𝐵, 𝑡𝑡𝑘𝑘) = 𝐴𝐴0(𝐿𝐿 − 𝑡𝑡𝑘𝑘) + � 𝐴𝐴𝑖𝑖𝑒𝑒−𝐵𝐵𝑗𝑗∙𝑡𝑡𝑘𝑘
𝑚𝑚−1

𝑖𝑖=1

,       0 ≤ 𝑡𝑡𝑘𝑘 ≤ 𝐿𝐿 (3) 

 
where 𝐴𝐴𝑖𝑖 is the initial value (𝐴𝐴0 is for the noise floor) and 𝐵𝐵𝑖𝑖 is the decay constant of jth decay mode. 
𝐿𝐿  is the total number of 𝑡𝑡𝑘𝑘  samples. The canonical formulation of the analysis states that the 



 

 

probability of the observation (𝐷𝐷) with respect to the a priori information (𝐼𝐼)  and the A and B 
components is: 

 

𝑝𝑝(𝐴𝐴,𝐵𝐵|𝐷𝐷, 𝐼𝐼) =
𝑝𝑝(𝐴𝐴,𝐵𝐵|𝐼𝐼)𝑝𝑝(𝐷𝐷|𝐴𝐴,𝐵𝐵, 𝐼𝐼)

𝑝𝑝(𝐷𝐷|𝐼𝐼)
 (4) 

 
The objective is to maximize to unity the component 𝑝𝑝(𝐷𝐷|𝐴𝐴,𝑇𝑇, 𝐼𝐼)) in the right-hand side of Eq. (4), 

called Likelihood. For the case at hand, since we are dealing with the evaluation of the interaction of 
only two coupled volumes, we opted for the marginalized formulation of the likelihood function 
according to (3) and equivalent to: 

𝑝𝑝(𝐵𝐵|𝐷𝐷, 𝐼𝐼) ∝ �1−
𝑚𝑚𝑞𝑞2���

𝐾𝐾𝑑𝑑2���
�

(𝑚𝑚−𝐾𝐾)
2

 (5) 

3. RESULTS AND DISCUSSION 
The SA approach results of the coupling coefficient values assessment are reported in Table 3. 

Extremely high values of the coefficients were predicted. This may be due to the low value of acoustic 
absorption coefficients attributed to the materials (see Table 1). Only a few of coefficients are close 
to the unity, resulting into a strong coupling effect. These values are reported in bold in Table 3, and 
most of them are related to Coupling 1 (see Section 2.3) with the source located in the bigger volume 
B (see Figure 1). Only few cases rise the 0.5 for the Coupling 2 (see Section 2.3), and they are 
identifiable at 250 and 500 Hz when the source is located in the dome (S3, Figure 1).   

 
Table 3 – Coupling k-coefficients resulting from Smith’s and Cremer and Muller’s criteria. For Cremer and 

Muller’s criteria, the location of the source is specified according Figure 1 c-1 d. Data in bold approach the 

unit and they refer to the stronger coupling effect. 

Configuration Criterion 
Source 

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

Coupling 1 

Smith - 124.04 123.7 121.75 89.98 78.90 56.76 

Cremer 

& Muller 

A 6.57 6.52 6.36 4.63 4.07 2.91 

B 0.94 0.96 1.01 0.82 0.71 0.53 

Coupling 2 

Smith - 47.99 48.40 49.23 45.95 44.13 41.24 

Cremer 

& Muller 

A 2.97 2.99 2.95 2.17 1.88 1.33 

B 0.47 0.49 0.51 0.41 0.35 0.27 
 
The coupling k-coefficients shown above were used to identify the possible effective coupling 

configurations. The IRs from measurements for these configurations were analyzed in order to verify 
the existence of coupling effects.  

Although Table 3 elects as coupling 1 configuration when the source is located in the bigger volume 
B, when analyzing IRs for that configuration no strong coupling effects are reported and the weak 
coupling effects at 500 Hz, 1kHz and 2kHz (Figure 3, S1-M1 configuration) may be more related to 
coupling between the big volume of the whole transept (where source and receivers are still located) 
and the dome rather than between the single transept and the rest of the church. Prove of this raised 
from the comparison between IRs at S1-M1 and the ones from S1-M2 (Figure 4). In S1-M2 
configuration the receiver is located outside the single transept volume A (Figure 1 c) and represent 
the other analyzed configuration (the coupling 2 configuration). Although located at different 
transepts, the symmetry of the church’s plan let actually possible to consider the receivers positions 
as multiple receiver positions at the same volume A.  Visual inspection (5) on Figure 3 a-b, highlights 
that the coupling effect at 1kHz remains unchanged when varying the receiver location, whereas the 
other coupling effects at 500 Hz and 2 kHz are slightly visible around 7s at 500 Hz (disappearing in 
S1-M2) and around 4 s at 2 kHz. Excluding at this that the cause of these couplings is the volume of 



 

 

the single part of the transept, it is possible to assume that the cause is the main dome. However, as 
for the S1-M1 configuration, the measurement results for S1-M2 do not agree with the k-coefficient 
coupling results reported in Table 3. The justification for the inconsistency between the results in 
Table 3 and the measurements can be discussed based on the nature of the SA approach; in fact, 
coupling k-coefficients result from total surface and absorption coefficient that bound the volumes 
investigated as coupling and the area of the surface that divides those volumes. There is no 
consideration of volumes’ distribution or their geometrical shape in the Eq.1-2, which can lead to 
incorrect evaluations of coupling effects as in this case.  

  

 
Figure 3 – Energy decays and Schroeder curves from a) S1-M1 and b) S1-M2 configuration at 500 Hz, 

1kHz, and 2kHz. Green rectangle highlights the slope range of interest.   
 
In order to assure the reliability of the calibrated model, broad band IRs were extracted, octave-

band filtered and compared with S1-M1 and S1-M2 from Figure 3-4 at 125 Hz (Figure 5 a). 
This octave band was chosen because it is the lowest frequency used in the assessment of the 

objective parameters by the model and the most complex to calibrate due to the known difficulty in 
rendering low frequencies by software based on a hybrid method (13). The measured and simulated 
IRs could be considered compatible at this frequency. However, the difference becomes significant at 
other frequencies, as shown for 1 kHz (Figure 4 b). This follows that although in the S3-M3 
configuration (Figure 5) the absence of coupling volumes was also predicted from the SA perspective 
by the coupling k-coefficients in Table 3, the GA simulation may not be effective in identifying 
coupling volumes. Conversely, it could also disprove a false coupling effect that has been measured. 
Figure 5 a shows the energy decay of the simulated IR at 1 kHz,. The initial slope could be due to two 
factors: 

- coupling effect with the lantern volume above the dome; 
- the return of the first reflections from the church floor. 
Considering the time step between the two notches of the energy decay in Figure 5 a and the two 

notches between direct sound and reflections in Figure 5 b, around 0.35 s, it is greater than the time 
needed for sound reflection to travel the distance from the floor to the dome volume. Indeed, the 
distance between floor and source/microphone is around ~38𝑚𝑚 and the time travel from source to 
microphone is around ~0.2 𝑠𝑠, but can be related to the other first or second reflections from the floor 
as well. Coupling effects with the lantern are excluded because it is too close to the source S3 and 
microphones M3. Furthermore, given the time pace between the two energy notches in Figure 5 a and 
b, a coupling effect (coupling 1 A, Figure 1) cannot be considered but rather a contribution of first or 
second reflections from the floor of the church.   
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Figure 4 – Simulated and measured IRs’ Schroeder curves for S1M1/-M2 and comparison with the 

measured ones at a) 125 Hz and b) 1 kHz.   

  

Figure 5 – a) Energy decay and Schroeder curve for S3-M3 configuration at 1 kHz and b) wave form with 

the sound reflection highlighted.   
 
Bayesian Analysis was used to better investigate the coupling effect in the measured IRs.  

The analysis was developed by calculating the Likelihood with the marginalized method, by 
implementing the student T-distribution (4) presented in section 2.3. The analysis was expanded 
beyond the double slope, up to three-slopes and results are presented in Table 4. However, as it is 
reported in the literature (3), the marginalized method of the Bayesian Analysis is not suggested for 
multi-slope analysis and the Gaussian distribution of the posterior probability expands more and more 
as the number of analyzed slopes increases. Two cases are considered: the case with the highest 
absolute posterior probability (the triple-slope case, Figure 6 b-7 b) but with a posterior probability 
distribution with a very large Gaussian distribution profile, and the case with a double slope (Figure 
6 a-7 a), which would be expected between the coupling of two volumes as assumed. 
 

Table 4 – Bayesian Analysis of the measured IR for S1-M1 configuration at 1kHz 
 

 Single-slope Double-slope Triple-slope 
A0 (dB) 7.93*10-6 1.22*10-5 5.14*10-6 
A1 (dB) 1.05 0.07 0.12 
T1 (s) 6.43 0.76 1.06 

A2 (dB) - 1.08 0.89 
T2 (s) - 6.27 5.46 

A3 (dB) - - 0.23 
T3 (s) - - 8.97 

 
The first decay slope identified in both cases depicted in Figure 6 is due to the presence of the first 

reflections and cannot be considered as a coupling effect contribution. However, the later 
contributions could be discussed as effect due to coupling: A2 in the case of the double slope could be 
traced back to the coupling effect of the dome, but differences emerge between the Schroeder curve 
and the Bayesian model curve. There are fewer differences in the triple-slope case, consistent with 
the fact that the absolute posterior probability is greater for this case, but the contribution of another 

a) b) 

a) b) 0.3 



 

 

coupling effect could be the result of model over-fitting or remote coupling of the lantern above the 
dome.  

The analysis therefore seems to confirm the presence of a coupled element, probably the dome, but 
further information cannot be extrapolated without having elements on the directivity of the IR.  

 

 
Figure 6 – Schroeder curve for S1-M1 configuration at 1 kHz and reconstructed Bayesian model 

curve with nth decay slope lines and noise curve. a) double and b) triple slope cases. 
 

 
Figure 7 – Normalized posterior probability distribution for a) double- and b) triple-slope cases for the 

performed Bayesian Analysis. 

4. CONCLUSIONS 
The present paper presents the study of coupled volumes in a church unchanged since its 

construction in the 17th century. Three approaches were used to verify the presence of coupling effect 
and to study their possible behavior: a statistical approach referring to the Smith’s, and Cremer and 
Muller’s criteria, IRs from measurements and simulations, and a Bayesian Analysis. The first approach 
allowed for the identification of possible coupling volumes but, after comparison with the in-situ 
measurements, most cases were not verified, and the disadvantage of using the static criteria, which 
do not include spatial distribution and volume shape but only surfaces and sound absorption 
coefficients, was evident. A 3D simulation model was used to to obtain the sound absorption 
coefficients through calibration and the simulated IRs. Some discrepancies were observed between 
measured and simulated IRs. This is of crucial importance since the simulations could be used to 
investigate source-receiver pairs in particular locations, i.e. in the dome volume in this case study. 
Bayesian Analysis confirmed the possibility of a coupling effect between transept and dome (coupling 
1 B), but opened new questions including the possibility of more contributions given by more coupling 
volumes. To this aim future research will be focused on the implementation of a fully-parametrized 

a) b) 

a) b) 



 

 

model, a BIC to avoid over-fitting, and measurements and simulations of spatial and directional IRs. 
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