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ABSTRACT 
 
When creating virtual acoustic models of existing spaces, a good practice requires a proper 
calibration procedure, through comparison with on-site acoustic measures. This process starts 
with a comparison of a reference acoustic parameter (usually reverberation time). However, 
matching reverberation times does not ensure a good matching of the other parameters. From 
this point of view comparison between measured and simulated impulse responses is 
necessary to identify which sound reflections are responsible of the inaccuracy. A significant 
help to improve the quality of the acoustic simulation, comes from the additional spatial 
information resulting from the use of 3D sound field measurements. The paper discusses how 
such innovative approach can be conveniently used with reference to the modelling of the 
Jubilee Church “Dives Misericordiae” in Rome, by architect Richard Meyer. The complex shape 
of the church, made of concave shells, represents an ideal case study to test how surface 
discretization and model simplification may influence final results. 
 
RESUMEN 
 
Crear modelos acústicos virtuales de espacios ya construidos requiere un procedimiento de 
calibración adecuado, basado en las medidas acústicas realizadas in-situ. Este proceso 
comienza con la comparación de un parámetro acústico de referencia (por lo general el tiempo 
de reverberación). Sin embargo, igualar los tiempos de reverberación no asegura una buena 
adaptación de los otros parámetros, y se hace necesario comparar las respuestas al impulso 
medidas y simuladas para identificar cuáles son las reflexiones del sonido responsables de 
estas diferencias. La información espacial resultante de las mediciones 3D del campo sonoro, 
resulta de gran ayuda a la hora de mejorar la calidad de la simulación. En este documento se 
analiza cómo este enfoque innovador puede ser utilizado, mostrando como ejemplo la 
modelización de la Iglesia "Dives Misericordiae" de Roma, diseñada por el arquitecto Richard 
Meyer. Su compleja forma la convierte en un caso de estudio ideal para probar cómo la 
simplificación del modelo puede influir en los resultados finales. 
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INTRODUCTION 
 
The field of virtual acoustics offers the possibility of studying and recreating the acoustic 
behaviour of a room, which proves highly useful as a tool both for design and evaluation, either 
for research or consultancy purposes. Its advantages have been commonly used in theaters 
and concert halls [1, 2], but also in other types of buildings [3, 4]. 
 
Standard computer programs used algorithms fundamentally based on geometrical acoustics 
(introduced by Schroeder et al. in 1962 [5]) for its calculations: ray tracing [6], sound images or 
hybrid methods [7]. All of them are ray-based methods, in which the simplification broadly 
consists of the definition of sound rays, which are supposed to propagate from the source to the 
receiver in a rectilinear path through a homogeneous medium, either directly or reflected after 
every collision with the room boundaries. The energy decreases as a consequence of path 
length, collisions with walls, and air absorption, but the effects of the energy phase are ignored. 
In addition, several sound effects such as diffraction or interference are neglected or difficult to 
model, despite some algorithms have been modified in order to incorporate any of the typical 
wave phenomena as scattering or diffraction at the edges [8, 9, 10]. Furthermore, this 
simplification is not useful for the low frequency range, so that according to this theory, the 
corresponding predictions are only valid above the Schroeder frequency of the room which can 
be calculated as a function of its reverberation time and its volume: �� = 2000√(�/
	)	���.  
 
Despite these limitations commonly associated with geometric models, acoustic simulation 
softwares are capable of simulating the room impulse response (RIR) of a specific source-
receiver combination from which time, frequency and direction details of the sound energy that 
reaches the receiver, can be deduced. An essential part of the simulations is the 3D 
computational acoustic model. It is important to decide how precise the description of the 
enclosure should be and what kind of simplifications could be assumed, since this can affect 
directly the accuracy of the results.  
 
When dealing with existing buildings, computer modelling can be used to construct a virtual 
representation of a site for a particular set of circumstances. To this end, the model can be 
refined applying a calibration procedure which normally consists of the comparison between 
simulated and measured results [11]. This step is very important as it is always very difficult to 
know exactly the surface characteristics (particularly when dealing with historical buildings). 
Acoustics simulation programs require both absorption and scattering coefficients which should 
also compensate for the unavoidable (recommended) simplifications of the 3D model [12]. 
Educated guesses are sometimes necessary (particularly for scattering coefficients), but if on-
site measurements are available the process can be considerably simplified by proper 
comparison with a reference acoustic parameter (usually reverberation time), and then with all 
the others. However, matching reverberation times does not ensure a good matching of the 
other parameters. Some fine tuning is often required to obtain the optimal results, and 
comparison of measured and simulated impulse responses  become necessary in order to 
identify which sound reflections are responsible of the inaccuracy, which may sometime result 
from incorrect source or receiver placement, or, more frequently, to modelling issues specific of 
given surfaces. 
 
At this point, the 3D sound field information (which can be obtained either by means of simple 
Ambisonic microphones or by more sophisticated multichannel arrays) can be essential for 
detecting such problems and therefore improve the quality of the acoustic simulation [12]. 
During the fine tuning process the additional spatial information may be very useful to check the 
differences between real and simulated environment, leading to a faster and more accurate 
matching between the two. 
 
This paper discusses how such innovative approach can be conveniently used with reference to 
the modelling of the Jubilee Church “Dives Misericordiae” in Rome, by architect Richard Meyer. 
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DESCRIPTION OF THE CHURCH 
 
The Catholic Jubilee Church “Dives in 
Misericordia”, formally known as “Chiesa 
di Dio Padre Misericordioso”, designed by 
architect Richard Meier, is located in the 
eastern suburban area of Rome, bringing 
new cultural life to this zone. The modern 
church (consecrated in October 2003) is 
conceived as a composition of basic 
elements based on the contrast of cubes 
and spheres and on the in-between 
spaces and connections, combined with 
the dramatic use of light both outside and 
inside. 
 
Its exterior is characterized by the three 
enormous white shells that symbolize the 
Trinity, made of prefabricated self-
substainig concrete panels and in 
graduated heights (See Fig.1).The light 
penetrates the building through the roof 
between the shells, and also through the 
entrance façade and the west and east 
walls (altar and organ walls respectively) 
which are light glazing, according to the 
season, the time of the day and the 
weather. In the interior, the distribution of 
different spaces is made clear by physical 
separations. The main nave is an almost 
rectangular space (See Fig. 2) concluded 
by the chancel characterized by the minimalist design of the altar placed off the central axis, of 
the lectern, and of the seat all sculpted in travertine marble blocks. The organ and the choir are 
located above the entrance, mounted on another prism which surfaces and edges are broken in 
order to create a transparent virtual volume. The only variety out off white tone is given by the 
wall opposite the sails, covered with wooden slats, which provides warmth to the space. The 
materials in the Jubilee church are restrained: traditional Roman travertine for the floor; 
concrete facing, marble and light wood panelling for walls; glazed skylights for ceiling and 
windows; and thick wooden pews. 
 
The simple style of the room and the use of curved smooth surfaces and flat finishings together 
with the low-acoustic-absorption materials used, minimize the scattering in the enclosure, 
making easily readable the sequence of early reflections and echoes, which make this space an 
ideal case of study to test how surface discretization and model simplification may influence 
final results and to apply the proposed methodology. 
 
 
ACOUSTIC MEASURES 
 
The on-site acoustic measurements were carried out using an omni-directional dodecahedron 
sound source (Lookline D301), together with an additional subwoofer in order to improve the 
low-frequency response. The excitation signal was a 40 s equalised sine sweep with a suitable 
length to ensure a sufficient signal-to-noise ratio throughout the spectrum of interest. Monaural, 
binaural (B&K 4100D) and B-format (Soundfield MK-V) microphones were used to get the 
impulse responses (IRs) from which the main acoustic parameters were calculated. All the 
instruments and the procedures were complying with ISO standard 3382-1 [14] and with church-
specific guidelines [15]. The sound source was located in two positions in front of the altar and 

Figure 1 . Exterior (above) and interior views of the 
church from the main entrance (below, left) and detail 
of the choir (below, right). 
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behind the lectern, whereas nine receiver points were distributed throughout the area normally 
covered by the pews and/or by the standing congregation (See Fig. 2). A summary of the room 
averaged acoustic parameters is given in Table 1 [16]. 
 

Table 1.  Summary of acoustic data of the church: Spatial and Spectral averaged parameters. 

Acoustic Parameters Frequency averaginga [Hz] Units Value 

Reverberation time, T30,m 500 – 1000 s 7.288 

Early Decay Time, EDTm 500 – 1000 s 7.115 

Sound strength, Gm 500 – 1000 dB 13.606 

Definition, D50,m 500 – 1000 - 0.105 

Central time, TS,m 500 – 1000 ms 512.143 

Clarity, C80,m 500 – 1000 dB -8.739 

Early Lateral energy Fraction, JLF,m 125 – 1000 - 0.304 

Early interaural cross-correction coefficient, IACCE,m   500 – 2000b - 0.343 
aArithmetical averaged for the octave bands according to ISO 3382-1 [14]. 
bArithmetical averaged for the octave bands according to Okano el al. [17]. 
 
 
ACOUSTIC SIMULATION 
 
The software used for the acoustic simulation is CATT-Acoustic v.9.0.a [9]. The acoustic 
calculations were carried out by using the TUCT (The Universal Cone Tracer) engine where the 
acoustic parameters were obtained through processing echograms (E) and by processing the 
impulse response (h) algorithms. Specifically, the algorithm for closed-room "short calculation, 
basic auralization" with a "max split order" 1 was used, which determined the number of rays 
per cone automatically (40,660) for parameter calculation, and the truncation time of the length 
of the impulse response was set at 8 seconds, according to the measured reverberation time in 
the church. It is important ensure that the numbers of rays and the length of the response set for 
the simulation were enough to obtain a sufficient number of detected reflections. 
 
A simplified 3D geometrical model of the church was created in order to perform the 
simulations. The absorption coefficients were first assigned considering usual literature values, 
combining them with those resulting from documented simulations of similar buildings. It is no 
easy to recreate the acoustic behaviour of the room with an initial model, and an adjustment 
become necessary to compensate the simplifications and also adapt the coefficients which 
describes peculiar materials or complex surfaces. 

Figure 2 . Plan and cross section of the church. 
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Acoustic Model Calibration 
 
According to the usual approach, when 
working with existing buildings, the 
validation of the 3D acoustic model 
require a comparison between the 
reverberation time measured on site and 
the simulated values, so that they differ 
by no more than 1 JND (variation of 5% 
from the measured value). This 
procedure consists of an iterative 
adjustment of the absorption and 
scattering coefficients of the most 
uncertain materials or surfaces, possibly 
covering large areas so that small 
variations from the originally assigned 
values could lead to a better agreement 
between simulated and measured 
parameters. Once this requirement is 
matched, it is highly recommendable working with the other parameters, point by point, in order 
to be sure that the early reflections are being properly simulated. To that end, variations above 
2 JND between measured and simulated values are considered too wide, and a refinement of 
the model is required. Analysing the omnidirectional impulse responses, we are able to study if 
the simulated reflections are present in the measured responses and we can compare their 
arrival time and their intensity, or, conversely, if some reflexions are missing. The difficult part is 
to determine where those reflections come from, and consequently modify that part of the 
model. Modifications could imply changes in some coefficients of the materials and/or in the 
simplifications assumed in the model.  
 
Figure 3 depicts the geometrical 3D model implemented for the church adjusted according to 
the methodology explained before. This model has 744 planes, an approximate total volume of 
10,700 m3. Table 2 shows the initial absorption coefficients from 125 to 4000 Hz octave bands. 
The scattering coefficients depend on the degree of decoration and irregularities of each 
surface.  
 
As can be seen in Table 3, the results obtained with the simulation are good enough for the 
majority of the parameters at the majority of the octave bands (JND differences < 2).  
Nevertheless, at certain receiver points some parameter values are not in agreement, leading to 
the highest differences.  
 
Furthermore, an objective evaluation by using acoustic parameters is not sufficient to determine 
the validity of the model, and a subjective evaluation by making listening test is highly 
recommended.  
 

Table 2.  Absorption coefficients used in the initial model. 

Materials Area (%) 125 Hz 250 Hz 500 Hz 1 kHz 2 kHz 4 kHz 

Lime cement plaster 50.1 0.02 0.02 0.03 0.04 0.04 0.05 

Glass 23.0 0.15 0.08 0.04 0.03 0.02 0.02 

Marble 15.9 0.01 0.01 0.01 0.02 0.02 0.02 

Wooden slatsc 5.2 0.35 0.25 0.20 0.02 0.02 0.02 

Pews 4.5 0.01 0.03 0.06 0.06 0.05 0.06 

Plywood panelling 0.2 0.28 0.22 0.17 0.09 0.10 0.11 

Solid wooden door 0.1 0.14 0.10 0.06 0.08 0.10 0.10 
cValues resulting from iterative calibration 

Figure 3. Geometrical 3D model created to simulate the 
acoustics of the church. 
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Table 3.  Mean differences in terms of JND calculated point-by-point between measured and simulated 
values after model calibration applying the usual approach. 

Acoustic Parameters JNDd 125 Hz 250 Hz 500 Hz 1 kHz 2 kHz 4 kHz 

Early Decay Time, EDTm 5% 1.45 0.92 1.25 0.67 0.79 1.65 

Sound strength, Gm 1 dB 1.26 0.33 0.62 0.44 0.51 0.70 

Definition, D50,m 0,05 2.35 0.65 0.82 0.48 0.50 0.78 

Central time, TS,m 8,5 % 1.66 0.45 0.71 0.60 0.44 0.83 

Clarity, C80,m 1.5 dB 2.03 0.62 1.18 0.89 0.56 0.61 

Early lateral energy fraction, JLF,m 0.05 1.76 2.79 1.46 1.90 1.91 5.66 
dJND values according to [14] and [18] 

 
Creating auralizations to compare the results obtained with measured and simulated IRs under 
the same conditions can confirm that the simulated acoustic field is able to recreate listening 
conditions inside the building or, conversely, show inaccuracies or differences to be corrected. 
At this point a fine tuning process is necessary to obtain more accuracy and improve the model. 
 
Fine Tuning Process 
 
The fine tuning process involves the analysis of the spatial information resulting from the use of 
3D sound field measurements. The comparison between directional maps created from 
measured and simulated B-format IRs at each receiver point leads to crucial information about 
early reflections: whether reflections arrive at the same time and from the same direction in both  
cases, how simplifications in the model have effects on the reflexion pattern, the influence of the 

Figure 4 . Measured (above) and simulated (below) directional maps filtered at 1 kHz for receivers 04 (left) 
and 07 (right) with source A. 
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scattering coefficients assigned to each surface.  
 
As an example, Fig. 4 shows the directional maps obtained at 1 kHz for two different source-
receiver combinations. It can be seen that measured and simulated reflection patterns are 
similar in both cases, considering that the main reflections come from the same direction and 
arrive at the same time (only the relative difference between a given reflection and the direct 
sound must be take into account since the absolute time scale may show small differences due 
to direct sound detection algorithm). Measured responses clearly show much more scattered 
reflections distributed throughout the space.  
 
For receiver 04, four stronger reflections can be distinguished. The direct sound and the first-
order reflection coming from the pews arrive almost at the same time in the simulated pattern, 
because of the simplification of the pews in the model. Reflections 3 and 4 are in good 
agreement, considering that small variations can be tolerated. Receivers which are located 
further from the source, such as receiver 07, have richer reflection patterns, what might suggest 
an higher risk of inaccuracy. Conversely, most of the strongest reflections (reflections 2, 4 and 
5) are simulated correctly, while a few other appears sometimes delayed and/or coming from 
other directions or simply do not appear (reflection 3 and 3b). 
 
One of the most critical conditions comes out at receiver 09 (See Fig. 5), where the listening 
test shows a big difference: there is an audible echo in measured response which is less 
noticeable and arrives earlier and from a slightly different angle in the simulated response. By 
using the wide band signal, which provides peaks more clearly visible even if the direct sound of 
the simulated IR is louder than in the measured IR (possibly due to source directivity) and 
scattered reflections tend to mask earlier order reflections, it can be seen that for other 
reflections the agreement is pretty good. Focusing on reflection 05 (echo), the difference in the 
arrival time was initially explained as a consequence of reflections coming from one of the outer 
shells, while in the simulation it is coming from the inner shell. However, using image source 
method it appeared that higher order reflections (4th order) were coming from the curved surface 
at approximately the same time, but with small delays that, probably, prevented correct 
“addition” to create the echo. Likely the discretization of curved surfaces affected the distance 
travelled by the individual reflections, hence affecting the final results. However, in order to 
confirm this hypothesis model needs substantial changes and will require a deeper study. 
 
 
CONCLUSIONS 
 
The 3D model created in order to simulate the acoustic behaviour of the Jubilee Church “Dives 
Misericordiae” has been tested and calibrated following the usual approach used with existing 
buildings. Afterwards, a fine tuning process based on the spatial information resulting from the 
use of 3D sound field measurements was carried on. 

Figure 5 . Measured (left) and simulated (right) wide band directional maps for receiver 09 with source A. 
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Despite its limitations, the results obtained applying the usual procedure are good enough for 
some purposes, especially when working with simple buildings. Nevertheless, having this 
additional information about the arrival direction of the reflections allow us to go one step further 
and lead to a refinement of the model making simple modifications just where it is necessary. 
This refinement can be crucial especially when creating auralizations.  
 
Even having this additional information sometimes is difficult to determine which modifications 
could improve the results and a deeper study about simulation techniques is necessary. 
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