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In order to determine an objective range of acoustic parameters for historical Italian theaters and to recommend
ideal values for the primary acoustic parameters reverberation time (75, T3,), early decay time (EDT), sound
strength (G), clarity index (Cy, and Cs,), definition (Ds,) and interaural cross correlation coefficients (IACC),
an acoustic survey of 24 historical Italian theaters spread over 8 regions of Italy was conducted. In the survey,
two distinct acoustic measurements were used: 1. Conventional monaural and binaural measurements under
unoccupied conditions. 2. Sound field visualization utilizing a 360° camera and an em32/64 Eigenmike®.
The geographic distribution features of the 24 theaters, correlations among parameters, performance of each
parameter across various frequencies, and dispersion characteristics were analyzed and quantified through
computational methods. The acoustic quality of the theaters was ranked according to the statistical results,
giving a range of desirable values for each acoustic parameter. It has been discovered that: 1. Correlation
analysis indicates that at 1000 Hz, all parameters exhibit the strongest correlations, with a notably strong
negative correlation between reverberation time and both clarity index and definition, and a strong positive
correlation between clarity index and definition. These results suggest that data at 1000 Hz may be most
suitable for machine learning predictions of parameters affected by measurement distance. 2. Boxplot analysis
indicates that G is the only parameter without outliers, with variations in other parameters attributed to
differences in geographical location, temperature, humidity, theater size, and interior decoration, highlighting
the need to consider performance-specific acoustic requirements in evaluations. 3. Objective assessments reveal
that most theaters perform best in clarity index values, with Italian historical theaters exhibiting significantly
higher G-values, possibly due to factors such as reflective surfaces, stage structure, and architectural design
features. 4. Theaters such as Teatro Amintore Galli (Rimini), Teatro dell’Opera (Rome), and Teatro Minimo (Atri)
demonstrated notable acoustic performance based on the evaluated parameters.

1. Introduction enabled for more precise and efficient evaluations of theater acoustics.
Italian theater acoustics research has also progressively advanced in
both theory and practice: Farina performed detailed acoustic measure-

ments and analyses of numerous Italian historical theaters using impulse

The acoustic properties and quality evaluation of performance
spaces, particularly notable theater buildings, have garnered growing

interest from researchers. Jordan [1,2] examined the acoustic character-
istics of concert halls and established criteria for assessing acoustic qual-
ity. Hidaka and Beranek et al. [3-7] assessed not only several classical
concert halls in Europe, the United States, and Japan but also conducted
both subjective and objective evaluations of opera house acoustics. Re-
searchers such as Wang, Chourmouziadou [8,9] and Bradley [10,11]
have highlighted the importance of advanced computational methods
in acoustical analysis, utilizing simulation techniques to predict and en-
hance acoustic performance. The adoption of these technologies has
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response measurement techniques and suggested optimal design meth-
ods [12-14]; Farnetani and Prodi et al. proposed acoustic standards for
modern buildings through historical studies of Italian theater acoustic
design [15,16]; Iannace et al. examined the effects of different audito-
rium and stage designs on sound transmission and audience experience
through comprehensive acoustic analyses of several historical theaters
[17,18], and also conducted comparative analyzes between modern and
historical theaters, emphasizing the application of traditional design
concepts to contemporary theaters. Saiki et al. investigated psychoa-
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coustic criteria and their application in evaluating theater acoustics,
offering insights into the subjective perception of sound quality [19]. In
addition, the database has been enriched with research from numerous
experts on the acoustic properties of individual historic Italian theaters
[20-25].

Building on previous studies, this article not only presents a holistic
statistical and acoustic quality assessment of the acoustic characteristics
of 24 historical Italian theaters in eight regions in northern and southern
Italy, analyzing the correlation of key acoustic parameters at different
frequencies. It also offers a detailed analysis of the causes of variability
in the acoustic parameters of these theaters, which were not addressed in
previous studies, as well as their characteristics and causes of spatial dis-
tribution. In this paper, the acoustic parameters of 24 historical Italian
theaters were examined and statistically mapped. First, their geospatial
distribution is analyzed, explaining the historical context and necessary
conditions for the emergence of theaters in Italy; second, the architec-
tural characteristics of Italian theaters and the measurement methods
used in these acoustic investigations are described; the correlations of
the main acoustic parameters are analyzed, and the distribution charac-
teristics of these parameters at different frequencies in all the theaters
are statistically presented to suggest the reasons for the emergence of
dispersal points; subsequently, an objective evaluation of the acoustic
quality of 24 theaters is conducted, and objective ranges and ideal sug-
gested values for the acoustic parameters of historical Italian theaters
with different volumes are provided.

2. Geospatial distribution and historical background of the
theaters

The 24 historical Italian theaters counted are mainly distributed
in northern and central Italy. Five theaters in the Lombardy region:
Teatro Bibiena (Mantua), Teatro Ponchielli (Cremona), Teatro Social
(Soresina), Teatro San Dominic (Crema) and Teatro Grande (Brescia);
Teatro Olimpico (Vicenza) in the Veneto region; Emilia-Romagna re-
gion eight of them: Teatro Bonci (Cesena), Teatro 1763 (Bologna),
Teatro Sociale (Gualtieri), Teatro comunale Pavarotti-Freni (Modena),
Teatro Comunale (Bologna), Teatro Masini (Faenza), Teatro Valli (Reg-
gio Emilia), Teatro Alighieri (Ravenna) and Teatro Amintore Galli (Ri-
mini); Teatro della Fortuna (Fano) in Marche; Teatro Monte Castello
di Vibio (Monte Castello di Vibio) and Teatro Nuovo (Spoleto) in Um-
bria; two in Lazio: Teatro Argentina (Rome) and Teatro dell’Opera-
Rome (Rome); Teatro Minimo- (Atri) in Abruzzo; two in Campania:
Teatro municipale Giuseppe Verdi (Salerno) and Real Teatro di Corte
(Caserta);Teatro Eschilo (Gela) in the Sicily region. Fig. 1 illustrates the
geographical location of completion of the 24 theaters.

As can be seen from the geospatial statistical map, the majority of
these theaters are located in the Pianura Padana (Po River Plain). The
Pianura Padana is strategically located between the Mediterranean Sea
and the European interior. Its abundant soil and moderate temperature
made it a key industrial and agricultural producing location in Europe,
helping to drive urban expansion and population growth [26]. Since the
Roman period, the Pianura Padana region has served as an important
agricultural and commercial center for the Roman Republic and Empire.
Its geographical, political, economic, social, and cultural characteristics
facilitated the development of culture and art in the region.

These theaters were erected between the 18th and 19th centuries,
which correspond with the emergence of the Enlightenment from the
mid-17th to the 18th century. In this period in Rome, a variety of
thinkers and scholars critiqued and reflected on society, politics, and re-
ligion. The time witnessed the advancement of reason and knowledge,
the pursuit of individual liberty and equality, and the investigation of
democratic institutions and human rights. This was combined with the
outstanding achievements of ancient Rome in urban planning and archi-
tecture. Many spectacular buildings were constructed, included public
theaters, which served as venues for public performances and were one
of the city’s cultural interchange centers, and the theater was no longer

Applied Acoustics 233 (2025) 110483

Geographical Distribution of Theaters
10°E 12°E °

16°E 18°E

26.5°N | £ 46.5°N
) S

q435°N

43.5°N

40.5°N

40.5°N

37.5°N 37.5°N

Fig. 1. Geospatial distribution map of 24 theaters.

the exclusive domain of the royal family. The rise of Romanticism and
the nineteenth-century revival movement resulted in a higher level of
emotion and beauty, while people began to value Italian culture and na-
tional identity, and many governments provided funds and resources to
support public theaters. All of these historical contexts gave rise to a
thriving theater society.

3. Acoustic measurements
3.1. Measurement equipment

All theaters were measured while taking into account the tempera-
ture and humidity levels of the space. The following equipment was in
use.

¢ Omnidirectional dodecahedron sound source (Look Line 103)
Dummy head (Neumann KU100)

o Ambisonic microphone (Sennheiser Ambeo Microphone)

» Omnidirectional microphone (Behringer ECM8000)

Audio Interface (Zoom F8)

The 32/64-channel spherical array microphone (em32/64 Eigen-
mike®)

¢ The 360° camera (Ricoh Theta V)

Audio Interface (Orion32)

The em32/64 Eigenmike® and 360° camera are utilized to visualize
sound reflections as they hit the surfaces of the theater’s inner construc-
tion [27,28]. Other devices were utilized to assess traditional monaural
and binaural parameters. Fig. 2 illustrates the configuration of the equip-
ment.

3.2. Measurement points

All acoustic parameters were selected from measurements taken
when the theater was unoccupied. The excitation signal from the acous-
tic source was an Exponential Sine Sweep (ESS) with a duration of 15s.
Commonly, Since classical Italian theaters are generally symmetrical,
half of the space was selected for acoustic measurements, and a sin-
gle measurement point in the other half was sufficient to verify the
acoustic characteristics of the whole space. Detailed sound maps of the
sources and receivers were also created in some theaters with the use
of em32/64 Eigenmike® multichannel spherical array microphones and
the Rico Teta V 360° panoramic camera. The sound field was visualized
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Fig. 2. Equipment setup: sound source (Look Line 103); receiving microphone
combination; 360° camera (Ricoh Theta V).

by reproducing the impulse response during the recording with a visual
overlay.

It should be clarified that 24 theaters are reported in this article,
which were measured over a long period of time, and in some cases
the measurements were repeated in different years. Therefore, when
measurements were taken in different theaters in different years, the lo-
cation, height and number of sound sources placed in them were not
static, and there may be inconsistencies with ISO 3382-1:2009 (the
earliest measurements were taken around 2000, and the specification
requirements are different from either 2009 or 2024).

And there are some differences in equipment from the initial pe-
riod of these measurements until now, due to the evolution of methods
and equipment over the years. In addition, in some studies, the exper-
imental design may require exploring different methods to understand
how acoustic properties behave under different conditions, and we may
intentionally deviate from the standard to obtain more comprehensive

Frequency [Hz] = 125
quency [Hz] 1160

0.75

--0.25

-0.50

-0.75
EDT T20 T30 C50 C80 D50 G  IACC > 2 T30 cs0
Frequency [Hz] = 1000

1.00

0.75

-0.50

--0.25
1.00 0.17

-0.75

B 0 | @/ | @iz | (L2

-0.00 0.17 -0.32 gy

IACC

' ' ' | ' ' ' ' ' ' '
EDT 720 T30 C50 (C80 D50 G IACC EDT T20 T30 C50

F

-

Frequency [Hz] = 250

Frequency [Hz] = 2000

§-0.09 012 019 013 -0.00 020 -0.17 SR _0.75

Applied Acoustics 233 (2025) 110483
data. In other cases, we prefer to focus on particular aspects, such as
specific measurement tasks or studies that may involve specific scenes
or buildings.

4. Objective evaluation
4.1. Architectural features

Before conducting the objective evaluation, it is necessary to first
outline the architectural characteristics of these theaters to provide a
foundation for a more comprehensive understanding in the subsequent
analysis.

The Italian historical theaters investigated in this article were inau-
gurated in the Baroque and Classical Periods, with the exception of the
Teatro Olimpico, designed by Andrea Palladio, which is of great research
and historical importance as the first indoor theater in Italy.

The Italian historical theaters are generally buildings with multi-
storey balconies, roof galleries, and horseshoe-shaped layouts. The
exteriors were usually built in the classical architectural style, fea-
turing colonnades, arches, and reliefs. The interiors consisted of fine
ceilings, frescoes, statues and patterned floors, with ornate light-
ing. The architectural characteristics of the theaters are statistically
shown in Appendix Table 1 (shown in the final pages). The plan
layouts of Real Teatro di Corte, Teatro Alighieri and Teatro dell’-
Opera Rome are obtained from the official websites (https://www.
reggiadicasertaunofficial.it/reggia/teatro-di-corte/,  https://catalogo.
beniculturali.it/detail/ArchitecturalOrLandscapeHeritage/0800206008
#lg=1&slide =15, https://www.operaroma.it/en/). The plan layout
of Teatro Aminitore Galli is obtained from the website (https://
9hstudio.it/attivita/consulenza-impresa/2012_teatro_rimini/). The re-
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g. 3. Correlation heatmaps of the eight acoustic parameters.
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Fig. 4. Boxplots of measurements for eight acoustic parameters by frequency.

maining plans are partially self-drawn by the author and some are from
coworkers in the team.

4.2. Correlation analysis

The acoustic parameters obtained from measurements in 24 theaters,
including reverberation time (75, T5,), early decay time (EDT), sound
strength (G), clarity index (Cgq and Cs), definition (Dsy) and inter-
aural cross correlation coefficients (JACC), were compiled for analysis.
Correlation heatmaps depicting the relationships between these param-
eters at various frequencies were illustrated in Fig. 3. Darker colors on
the heatmaps indicate stronger correlations, while lighter colors signify
weaker correlations.

It can be clearly seen that there is a considerable positive correlation
between the EDT, T, and Tj, values, with the strongest correlation in
the middle and high frequency bands. The same result is observed be-
tween Cg, Csy and D5, values; reverberation time (EDT, T, and T5)
and clarity index (Cs, and Cg) show strong negative correlations across
the full frequencies; The G-value shows a moderate positive correlation
with reverberation time over the full frequency range, while it has a cer-
tain negative correlation with both the clarity index and the IACC over
the full frequency range; The IACC has no significant correlation with
the other acoustic parameters across the full frequency range, except for
some negative correlation with the G value.

4.3. Statistical results of acoustic parameters

The measurements of the eight acoustic parameters for all theaters
were plotted as Boxplot on eight subplots according to different frequen-
cies. The black solid lines represent the average values of each parameter
in different frequency bands. The statistical results are shown in Fig. 4
and supplemented by Table 1.

Combining the statistical results of Fig. 4 and Table 1:

1. Early decay time (EDT), reverberation time (75, T3,) and inter-
aural cross correlation coefficients (IACC) show a decreasing trend from
low to high frequency bands; clarity index (Cy, and Cs), definition D5,
and sound strength (G) display an overall upward trend. Cs, and Ds,

slightly decrease from 500 Hz to 1000 Hz, while G gradually stabilizes
in the middle and high frequencies.

2. Compared to the wider distribution of values for the other acous-
tic parameters G, the narrower distribution of values for IACC suggests
that these theaters have large variations in G measurements at different
frequencies, while JACC measurements have smaller variations, but the
differences become larger in the higher frequency bands. And G is the
only parameter with no discrete points (outliers).

The presence of outliers in the statistical results may stem from sev-
eral factors:

1. The considerable variation in theater volumes, along with differ-
ences in interior decorative constructions and materials, such as the fly
tower, carpets, and seat upholstery in the audience chamber, is a pri-
mary reason for the presence of outliers in the data.

The statistical charts of the measured values reveal that the rever-
beration time, sound strength (G), definition (Ds), and interaural cross
correlation coefficients (IACC) of Teatro Monte Castello di Vibio are sig-
nificantly lower, while the clarity index is notably higher compared to
other theaters. This discrepancy is likely attributable to its status as one
of the smallest historical theaters in Italy (400 m? of main hall), with
dimensions and construction markedly different from other theaters. In
contrast, Teatro Nuovo, also located in the Umbria region, is the largest
theater in this area (5000 m> of main hall), accommodating approxi-
mately eight times as many spectators as Teatro Monte Castello di Vibio
[29,30]. The ample height and width of Teatro Nuovo provide con-
ditions conducive to adequate reverberation. Additionally, unlike the
horseshoe plan characteristic of most Italian theaters, including Teatro
Nuovo, Teatro Monte Castello di Vibio features a bell-shaped plan. Fig. 5
presents the interior scenes of both theaters.

When it comes to approximate estimation of volumes, measurements
can vary considerably from one theater to another, due to the lay-
out of the interior spaces, the decorative structure and the materials
used. As an example, the Teatro Monte Castello di Vibio is shown in
Fig. 6, which compares the measurements with those of Teatro 1763.
The reverberation times measured at Teatro Monte Castello di Vibio are
much lower than those measured at Teatro 1763, while the clarity in-
dex values are much higher than those measured at Teatro 1763. Fig. 7
illustrates the interior of Teatro 1763, which has a rectangular floor
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Table 1
Boxplots quartile distance statistic.

Freq [Hz] level 1 EDT [s] T20 [s] T30 [s] C50 [dB] C80 [dB] D50 [%] G [dB] 1ACC

125 0.05 1.09 1.22 117 -5.95 -2.02 21.79 -2.97 0.77
0.25 1.35 1.46 1.57 -3.27 -0.23 30.75 2.29 0.87
0.5 1.61 1.78 1.7 -1.96 1.23 38 5.84 0.94
0.75 1.75 1.93 1.89 -0.68 217 46.16 18.84 0.95
0.95 2.08 2.22 2.05 3.93 5.01 54.86 25.22 0.98
avg 1.57 1.7 1.68 -1.79 1.25 39.35 10.01 0.9

250 0.05 1.07 1.1 1.01 -4.53 -1.42 28.04 1.58 0.44
0.25 1.21 1.33 1.44 -2.2 0.76 38.39 6.2 0.73
0.5 1.38 1.56 1.61 -0.66 1.59 43.86 14.77 0.78
0.75 1.65 1.71 1.83 0.68 3.34 53.22 27.23 0.83
0.95 1.88 2.09 2.03 1.36 4.76 57.18 33.55 0.94
avg 1.43 1.53 1.57 -0.86 2.08 43.35 16.43 0.75

500 0.05 0.84 0.9 0.79 -2.06 -0.44 35.12 1.34 0.28
0.25 1.1 1.23 1.32 -1.18 1.05 42.4 6.81 0.39
0.5 1.28 1.33 1.46 0.33 2.8 50.03 17.21 0.4
0.75 1.51 1.56 1.62 1.92 4.5 58.93 29.4 0.44
0.95 2.21 2.36 2.09 3.33 5.99 67.24 35.11 0.85
avg 1.32 1.42 1.45 0.55 3.01 51.2 17.56 0.48

1000 0.05 0.64 0.7 0.64 -3.09 -0.65 33.4 1.38 0.17
0.25 0.99 1.13 1.2 -1.4 1.19 42.2 6.75 0.33
0.5 1.16 1.22 1.35 0.32 3.21 519 17.41 0.4
0.75 1.44 1.55 1.58 1.25 4.34 58.92 28.51 0.42
0.95 2.21 2.37 211 3.91 7.9 70.35 34.89 0.82
avg 1.24 1.34 1.4 0.21 3.21 50.97 17.31 0.44

2000 0.05 0.55 0.6 0.56 -2.97 -0.07 34.81 1.32 0.19
0.25 0.95 1.08 1.1 -1.16 1.35 43.18 7.51 0.26
0.5 1.1 1.14 1.24 1.04 3.39 54.93 18.61 0.32
0.75 1.43 1.5 1.51 2.25 5.4 63.45 29.54 0.34
0.95 2.1 2.28 2.08 5.94 9.62 78.1 35.13 0.75
avg 1.19 1.27 1.32 0.89 3.78 53.89 17.85 0.39

4000 0.05 0.48 0.55 0.51 -2.26 1.13 37.78 0.91 0.12
0.25 0.8 0.91 0.98 0.21 2.38 51.06 8.62 0.22
0.5 0.97 1.02 1.11 1.61 4.69 58.1 18.24 0.33
0.75 1.24 1.29 1.37 2.79 5.79 64.85 31.04 0.36
0.95 1.73 1.69 1.9 6.6 10.71 80.41 37.45 0.72
avg 1.04 1.1 1.16 1.67 4.64 57.69 18.36 0.36

Fig. 5. The interior view of Teatro Monte Castello di Vibio (left) and Teatro Nuovo (right).

plan and an unboxed grandstand structure that is prone to strong re-
flections, especially in the mid and low frequencies, which are further
enhanced by the marble walls, resulting in an increase in reverberation
time. The lack of acoustic absorption in the design of the grandstand
without boxes, and the marble carved columns without any structural
role only for decoration, make the number of sound reflections hitting
the construction surface and the arrival time different [31,30], which af-
fects the performance of the Csy and Cg values. The horseshoe-shaped
plan of the Teatro Monte Castello di Vibio facilitates the even propa-
gation of sound waves through the theater, while its higher spatiality
helps to reduce the formation of low-frequency standing waves. This
design allows for short reverberation times and improves the clarity of
the sound. Furthermore, Teatro Monte Castello di Vibio has wooden

boxes and velvet seats, both of which have better acoustic absorption
properties and reduce reflections, also resulting in shorter reverbera-
tion times.

2. Another potential reason for the presence of outliers is the varying
temperature and humidity conditions in the regions where these theaters
are located at the time of measurement.

Based on our preliminary research [32,33], acoustic parameters such
as D5y, G, and EDT exhibit significant measurement variability due
to temperature fluctuations, whereas other parameters show minimal
sensitivity to temperature changes. In contrast, all eight acoustic param-
eters are influenced by humidity to varying degrees. However, further
controlled experiments are necessary to provide a more scientific and
robust basis for this explanation.
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Fig. 6. Results of reverberation time and clarity index measurements of Teatro Monte Castello di Vibio vs. Teatro 1763.

Fig. 7. The interior of Teatro 1763.

4.4. Acoustic quality assessment and recommended ideal values

Fig. 8 presents the average values of the acoustic parameters (EDT,
T5, T3g, Csg, Cgp> G, IACC) for the 24 theaters at 500 Hz and 1000 Hz.
The theaters are distinguished by eight different shapes in three different
colors. The gray rectangles indicate the range of “ideal” reference values
for each parameter [3,4,6,7,13,34-44].

According to references and published standards, the “ideal” refer-
ence range of EDT values for theaters is between 1.2 and 1.6 seconds,
with nearly 50% of theaters performing well within this range. Rever-
beration time values should be between 1.4 and 1.6 seconds, with about
20% theaters meeting this standard. For C, values, the ideal range is
between -2 dB and +2 dB, with nearly 70% of theaters falling within
this range. For optimal acoustics, Cg, values should be between -1 dB
and +5 dB, with nearly all theaters meeting this criterion. G values are
ideally between 1 and 3.5 dB; The IACC value should be as close to 0 as
possible and should not exceed 0.4 for a high-quality theater, with ap-
proximately 40% of theaters meeting this requirement. The value of Dy
is not included in the graphs due to its flexibility. For musical perfor-
mances, the value of D5, should be lower than 50%, while for speeches
and prose, the value of D5, should be higher than 50%.

Different types of performances have requirements for various acous-
tic conditions, and the proportion of types of performances staged in
each theater over the five-year period is counted in Fig. 9.

Statistical data indicate that opera remains the primary repertoire
across theaters, with Romantic and Realist operas performed more fre-
quently. These genres require an acoustic environment with longer
reverberation times and moderate clarity. Conferences, prose perfor-

mances, and talk shows also play significant roles in some theaters,
where shorter reverberation and high clarity are needed, as seen in
venues like Teatro Monte Castello di Vibio, Teatro Nuovo, and Teatro
Argentina. Other theaters, such as Teatro Sociale di Gualtieri, present
a variety of performances for economic sustainability. In this era, some
theaters are also exploring contemporary music and avant-garde perfor-
mances, as at Teatro Alighieri in Ravenna. Thus, the type of performance
must be considered when assessing theater acoustic quality.

By combining Figs. 8, 9, and 4 with Table 1, the ideal value ranges
for each acoustic parameter in historical Italian theaters are suggested,
as shown in Table 2. The discussions and suggestions regarding the op-
timal values are based, firstly, on parameter measurements obtained by
other researchers in various Italian historical theaters, and secondly, on
recognized publications and established regulations. Most importantly,
the acoustic parameter values measured in the 24 theaters in this study
serve as a benchmark, providing reference values for the main acous-
tic parameters of Italian historical theaters, which can be used by future
researchers.

The value of Ds, has to be determined according to the different
performances to find out what is the best value. And regarding the sug-
gested value of G, a value of less than 17.5 dB can be considered as ideal.
The statistical results show that the value of the Italian historical the-
ater is much higher than other types of theaters or buildings with the
same volume.

Based on the above statistical analysis, the theaters with the best
performance in terms of acoustic quality are Teatro Amintore Galli (Ri-
mini), Teatro dell’Opera (Rome) and Teatro Minimo (Atri). The rest of
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Teatro Bibiena-Mantua
Teatro Ponchielli-Cremona
Teatro Monte Castello di Vibio
Teatro dell'Opera-Rome
Teatro Nuovo-Spoleto
Teatro Argintina-Rome
Teatro della Fortuna-Fano
Teatro Social-Soresina
Teatro San Dominic-Crema
Teatro Minimo-Atri

Teatro Amintore Galli-Rimini
Teatro Bonci

Teatro 1763 in Bologna
Teatro Grande of Brescia
Teatro Alighieri of Ravenna
Teatro Sociale of Gualtieri
Teatro Olimpico
Comunale-Pavarotti Theatre of Modena
Verdi theatre of Salerno
Teatro Comunale in Bologna
Real Teatro di Corte

Masini theater of Faenza
Teatro Eschilo, Gela

Valli theatre

Fig. 8. Comparison of measured average acoustic parameter values (500 Hz and 1000 Hz) across 24 theaters with “ideal values”.
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Fig. 9. Proportion of performance types staged in each theater over a five-year period.
Table 2
Range of ideal values for the main acoustic parameters of Italian historical theaters.
Name EDT [s] T20 [s] T30 [s] C50 [dB] C80 [dB] IACC
Small theaters 0.8-1.1 0.9-1.2 0.9-1.3 1.6-2.6 4.4-5.8 <0.6
Medium theaters 1.2-1.4 1.3-1.5 1.4-1.6 -1.2-1.3 2.2-3.0 <0.5
Large theaters 1.3-1.8 1.5-1.9 1.6-1.9 -0.5-0.3 1.1-2.6 <04

the theaters will need to make adjustments to the acoustical conditions
based on the needs of the performance type.

The selection of Teatro Amintore Galli (Rimini), Teatro dell’Opera
(Rome), and Teatro Minimo (Atri) as the top theaters for acoustic quality

is supported by two main factors. First, Teatro Amintore Galli and Teatro
dell’Opera Rome have undergone recent restoration, while Teatro Min-
imo has preserved its original structure in excellent condition. This
careful maintenance or improvement of the theaters’ spatial character-
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istics has created highly favorable acoustic conditions, in some cases
enhancing the original design. Second, the acoustic parameters in each
theater are well-matched to its size and primary performance types.
Teatro Minimo, a smaller venue mainly hosting spoken-word perfor-
mances and 20th-century atonal music, has an average mid-frequency
reverberation time of around 1.3 seconds, a speech clarity index of
about 1.9 dB, and a music clarity index of approximately 4.7 dB. Teatro
Amintore Galli, a medium-sized theater featuring Classical concerts, op-
eras, and instrumental solos, has a mid-frequency reverberation time
near 1.5 seconds, a speech clarity index of 1 dB, and a music clarity
index of around 3 dB. The larger Teatro dell’Opera Rome, primarily
used for Romantic and Verismo operas, has a mid-frequency reverber-
ation time of about 1.7 seconds, a speech clarity index of -1.2 dB, and
a music clarity index of around 1.1 dB. These acoustic profiles closely
align with the requirements of their respective performance types, con-
firming their selection as the theaters with the most favorable acous-
tic environments among the 24 examined. If the primary performance
types in these theaters were to change, further evaluation would be
necessary to assess whether their acoustic environments remain suit-
able, as this shift could render them less optimal for the new reper-
toire.

5. Discussion and conclusion

An acoustic survey was conducted in 24 historical theaters dis-
tributed in 8 regions of Italy using two different measurement methods.
The geospatial distribution of the theaters and the values obtained for
the parameters EDT, Ty, T3q, Cgy, Csg, Dsg, G and IACC (unoccupied
condition) were recorded, analyzed and plotted. The following conclu-
sions were drawn:

1. In the correlation analysis across different frequencies, while
a negative correlation is consistently observed between reverberation
time and clarity index (as well as definition), the strongest correlations
are found at 1000 Hz. Additionally, the variation in reverberation time
(RT) and clarity index (Cs,, Cgq) across theaters of different sizes and
architectural types highlights the influence of structural characteristics,
such as volume, materials, and interior design. This foundational anal-
ysis will support future machine learning models aimed at predicting
acoustic parameters by leveraging more stable parameters, like RT at
1000 Hz, which are less affected by measurement distance, to estimate
parameters sensitive to distance variations, such as clarity index, def-
inition, and sound strength. Additionally, temperature and humidity
are acknowledged as influencing factors in acoustic measurements and
will be accounted for in subsequent, more controlled experiments. This
data-driven approach offers practical value in applications like acoustic
design and spatial optimization, providing more accurate predictions
across various environments and measurement conditions.

2. The box plots of the box lines for each parameter yielded that G
was the only parameter that did not show any discrete points (outliers).
There are two main reasons for the appearance of discrete points: the in-
vestigated theaters are situated in different geographical locations with
some differences in temperature and humidity, which to a certain extent
affect the measured values of the acoustic parameters; the theaters dif-
fer in size and interior decoration, which makes the measured values of
a small number of theaters differ from those of other theaters. However,
in the objective evaluation of the acoustical quality of theaters, atten-
tion should also be paid to the acoustical requirements of the different
types of performances staged in each theater.

3. An objective assessment of the acoustic quality of the theaters
results in the fact that most of them perform better in the values of
the clarity index compared to the results of the other parameters. The
G-values of Italian historical theaters are much higher than those of
other types of opera houses or architectural spaces of similar volume.
This could be an acoustic characteristic of Italian historical theaters and
there could be four reasons for the high G-values: 1. Design and lo-
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cation of sound-reflecting surfaces: Reflecting surfaces positioned too
close to the stage or auditorium—typically hard, smooth materials such
as concrete, stone, and metal used in later restorations—are present in
these theaters, often leading to excessive early sound reflections and
an increase in G-values. In theaters such as Teatro Bibiena (Mantua)
and Teatro Ponchielli (Cremona), balcony fronts, side walls, and stage
surfaces made of hard materials like wood and plaster are positioned
within approximately 2 meters of the audience. This close proximity
contributes to strong early reflections, raising G-values and potentially
impacting clarity, especially for spoken performances. 2. Influence of
the stage structure: In Italian historical theaters, which are mostly of
closed stage design, reflective surfaces within the stage (e.g., ceilings,
side walls, etc.) may cause sound waves to be repeatedly reflected and
gathered in the stage area. Excessive acoustic reflections may increase
the G-value by transferring too much acoustic energy to the audience
without complete diffusion of the initial sound waves. 3. Aggregation
of acoustic energy due to dome and arch designs: The design of domes
or arched structures in theaters can focus sound waves to specific loca-
tions, resulting in unusually high G-values in certain areas. For instance,
in Teatro Olimpico (Vicenza), the arch positioned both above and rela-
tively close to the audience intensifies sound energy in central seating
sections, creating elevated G-values. Teatro Bibiena (Mantua) features
a dome with a relatively shallow curvature, with a radius of approxi-
mately 20 meters, which concentrates sound around the audience and
stage, particularly amplifying reflections in the central stage area. In
Teatro Alighieri (Ravenna), the dome’s smooth plaster and stone sur-
faces enhance sound reflection, further contributing to higher G-values
in adjacent regions. 4. Influence of the number of spectators: In this ar-
ticle, only measurements carried out in the case of an empty theater are
counted, and the lack of sound absorption by human bodies in the the-
ater may lead to high G-values. Combined with the previous analysis,
we propose ideal values for each acoustic parameter of Italian historical
theaters.
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Appendix

Appendix Table 1

Statistics on the architectural features of the 24 historic Italian theaters.
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Name Year of plan layout structure stage fly total main seat architect
inaugu- dimension tower capacity hall volume
ration (m) [L X W] height (no. of volume (m?/seat)
seats) (m*)
Teatro 1585 semicircular stepwise 10.5%x 7.5 8.0 470 2000 4.3 Andrea
Olimpico- Palladio
Vicenza
Teatro della 1676 horseshoe shape 16.4 x 13.8 14.0 600 2500 4.2 Luigi
Fortuna- Poletti
Fano | P \ssuue) |
N
] rossmalis
Teatro 1726 horseshoe shape three order balconies + top 20.0 x 12.0 20.0 520 2330 4.5 Giuseppe
Masini- y' ~ S 2l gallery Pistocchi
Faenza . t
=
Teatro 1732 horseshoe shape 22.5x12.4 15.0 720 5500 7.6 Gerolamo
Argentina- i Theodoli
Rome L l | | [
| | ¥
.\} 1 I l'
——t—
Teatro 1747 horseshoe shape four order balconies + top 21.0 X 16.0 15.0 800 3600 4.5 Luigi
Ponchielli- gallery Canonica
Cremona
‘ f
—
ot
Teatro 1750 horseshoe shape three order 10.0 x 8.0 12.0 300 1050 3.5 Gabriele
Sociale- r - - Ricci
Gualtieri )
Teatro 1763 9.0 X 4.0 - 80 1150 14.4 Francesco
1763- Tadolini
Bologna
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Appendix Table 1 (continued)
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Name Year of plan layout structure stage fly total main seat architect
inaugu- dimension tower capacity hall volume
ration (m) [L X W] height (no. of volume (m?/seat)
seats) (m*)
Teatro 1763 bell shape four order balconies + top 21.0 X 15.0 20.0 1034 4500 4.4 Antonio
Comunale- — gallery Galli
Bologna 3
Teatro 1769 bell shape 12.9 X 5.7 11.0 300 2050 6.8 Antonio
Bibiena- Galli
Mantua
Real Teatro 1769 11.3 x 16.7 12.4 400 1400 3.5 Ferdi-
di Corte- nando
Caserta Fuga
Teatro 1808 two order balconies 8.0 X 6.5 6.0 99 400 4.0 Giuseppe
Monte | q\ T Valadier
Castello di A \
Vibio e w i
( ©ooog =il )
Wi Rl
N \/ neo8o LAkl
< 7 )
Teatro 1810 four order balconies + top 18.5 X 26.0 16.0 931 3650 3.9 Luigi
Grande- gallery Canonica
Brescia :
Teatro 1832 two order balconies + top 15.0 X 12.0 - 300 2500 8.3 -
Eschilo- gallery
Gela
Rismme i Wi v 0
L] "
Teatro 1840 horseshoe shape 14.2x9.1 15.0 900 3000. 3.3 Carlo
Social- Visioli
Soresina

K _I;,Ef.".‘.‘ﬂ

)l

B ] \
"q—’o\.\; 7

1141

10
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Appendix Table 1 (continued)
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Name Year of plan layout structure stage fly total main seat architect
inaugu- dimension tower capacity hall volume
ration (m) [L X W] height (no. of volume (m?/seat)
seats) (m*)
Teatro 1841 Ellipse shape four order balconies + top 18.5 x 22.0 12.0 350 3800 10.9 Francesco
comunale gallery Vandelli
Pavarotti-
Freni-
Modena
Teatro 1846 horseshoe shape four order balconies + top 13.0 x 10.0 18.0 930 4000 4.3 Vincenzo
Bonci- L L8 . gallery Ghinelli
Cesena - N
Teatro 1852 13.0 x 10.0 15.0 830 3000 3.6 Tommaso
Alighieri- Meduna
Ravenna &
Giambat-
tista
Meduna
Teatro 1857 horseshoe shape three order balconies + top 10.0 x 8.0 - 320 1000 3.1 Niccolo
Minimo- gallery Mezucelli
Atri
Teatro 1857 three order balconies + top 7.4%9.3 - 573 2250 3.9 Luigi
Amintore Poletti
Galli-
Rimini
Teatro 1857 horseshoe shape 20.5 x 31.2 20.0 1122 8300 7.4 Cesare
Valli- Costa
Reggio
Emilia
Teatro 1863 horseshoe shape four order balconies + top 15.0 X 22.0 26.0 650 4262 6.6 Antonio
Municipale = gallery D’Amora
Giuseppe &
Verdi- Giuseppe
Salerno Menichini

11
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Appendix Table 1 (continued)
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Name Year of plan layout structure stage fly total main seat architect

inaugu- dimension tower capacity hall volume

ration (m) [L X W] height (no. of volume (m?/seat)

seats) (m?)

Teatro 1864 horseshoe shape four order balconies + top 25.0 x 12.0 16.0 800 5000 6.3 Ireneo
Nuovo- gallery Aleandri
Spoleto .
Teatro 1880 horseshoe shape four order balconies + top 50.0 X 24.0 35.0 2200 11250 5.1 Marcello
dell’Opera- . gallery Piacentini
Rome s f

Data availability
Data will be made available on request.

References

[1] Jordan VL. Acoustical criteria for auditoriums and their relation to model techniques.
J Acoust Soc Am 1970;47(2A):408-12. https://doi.org/10.1121/1.1911535.

[2] Jordan VL. A group of objective acoustical criteria for concert halls. Appl Acoust
1981;14(4):253-66. https://doi.org/10.1016/0003-682X(81)90021-9.

[3] Hidaka T, Beranek LL. Objective and subjective evaluations of twenty-three opera
houses in Europe, Japan, and the Americas. J Acoust Soc Am 2000;107(1):368-83.
https://doi.org/10.1121/1.428309.

[4] Hidaka T, Nishihara N. Objective evaluation of chamber-music halls in Europe and

Japan. J Acoust Soc Am 2004;116(1):357-72. https://doi.org/10.1121/1.1760112.

Beranek LL. Concert hall acoustics—1992. J Acoust Soc Am 1992;92(1):1-39.

https://doi.org/10.1121/1.404283.

Beranek LL. Subjective rank-orderings and acoustical measurements for fifty-eight

concert halls. Acta Acust Acust 2003;89(3):494-508.

Beranek L. Acoustics of opera houses. In: Beranek L, editor. Concert halls and opera

houses: music, acoustics, and architecture. New York, NY: Springer; 2004. p. 553-73.

[8] Wang C, Kang J. Development of acoustic computer simulation for performance
spaces: a systematic review and meta-analysis. Build Simul 2022;15(10):1729-45.
https://doi.org/10.1007/512273-022-0901-4.

[9] Chourmouziadou K, Kang J. Acoustic evolution of ancient Greek and Roman theatres.
Appl Acoust 2008;69(6):514-29. https://doi.org/10.1016/j.apacoust.2006.12.009.

[10] Bradley DT, Wang LM. Comparison of measured and computer-modeled ob-
jective parameters for an existing coupled volume concert hall. Build Acoust
2007;14(2):79-90. https://doi.org/10.1260/135101007781448028.

[11] Bradley DT, Miiller-Trapet M, Adelgren J, Vorlander M. Effect of boundary diffusers
in a reverberation chamber: standardized diffuse field quantifiers. J Acoust Soc Am
2014;135(4):1898-906. https://doi.org/10.1121/1.4866291.

[12] Farina A. Simultaneous measurement of impulse response and distortion with a
swept-sine technique. In: Audio engineering society convention 108. Audio Engi-
neering Society; 2000.

[13] Farina A. Acoustic quality of theatres: correlations between experimental measures
and subjective evaluations. Appl Acoust 2001;62(8):889-916. https://doi.org/10.
1016/S0003-682X(00)00082-7.

[14] Farina A. Advancements in impulse response measurements by sine sweeps. In: Au-
dio engineering society convention 122. Audio Engineering Society; 2007.

[15] Farnetani A, Prodi N, Pompoli R. On the acoustics of ancient Greek and Roman the-
aters. J Acoust Soc Am 2008;124(3):1557-67. https://doi.org/10.1121/1.2951604.

[16] Prodi N, Pompoli R, Martellotta F, Sato S-i. Acoustics of Italian historical opera
houses. J Acoust Soc Am 2015;138(2):769-81. https://doi.org/10.1121/1.4926905.

[17] Iannace G, lanniello C, Maffei L, Romano R. Objective measurement of the listen-
ing condition in the old Italian opera house “Teatro di San Carlo”. J Sound Vib
2000;232(1):239-49. https://doi.org/10.1006/jsvi.1999.2696.

[18] Iannace G, Trematerra A. The acoustic effects of the audience in the modern use of
the ancient theatres. J Teknol 2018;80(4). https://doi.org/10.11113/jt.v80.9128.

[5

[}

[6

[}

[7

—

12

[19] Sakai H, Ando Y, Prodi N, Pompoli R. Temporal and spatial acoustical factors for
listeners in the boxes of historical opera theatres. J Sound Vib 2002;258(3):527-47.
https://doi.org/10.1006/jsvi.2002.5274.

[20] D’Orazio D, Loreti L, Cesaris SD, Garai M. Acoustic measurement of Bonci theatre in
2012; 2013.

[21] Rindel JH. Roman theatres and revival of their acoustics in the ERATO project. Acta
Acust Acust 2013;99(1):21-9. https://doi.org/10.3813/AAA.918584.

[22] Garai M, Morandi F, D’Orazio D, De Cesaris S, Loreti L. Acoustic measurements in
eleven Italian opera houses: correlations between room criteria and considerations
on the local evolution of a typology. Build Environ 2015;94:900-12. https://doi.
0rg/10.1016/j.buildenv.2015.07.026.

[23] Berardi U, Iannace G. The acoustic of Roman theatres in southern Italy and some
reflections for their modern uses. Appl Acoust 2020;170:107530. https://doi.org/
10.1016/j.apacoust.2020.107530.

[24] Alay6én J, Girén S, Romero-Odero JA, Nieves FJ. Virtual sound field of the
Roman theatre of Malaca. Acoustics 2021;3(1):78-96. https://doi.org/10.3390/
acoustics3010008.

[25] Girén S, Galindo M, Romero-Odero JA, Alayén J, Nieves FJ. Acoustic ambience
of two roman theatres in the Cartaginensis province of Hispania. Build Environ
2021;193:107653. https://doi.org/10.1016/j.buildenv.2021.107653.

[26] Castellarin A, Di Baldassarre G, Brath A. Floodplain management strategies for flood
attenuation in the river Po. River Res Appl 2011;27(8):1037-47. https://doi.org/10.
1002/rra.1405.

[27] Farina A, Tronchin L. 3D sound characterisation in theatres employing microphone
arrays. Acta Acust Acust 2013;99(1):118-25. https://doi.org/10.3813/AAA.918595.

[28] Yan R, Van Tonder C, Tronchin L. Characteristics of the Teatro India “Sala A” of
Rome: new acoustic perspectives. In: 2023 immersive and 3D audio: from architec-
ture to automotive (I3DA). Bologna, Italy: IEEE; 2023. p. 1-5.

[29] La stagione 2023/2024 del Teatro Nuovo Gian Carlo Menotti - Comune di Spoleto -
turismo e cultura; 2023.

[30] TronchinL, Yan R, Bevilacqua A. The only architectural testimony of an 18th century
Italian Gordonia-style miniature theatre: an acoustic survey of the Monte Castello di
Vibio theatre. Appl Sci 2023;13(4):2210. https://doi.org/10.3390/app13042210.

[31] Tronchin L, Merli F, Manfren M. On the acoustics of the Teatro 1763 in Bologna.
Appl Acoust 2021;172:107598. https://doi.org/10.1016/j.apacoust.2020.107598.

[32] Tronchin L. Variability of room acoustic parameters with thermo-hygrometric con-
ditions. Appl Acoust 2021;177:107933. https://doi.org/10.1016/j.apacoust.2021.
107933.

[33] Granzotto N, Yan R, Tronchin L. Measurements of room acoustic and thermo-
hygrometric parameters—a case study. Appl Sci 2023;13(5):2905. https://doi.org/
10.3390/app13052905.

[34] Farina A, Amendola A, Capra A, Varani C. Spatial analysis of room impulse responses
captured with a 32-capsules microphone array; 2011.

[35] Alarcdo D, Santos J, Indcio O. Acoustic assessment of the Garrett Hall of the National
Theatre D. Maria II in Lisbon; 2020.

[36] Okano T, Beranek LL, Hidaka T. Relations among interaural cross-correlation coef-
ficient (IACCE), lateral fraction (LFE), and apparent source width (ASW) in concert
halls. J Acoust Soc Am 1998;104(1):255-65. https://doi.org/10.1121/1.423955.

[37] Dolejsi J, Sturmova I, Rychtéarikova M, Dolejsi J, Majchrakové B, Pouzar L. Acoustical
properties of five historical theatres. Akustika 2014;1.


https://doi.org/10.1121/1.1911535
https://doi.org/10.1016/0003-682X(81)90021-9
https://doi.org/10.1121/1.428309
https://doi.org/10.1121/1.1760112
https://doi.org/10.1121/1.404283
http://refhub.elsevier.com/S0003-682X(24)00634-0/bibB7765F5A0D66A775B2DB7F0A98C557D6s1
http://refhub.elsevier.com/S0003-682X(24)00634-0/bibB7765F5A0D66A775B2DB7F0A98C557D6s1
http://refhub.elsevier.com/S0003-682X(24)00634-0/bib9DD31E37824122502A507DAE9A97F21Es1
http://refhub.elsevier.com/S0003-682X(24)00634-0/bib9DD31E37824122502A507DAE9A97F21Es1
https://doi.org/10.1007/s12273-022-0901-4
https://doi.org/10.1016/j.apacoust.2006.12.009
https://doi.org/10.1260/135101007781448028
https://doi.org/10.1121/1.4866291
http://refhub.elsevier.com/S0003-682X(24)00634-0/bib02253345D294ADA370D5FC7C108BD69As1
http://refhub.elsevier.com/S0003-682X(24)00634-0/bib02253345D294ADA370D5FC7C108BD69As1
http://refhub.elsevier.com/S0003-682X(24)00634-0/bib02253345D294ADA370D5FC7C108BD69As1
https://doi.org/10.1016/S0003-682X(00)00082-7
https://doi.org/10.1016/S0003-682X(00)00082-7
http://refhub.elsevier.com/S0003-682X(24)00634-0/bib3BAE3286E7A82F54153932962DFF3A14s1
http://refhub.elsevier.com/S0003-682X(24)00634-0/bib3BAE3286E7A82F54153932962DFF3A14s1
https://doi.org/10.1121/1.2951604
https://doi.org/10.1121/1.4926905
https://doi.org/10.1006/jsvi.1999.2696
https://doi.org/10.11113/jt.v80.9128
https://doi.org/10.1006/jsvi.2002.5274
https://doi.org/10.3813/AAA.918584
https://doi.org/10.1016/j.buildenv.2015.07.026
https://doi.org/10.1016/j.buildenv.2015.07.026
https://doi.org/10.1016/j.apacoust.2020.107530
https://doi.org/10.1016/j.apacoust.2020.107530
https://doi.org/10.3390/acoustics3010008
https://doi.org/10.3390/acoustics3010008
https://doi.org/10.1016/j.buildenv.2021.107653
https://doi.org/10.1002/rra.1405
https://doi.org/10.1002/rra.1405
https://doi.org/10.3813/AAA.918595
http://refhub.elsevier.com/S0003-682X(24)00634-0/bib6D563723F2767D850F12EB7CB3BF5ADDs1
http://refhub.elsevier.com/S0003-682X(24)00634-0/bib6D563723F2767D850F12EB7CB3BF5ADDs1
http://refhub.elsevier.com/S0003-682X(24)00634-0/bib6D563723F2767D850F12EB7CB3BF5ADDs1
https://doi.org/10.3390/app13042210
https://doi.org/10.1016/j.apacoust.2020.107598
https://doi.org/10.1016/j.apacoust.2021.107933
https://doi.org/10.1016/j.apacoust.2021.107933
https://doi.org/10.3390/app13052905
https://doi.org/10.3390/app13052905
https://doi.org/10.1121/1.423955
http://refhub.elsevier.com/S0003-682X(24)00634-0/bibA3FA2E9C47320C6C24F76213104D6EE7s1
http://refhub.elsevier.com/S0003-682X(24)00634-0/bibA3FA2E9C47320C6C24F76213104D6EE7s1

R. Yan and L. Tronchin

[38] Sato S, Sakai H, Prodi N. Subjective preference for sound sources located on the
stage and in the orchestra pit of an opera house. J Sound Vib 2002;258(3):549-61.
https://doi.org/10.1006/jsvi.2002.5275.

[39] Fausti P, Pompoli R, Prodi N. Acoustics of opera houses: a cultural heritage. J Acoust
Soc Am 1999;105(2_Supplement):929. https://doi.org/10.1121/1.426289.

[40] Weinzierl S, Sanvito P, Schultz F, Biittner C. The acoustics of Renaissance theatres in
Italy. Acta Acust Acust 2015;101(3):632—41. https://doi.org/10.3813/AAA.918858.

[41] Barbieri P. The acoustics of Italian opera houses and auditoriums (ca. 1450-1900).
Recercare 1998;10:263-328.

13

Applied Acoustics 233 (2025) 110483

[42] Jeon JY, Kim YH, Cabrera D, Bassett J. The effect of visual and auditory cues on
seat preference in an opera theater. J Acoust Soc Am 2008;123(6):4272-82. https://
doi.org/10.1121/1.2912435.

[43] Postma BNJ, Jouan S, Katz BFG. Pre-Sabine room acoustic design guidelines based
on human voice directivity. J Acoust Soc Am 2018;143(4):2428-37. https://doi.org/
10.1121/1.5032201.

[44] Alvarez-Corbacho A, Bustamante P, Galindo M, Girén S, Zamarrefio T. Measure-
ment and analysis of the acoustics of the Roman theatre of Segobriga (Spain)
2019;259(4):5289-99.


https://doi.org/10.1006/jsvi.2002.5275
https://doi.org/10.1121/1.426289
https://doi.org/10.3813/AAA.918858
http://refhub.elsevier.com/S0003-682X(24)00634-0/bib5A25A277571BE0434DF3CD0825D26182s1
http://refhub.elsevier.com/S0003-682X(24)00634-0/bib5A25A277571BE0434DF3CD0825D26182s1
https://doi.org/10.1121/1.2912435
https://doi.org/10.1121/1.2912435
https://doi.org/10.1121/1.5032201
https://doi.org/10.1121/1.5032201
http://refhub.elsevier.com/S0003-682X(24)00634-0/bib0AAF41DAC7E9C6DB59FFB31279A7F792s1
http://refhub.elsevier.com/S0003-682X(24)00634-0/bib0AAF41DAC7E9C6DB59FFB31279A7F792s1
http://refhub.elsevier.com/S0003-682X(24)00634-0/bib0AAF41DAC7E9C6DB59FFB31279A7F792s1

	Acoustic characteristics and objective evaluation of acoustic quality in historical Italian theaters
	1 Introduction
	2 Geospatial distribution and historical background of the theaters
	3 Acoustic measurements
	3.1 Measurement equipment
	3.2 Measurement points

	4 Objective evaluation
	4.1 Architectural features
	4.2 Correlation analysis
	4.3 Statistical results of acoustic parameters
	4.4 Acoustic quality assessment and recommended ideal values

	5 Discussion and conclusion
	CRediT authorship contribution statement
	Declaration of generative AI and AI-assisted technologies in the writing process
	Declaration of competing interest
	Acknowledgement
	Data availability
	References


