This is the final peer-reviewed accepted manuscript of:

M. Garai, F. Morandi, D. D'Orazio, S. De Cesaris, L. Loreti, Acoustic measurements in
eleven Italian opera houses: Correlations between room criteria and considerations
on the local evolution of a typology, Building and Environment, Volume 94, Part 2,
2015, Pages 900-912, ISSN 0360-1323

The final published version is available online at:
https://doi.org/10.1016/j.buildenv.2015.07.026

Rights / License:

The terms and conditions for the reuse of this version of the manuscript are specified in the
publishing policy. For all terms of use and more information see the publisher's website.

This item was downloaded from IRIS Universita di Bologna (https://cris.unibo.it/)

When citing, please refer to the published version.



https://cris.unibo.it/
https://doi.org/10.1016/j.buildenv.2015.07.026

Acoustic measurements in eleven Italian opera houses: correlations between
room criteria and considerations on the local evolution of a typology

M. Garai, F. Morandi, D. D’Orazio, S. De Cesaris, L. Loreti
DIN, University of Bologna, viale Risorgimento 2, 40136 Bologna, Italy

Abstract

Several studies focused on the acoustical characterisation of concert halls and opera houses analysing more or less
homogeneous sets of halls and spotting reference criteria. This work presents the results of a detailed measurement
campaign that was carried out over eleven small and mid-sized historical opera houses in the North of Italy with the
aim of characterising this hall typology and to relate it to the reference literature. The cluster is intended to represent
an adequate sample of case studies relative to different capacities and different design approaches that followed one
another starting from the seventeenth century. The theatres were investigated using monaural and binaural techniques,
performing impulse response measurements at each seat in the stalls and in each box. Seven ISO 3382 criteria are
chosen to characterise these theatres and averaged over the three main listening areas denoted by the Italian opera
house typology, i.e. the stalls, the boxes and the gallery. The correlation coeflicients between interrelated criteria are

presented and commented in relation to the architectural features of the theatres and to the existing literature.
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1. Introduction

Due to the complexity of the acoustic field in ar-
ticulated closed spaces, architectural acoustics is of-
ten approached as a reverse-engineering problem: cri-
teria, reference values and analysis methods are extrap-
olated comparing results from measurements in a set of
case studies. In the literature different approaches have
been proposed: prestige vs subjective ranking [1, 2], re-
gional differentiation vs subjective tests (European halls
[3], Finnish halls [4]), regional differentiation vs mea-
sured criteria (English halls [5], Danish halls [6], Span-
ish halls [7]), geometrical features vs measured crite-
ria (concert halls [8], opera houses [9], chamber music
halls [10]).

The Italian historical theatres don’t have a common
study comparable to the cited ones, apart from [11]. In
fact, maybe due to the fragmentation of the Italian na-
tion at the time of the theatres’ design and construction,
Italian type-related literature concerns sets of theatres
belonging to specific geographic areas: Sicilian theatres
[12], Apulian theatres [13], the collected works [14];
each author studies a “local” typology.

Email address: federica.morandi6@unibo.it (F. Morandi)

Preprint submitted to Building and Environment

Taking into account the methods of the previous
works on Italian historical theatres [15, 16, 17, 18, 19]
and following the regional approach, the present study
collects the results of a measurements campaign per-
formed in the Italian theatres in Romagna, a region in
the North of Italy. In particular, eleven historical opera
houses were selected with capacities ranging from 224
to 835 seats, spanning a variety of cases. In each theatre,
monaural and binaural measurements were performed
in all seats with two analogous source positions and
compared. Over 50,000 impulse responses (IR) were
processed. The ISO 3382 [20] criteria are presented av-
eraged over the audience, the boxes and the gallery and
are commented in relation to the characteristic architec-
tural features of the Italian historical theatres in order to
highlight the acoustical peculiarity of this hall typology.

2. The Italian historical opera houses

2.1. Notes about the Italian opera house typology

The forerunners of the typology of the Italian histori-
cal opera house are two works by architect Aleotti: the
“Teatro degli Intrepidi” in Ferrara (1605) [21], now de-
molished, and the Farnese Theatre in Parma (1610) [22].
In these two theatres, Aleotti introduced the presence of
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an arch between the auditorium and the stage, called
proscenium arch, which materialised the difference be-
tween the reality and the theatrical fiction. This feature
became a primary acoustic element of the Italian the-
atre; in fact it splits the volume of the stage house (nec-
essary for the handling of the scenes) from the volume
of the audience.

The development of the typology was made possible
by the combined efforts of theoretical treaties and the
transmission of the constructive technologies between
generations of builders. Since theatres were mainly built
of wood, few of them survived fires. Thus it is difficult
to derive the development of this typology basing on the
few intact examples. On the other hand, many theoret-
ical treaties have survived the last five centuries, allow-
ing to depict an evolutionary trace of that typology.

From the point of view of a contemporary acousti-
cian, the old treaties point out all the critical aspects of
the design of an opera house. Aleotti (1605) highlighted
the relevance of the proscenium arch. Carini-Motta [23]
(1676) emphasised the separation of the acoustic vol-
umes of the stage and the audience, underlining the re-
lation between the theatre with boxes and the strict class
division of the time. Milizia [24] (1773), inspired both
by French revolutionary ideas and by some acoustical
concepts, criticised the boxes as they cut and rever-
berate the resonant air, confusing the perceived sound.
Riccati [25] (1790) discussed the homogeneity of direct
sound to the listeners, proposing some concave shapes
for the stalls area and identifying the bell-shape as the
best performing. Rizzetti [26] (1792) also studied the
diffusion of the sound, proposing the elliptical shape as
the optimum. Niccolini [27] (1816) analysed the ener-
getic transmission between stage and main hall and the
relationship between reverberation and acoustic mean
free path. He identified in the stage opening and the
vault two very important features of the theatre. Bec-
cega [28] (1817) analysed the optimal geometric pro-
portions concerning all the parts of the theatre and the
echo-flutter phenomena. The optics-acoustics dualism
has often been useful to these authors, being the knowl-
edge in optics at that times most advanced than the one
in acoustics. So, during the 18" and 19™ centuries, the
mixtilinear shape of the Italian theatre was developed
from many architects, which were experimenting new
solutions in order to improve the acoustical conditions
and the possibility to have optimised visuals.

2.2. The 11 investigated Italian historical opera houses

The theatres investigated in this study represent an
adequate sample of case studies relative to the different
design approaches presented above. The theatres are:
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Figure 1: Plans of the eleven investigated theatres with the source
positions on the stage (metric scale).

the Bonci Theatre in Cesena (BON), the Alighieri The-
atre in Ravenna (ALI), the Masini Theatre in Faenza
(MAS), the Rossini Theatre in Lugo (ROS), the Stig-
nani Theatre in Imola (STI), the Goldoni Theatre in
Bagnacavallo (GOL), the Dragoni Theatre in Meldola
(DRA), the Communal Theatres in Russi (RUS), Ce-
senatico (CES), Cervia (CER) and the Petrella Theatre
in Longiano (PET). The plans of these theatres are re-
ported in Fig. 1 using the same scaling factor (metric
scale).

The peculiarity of these theatres is that they belong to
the same geographical and historical context; they were
all built within a time range of 130 years and they all lie
within a radius of 30 km. As a consequence, the design-
ers and the workforce involved in the construction of the
theatres were often the same. These theatres shared the
political events related to the foundation of the Reign
of Italy (1861) and World War II, during which most of
them were severely damaged, sacked and used as ware-
houses, public toilets, cellars or field hospitals. In the
twenties, some of these theatres were equipped with an
orchestra pit, whose construction changed the role of
the proscenium arch. In particular, in many cases the
stage was backed (BON, ALI, STI, CES) and as a conse-
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Figure 2: Superposition of the internal shape of the main hall and
the stage of the eleven investigated halls. The plans are aligned with
respect to the edge of the stage.

quence the proscenium arch could not provide anymore
the typical strong early reflection on the audience.

A synthesis of the architectural features of these the-
atres can be found in Table 1. The capacity of these
theatres varies from 835 (ALI) to 224 (CER) seats.
Within this range, it is possible to distinguish between
big-sized theatres (ALI, BON), medium-sized theatres
(MAS, ROS, STI, GOL) and small theatres (DRA, RUS,
CES, CER, PET). Actually this distinction can be oper-
ated only for this set of theatres, as bigger Italian histor-
ical opera houses (e.g. the Teatro Massimo in Palermo,
with a total capacity of 1,358 seats) should be more
properly regarded as “big”. The current capacities of
the theatres are totally different from the original num-
bers: a symbolic example is the Communal Theatre in
Cervia, which at the time of its construction had a ca-
pacity of 600-700 people, now reduced to 224 people.

Since the internal proportions of the theatres are quite
standard, it is possible to notice from Tab. 1 that the
ratio between the volume of the audience and the total
capacity of the theatres is almost constant in the theatres
under study. The shape of the main hall varies signifi-
cantly between the theatres, following the criteria of the
design school of thought among those pointed out pre-
viously. In fact, though they can all be abscribed to the
same typology, the shape varies from elliptical to horse-
shoe, as displayed in Fig. 2.

3. Measurement setup

The eleven theatres were investigated using monaural
and binaural techniques in an unoccupied state accord-
ing to ISO 3382 [20]. The measurements were carried
out between May 2014 and March 2015.

The source positions on the stage were chosen simi-
larly in all the theatres and are displayed in Fig. 3. SS1
lies in the front of the stage, at 1 m from the edge; SS2
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Figure 3: Position of the sound sources on the stage relative to the
position of the back wings and the proscenium arch. W is the width of
the proscenium arch, L is the depth of the back wing measured from
the edge of the stage. SS1 is the source on the proscenium while SS2
is the source in the centre of the area enclosed by the wings.

in a barycentric position on the stage, i.e. at the mid-
dle point between the edge of the stage and the back
lining. The sound sources were a subwoofer and a do-
decahedron. The subwoofer was placed directly on the
stage and the mechanical coupling with the stage was
prevented by means of a neoprene layer; the dodeca-
hedron stood over the subwoofer, at a height of 1.2 m
approximately. The IRs measured with the subwoofer
were used for the analysis in the 63 Hz and 125 Hz oc-
tave bands while the analysis in the 250-4,000 Hz oc-
tave bands was conducted over the IRs measured using
the dodecahedron as source.

The measurement campaign was characterised by a
huge amount of measurements. In the stalls, monaural
IRs measurements were performed at all seats for the
two source positions. Binaural measurements were per-
formed on a selection of points ranging from 1 every
2 seats to 1 every 4 seats. In each box, monaural and
binaural measurements were performed placing the mi-
crophone in the front position. In the gallery, measure-
ments were taken in correspondence to the seats in the
boxes, with some slight differences depending on the
setting of the gallery. Over 50,000 IRs were processed.
The height of the microphone was kept at 1.2 m.

This paper reports only measurements performed
with the orchestra pits closed, in order to allow a hor-
izontal comparison between the theatres, as some of
them do not have it.

In each theatre, the amount and type of curtains were
annotated. The curtains were set for a standard perfor-
mance of a medium-sized orchestra in the large theatres
and in the standard configuration for the smaller the-



Table 1: Architectural features of the eleven investigated Italian historical opera houses.

Hall Viot Vhai N Nitails Vhatt /N Tiers Inauguration Pit
(m?) m3) - (m3 | sear) year (y/n)
BON Cesena, Teatro Bonci 16,490 3,130 798 222 3.9 4 1846 y
ALI Ravenna, Teatro Alighieri 12,960 3,360 835 370 4.0 4 1852 y
MAS Faenza, Teatro Masini 7,540 2,580 500 190 5.2 4 1788 y
ROS Lugo, Teatro Rossini 5,790 1,490 448 161 3.3 4 1761 n
STI Imola, Teatro Stignani 6,260 1,750 550 162 3.2 3 1812 y
GOL Bagnacavallo, Teatro Goldoni 6,250 1,430 390 112 3.7 3 1845 y
DRA Meldola, Teatro Dragoni 2,880 1,140 318 124 3.6 3 1838 n
RUS Russi, Teatro Comunale 2,910 900 305 110 2.9 2 1887 y
CES Cesenatico, Teatro Comunale 2,760 870 271 69 3.2 2 1865 y
CER Cervia, Teatro Comunale 2,270 730 224 76 3.3 2 1862 n
PET Longiano, Teatro Petrella 2,620 630 241 62 2.6 2 1870 n

atres. For the latter ones, the minimum amount of ab-
sorptive material on the stage suggested in the Charter
of Ferrara [15] of 500 m? could not be satisfied.

4. Analysis of the results

The results of the measurement sessions are here pre-
sented by means of seven criteria extracted according
to ISO 3382-1 [20]: T39, EDT, Cgo, Ts, G, IACCg,
IACCy.

Ts9, EDT, Csy, T, are extracted using the Matlab
ITA-toolbox [29], while G and IACC are extracted
using internally developed codes compliant with ISO
3382-1 [20]. The extraction of G follows the proposal
of Hak et al. [30] rather than the ISO prescriptions: the
denominator is built by an energetic average of six IRs
measured at 1 m from the source (to overcome problems
arising from the directivity of the cones), windowed
over 10 ms and brought back to a distance of 10 m by
means of a logarithmic difference.

The results are reported in Tables 3, 4 and 5 averaged
over the measurement position in stalls, the boxes
and the galleries respectively and averaged over the
octave bands centred at 500, 1,000 and 2,000 Hz. The
choice of presenting the values of the criteria averaged
over each area of the theatre (stalls, boxes, gallery), is
meant to provide an overall description of the acoustics
of these theatres in line with the previous literature
[8,7,9, 10, 33].

The analysis of the ISO 3382 [20] criteria identi-
fies the theatres under study as optimal for listening to
opera and opera reductions, the genres for which they
were built, but not so for symphonic music[34]. These
theatres are characterised by very proportionate spaces,
which provide strong early reflections related to a high

degree of intimacy [9]. The listener is never placed too
far from the source; this, united with the concave shape
of the audience, provides reasonably high G values all
over the hall.

IACC, values are generally low due to the early re-
flection pattern characteristic of these theatres. JACC; is
almost constant in all theatres, indicating that the early-
late threshold of 80 ms might need to be adapted to the
statistical properties of the impulse responses [35].

Tables 3, 4 and 5 also report the value of the BR. The
values are always greater than one; in the stalls they
range between 1.22 (RUS, SS2) to 1.74 (CER, SS2). In
the literature, the BR calculated in occupied halls has
lower values, e.g. ranging from 1.07 to 1.32 in [9].
Since the occupied state is likely to influence mostly the
high frequency, i.e. decreasing the denominator, the in-
vestigated theatres show to be sensitively “warmer” than
other opera houses analysed in the literature.

Considering valid the experimental correlations be-
tween ISO criteria and subjective preference, these the-
atres locate themselves in a good position in the global
assessment ranking of concert hall as reported in the
most recent studies, as [36]. In this work, some adjec-
tives are spot that are important for the perceptive eval-
uation both for expert and non-expert listeners. In par-
ticular the adjectives good direct sound, clear, bright,
warm, close are well-ranked in both categories and
can be easily correlated with the ISO values presented
above. The issue that is currently being discussed is
the validity of the classical relationship between ob-
jective parameter and subjective assessment [37], topic
which has partially being addressed by the authors [38]
through questionnaires submitted to expert musicians
who play in these theatres.

Given the great availability of measurements, some
statistical values calculated over the stalls area is pre-



sented in Tables 6 and 7. Mean value, standard deviation
and skewness are evaluated over a selection of criteria
(EDT, T3y, Cgy, T € G) in the octave bands centred at
500, 1,000 and 2,000 Hz. Reverberation times show low
standard deviation, denoting a certain homogeneity in
space. The criteria which strongly depend on the early
reflections have a strong dependance on the spatial po-
sition of the measurement point and a greater variabil-
ity. This translates into an increase of standard deviation
and to values of skewness which might be correlated to
the focussing effects typical of these theatres.

In the following, some correlations between interre-
lated criteria are discussed in the light of the results pre-
sented above.

4.1. T3y vs Volume

The statistical reverberation theory formulates the re-
lationship between the reverberation time and the vol-
ume of the enclosed space [31]. Thus the first correla-
tion is searched between the volumes of the main halls
of the investigated theatres and the measured 73. In
coherence with [9, 32], the volume taken into account is
the one of the main hall, excluding the volumes of the
flytower, the boxes and the gallery.

Fig. 4 shows the correlation for the stalls of the eleven
theatres. It shows that there is a general increase in re-
verberation time corresponding to an increase in vol-
ume, consistently with the reverberation theory. The
stalls area is characterised by a very absorbing surface
(seats), a very reflecting surface at the listeners’ height
(plaster made of marble powder and slaked lime, called
marmorino) and by the presence of boxes.

On the right side of Fig. 4 it is possible to identify
the two biggest theatres, BON and ALI. The volumes of
the main halls of these two theatres are comparable (see
Tab. 1), but the reverberation times change quite signif-
icantly. This is due to the fact that in ALI the number
of seats in the audience is 370, versus the 222 seats in
BON. Moreover, while in BON the seats are poorly ab-
sorbing (wood seats with velvet upholstering), in ALI
the seats are heavily upholstered [4, 31]. This causes a
reduction of reverberation time of about 27%. BON is
also characterised by a huge stage house: in fact, while
for all the other theatres the reverberation time does not
change significantly with the source in position SS2, in
this case it displays a remarkable increase. GOL is also
highlighted in Fig. 4 as its behaviour does not follow
the general trend.

4.2. EDT/VvsG

It has been proved that if Sabine’s theory is valid,
then G is proportional to T3¢ and inversely proportional
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Figure 4: Reverberation time 7303 (s) averaged in the stalls of each
theatre plotted against the volume V (m?) of the main hall of the re-
spective theatre.
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Figure 5: Early decay time EDTj (s) divided by the volume V (m?)
of the hall plotted against the strength G3 (dB). The EDT3 and G3 are
the average over the measurements performed in the stalls of each of
the eleven historical opera houses investigated.

to V [9, 10]. Thus, Fig. 5 plots the EDT/V ratio vs
the G values. Hidaka found a high correlation between
EDT/V and G for the theatres with highly absorbent
stage houses (line B in [9]). The role of the curtains is
confirmed by the set of data provided in this work. With
both source positions SS1 (proscenium) and SS2 (centre
stage), the linear regressions calculated over the eleven
halls have the same angular coefficients, with a trend
that recalls closely the one found in [9]. The linear re-
gression calculated for the source position SS2 displays
a higher correlation coefficient than the one found for
SS1 (r = 0.88 and r = 0.85 respectively), highlighting:

1. the influence of the stage absorption on the first
part of the energy decay curve measured in the
stalls area;

2. the greater relative weight of the energy of the di-
rect field to the reverberant field when the source is
placed in the proscenium, i.e. between the coupled
volumes of the stage house and the main hall.



4.3. EDT vs T30

The EDT /T3 ratio can be considered as a measure
of the directness of the design of a hall and generally
takes values between 0.8 and 1.1 [33].

In the Italian historical opera houses, the typical IRs
are characterised by the presence of strong early reflec-
tions provided by the proscenium, the vault and, for the
stalls area, from the smooth side walls. Thus accord-
ing to Barron [39] the decays of this typology can be
identified as “cliff-type” decays. In this case the EDT is
smaller than the T3p; it comes to the eye quite directly
observing the positive slope of the trend displayed in
Fig. 6. Irrespective of the source position, the EDT /T3
ratio takes values of 0.8, 0.6 and 0.8 for the stalls, the
boxes and the gallery respectively.

Looking more in detail at Fig. 6 a, it is possible to no-
tice that the linear regressions calculated with SS1 and
SS2 display the same angular coefficient, denoting the
same kind of decay. With the source in position SS2, the
intercept value is greater, indicating the different contri-
bution given by the early reflections from the prosce-
nium and the stage.

In the boxes (Fig. 6 b), the EDT /T ratio is not de-
pendent on the source position and poorly dependent
on the theatre considered. While in the stalls the di-
rect sound comes with strong early reflections (prosce-
nium, vault, side walls) and is followed by the reverber-
ant field, the field inside the boxes is strongly related to
the field which originates inside the box; this results in
a decrease in the EDT /T3 ratio.

44. EDT vs Cgo

Cgo usually displays a strong negative correlation
with EDT [33]. This is confirmed also for this set of
measurements both in the stalls, in the boxes and in the
gallery.

In all the theatres under study, the mean values of
EDT in all the regions of the hall range from 0.64 (CER,
boxes SS2) to 1.70 (GOL, gallery SS2). That locates
the 80 ms threshold inside the decay range used for the
derivation of EDT. It should be noted that, while the
theatres analysed in [9] show EDT values around 2 s,
in the theatres analysed in the present work the EDT
values are halved. This implies that, in the theatres un-
der study, the numerator of the clarity refers roughly to
the first 4 dB of the energy decay, while in [9] it ap-
proximately refers to the first 2 dB of decay. This could
endorse the high correlation value found between EDT
and C 80-

The same shift that was noticed for the EDT /T3 ra-
tio in the stalls with source in SS1 is displayed here:
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Figure 6: Early decay time EDT (s) plotted against the reverberation
time T30 (s) averaged in the stalls (a), in the boxes (b) and in the
gallery (c) of the eleven investigated historical opera houses.

in fact, with the back source position, the reverberation
time inside the hall increases as the stage house plays
a key role. Thus, having the same EDT, an increase in
T3 translates into a decrease in Cg, due to an increase
in the integral at the denominator.

4.5. Coupling effect between the flytower and the audi-
ence

The ratio of standard ISO 3382 criteria provides a tool
to identificate the coupling effect due to the presence of
multiple volumes. This is particularly critical for his-
torical opera house as this typology is strictly split be-
tween the volume of the stage and the volume of the
audience, the proscenium arch being the filter between



18D

160

140

E120 7 =
= L By
& 1.00 sk #8581
‘:E 6;' [ E-1.
20 a - 2
0.80 g o
iy
0.60 >
040 4 : - ; "
06 16 26 36 46 56 66 76 86
Cgy (dB)
(a) Stalls
1.80
160
140 +
=120 4 58
= 1.00 T #8551
080 L = . w5l
Fw
0.60 | =
04n 4 . . S
06 16 26 36 46 56 G6 T6 86
Cyo (dB)
(b) Boxes
86
-
60
l.ig’\-ﬂ_
e~
= B2l 8
= C:
= -4
= R P s +551
86— PR
0.60 -
i

4.0 2.0 0.0 20 40 6.0 8.0
Cyo (dB)

(c) Gallery

Figure 7: Early decay time EDT3 (s) plotted against the clarity Cgo3
(dB) averaged in the stalls (a), in the boxes (b) and in the gallery (c)
of the eleven investigated historical opera houses.

the two. The coupling effect between volumes emerges
from the variation in slope of the energy decay curve.
The first ratios proposed to quantify the coupling effects
were the T30/Ts and Tgo/T15 [40]. Xiang and Goggans
[41, 42] developed a technique to extract multirate de-
cays from multislope IRs based on the Bayesian analy-
sis. This technique allows to identify dynamically decay
rates, decay ranges and turning points on each IR, pro-
viding a huge amount of information related to the na-
ture of the energy decay curve. On one hand, this is use-
ful when analysing single IRs; on the other hand, when
dealing with a global behaviour of a performance space,
it does not allow to evaluate the average behaviour be-
tween all IRs as all the decay ranges and turning points
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Figure 8: Coupling factors.

are different. Bradley and Wang [40, 43] compared sev-
eral methods to evaluate the multislope decay in IRs:
according to the final results, the metrics that described
effectively the coupling effect are T59/Ts and LDT /T

While T3, T)5 and Ty are commonly found in the
literature, LDT is the late decay time, defined as the re-
verberation time extracted from the range -25 to -35 dB.
It has the advantage of conducting the evaluation over a
10 dB range as for T and to consider non-overlapping
regions of the IR. As Barron [39] pointed out, the dif-
ferent part of the decay curve depend on each other
and thus choosing close or overlapping regions might
be misleading. Since the aim of this work is an hori-
zontal comparison between the acoustics of several the-
atres, and thus a global characterisation is needed for a
whole hall, the metrics proposed by Bradley and Wang
[43] are chosen to detect the coupling effect. Moreover,
there is another criterion proposed by the ISO 3382-2
[44] aimed at pointing out the non-linearity of the de-
cay, i.e. the degree of curvature C.



Figure 8 shows two coupling coefficients, LDT /T,
and T30/T;s, together with the degree of curvature C.
Each criterion is averaged in the stalls area of each the-
atre in the respective octave band (125 to 2,000 Hz).
Then the ratios are computed and finally averaged over
the eleven theatres. The choice of the two source po-
sitions is useful to determine whether a coupling effect
occurs between the two volumes. The source position
SS2 lies in the centre of the stage, i.e. totally belongs
to one of the volumes, while the position SS1 is on
the proscenium, i.e. in the middle between the coupled
volumes. Two observations should be done. First, the
LDT /T ratio returns greater values than the T3¢/T s
ratio. The lower sensitivity of the last ratio could be due
to the issues raised above regarding the overlapping re-
gions, which in this case occurs for 15 dB. Second, the
ratios are influenced differently from the source posi-
tion. When the source is placed in the centre of the stage
(S§S2), i.e. in one of the two volumes, the LDT /T ratio
assumes values in the range 1.1-1.2. Shifting the source
towards the proscenium (SS1), this ratio is increased
of about 0.1; the coupling effect becomes quite signifi-
cant due to the delay of the energy radiated towards the
flytower. The T5¢/T,s ratio seems not to depend sig-
nificantly upon the source shift. The variability of the
linearity of the decay with the source position is also
confirmed by the average degree of curvature [44]. Fig-
ure 8 ¢ shows that, while the decay is almost linear for
SS2 (lower than 5%), for source position SS1 this value
grows significantly, especially at mid-high frequencies.

5. Discussion

In order to provide a comparison with the literature,
correlation coefficients are calculated among interre-
lated criteria and commented in relation to those pro-
vided in other works [9, 10, 45]. A linear regression
was fit to the plots T393 vs V, EDT3 vs T303, EDT5 vs
Cso3 and T303 vs Cso3 and the Pearson’s r are reported
in Tab. 2.

1. The T3¢/V correlation coeflicients are only re-
ported for the stalls area as related to the volume
and then to the reverberation theory.

2. The EDT /T3y correlation coefficients are lower
than the ones found in [9, 10] but in line with the
values found in [45]. This might be due to the char-
acteristic “cliff-type” shape of the IRs measured in-
side Italian opera houses, which adds a huge vari-
ability on the early decay among different theatres.
The discrepancies might be explained considering

that in [45, 9] only few of the analysed theatres
show this feature.

3. The EDT/Cg correlation coeflicients are signifi-
cantly high in all regions of the theatres, displaying
values higher than the ones reported in the litera-
ture. This is particularly marked in the gallery and
might be explained considering the poor contribute
of the direct field with respect to the first part of the
energy decay curves.

4. On the contrary, the T39/Cgy correlation coeffi-
cients are quite low compared to the literature ones,
showing that the Cyy is barely influenced by the en-
ergy decay curve below -5 dB.

5. The coupling coefficients LDT /T5g, T30/Ts and
the degree of curvature showed that there is con-
sistent detection of the coupling effect, which be-
comes marked when the source position is on the
proscenium.

In addition to this, it is interesting to notice that, when
analysing criteria related to the deterministic part of the
signal (EDT, Cgp) in the boxes, a distinction should
be made between the small and the mid-sized theatres.
Small theatres have two tiers of boxes while mid-sized
theatres have four tiers of boxes. Since the values are
presented averaged over all the boxes, the analysis of
the results should take into account that the acoustics
inside the boxes might change significantly in the two
cases, as in the latter case (four tiers of boxes), the mean
value considers also measurement positions blind to the
source. For instance, with respect to the EDT and T3
values measured in the stalls, mid-sized theatres show
smaller EDT and unchanged T3y, while small theatres
have slightly greater 739 and unchanged EDT values
(see Tabs. 3 and 4). This might explain the difference in
slope of the EDT /T3 ratio in the boxes.

The spatial distribution of the criteria inside the hall is
also of interest. Figure 9 reports interpolation maps for
the criteria EDT and T3p at 1,000 Hz in the Bonci and
Rossini theatres. These two theatres are chosen to em-
phasise the difference of the shape (for how small it is)
on the spatial distribution of two closely related criteria.
The Bonci Theatre has a typical horse-shoe shape while
the Rossini Theatre has an elliptical plan. As clearly
shown by the maps, reverberation time is uniform in the
stalls area. The early decay time on the contrary has a
spatial distribution which is strongly dependent on the
position of both the source and the receiver, being deter-
mined by the early reflections regime. The skewness in
this case assumes values which might be related to the
spatial distribution of the criteria. In fact, the variation
of the EDT in these halls is due to the presence of strong



Table 2: Comparison between the correlation coefficients among objective acoustical criteria derived from the literature[9, 10, 45] and calculated
from the measurements in eleven Italian historical opera houses. (a) See text for explanation.

H. et al[9] H. et al[10] C. et al[45] Stalls Stalls Boxes Boxes Gallery Gallery
SS1 SS2 SS1 SS2 SS1 SS2
T303 vs V 0.63 4cc <0.6 (a) 0.52 0.61 (a) (a) (a) (a)
EDT3 vs T303 0.98 0.98 0.82 0.87 0.86 0.86 0.82 0.75 0.74
EDT3 vs Cgo3 -0.86 -0.96 -0.69 -0.91 -0.95 -0.95 -0.93 -0.97 -0.94
T303 vs Cs03 -0.88 -0.98 -0.69 -0.76 -0.73 -0.79 -0.69 -0.59 -0.50

early reflections; it can be visualised easily considering
the spatial distribution of the EDT in the Bonci Theatre
with source in SS2; the rear of the hall show low val-
ues of EDT compared to the front which cause the high
standard deviation and the asymmetry of distribution of
values. In the Rossini Theatre, the skewness assumes
a positive value with the source in SS1 and a negative
value when the source is in SS2, reflecting closely the
spatial distribution of the EDT in the hall. The maps
also show that the acoustics of these halls is charac-
terised by relatively homogeneous listening areas, for
instance considering the front and rear part of the hall
in Figure 9 f and 9 h. The distribution of these criteria
inside opera houses has been preliminary discussed by
the authors [46] and is being currently submitted to a
deeper investigation.

6. Conclusions

A detailed measurement campaign was carried out
in eleven small and mid-sized Italian historical opera
houses built in the same area in the North of Italy (Ro-
magna). Seven ISO 3382 monaural and binaural criteria
were chosen in order to attempt a characterisation of the
Italian opera houses and to compare their acoustics to
the existing literature. In particular, T3, EDT, Cg, T},
G, IACC,, IACC; were extracted from the impulse re-
sponses measured at all seats of the eleven theatres with
two source positions.

The results of the measurements, in line with the ex-
isting literature, define a typology of halls characterised
by low reverberation time, low EDT and high values of
Csp, i.e. optimal for listening to Italian operas and opera
reductions. The strength factor G is quite high, both
due to the dimensions of the examined theatres and to
the concave shape of the main halls. The high BR val-
ues indicate a warm sound perception, and the IACC,
values are also quite low, due to the early reflection pat-
tern characteristic of these theatres. This feature corre-
sponds to a small AS W and thus to an easy localisation
of the sound source on the stage (singer). The availabil-

(a) EDT SS1 u = 1.06,
o=0.17,s =-0.19

(b) T30 SS1 u =1.36,0 =
0.05, s = 0.04

(c) EDT SS2 u = 1.30,
o =025,5s=-0.88

(d) T30 SS2 u = 1.69, o =
0.05, s =0.01

(¢) EDT SS1 pu = 0.83,
0 =0.19, 5 =0.20

(f) T30 SS1 =099, 0 =
0.03, s = -0.003

| o g
(g) EDT SS2 u = 1.00,
oc=0.17,5s=-0.92

(h) T30SS2 =101, 0 =
0.03, s = —0.34

] C—
2 25 (&)

Figure 9: Interpolation maps of EDT and T3¢ in the Bonci Theatre
(a-d) and Rossini Theatre (f-i) at 1,000 Hz.



ity of these data also allowed a preliminary analysis on
the statistical distribution of the criteria related to the
geometry of the halls.

Correlation coefficients were calculated among inter-
related criteria: T39 vs V, EDT/V vs G, EDT vs Ty,
EDT vs Cgy and T3 vs Cgg. It was found that:

1. The correlation between EDT/V and G for the
two source positions points out the influence of the
stage absorption on the first part of the energy de-
cay in the stalls, which will require further investi-
gation.

2. The ratio between EDT and T3, smaller than one
in the investigated halls, identifies the decay inside
the Italian historical opera houses as a “cliff-type”
decay, characterised by the early reflection pattern
typical of these halls.

3. A strong correlation is also found between the
EDT and the Cgp, for which the correlation coef-
ficients are higher than those provided in the lit-
erature. On the opposite, the reverberation time
T3 and the clarity Cgy show low correlation co-
efficients, indicating that the Cg is not sensitively
influenced by the energy decay curve below -5 dB.

Moreover, coupling coefficients were calculated to
point out the acoustic coupling between the flytower and
the stalls area and related to the source position.

The availability of such great number of data will
hopefully give rise to further work concerning the spa-
tial distribution of the criteria in the investigated hall,
the study of the energy distribution inside the stalls area
and a detailed statistical analysis of the criteria.
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Table 3: Stalls: ISO 3382 [20] criteria averaged in the closed boxes in the eleven Italian historical opera houses analysed in this study. The source
positions proscenium and centre stage refer to points SS1 and SS2 in Fig. 3 respectively and the subscript “3” indicates the average over the octave
bands centred at 500, 1,000 and 2,000 Hz.

Theatre Source EDT3 T30’3 BR Cg(),g TS3 G3 IACCE3 IACCL3
(s) (s) - (dB) (ms) (dB) - -
BON Proscenium 1.09 1.39 1.44 43 65 9.0 0.43 0.23
Centre stage 1.33 1.70 1.27 2.6 79 5.7 0.45 0.19
ALI Proscenium 0.95 1.12 1.57 5.8 52 7.2 0.45 0.21
Centre stage 1.11 1.21 1.50 4.0 64 3.0 0.49 0.21
MAS Proscenium 1.04 1.11 1.49 4.9 60 9.2 0.43 0.18
Centre stage 1.21 1.13 1.47 2.8 74 4.8 0.38 0.18
ROS Proscenium 0.86 1.00 1.40 6.0 49 12.4 0.41 0.22
Centre stage 1.04 1.02 1.42 3.7 63 6.5 0.47 0.22
STI Proscenium 0.96 0.96 1.60 5.8 48 10.2 0.50 0.21
Centre stage 1.10 1.01 1.51 2.6 71 5.8 0.48 0.21
GOL Proscenium 1.27 1.47 1.46 34 76 12.8 0.32 0.17
Centre stage 1.46 1.51 1.43 2.1 89 9.1 0.34 0.17
DRA Proscenium 0.76 0.83 1.56 6.6 44 10.2 0.37 0.22
Centre stage 0.84 0.83 1.51 5.7 49 8.1 0.41 0.22
RUS Proscenium 0.68 0.97 1.22 7.7 40 11.6 043 0.24
Centre stage 0.78 1.04 1.25 6.0 49 8.7 0.43 0.23
CES Proscenium 0.85 0.90 1.56 4.6 56 114 0.36 0.24
Centre stage 0.83 0.89 1.55 52 55 9.3 0.34 0.22
CER Proscenium 0.65 0.84 1.64 7.3 42 16.2 0.39 0.26
Centre stage 0.68 0.78 1.74 6.9 45 13.1 0.39 0.24
PET Proscenium 0.81 1.07 1.24 6.0 50 15.7 0.35 0.24
Centre stage 0.91 1.13 1.25 4.8 59 11.8 0.37 0.22

Table 4: Boxes: ISO 3382 [20] criteria averaged in the closed boxes in the eleven Italian historical opera houses analysed in this study. The source
positions proscenium and centre stage refer to points SS1 and SS2 in Fig. 3 respectively and the subscript “3” indicates the average over the octave
bands centred at 500, 1,000 and 2,000 Hz.

Theatre Source EDT; T303 BR Cs0,3 Ts3 G3 IACCE3 IACCp3
(s) (s) - (dB) (ms) (dB) - -
BON Proscenium 0.98 1.38 1.41 4.2 68 5.9 0.38 0.22
Centre stage 1.04 1.66 1.26 4.5 67 4.5 0.42 0.21
ALI Proscenium 0.88 1.14 1.49 5.1 61 4.5 0.48 0.27
Centre stage 0.88 1.19 1.46 5.6 55 2.6 0.45 0.26
MAS Proscenium 1.04 1.13 1.47 33 74 74 0.30 0.19
Centre stage 1.06 1.14 1.47 34 72 5.5 0.32 0.19
ROS Proscenium 0.79 1.00 1.40 5.6 55 6.7 0.31 0.23
Centre stage 0.77 1.00 1.42 6.1 51 5.0 0.32 0.22
STI Proscenium 0.80 0.96 1.67 5.1 59 8.2 0.31 0.21
Centre stage 0.86 1.01 1.56 5.0 60 6.0 0.31 0.21
GOL Proscenium 1.22 1.44 1.46 2.5 85 10.4 0.34 0.19
Centre stage 1.25 1.47 1.43 2.9 82 8.5 0.35 0.20
DRA Proscenium 0.68 0.79 1.53 6.9 46 74 0.36 0.26
Centre stage 0.68 0.79 1.54 7.0 46 6.2 0.35 0.24
RUS Proscenium 0.72 1.06 1.20 6.2 51 8.6 0.35 0.22
Centre stage 0.75 1.07 1.22 6.1 50 74 0.33 0.22
CES Proscenium 0.83 0.90 1.56 44 62 9.7 0.29 0.21
Centre stage 0.81 0.90 1.59 4.7 61 8.4 0.29 0.23
CER Proscenium 0.67 0.78 1.70 7.1 43 12.0 0.38 0.24
Centre stage 0.64 0.75 1.75 7.6 42 10.9 0.35 0.24
PET Proscenium 0.85 1.19 1.19 4.7 61 10.4 0.30 0.21
Centre stage 0.83 1.20 1.16 5.1 58 9.0 0.30 0.21
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Table 5: Gallery: ISO 3382 [20] criteria averaged in the gallery in the eleven Italian historical opera houses analysed in this study. The source
positions proscenium and centre stage refer to points SS1 and SS2 in Fig. 3 respectively and the subscript “3” indicates the average over the octave
bands centred at 500, 1,000 and 2,000 Hz.

Theatre Source EDT3 T303 BR Cgo0,3 Ts3 G3 IACCE3 IACCy3
(s) (s) - dB) (ms) (dB) - -
BON Proscenium 1.15 1.40 1.41 3.1 75 15.8 0.37 0.19
Centre stage 1.22 1.64 1.28 32 76 13.9 0.66 0.26
ALI Proscenium 1.44 1.55 1.31 -0.5 116 4.1 0.37 0.20
Centre stage 1.36 1.57 1.28 0.1 108 3.0 0.44 0.17
MAS Proscenium 1.19 1.14 1.47 14 87 7.9 0.35 0.18
Centre stage 1.20 1.14 1.49 1.2 86 6.1 0.34 0.20
ROS Proscenium 1.28 1.13 1.35 0.1 102 7.5 0.28 0.18
Centre stage 1.33 1.14 1.30 -0.6 108 3.9 0.26 0.18
STI Proscenium 1.00 1.00 1.60 2.6 77 6.2 0.28 0.20
Centre stage 0.96 1.02 1.51 3.6 70 52 0.30 0.20
GOL Proscenium 1.63 1.49 1.54 2.3 137 10.9 0.25 0.17
Centre stage 1.70 1.53 1.46 -2.5 141 8.4 0.26 0.15
DRA Proscenium 0.96 0.88 1.45 32 71 5.5 0.32 0.19
Centre stage 0.93 0.87 1.44 3.0 73 4.5 0.32 0.20
RUS Proscenium 1.09 1.33 1.15 33 74 7.3 0.31 0.19
Centre stage 1.09 1.33 1.14 34 74 6.8 0.34 0.20
CES Proscenium 0.92 0.96 1.51 4.0 65 9.4 0.35 0.21
Centre stage 0.90 0.94 1.54 43 63 8.4 0.33 0.21
CER Proscenium 0.66 0.79 1.69 6.7 47 12.8 0.39 0.22
Centre stage 0.66 0.75 1.75 6.9 45 11.9 0.37 0.23
PET Proscenium 0.94 1.39 1.06 4.8 61 11.5 0.39 0.19
Centre stage 0.98 1.39 1.08 5.1 58 10.3 0.38 0.19
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Table 6: Mean value p, standard deviation o~ and skewness sk of a selection of ISO 3382 [20] criteria averaged in the stalls in the octave bands
centred at 500, 1,000 and 2,000 Hz with source in position SS1 (proscenium).

Stalls statistics - SS1

EDT T3 Cso T G
500 1000 2000 500 1000 2000 500 1000 2000 500 1000 2000 500 1000 2000
BON x| 121 106 099 159 136 123 36 48 44 73 58 63 10.7 9.1 72
o | 016 017 016 005 005 004 14 1.3 1.9 13 11 15 1.1 1.2 1.5

sk | -0.01 -0.19 -053 0.04 004 -032 020 079 039 -042 -0.65 -053 0.55 0.99 1.19
ALIL u 1.08 0.91 0.86 1.29 1.07 1.00 45 6.7 6.2 62 44 50 8.3 7.7 5.7
o | 023 0.22 0.20 0.06 0.03 0.03 1.8 1.7 2.4 14 11 16 1.7 1.6 2.0
sk | -024 -005 -050 007 -029 -02 082 042 056 -0.82 -044 -0.40 1.23 0.89 1.31
MAS u 1.14 1.02 0.97 1.18 1.11 1.05 42 53 5.1 66 56 59 10.2 9.2 8.3
o | 0.17 0.17 0.18 0.04 0.03 0.02 1.4 1.9 2.4 14 14 18 1.3 1.7 22
sk | -0.06 -0.62 -1.04 002 -029 -0.14 041 106 138 -048 -0.83 -1.03 0.92 1.43 1.71
ROS u 0.94 0.83 0.81 1.07 0.99 0.93 5.1 6.5 6.4 55 46 47 13.1 12.7 11.5
o | 0.16 0.19 0.18 0.04 0.03 0.02 1.2 1.4 1.8 9 9 13 1.1 1.1 1.5
sk | -0.09  0.20 033 -034 000 -036 079 056 043 -093 -085 -0,71 0,94 0,94 1,49
STI u 1.07 0.90 0.90 1.07 0.94 088 464 633 657 56 45 43 11.03  10.64  8.98

o | 025 0.24 0.27 0.04 0.03 0.03 1.4 1.8 2.5 9 11 15 1.61 1.98 2.42
sk | -0.17 -028 -025 -039 -051 -036 120 109 039 -036 -077 -0.13 044 0.77 0.88
GOL u 1.44 1.24 1.12 1.70 1.43 1.29 2.8 3.8 3.7 84 71 71 13.9 12.5 12.0
o | 022 0.19 0.14 0.06 0.05 0.03 1.0 1.3 1.6 9 12 15 0.8 1.1 14

sk | -025 -0.64 -041 0.87 0.74 048 131 051 048 -0.61 -0.88 -0.81 0.50 1.00 1.26
DRA u 0.87 0.72 0.69 0.98 0.80 0.72 5.4 7.1 72 50 40 41 11.6 10.1 8.9
o | 0.13 0.14 0.12 0.06 0.04 0.02 1.4 1.3 1.7 8 7 11 1.3 2.5 3.0
sk | -093 019 -037 0.68 052 -0.13 093 040 0.81 005 -070 -0.80 -1.69 -581 -4.46
RUS u 0.74 0.64 0.66 1.18 0.91 0.82 6.9 809 8.1 45 39 38 12.7 11.8 10.2
o | 0.16 0.18 0.20 0.06 0.05 0.05 1.1 L5 1.8 6 6 11 1.3 1.5 22
sk | 023 0.31 09 -1.17 -058 -0.14 053 028 -003 -122 -072 -046 0.60 0.39 0.58
CES . 0.94 0.81 0.81 1.01 0.86 0.84 3.7 5.1 5.0 64 53 52 12.4 11.6 10.2
o | 0.12 0.11 0.12 0.04 0.03 0.04 1.2 L5 1.6 6 7 11 0.8 0.8 1.1
sk | -0.16 -0.63 057 -024 -033 048 055 040 037 -026 -055 -037 -0.14 0.14 0.38
CER . 0.73 0.61 0.62 0.84 0.80 0.87 6.2 8.0 7.8 47 38 40 17.3 16.6 14.7
o | 0.10 0.13 0.15 0.03 0.09 0.11 124 135 1.66 6 5 8 1.1 1.1 1.6
sk | -0.56 -0.55 0.84 0.22 2.02 09 018 124 012 -026 -1.36 -0.14 0.72 0.99 0.43
LON u 0.90 0.75 0.78 1.15 1.05 0.99 53 6.3 6.3 55 48 46 16.4 15.9 14.8
o | 0.14 0.14 0.12 0.05 0.04 003 1.14 148 136 7 6 9 0.8 1.0 12
sk | -0.01 -042 -1.03 035 007 -053 0.09 067 024 022 -030 -0.07 0.06 0.03 0.16
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Table 7: Mean value u, standard deviation o~ and skewness sk of a selection of ISO 3382 [20] criteria averaged in the stalls in the octave bands
centred at 500, 1,000 and 2,000 Hz with source in position SS2 (centre stage).

Stalls statistics - SS2

EDT T30 Cso Ts G
500 1000 2000 500 1000 2000 500 1000 2000 500 1000 2000 500 1000 2000
BON 4 | 154 130 114 191 1.69 151 1.3 3.6 3.0 96 68 73 7.2 5.7 4.1
o | 023 025 028 006 005 0.04 1.8 1.7 3.2 11 10 20 0.9 0.9 1.3

sk | -0.61 -0.88 -0.76 0.17 001 -027 083 041 013 -049 066 035 3.54 2.87 1.50
ALIL u 1.26 1.10 0.97 1.38 1.18 1.08 29 4.0 5.1 75 64 54 43 2.6 2.0
o | 024 0.29 0.29 0.06 0.04 0.03 1.6 2.4 34 12 13 19 1.3 1.5 1.6
sk | -0.05 -040 -003 013 -001 -054 075 081 004 -0.12 -0.19 0.5 044  0.89 0.49
MAS u 1.33 1.17 1.15 1.21 1.12 1.06 2.0 33 3.1 83 70 70 59 4.7 3.8
o | 0.14 0.17 0.13 0.03 0.02 0.02 1.1 1.7 1.6 10 9 10 1.6 3.4 3.8
sk | -0.64 -2.06 -053 053 0.12 0.00 094 288 -023 -054 -29 037 -425 -736 -7.37
ROS u 1.14 1.00 0.98 1.11 1.01 0.95 2.7 42 4.1 73 59 59 7.5 6.8 53
o | 0.14 0.17 0.18 0.05 0.03 0.02 1.3 1.8 2.5 10 9 16 1.0 1.0 1.3
sk | -021 -092 -120 030 -034 -048 099 09 005 -066 -096 0.28 0.45 1.39 1.14
STI u 1.22 1.04 1.04 1.15 0.99 0.91 1.7 32 29 81 66 67 6.9 6.2 43

o | 0.13 0.13 0.15 0.05 0.03 0.03 1.1 1.3 2.3 9 7 16 1.5 1.2 14
sk | -042 -057 -1.27 008 -034 -029 067 021 013 -039 -0.64 0.03 026 -0.04 042
GOL u 1.69 1.42 1.25 1.74 1.47 1.33 1.1 2.7 2.5 104 81 83 10.0 8.9 8.4
o | 0.17 0.15 0.14 0.05 0.04 0.03 1.1 1.3 1.5 9 11 12 1.0 1.1 1.2

sk | -0.03 -0.88 -095 0.28 0.16 -009 043 030 028 -0.59 -045 -028 3.19 2.93 3.20
DRA u 0.96 0.81 0.76 0.97 0.80 0.72 43 6.0 6.8 59 46 42 9.2 79 73
o | 0.12 0.15 0.18 0.05 0.03 0.02 1.5 1.7 1.5 8 6 9 0.8 0.9 1.3
sk | 025 -0.56 0.23 0.49 012 -045 -037 0.14 035 -005 006 -0.59 0.11 0.97 0.81
RUS u 0.91 0.71 0.73 1.26 0.97 0.89 4.6 6.8 6.6 58 44 46 9.9 9.1 7.1
o | 0.17 0.18 0.22 0.06 0.06 0.05 1.6 1.8 2.0 7 5 11 1.3 1.4 1.6
sk | -008 -059 041 -138 -128 -041 087 081 068 -152 -129 -007 044 074  0.88
CES . 0.95 0.79 0.75 1.01 0.87 0.80 4.1 52 6.1 64 55 47 10.4 9.3 8.1
o | 0.12 0.10 0.10 0.04 0.02 0.02 1.3 1.1 1.2 9 4 8 1.3 0.9 1.0
sk | 020 -1.06 -1.07 -072 -047 -058 009 106 064 0.08 -046 -026 0.59 0.57 0.87
CER . 0.80 0.65 0.60 0.87 0.75 0.71 5.7 7.1 79 50 44 41 14.6 13.1 11.6
o | 0.11 0.15 0.16 0.03 0.05 0.05 1.11 1.64  2.09 6 6 10 1.0 1.0 1.3
sk | -0.54 -030 -0.12  0.06 1.49 1.35 036 015 031 -022 041 0.63 0.76  0.32 1.60
LON u 1.01 0.87 0.85 1.20 1.12 1.05 3.7 5.1 5.5 67 56 52 12.9 11.9 10.6
o | 0.13 0.14 0.14 0.05 0.05 0.04 .12 1.63 158 6 9 11 0.9 1.1 12
sk | 039 -043 -052 -070 -048 -039 -0.07 038 -032 -0.19 -029 074 -021 044 0.19
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