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1. INTRODUCTION

During the 18th and 16th century a great number of small and big halls were bum The Goldoni iheatre
is one of the biggest, its overall volume being almost 14000 m?, and it has lhe typical "horse-shoe
shape.

During the eighties the theatre was closed for safely prablems and it was abandoned. Now a projecl of
restoration has been setlled and a survey of its acoustical characiensllcs has been performed before
and during the restoralion. ]

Series of monaural acoustical measurements were taken al several sources and receiver locations
{more than one hundred). The measurements incleded Reverberation Time, Early Decay Time, Center
Time, RAST! index, Clarity index, etc.

The results we obtained permitled the characterisation of the hall, that has been reconstructed In 3D by
CAD technique on computer. The acoustical measurements have been used to calibrate the inpul
parameters of Ramsefe software, a modelling program based on the ray tracing methed. In this way,
changes of architectural features or changes in the materials can be simulated to predicl the effects on
acoustical characterislics of the theatre.

2. HISTORICAL NOTES

Early in 1658 a theatre was buill in Livomo [1]; it was called ‘Lo stanzone delle commedie' and it was
only used for performances, especially operas. This thealre was demolished 120 years later and many
other theatres (as many as 11) were built during the following years: this was a demonstration of the
large cultural activily of the town. In 1843 they began to build the Leopoido Theatre, this theatre has
changed ils name many times and nowadays it is called Gaidoni Theaire.

The works lasted 4 years under architect Cappellini guidance and the theaire was inaugurated. 24 July
1847 with two performances: an evening performance and a matinée on 25 July. This was the chief
characteristic of the theatre, namely to be used for matinées, too, because 1 had a big skylight on (he
roof over the central zone of the stalls, The skytight is the mosl innovating element of the entire project
of the building and it is made of even 1400 glass slabs that weighted 4 tons and of an iron frame that
weighted 30 tons. The theatre had, and keeps a "horse-shoe” shape (fig. 1) and 115 boxes subdivided
into 4 tiers and a gatlery.

The theatre has been repaired. many times since its construction because of a seepage of water from
the skylight; it has had many different owners, and many operas and prose works have been performed
there. In the beginning of 20th Century |t pecame a 'Carfé conceno and the [irst cinemalographic
expeniments have been carried on. .
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in 1884 the theatre closed because of safely reasons and in 1993 new repairing works began. Before
this last improvement the theatre had 1305 seats: 600 in the stalls divided into four sectors, 200 in the
gallery, and the others in the 101 boxes,

The boxes are 4 melers deep, the slalls are 20 m wide and 22 m long, the first fine of the stalls is 7 m
far from the stage and the roof is 26.3 m high. The original walls of the stalls were made of plaster and
il has been replaced by a covering made of marble about 3 metres high, coming from Siena, during the
repairing in 1980.

The stage has a trapezoidal shape because of historical reasons: they could not buy the land behind it.
It is 30 m wide, 18 m deep and 18 m high. The box for the orchestra is .5 m deep from the stalls, 5 m
wide and 18 m long and can hold even 120 musicians. : .

During the repairing works they discovered a hollow 1 m high, it was filled and a wooden floor was put
on the top of it. In the rear of the slage they found two jars (one broke down during the firsl years afler
the theatre's construclion as it is said in the news) and three arches of different sizes. These objects
and struclures could be attempls made by the architects in the past to improve the acoustics of the
theatres.

S

Fig. 1. The Goldoni Theatre plan. -

3. MEASUREMENTS METHODS

Before the renovation of the Goldoni Theatre we performed a lot of measurements to give an accurate
picture of the acoustical situation. The hall was unoccupied, deteriorated because it had been closed
for a long time; the proscenium and ali the stage were emply, without backdrops, scenery, curlains,
etc. Also the boxes were emply, withoul chairs and curtains. In the stalls the seals were upholstered
with velvel.
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To evaluate the various acoustical indexes we used an instrumenta! chain composed of a B&K 2144
dual-channel real time frequency analyser, equipped with a B&K 4165 microphone (Type 1 precision),
two B&K 2231 phonometers, a pistcl and another sound source, consisting of a loudspeaker, a power
amplifier and a pink noise generator, in order to obtain sound level decay times with the two differenl
techniques of cut-off noise and impulsive noise. ’

The real time analyser is used to caplure, ensemble average, and filter the pulse responses, which are
then Iransferred digitally to a portable computer. Decay times are calculated from least-squares fils to
portions of the decay curves obtained by the Schroeder backward integralion technique [2].

Finally we developed a suitable software to compute the principal indexes from time acquisition of
sound decay and lo statistically analyse the resulls.

3.1 Sound Pressure Level Distribution

Both measurements in the stalls and in the boxes were repealed for each receiver, putting the sound
source on the stage in three different positions: on the left, on the right and in the middie of the
proscenium. ’

In the stalls sound levels and frequency spectra were acquired in 58 different positions, distributed
between the seats (40) and along the central aisle (18). Measurements in 74 different positions were
performed in the boxes: in this case the receivers were distributed homogeneously again between the
various fiers.

3.2 Reverberation Time

Measuremenls were performed in 115 different positions: 40 in the hall and 75 in the boxes interrupting
the sound source put on the proscenium; we also repeated each at least three times and averaged the
resulis.

Twelve receivers, representative of the stalls, were also chosen to acquire the decay time obtained by
pistol shot technique.

3.3 Speech Transmission Index (STI)

Everywhere verbal communication takes place, the quality of the speech transmission is of primary
interest. In theatres it is of paramount imponance, padiculary for Operas in which the sung word
should remain clear and intelligible. Perfect lransmission of speech implies thal the temporal speech
envelope al the listener's pesition replicates the speech envelope at (he speaker’s mouth.

We used RASTI (Rapid Speech Transmission Index) method (3], standardised by the IEC [4], to oblain
objective measurements of the quality of speech transmission with respect to intelligibility.

RASTI measurements were made by sending the special lest signal by a B&K 4225 transmitter placed
on the stage and analysiig il by a B&K 4419 receiver at different listener's position (32 in the hall and
22 in the boxes). During the measurements we perfarmed the output level was 10 dB higher than the
reference one.
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4. RESULTS AND DISCUSSION

4.1 Acoustical Indexes

The sound level distribution measured in the stalls is shown in fig. 2. The values were computed
considering the sum of the contributions of one source posilioned in the three different places on the
stage. It is worth noting the symmetry with respect to the longitudinal axis and the good uniformity of
the sound level distribution; this fact was also found in each frequency band.

Fig. 2. Sound level dislribution in the stalls: each star represents one receiver.

One focalization point was found in the rear of the stalls; therefore an evident sound reinforcemenl was
observed. The hall shape and the marble facing the walls could be the causes of this phenomenon, that
we will try to reduce during the renovalion. ‘

In the boxes thera were more pronounced differences in sound levels, depending on the distance from
the stage and on the tier of the box. "

Fig. 3 shows the reverberation time (RT) wilh the spalial standard deviation measured for each octave
frequency band in the stalis and in the boxes and in fig. 4 we reporl lhe reverberation times of many
halls {5] with the Goldoni Theatre position highlighted. .

The RT is a liftle high at low frequencies, but we have to keep in mind that there were not scenes on
the slage, so it was completely empty. This condition causes the joining of the slalls with all the stage,
that is ngrmally delimited by the scenery. This means thal the volume passes from 8900 m? lo
13900 m~. .
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Fig. 3. RT in the stalls (a) and in the boxes (b) respectively with their own spatial slandard deviation.
The excellent uniformity of the RT spatial distribution can be derived from the low standard deviation,

especially in the stalls. This is an important characteristic of the hall: the theatre can offer quile similar
acoustical conditions lo all the public.
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_ Fig. 4. Comparison belween the RT of the Goldoni Theatre
and many other ones as a function of the volume.

RASTI resulls can be interpreted in a qualitative manner by using a RASTI vs. Subjeclive intelligibility
scale, composed of five levels: bad (< 0.3}, poor (< 0.45), fair (< 0.6), good {< 0.75), excellent (> 0.75).
Experimental values range betiween 0.45 and 0.58 in the stalls and between 0.40 and 0.54 in the boxes

(fig. 5). Due 1o the big hall volume we can judge the speech intetligibility in the theatre good enough,
padicularly in terms of spatial symmetry.
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Fig. 5. RASTI values in the boxes (a) and in the stalis (b).

In tab. 1 we report several acoustical indexes, thal different aulhors defined in the last decades.
Paricularly, D (definilion) (6], C (clarity index) [7}, Ts (Centre time) [8] and ITDG [8], are nommally
connected with a good subjective assessment. EDT() (Mean of six oclave band results of Early Decay
Time). TB (Tonal Balance), Bass ratio, Treble ratio are timbre - related paramelers {10] obtained by
grouping measurements as low-, medium-, or high frequency values of EDT (Early Decay Time).

The comparison between the indexes' values we measured and the optimum values reported in
literatura shows that the stalls present bolh good acoustical charecterislics and quite uniform spatial

response.
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Experimental | Spatial standard | optimum value
index value deviation
D 0.47 0.06 < 0.50
C (dB) 194 a1 242
Ts (s} 126 25 < 140
iTDG (ms) a7 1 17+35
TB {dBfocl) -0.18 0.11 0.1
EDT() (s) 0.5 0.1 0.3+0.4
Bass ratio 1.36 0.12 <1
Treble ratio 0.88 0.07 <1

Tab. 1. Indexes’ values used as other criteria to judge architeclural acoustics of Lhe stalls.

The indexes' values based on EDT and including low frequency bands (Bass ralio, TB) are in
accordance wilh RT resulls. These results show that the hall is suitable for orchestral music because in
this case the perception of the warmth, i.e., the sensalion of rich bass sound, is imporiant.

The indexes' values connected to clarity (D, C) are good enough, but nol much satisfaclory for the
speech, as RAST! index indicated, therefore confimming the well-known corelation between these
paramelers.

4.2 Modelling of the Thealre

In fig. 6 we show a 3D CAD accurate piclure of the thealre. As a first approach it was acoustically
modelled using Ranrsefe software [11] with some approximations: the shape was digitized and details
of the structures were smoothed, so thal the computing time was not excessive. Boxes, for the same
reason, were considered strongly absorbing walls, supposing that the medium and high frequencies
can't come out easily once the ray impacted on the box.

The software is based on a Pyramid Tracing algorithm. In this method the spherical source is
subdivided into adjacent triangular pyramids, which completely cover the surface without overapping
as in the Cone Tracing models. The detection of each sound path is performed deterministically: a
correction of the reverberation queue is applied by multiplying the received energy by he ratio between
the expecied lemporal density of reflections and the density obtained from the pyramid tracing.

Using the lools of Ramsete software we estimated the absorplion coefficients of the materials and we
adjusled these values until the experimenial and predicted values of the reverberalion lime for each
frequency were close enough.

Using another special ool of the program, based on iSO 3744 [12), the directivity of each sound source
we used in (he measurements was computed.

The most accurate simulations were performed with a large number of pyramids (32768) in order to

respect the principle that the pyramid's base at first Impact was smaller than each struclure detail. This
choice causes a higher computing tima, but it permits more satisfaclory results.
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Fig. 8, Delailed 3D representation of the Goldoni Theatre.

4.3 Preliminary Results.

In order to test the reliabifity of the modelization of the theatre we compared some experimental vs.
predicted results. Particularly In fig. 7 we show this comparison for the sound level profiles along the
central aisle. The results from the model are close enough to lhe experimental ones, even If the
experimental profile appears underestimated in the first part and smoothed in the parl around the
focusing point. This effect could be caused by the approximation in the shape of the walls, as we can
see in fig. 8.
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Fig. 7. Simulated and experimenial sound level Fig. 8. Simulated spatial distribution of the

profiles along the central aisle. The
distance is measured from the source,
placed in the cenler of the slage.
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sound level in the stalls, obtained wilh a
sound source placed in the center of the
slage.
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in it we besides report the simulated isclevels; they resemble lhe measured ones in the same

experimental conditions. Betier results might be obtained using a more detailed shape (as lhe one
reported in fig. €).

In tab. 2 we report RASTI results refemring lo the experimental vs. predicted values; as we can see the
agreement is excellent.

RASTI Index Imerval Mean value Spatial standard
deviation
Experimental 044 +0.58 0.50 0.04
Predicted 0.42 +0.55 0.49 0.03

Tab. 2. Comparison between experimental and predicted RASTI values.

We, encouraged by the good results obtained, finally tried 1o introduce some variations in the malerals,

particularty we performed some simulations substituting the marble of the stalls with plaster or with
velvet curlains.

The results show that the sound level distribution does not change much {(about 1 dB lower): the sound
reinforcement at the rear of the stalls still continues 10 be present in the same posilion, but the
reverberation time (fig. 9) is diminished, especially at low frequencies. This fact is not unexpected,
because the sound distribution is primarily due to the geometrical structure of the theatre, while the

reverberation time is increased by the higher absorbing coefficient of the malterials used in the last
simulations.
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Fig. 9. Comparison between RT experimental and simulated ones, refeming to different materials.
5. CONCLUSIONS
The results of the survey we have described represent an accurate acoustical piclure of the present

siluation of the Goldoni Theatre. These modem objeclive measuremenls will be repeated
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systematically, when it will be possible, in order lo improve our understanding of whether the changes
made in the hall are a success or a failure. The quantities and the indexes oblained show that the
acoustics of the theatre were good enough for orchestral music, even though the building is
deteriorated. Parlicularly, it is noleworthy the present response uniformity in lerms of the reverberation
time and the sound level distribution.

Afer restoration a reduction of the reverberation time will come from the realisation of the structures of
the proscenium and of the stage, that will delimit the hall volume. The restoration of the cavity under
the stalls will be studied in order to permit. a remaking of the original condition, with an improvement of
the quality of the sound. ’

The characterisation of the present materials in Iaboralofy will permit to calibrate the input parameters
of Ramsete software better, However the program alfeady gives us useful indications on the choices
that should be made in the restoralion process.
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