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Abstract

During the renovation of auditoria and concert halls, the acoustic quality is normally evaluated from
measurements of impulse responses. One possibility for evaluating the acoustic quality from the mea-
surements (the simulations) consists of convolving anechoic music with the measured (or simulated)
impulse responses. In this way, a psycho-acoustic test is achieved using a virtual sound field represen-
tation. The listening room ‘Arlecchino’ at the University of Bologna includes ambisonics (up to fifth
order) and stereo-dipole playback for virtual reproduction of sound in rooms. In this article, the
effectiveness of the listening room ‘Arlecchino’ is first analysed, comparing acoustic parameters obtained
from binaural impulse responses measured in some opera houses (in Italy) and auditorium (in Japan)
with those virtually measured after the virtual reconstruction obtained in the listening rooms. The
similarity between real and virtual sound fields, has been evaluated by comparing different acoustic
parameters calculated by real and virtual sound fields, in four halls in different configurations, by means
of the stereo-dipole method. In the second part of the article, the listening room was used to analyse
the variation in interaural cross-correlation measurements in rooms obtained considering different
anechoic sound signals convolved with the binaural impulse responses, to quantify the variation of the
interaural cross correlation with different motifs. For this purpose, two different musical instrument
digital interface musical motifs, very different from each other for their music characteristics, have been
considered. Moreover, for each musical motif, different sound characteristics (i.e. different musical
instruments) were considered, to consider both the rhythmic and timbre aspect.
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Introduction

The acoustics of historical theatres and concert halls is considered of primary importance since
18th century,' and it requires proper measurement techniques capable of determining and repro-
ducing the characteristics of the spatial propagation of the sound field.

In general, the overall indoor quality in buildings includes high level of sound insulation from
external and internal noise,>* high level of thermal comfort especially without any specific heating
system, also balancing costs and performance,** high levels of air quality and light distribution.®
These aspects are particularly relevant for theatres and opera houses, where the overall subjective
evaluation depends not only on sound propagation but also on other aspects.

The sterco-dipole method, obtained using binaural impulse responses (BIRs) measured in
theatres, permits the reconstruction of a virtual sound field with very high precision, including also
binaural effects, such as spatial impression of the sound, localisation of the source and timbre. The
virtual sound field is reproduced in a listening room where it is also possible to simulate variations
of shapes, dimension and sound absorption of surfaces, and listen to the effect that these changes
produce. Therefore, it is possible to compare the acoustic quality of theatre during the design
process.

Validation of three-dimensional auralisation

The virtual sound field reconstruction consents reproducing in a properly equipped listening room
the original sound distribution measured (or simulated) in a room. In other words, it enables to
reach the target of the designed acoustic quality allowing to test different technological solutions
during the design process, giving immediate sound renderings.

Nevertheless, to evaluate the similarity between virtual sound field (obtained with stereo-dipole
technique) and real sound field, different acoustic parameters should be compared from real
(measured) and virtual (played back) acoustics. One of the most important methods which could be
utilised for virtual playback, and here considered, is the stereo-dipole technique. This technology
was first implemented in the Arlecchino listening room in 2005. The accuracy of the playback was
analysed, comparing the acoustic parameters in the original BIRs with those calculated from the
BIRs virtually obtained with the stereo-dipole method.” Moreover, the subjective evaluations of
real and virtual rooms have been studied and validated in other papers.®

Real IRs

In this article, the validation proceed of the listening room (named Arlecchino) was achieved
considering the impulse responses measured in four different acoustic spaces by means of
microphone arrays which included also a dummy head and a B-Format Microphone.” Two Italian
theatres (Teatro Nuovo in Spoleto and Teatro Alighieri in Ravenna) and two Japanese concert halls
(Kirishima International Musical Hall in Kagoshima and the Tsuyama Musical Cultural Hall in
Okayama) are shown in Figure 1.

The Teatro Nuovo in Spoleto was opened in 1864. It was in a typical horseshoe shape, which
characterises the classical Italian opera houses. The boxes in the theatre are divided into four levels
which face to the stalls. The theatre could host 800 persons. In 1914, the Teatro Nuovo has been
refurbished and the most striking change was the reduction of the stage to enlarge the orchestra pit.
Such a modification has probably compromised the good balancing between singer on the stage
and orchestra in the pit. In addition, in 1933 all the original floor has been replaced. Moreover, in
1950 the orchestra pit was extended to ensure a larger orchestra, which was necessary for the new
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Figure 1. (a) Teatro Nuovo in Spoleto (ltaly), (b) Teatro Alighieri in Ravenna (ltaly), (c) Kirishima Interna-
tional Musical Hall in Kagoshima (Japan) and (d) Tsuyama Musical Cultural Hall in Okayama (Japan).

music festivals. Finally, in 2005 the regional authorities approved further restoration works aiming
also to improve the acoustics especially for musicians located in the orchestra pit.

The Teatro Alighieri in Ravenna was designed by two Venetian architects, Tomaso and Giovan
Battista Meduna and was opened in 1852. They proposed a theatre not very different from the
Venetian Teatro la Fenice, well known for its acoustics,'® that they had designed few years earlier.
In 1929, the gallery substituted the balcony in the fourth order, and also the stage was remodelled,
enlarging the stalls. The number of seats is 334 for the stalls and 463 for boxes and galleries. One of
the most relevant factors of the theatre is the cavity located below the orchestra pit. It is one of the
few cavities not dismantled in other Italian styled opera houses during the 20th century, and it was
recognised as responsible of a certain modification in strength and reverberation time during recent
acoustic measurements. These effects were also considered during the emulation of sound char-
acteristics of musical instruments''™'* which influenced the sound perception of music motifs.'*

The Kirishima International Musical Hall was opened in Kagoshima (Japan) in 1994. Its shape
recalls the shoe-box style. The audience area is covered by the ceiling that recalls the bottom of a
ship. This particular shape allows a well-diffused sound distribution among all the stalls. The hall
could host 518 people in the stalls and 252 in the gallery.
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Table 1. List of the measured impulse responses.

Auditorium Source Receiver Name
Teatro Nuovo di Spoleto Stage Stalls SPO_ss
Pit Stalls SPO_ps
Stage Box SPO_sb
Pit Box SPO_pb
Teatro Alighieri di Ravenna Stage Stalls RAV_ss
Stage box| RAV_sbl
Stage box2 RAV_sb2
Kirishima musical hall Stage Stalls KIR _ss
Tsuyama musical hall Stage Stalls TSU_ss

The Tsuyama Musical Cultural Hall was opened in Okayama (Japan) in 1999. Following the
principal acoustic concept ‘forest’, a lot of pillars are arranged in rows in front of the lateral walls.
The diffused sounds at the pillars reach the listeners, and they would experience the same reso-
nance effect like in the forest. On the ceiling, there are floating reflective boards which are hung by
wire ropes. The number of seats is 600.

All the acoustic measurements of IRs were taken by employing an omnidirectional, pre-
equalised loudspeaker (Look Line), a dummy head (Neumann™ KU100), and a B-Format
Microphone (Soundfield™ MKV). However, for the purposes of this article, only the BIRs have
been considered, recorded using dummy head. The height of the source was 1.4 m when the
loudspeaker was located on the stage, and 1.2 m when the loudspeaker was located on the
orchestra. The height of microphones was always 1.1 m from the floor to the ear. The direction of
the dummy head was adjusted to the source position in each measurement. To obtain the impulse
responses, an exponential sine-swept (ESS) signal was generated by a personal computer (PC)."
The signal ranged from 40 to 20 kHz for a duration ranging from 20 s (in the opera houses) to 30 s
(in the concert halls).

Table 1 explains the arrangements of sources and receivers, and the impulse response recorded
in the theatres and concert halls. The measured impulse responses analysed in this article are,
respectively, as follows: four positions for the Teatro Nuovo di Spoleto, three positions for Teatro
Alighieri di Ravenna, one position for Kirishima musical hall and one position for Tsuyama
musical hall.

Measurement in Arlecchino listening room

The single and dual stereo-dipole representations were carried out in the Arlecchino listening room
in Bologna (Italy), to perform psychoacoustic tests following Ando’s theory.' In the listening
room, two loudspeakers (Montarbo W400A) were located in front of a dummy head (Neumann)
and the other two loudspeakers (Montarbo W400A) were located in the rear of it as shown in
Figures 2 and 3.

An ESS signal was generated by Adobe Audition and was played by the four loudspeakers to
obtain BIRs in the listening room. In Table 2, the characteristics of the swept sine generated by PC
are reported.

The BIR of the listening room can be obtained for the front and rear loudspeakers, after
deconvolution of the signals recorded by the dummy head. The envelopes of impulse responses
were windowed to remove extra reflections to obtain only the direct sound from each loudspeaker.
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Figure 2. Plan of Arlecchino listening room with dual stereo-dipole: front (above) and back (below).
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Figure 3. Section of Arlecchino listening room.

Table 2. Properties of swept sine signal.

Variable Value
Start frequency (Hz) 50
End frequency (Hz) 20,000
Duration (s) 30
Amplitude 8192
Sampling (Hz) 48,100
Resolution 32-bit

Generation of cross-talk cancelling filter

517 -

The IR was processed with the cross-talk cancelling filter using the plug-in of ‘Invert Kirkeby’ " in
Adobe Audition. Therefore, two different cancelling filters were generated for the frontal loud-
speakers and for the rear loudspeakers. Table 3 reports the properties of the Invert Kirkeby plug-in.
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Table 3. Properties of Invert Kirkeby plug-in for frontal and rear cancelling filters.

Variable Value
Filter length (sample) 2048
Lower cut frequency (Hz) 80
IN-band parameter I
High cut frequency (Hz) 16,000
OUT-band parameter 10
Width 0.33
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Figure 4. Spectral powers of front cancelling filter (red) and rear cancelling filter (green).

Since the Arlecchino listening room is not a perfect anechoic space, the cross-talk cancelling
filters have non-linear frequency responses, as shown in Figure 4.

Virtual IR

The original (‘anechoic’) sweep-sine signal was convoluted with the impulse responses of the
theatres and concert halls. The obtained (‘echoic’) sweep-sine signals were convoluted again by
the cross-talk cancelling filters for the two pair of loudspeakers. The resulting signals were pre-
sented by the frontal and rear loudspeakers at the same time, and the sounds were recorded by the
dummy head.

Finally, by deconvoluting the recorded signal, an impulse response was obtained. In this study,
it is called ‘virtual IR’, which means the IR obtained in the listening room after having processed
the ESS, to distinguish the ‘real IR’ that was measured in the theatres.'®!"?

Results

To confirm the accuracy of sound field representation by the stereo-dipole technique, in this article
the real IR and virtual IR were compared in terms of acoustic parameters: SPL (sound pressure
level) and EDT (early decay time). The values are the average of SPL and EDT calculated from the
left and right impulse responses. The virtual IR by single stereo-dipole was obtained using only the
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Figure 5. SPL: real IR (@), virtual IR by single stereo-dipole (A) and virtual IR by dual stereo-dipole (),
Spoleto 1/2.

frontal loudspeakers. Figures 5—10 show the SPLs calculated from the real IR and the virtual IR by
single and dual stereo-dipoles.?%%!

In all case, the SPL of the virtual IR is close to the SPL of the real IR. However, in the low-
frequency range, the SPL of the virtual IR by single stereo-dipole tends to be lower than the
SPL of real IR. The gap of SPL is improved by carrying out the dual stereo-dipole. For the concert
hall, the single stereo-dipole shows better performances than the dual stereo-dipole.

Figures 11-16 show the results of EDT. From these results, it can be found that the stereo-dipole
technique in the Arlecchino listening room works for the sound field representation with high
correlation. However, like the results of SPL, EDT of the real IR in the low-frequency range is
difficult to be expressed by the single stereo-dipole.

The results suggest that the stereo-dipole technique has a good accuracy of the sound field
appearance. Thus, virtual sound field reproduced in the listening room with stereo-dipole tech-
nique has high correlation with the acoustic quality of theatres and concert halls.

Application of three-dimensional auralisation

In this section, the Arlecchino listening room was used to analyse the values of interaural cross
correlation (IACC) calculated by ‘echoic music’ and ‘virtual echoic music’. This parameter is very
important for retrofitting design because allows evaluate spatial impression of sound in a hall.
Normally, IACC is calculated only from BIRs. However, IACC changes when we consider that
music motif'is played in the room, since the motif modify changes the spectral aspects of the BIRs,
in accordance with the kind of musical motif, and the presence/absence of low frequencies which
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Figure 6. SPL as a function of band frequency: real IR (@), virtual IR by single stereo-dipole (A) and virtual IR
by dual stereo-dipole (), Spoleto 2/2.

could influence the sound quality. In this article, using musical instrument digital interface (MIDI),
anechoic musical signals convolved with the BIRs, are composed by changing two kinds of melody
and three kinds of musical instrument.

IACC and normalised autocorrelation function

Sound propagated from sound source is received at left and right ears by different pathways.
Interaural cross-correlation function (IACF) is defined by the correlation between the signals at the
left p; (¢), and right, p, (¢), ears as function of delay time 7. IACC is the maximum peak amplitude
of IACF, and is defined by

IACC = *Z - 7| < 1(ms) (1)
| 0 | p2oya
-7 -T

where 2T is the integral interval, 7 is time delay, and p; (f) and p, (¢) correspond to impulse
responses recorded at left and right ears of a dummy head. A large IACC makes listener perceive
the well-defined direction of the incoming sound. A small IACC corresponds to subjectively
diffused sound, and listener has no impression of clear direction of the sound.
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Figure 7. SPL as a function of band frequency: real IR (@), virtual IR by single stereo-dipole (A) and virtual IR
by dual stereo-dipole (), Ravenna 1/2.
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Figure 8. SPL as a function of band frequency: real IR (@), virtual IR by single stereo-dipole (A) and virtual IR
by dual stereo-dipole ((J), Ravenna 2/2.

During a performance of music, the acoustic characteristics (e.g. pitch and tempo) were varied
as a function of time. Running normalised autocorrelation function (ACF) is necessary to observe
the fluctuation of these characteristics, which could be influenced by the performance of walls and
floors especially at low frequencies. For the blending of sound field and performance, Ando
proposed 71 and 7, to determine temporal acoustic characteristics of musical performances. The 7,
and T, are factors of ACF as shown in
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- : "--'.;x_&‘,\
e R ",
) -2
= .20
_ .
-30
TSU_ss
-40
63 125 250 500 1k 2k 4k Bk 1Bk
Frequency [Hz]

Figure 10. SPL as a function of band frequency: real IR (@), virtual IR by single stereo-dipole (A) and virtual
IR by dual stereo-dipole ((J), Okayama.

where

1

d(1) = 3T

l[p' (1)p (¢ + T)dt 3)

and 2T is the integral interval that slides along the duration of music, 7 is time delay, and p/(¢) is an
original acoustic signal after passing through the A-weighting filter. The ACF factors are 7, is a
delay time of the maximum peak, and 7, is an effective duration of ACF, defined by the delay time
at which the envelope of the normalised ACF becomes and then remains smaller than 0.1 as shown
in Figure 17.

Value of 7 indicates pitch of the signal, and value of 7, is repetitive feature that corresponds to
kinds of musical instrument, tempo of the motif and pattern of playing like legato or staccato.
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Figure 11. EDT: real IR (@), virtual IR by single stereo-dipole (A) and virtual IR by dual stereo-dipole (),
Spoleto 1/2.

BIRs of Teatro Nuovo in Spoleto

In the following study, we analyse only two kinds of BIRs (namely ‘BIRnl’ and ‘BIRn2’) mea-
sured in Teatro Nuovo in Spoleto. The BIRs were recorded using omnidirectional pre-equalised
loudspeaker (Look Line) and dummy head (Neumann KU100). The loudspeaker was located on
two positions of the stage; near (BIRn1) and far (BIRn2) from the frontal edge of the stage, and the
dummy head was located in the middle of the stalls. IACC for all-passed octave band from 125 Hz
to 4 kHz BIRn1 and BIRn2 resulted, respectively, 0.339 and 0.26. Figure 18 illustrates the spectral
characteristics of IACC in these BIRs.

Anechoic musical motifs

Four kinds of an anechoic musical motif generated by MIDI are used, ‘Melody A by trumpet’,
‘Melody A by piano’, ‘Melody B by piano’, and ‘Melody B by organ’. The scores of Melody A and
Melody B are shown in Figure 19. The duration of the musical motif is 30 s.

To observe the acoustic characteristics of these anechoic musical signals, we calculated the
running ACF using 27 of 1 s with 0.1 s sliding steps (Figure 20).

The results show that 7 is affected by the difference of musical instruments (trumpet, piano, or
organ) and 7, is mainly affected by the difference of melody (Melody A or Melody B). It is not
easy to determine a unique representative value to express the difference between Melody A and
Melody B, because ACF factors change dynamically along the signal duration. In particular, the
values of 7. increase to extensively high value, so that the mean value of 7, is meaningless.
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Figure 12. EDT as function of band frequency: real IR (@), virtual IR by single stereo-dipole (A) and virtual IR
by dual stereo-dipole (), Spoleto 2/2.

In this study, the 300 values obtained by running ACF in a rate of 0.1 s along the duration of 30 s
were converted into the histogram, and the representative values were determined by the 50%
probability of cumulative frequency. These values are termed ‘7 (50%)’ and ‘7. (50%)’, and they
are listed in Table 4.

Procedure of stereo-dipole

The single stereo-dipole representations were carried out in the Arlecchino listening room. The
experimental setup is the same as shown in Figures 2 and 3. Using Adobe Audition, we generated
log swept-sine signal that was presented by two loudspeakers alternately.

After deconvolution of signals, the Invert Kirkeby method described in section ‘Generation of
cross-talk cancelling filter’ was adopted and the cross-talk filter was generated from impulse
response.ls’17

The ‘anechoic music motifs’ were convoluted with the impulse responses of Teatro Nuovo in
Spoleto and the ‘echoic music’ obtained was convoluted again by the cross-talk cancelling filters.
The convoluted music was presented by the two loudspeakers at the same time and recorded by the

dummy head. The recorded musical motifs are defined by ‘virtual echoic music’.

Results

The temporal fluctuations of IACC in cases of the echoic music (thick line) and the virtual echoic
music (thin line) are compared in Figure 21 (Melody B by piano was not employed in the stereo-
dipole examination). Analysing Figure 21, the following conclusion could be obtained.
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Figure 14. EDT as a function of band frequency: real IR (@), virtual IR by single stereo-dipole (A) and virtual
IR by dual stereo-dipole ((J), Ravenna 2/2.

First of all, the steady state value of IACC normally obtained from the BIRs, is really different
from the running value of IACC obtained convolving the BIRs with the anechoic music. This
means that what listeners experience in a real performance could vary considerably in terms of

IACC from the single BIR.
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Considering the different music motifs and timbre of different musical instruments, we could
see that in case of Melody A by piano, the values of [ACC are similar among the echoic and virtual
echoic music. For Melody A by trumpet, the values of IACC for echoic and virtual echoic music
are very different from each other. This means that the timbre characteristics could considerably
influence the running value of IACC. For Melody B by organ, IACCs simultaneously fluctuate
between the echoic and virtual echoic music, and at some moments are quite different from each
other. In case of BIRn2, the running value of IACC (convolved with Melody B by organ) has an
offset of 0.2 if compared with the IACC obtained from the BIR.

Moreover, different distribution of IACC between the echoic and virtual echoic music is
compared. The running IACC arranged a long time is converted into a histogram, and the
cumulative frequency is rearranged along IACC (Figure 22). The distributions of IACC are so
close when the sound source is Melody B by organ. On the contrary, in the case of Melody A by
trumpet, the distributions of IACC for echoic music and virtual echoic music are different from
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Figure 20. Different symbols indicate different musical motifs: (—) Melody A by trumpet; (®) Melody A by
piano; (x) Melody B by organ; (O) Melody B by piano. (a) ACF factor 7,for 5 s and (b) ACF factor 7, for 5 s.

Table 4. Anechoic musical motifs and their 7| (50%) and 7. (50%).

Musical motif 71 (50%) (ms) Te (50%) (ms)
Melody A by piano 1.33 246.5
Melody A by trumpet 0.88 54.9
Melody B by organ 0.46 526.7
Melody B by piano 1.94 308.8

each other. Moreover, the case of BIRn2 improves the accuracy of virtual echoic music compared
to the case of BIRnl.

The difference of IACC between the echoic and virtual echoic music could be calculated as
following

100
Error = J |IACCechoiC(x) — 1ACCechoic (x)|dx (4)

1

where IACC, ppic (x) and IACC,.cp0ic (x) are the values of IACC calculated from the echoic music
and the virtual echoic music in the probability x%, and the results are shown in Table 5.
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Figure 21. Running IACF as a function of time. The thick lines indicate echoic music and thin lines indicate
virtual echoic music. The red dotted line indicates the values of IACC calculated from the all-passed BIRs.

The accuracy of the stereo-dipole technique depends not only on the characteristics of each
BIR, but even more on the musical motif. Although the music motif is the same, there are
differences due to the timbre characteristics of musical instruments. In other words, the errors
of Melody A by piano and Melody A by trumpet are different. Even though the number of
different motifs is not enough to support the statistical significance, having considered only
two melodies, the error values have a good correlation with 7, (50%) extracted from anechoic

musical motifs.
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Figure 22. Cumulative frequencies as a function of IACC of the echoic music (A) and the virtual echoic
music (O). The red dot line indicates the values of IACC calculated from the all-passed BIRs.
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Table 5. Errors of IACC arranged in terms of BIR and musical motif.

Musical motif BIRnI BIRn2
Melody A by piano 0.07 0.03
Melody A by trumpet 0.16 0.10
Melody B by organ 0.04 0.03
Conclusion

The first part of this study was focused on the effectiveness of the stereo-dipole playback system,
employed in the listening room ‘Arlecchino’. To validate the virtual sound field, the acoustic
parameters calculated from BIRs measured in two Italian opera houses and two Japanese audi-
torium have been compared with those virtually measured by means of the same dummy head after
the virtual reconstruction obtained in the listening rooms. The results showed that the values of
SPL and EDT of the virtual BIRs are close to the real BIRs especially in the high-frequency range.
Moreover, the gap between real BIRs and virtual BIRs for these acoustic parameters has been
reduced by carrying out the dual stereo-dipole technique. Therefore, the stereo-dipole technique
employed in the Arlecchino listening room has been successfully verified and it can be used for
psychoacoustic experiments, including three-dimensional (3D) auralisation for checking new
technological solutions during the acoustic design process.

In the second part of this study, ‘echoic’ music (sound convolved with real BIRs) and ‘virtual
echoic’ music (sound convolved with virtual BIRs) obtained considering three music anechoic
motifs and BIRs measured in Teatro Nuovo in Spoleto, were considered to check the variation of
the binaural acoustic parameters with different signals. The error of IACC comes to the range from
0.03 to 0.16 and this result confirms that the stereo-dipole technique can reproduce the virtual
sound field of the Italian opera house with high correlation. The accuracy dependents both on the
kinds of BIR and on the kinds of the musical motif. Moreover, the experiments pointed out that
running TACC could depend also on the timbre of the musical instrument employed for the
experiment. It is interesting to notice that the anechoic musical signal with longer 7, improves the
accuracy of stereo-dipole representation. In subsequent studies, acoustic quality of theatres like the
Teatro Nuovo in Spoleto should be evaluated from the measurements of BIRs to check acoustic
improvement proposed during design process.

Acknowledgements

The authors wish to thank Ryota Shimokura for his precious help during the measurements.

Declaration of conflicting interests

The author(s) declared no potential conflicts of interest with respect to the research, authorship
and/or publication of this article.

Funding

The author(s) disclosed receipt of the following financial support for the research, authorship and/
or publication of this article: This work was carried out within the research project no.
201594LT3F which is funded by PRIN (Programmi di Ricerca Scientifica di Rilevante Interesse
Nazionale) of the Italian Ministry of Education, University and Research.



330 Building Acoustics 27(4)

ORCID iDs

Lamberto Tronchin & https://orcid.org/0000-0003-0670-3455
Benedetto Nastasi (2 https://orcid.org/0000-0003-1713-6548

References

1. Tronchin L. Francesco Milizia (1725-1798) and the acoustics of his teatro ideale (1773). Acta Acust Unit
Acust 2013; 99(1): 91-97.

2. Caniato M, Bettarello F, Schmid C, et al. Assessment criterion for indoor noise disturbance in the pres-
ence of low frequency sources. Appl Acoust 2016; 113: 22-33.

3. Caniato -M, Bettarello F, Marsich -L, et al. Time-depending performance of resilient layers under floating
floors. Const Build Mate 2016; 102: 226-232.

4. Tronchin L and Fabbri K. Energy and microclimate simulation in a heritage building: further studies on
the Malatestiana Library. Energies 2017; 10(10): 1621.

5. Tronchin L, Tommasino MC and Fabbri K. On the cost-optimal levels of energy-performance require-
ments for buildings: a case study with economic evaluation in Italy. /nt J Sust Energy Plann Manag
2014; 3: 49-62.

6. Tronchin L, Fabbri K and Bertolli C. Controlled mechanical ventilation in buildings: a comparison
between energy use and primary energy among twenty different devices. Energies 2018; 11(8):
2123.

7. Tronchin L, Cura GE and Tarabusi V. The enhancement of the Arlecchino listening room: Adding
stereo dipole to ambisonics. In: Forum acusticum Budapest 2005: 4th European congress on acustics,
2005, pp. 2469-2474.

8. Tronchin L, Farina A and Venturi A. Subjective evaluations in virtual environments. In: 4/4-DAGA
2013: EAA Euroregio, EAA Winterschool, Merano, Italy, 2013, Merano, 18-21 March 2013, pp.
1617-1620.

9. Farina A and Tronchin L. 3D sound characterisation in theatres employing microphone arrays. Acta Acust
Unit Acust 2013; 99(1): 118-125.

10. Tronchin L and Farina A. Acoustics of the former Teatro ‘La Fenice’ in Venice. AES J Aud Eng Soc 1997,
45(12): 1051-1062.

11. Farina A, Langhoff A and Tronchin L. Acoustic characterisation of ‘virtual’ musical instruments: using
MLS technique on ancient violins. J New Musi Rese 1998; 27(4): 359-379.

12. Farina A and Tronchin L. “On the “virtual” reconstruction of sound quality of trumpets. Acustica 2000;
86(4): 737-745.

13. Tronchin L and Coli VL. Further investigations in the emulation of nonlinear systems with Volterra
series. AES J Aud Eng Soc 2015; 63(9): 671-683.

14. Shimokura R, Tronchin L, Cocchi A, et al. Subjective diffuseness of music signals convolved with
binaural impulse responses. J Sound Vib 2011; 330(14): 3526-3537.

15. Farina A. Simultaneous measurement of impulse response and distortion with a swept-sine technique. In:
Proceedings of presented at the 108th convention of the Audio Engineering Society, Paris, 19-22 Febru-
ary 2000, p. 5093. New York: AES.

16. Ando Y. Architectural acoustics: blending sound sources, sound fields, and listeners. New York: AIP
Press/Springer-Verlag, 1998.

17. Kirkeby O, Nelson P and Hamada H. The ‘Stereo Dipole’ — a virtual source imaging system using two
closely spaced loudspeakers. AES J Aud Eng Soc 1998; 46(5): 387-395.

18. Kuusinen A and Lokki T. On studying auditory distance perception in concert halls with multichannel
auralizations. In: 2015 proceedings of the 18th international conference on digital audio effects (DAFx),
Trondheim, 30 November—3 December 2015.


https://orcid.org/0000-0003-0670-3455
https://orcid.org/0000-0003-0670-3455
https://orcid.org/0000-0003-0670-3455
https://orcid.org/0000-0003-1713-6548
https://orcid.org/0000-0003-1713-6548
https://orcid.org/0000-0003-1713-6548

Tronchin et al. 331

19. Shore A, Tropiano AJ and Hartmann WM. Matched transaural synthesis with probe microphones for psy-
choacoustical experiments. J Acoust Soc Ame 2019; 145(3—1): 1313-1330.

20. Badajoz J, Chang J-H and Agerkvist FT. Reproduction of nearby sources by imposing true interaural dif-
ferences on a sound field control approach. J Acoust Soc Ame 2015; 138(4): 2387-2398.

21. Xu H, Xia R, Li J, et al. An improved free-field cross-talk cancellation method based on the spherical
head model. App! Acoust 2017; 123: 47-54.




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 266
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Average
  /ColorImageResolution 175
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50286
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 266
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Average
  /GrayImageResolution 175
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50286
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 900
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Average
  /MonoImageResolution 175
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50286
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox false
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (U.S. Web Coated \050SWOP\051 v2)
  /PDFXOutputConditionIdentifier (CGATS TR 001)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /Unknown

  /CreateJDFFile false
  /Description <<
    /ENU <>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        9
        9
        9
        9
      ]
      /ConvertColors /ConvertToRGB
      /DestinationProfileName (sRGB IEC61966-2.1)
      /DestinationProfileSelector /UseName
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements true
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MarksOffset 9
      /MarksWeight 0.125000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /UseDocumentProfile
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
  /SyntheticBoldness 1.000000
>> setdistillerparams
<<
  /HWResolution [288 288]
  /PageSize [612.000 792.000]
>> setpagedevice


