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ABSTRACT* 

Different design recommendations for stage design and 

parameters for objective measures of the stage conditions 

have been proposed. They aim to provide the right balance 

to each musician on stage, consisting in hearing one-self 

(support) and hearing others (ensemble). These aspects 

become even more challenging for open-air acoustic shells. 

The paper presents the case-study of ReS, an acoustic shell 

developed in the frame of “Villa Pennisi in Musica” 

Summer School, a “learning by doing”-based workshop 

approach that promotes the integration of acoustics, digital 

optimization and technology in an environment that 

involves musicians with different levels of expertise. This 

paper focuses on the results of a measurement campaign on 

five different configurations of the acoustic shell. The 

design elements related to the reflectors array and sound 

diffuser have been considered separately and in 

combination to investigate their effects on the objective 

stage acoustic parameters that is early and late support 

(STearly and STlate) and spectral content. To this aim, the 

musicians’ configuration of a sestetto has been considered. 

The results show that ST parameters are little sensitive 

(differences <1dB) to the presence of the reflectors array 

and diffuser, however some significant spectral effects 

could be attributed to these design elements. 
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1. INTRODUCTION 

Acoustic shells [1, 2] have been attractive for different 

open-air performances from the reuse of ancient spaces [3-

5] to other experimental and commercialized solutions [6-

7]. Besides the challenging acoustic conditions of the 

audience, concert halls need to provide a proper acoustic 

environment to the musicians on stage. This aspect 

becomes even more challenging for open-air concert halls 

that generate the main important acoustic reflections 

through an acoustic shell only. More evidence on the 

objective and subjective aspects related to the stage design 

criteria for acoustic shells is still needed. To this aim, this 

work presents an investigation on the stage acoustics of 

different conditions of an acoustic shell used for open-air 

chamber music performances. 

Several stage design recommendations proposed in the 

literature [9-11] highlight that the importance of the stage 

acoustic environment is two folded: a musician should be 

able to hear one-self and the others. However, since the 

process of making music is interactive, the musicians 

automatically adapt to their environment, which makes it 

more difficult to find relations between objective and 

subjective aspects on a stage. A detailed summary of the 

most important findings on stage acoustics has been 

presented in Barron [12]. The most used metrics to 

objectively characterize the stage acoustics, included also in 

ISO 3382 standard [13], have been proposed by Gade [9, 

10]. These are stage support (STearly and STlate) validated 

based on both laboratory and field experiments. The 

definition of ST is given as the energy ratio of the reflected 

energy to the direct sound energy, expressed in decibels. 

Continuous research on objective and subjective 

experiments has led to stage acoustical parameters 

improvement to better relate acoustical design to perception 

for musicians, i.e. impression of support and ease of 

ensemble [12, 14]. However, the different needs of various 

types of musicians and individual preferences make the 

generalization of the results very difficult and challenging. 

Moreover, it is highlighted that stage acoustical conditions 
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are very diverse, even within a single hall. Beranek 

suggested a preferred range of STEarly (-14.4 to -12 dB) 

based on field measurements and conductors' survey results 

[15]. In other studies, the range of STEarly simulated and 

measured using computer simulation and scale model has 

been reported from -18 to -8 dB, for various hall conditions 

[16].  Abdou and Guy [17] report tolerance bounds -12 to -8 

dB and Bradly [18] reported evidence from 13 halls 

measurements in the range -14.3 to -9 dB.  In summary, the 

ISO 3382 indicates typical ranges of -24 to -8 dB for STearly 

and -24 to -10 dB for STlate. It can be observed that there is a 

wide range of variability and that these parameters still do 

not have a defined Just Noticeable Difference (JND), which 

makes it difficult to estimate the significant effects of 

specific design choices. Moreover, while very often these 

parameters have been correlated to subjective data in large 

orchestras on stage [19, 20], while there are several open 

questions for small and open-air concert halls.  

 

 
 

 
 

Figure 1. Sestetto Stradivari in Villa Pennisi in 

Musica 2021 Concert: acoustic shell and audience 

sitting in the garden (upper photo by Flavio Iannello). 
 

This paper focuses on the results of a measurement 

campaign on four different configurations of an acoustic 

shell used on the stage for an open-air concert of chamber 

music (Figure 1). The design elements related to the 

reflectors array, sound diffuser, and shell boundaries have 

been considered separately and in combination to 

investigate their effects on the objective stage acoustic 

parameters that is early and late support (STearly and STlate) 

and spectral content. To this aim, the musicians’ 

configuration of a sestetto has been considered.  

 

  

 

Figure 2. Main geometrical features of ReS: 

H=4.40m; H1=2.30m; D=5.70m; D2+D3=4.20m; 

W=7.90m; W1=4.00m; α1=20.4°; and α2=26.5°. 

2. METHODS 

2.1 Acoustic shell 

ReS (Resonant string Shell) has been built since 2012 as 

part of an architecture and music workshop [21] that takes 
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place every year in Acireale (Sicily, Italy) in August. The 

structure has been subject to different iterations and shape 

optimization each year since then, being part of a 

pedagogical process that involves different disciplines.  

It is an acoustic shell for open-air chamber music concerts 

and it has been thoroughly described in previous 

publications [22-24]. The main structure is inspired by a 

gramophone shape reaching a width of around 8 m at the 

front and a depth of approximately 5m. It is built in spruce 

wood with a reticular load-bearing structure hidden by an 

inner surface of slatted elements glued together. An array of 

square HDF (High density Fiberboard) panels [25] and a 

Schroeder-type diffuser are mounted over the center-front 

part of the stage ceiling and rear wall, respectively. The 

array covers a trapezoidal shaped area located over the 

musicians at the front part of the stage and is made up of 50 

x 50 cm square shaped panels spaced 10 cm apart. It is 

divided in two main parts with two orientations: the inner 

part is made of 13 full and 6 tailor cut panels and is oriented 

towards the musicians and first rows of the audience; the 

outer part is made of 14 full and 4 tailor cut panels and is 

oriented towards the audience.  

The main shell is formed by a succession of three 

hexagonal pyramid trunks measuring approximately 4.3 x 8 

m at the proscenium and 2.2 x 4 m at the rear part. The 

stage has a height of 1 m with respect to the audience level 

(Figure 3). 

The inclination of the planes of the shell is optimized with a 

MOGA (Multi-Objective Genetic Algorithm) designed with 

two main objective functions: the first is that of maximizing 

sound pressure in absolute terms and the second is that of 

distributing the sound as uniformly as possible over the 

audience [24]. The acoustics of the audience area will not 

be discussed in the present work. 

2.2 Stage measurements 

A common formation for the concerts within this acoustic 

shell is that of a string sextet, Sestetto Stradivari, which 

includes two violins, two violas, and two cellos. The layout 

used by the musicians is shown in Figure 1 and 2. Five 

measured configurations have been tested as shown in 

Figure 4:  

• C0) a reference configuration with only the stage 

platform and without ReS; 

• C1) full configuration with ReS, reflectors array and 

Schroeder diffuser. This configuration has been 

indicated as the preferred configuration by the 

musicians of the sestetto through informal interviews; 

• C2) full configuration with ReS and without the 

Schroeder diffuser;  

• C3) full configuration with ReS and without reflectors 

array; 

• C4) full configuration with ReS without reflectors 

array and Schroeder diffuser. 

 

  

Figure 3. C0) The reference configuration of the 

stage without ReS and the measurement set-up in C3 

configuration. 

 

 
 

Figure 4. Four measured configurations: C1) ReS 

with reflectors array and Schroeder diffuser, C2) ReS 

without the Schroeder diffuser, C3) ReS without 

reflectors array and C4) ReS without reflectors array 

and Schroeder diffuser. 

 
The stage acoustical parameters for the five configurations 

were measured on an empty stage (Figure 3 and 4). The 

measurements were conducted with an omnidirectional 

loudspeaker (B&K type 4296) and omnidirectional 

microphones (NTI Audio-XL2). As shown in Figure 2, 

measurement positions were selected such that they could 

be representative of the exact positions used by the sextet. 

For this study, the sound source was located at a common 



10th Convention of the European Acoustics Association 
Turin, Italy • 11th – 15th September 2023 • Politecnico di Torino 

 

 

position (R1) used by the principal violinist of the sextet in 

most of the concerts, and in R2 which has been considered 

for comparisons. Both positions have been considered 

reciprocally as sources and as receivers. Stage support 

parameters have bee derived from the impulse responses 

measured on the stage in R1 and R2. The distance between 

the sound source and receiver was maintained equal to 1 m 

and the measurement height was set at 1.35 m from the 

stage floor. This height is considered as representative of 

the different instruments played on stage, in particular for 

the violins. Acoustical parameters, STEarly and STLate, were 

calculated from the measured impulse responses using the 

plug-in AURORA for Audacity [26]. STEarly is defined as 

the logarithmic ratio between the early reflection energy (80 

ms) and the direct sound energy (10 ms). The reflection 

energy used for stage support late (STLate) includes late 

reflections beyond 100ms up to 1000 ms [9, 10]. Both of 

the ST parameters are averaged over the 250 to 2000 Hz 

octave bands.  

3. RESULTS 

STEarly and STLate results have been presented in Figure 5 for 

C0, C1, C2, C3, and C4 configurations for both R1 and R2 

positions (source in R2 and R1, respectively). It can be 

noticed that STEarly is within the typical range indicated in  

the ISO 3382-1, i.e. -24 to -8 dB. The values are between -8 

and -9 dB for C1, C2 and C3, and slightly lower than -9 dB 

for the C4 configuration, which does not have the reflecting 

array and the rear wall diffuser. The values of this 

parameter reach -21 dB for C0 when no acoustic shell is 

used. 

 

 

 
Figure 5. STEarly and STLate results for C0, C1, C2, 

C3, and C4 configurations for both R1 and R2 

positions (source in R2 and R1, respectively). 
 

 

 

 
Figure 6. Measured impulse response spectral content results for C0, C1, C2, C3, and C4 configurations for both 

R1 and R2 positions (source in R2 and R1, respectively). 
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STLate results rely between -27 to -28 dB for C1, C2, C3 and 

C4. These values are slightly lower than -28 dB for the R1 

position for C3 and C4, which are the conditions without 

the reflecting array. The values of this parameter decrease 

above -30 dB for C0 when no acoustic shell is used. 

Overall, the values of STlate result above the typical range 

indicated in the ISO 3382-1, i.e. -24 to -10 dB. 

It can be highlighted that the effects of the presence of the 

acoustic shell are more evident on the STearly, i.e more 

variability between the C1-4 configurations with respect to 

the C0 one is present for this parameter compared to the 

STlate values. However, the small differences observed for 

the ST parameters between the C1-4 configurations do not 

highlight any significant difference on the use of the 

diffuser and reflecting array. 

Given the limited sensitivity of ST parameters to describe 

the feedbacks of the musicians of the sestetto who indicated 

a clear preference regarding the C1 configuration, it was 

necessary to investigate the effects of the presence of each 

element by comparing the spectral contents in detail (Figure 

6). As mentioned in the introduction, there is still no defined 

values regarding the JNDs of the ST parameters, which 

makes it difficult to estimate significant variations.  

The spectral comparisons highlight some differences 

mainly above 1000 Hz. The presence of the acoustic shell 

C4 compared to the reference C0 condition decreases and 

increases the peaks in specific areas of the spectrum. For R1 

it can be observed a decrease of the energy between 1000-

2000 Hz and an increase between 2000-3000 Hz. 

Furthermore, a decrease of energy can be observed at 

higher frequencies. For the complete configuration C1 

compared to C4, it could be observed that the main 

differences are within the 1000-2000 Hz frequency range. 

This is similarly observed also for the C2-C4 comparison. It 

could be considered as a main effect of the presence of the 

reflectors array. When the C3 is compared to C4, it emerges 

that the C3 presents higher energy at 1000-2000 Hz and 

above 4000 Hz for R1 position. R2 position presents lower 

values in the range 2000-3000Hz. It could be observed that 

C1 maintains manly the features affected by the presence of 

the reflecting array, i.e. C1-C4 and C2-C4 comparisons 

seem very similar, compared to the configuration with the 

diffuser.  

4. CONCLUSIONS 

This paper focused on the results of a measurement 

campaign of the early and late support parameters, STEarly 

and STLate, for five different configurations (C0-C4) of an 

acoustic shell used on the stage for open-air chamber music 

concerts. The design elements related to the reflectors array, 

sound diffuser, and shell boundaries have been considered 

separately and in combination to investigate their effects on 

the objective stage acoustic parameters and impulse 

response spectral content. To this aim, the musicians’ 

configuration of a sestetto has been considered.  

The results showed that the effects of the presence of the 

acoustic shell are more evident on the STearly, i.e more 

variability between the C1-4 configurations with respect to 

the C0 one is present for this parameter compared to the 

STlate values. The STearly results within the the ISO 3382-1 

typical range values, while the STlate is shown to be lower 

than the lower boundary limit (-30 dB). This could be 

attributed to the open-air performance space condition. 

Some relevant differences could be observed in the spectral 

content, showing the importance of the presence of an 

acoustic array, which might have a significant effect on the 

subjective response of the musicians on stage.  

Further subjective investigations could help to gain more 

evidence on the significance of the observed differences. 

Moreover, directional microphone arrays could be used to 

capture spatial information on the reflections arrival at the 

musicians location. 
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