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The different options, indicated above, suggest some comments: 

 In the first option, the replacement has been performed on the vertical panels of the 
audience area and part of the roof. The stage has not changed because the original 
material is highly reflective, which is ideal for the sound is radiated into the audience. 

 In the second option, it has reduced the number of surfaces of replacement material, 
the surface covered with the new material is just located at the back of the auditorium, 
the reasons for that site are: first, minimize late reflections which can impair the acoustic 
quality of the room and second cut down sound pressure level in these areas due to the 
proximity of different reflective surfaces. The proposal number two can flatten the curve 
representing the reverberation time as a function of frequency. But the ratio between 
the values at low and medium frequencies will not be correct. 

 The third option proposes a material with higher absorption coefficient in the central and 
high frequencies region in the audible spectrum. This option improves the ratio between 
the values at low and medium frequencies of the reverberation. 

 The fourth option gives the room a little more liveliness, replacing part of the finishing 
material of the auditorium, in the vertical walls and ceiling, with another material whose 
highest absorption is mainly presented in the medium part of the spectrum. The reason 
for the choice of this material is because the midrange area of frequencies is the section 
of the audible spectrum which requires greater absorption due to the RT has the 
maximum value in this part of the spectrum. The faces occupied by this material are 
located in the back half of the room, combining absorbent and reflective surfaces for 
better sound distribution. 

 The fifth option tries to find a compromised solution, so that although the site does not 
provide perfect results either for music or speech, this solution could be considered 
correct, and even "good" for both, improving the sound distribution and the relation D/R, 
direct sound vs. reverberated sound. In this option, it has been used two types of 
materials: absorbent material, as fiberglass or mineral wool, and absorbent panels 
drilled. 

 
 
 

3. ANALYSIS OF THE ACOUSTIC PARAMETERS RELATED WITH THE 
REVERBERATION TIME IN FIVE OPTIONS REVIEWED 
 

The analysis of the acoustic parameters, RT, RTmid, IBrigthess and IWarmth, are presented in 
a graph and a table in order to evaluate each trial in a clear and intuitive way. 
Graph 2 shows the reverberation time as a function of frequency in the Auditorio 400 with the 
original materials in relations with the simulation obtained from the EASE program taking in 
consideration the changes in the five options cited above to improve the acoustic of the hall. 
 

 

Graph 2. Average reverberation time as a function of frequency at Auditorio400, measured and 
simulated for the five options proposed.  
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Table 2 shows the values of the acoustic parameters directly associated with the absorption of 
the enclosure: The average reverberation time (RT), the reverberation time at medium 
frequencies (RTmid), index of brightness (IBrightness) and index of warmth (IWarmth): 
 

 OPTION 
1 

OPTION
2 

OPTION
3 

OPTION  
4 

OPTION  
5 

A
co

us
tic

 

Pa
rm

et
er

s 

RT (s) 1,03 1,49 1,04 1,44 1,18 

RTmid (s) 0,86 1,70 1,07 1,35 1,22 

IBrightness 0,92 0,87 0,89 1,11 0,93 

IWarmth 1,98 0,95 1,20 1,31 1,09 

Table 2. Acoustic parameters for the different improvement options. 

Comments on this table and its relation to the recommended values for the parameters 
associated with the reverberation [9], [10], are indicated below: 

 The first option, although it would be appropriated to speak signal in terms of RT, 
RTmid, and IBrightness, nevertheless it would not be adequate for the IWarmth, its 
value is too high. Another downside of this solution is the profile of the frequency 
distribution of the reverberation time, in low frequency suffering excessive boost 
causing move away significantly from the flat profile sought. 

 The second option would be focused for musical performance, meeting the objectives 
for RT, IWarmth and IBrithness but it would not be correct for the RTmid. The frequency 
distribution of the reverberation time is rather homogenous and flat than in the first 
enhancement option, nevertheless it is not ideal because high values are obtained at 
the center frequencies which cause the data RTmid is above the desired. 

 The third option would fulfill all the requirements for proper transmission of speech. The 
frequency distribution of the reverberation time is quite correct, the curve approaches 
largely the sought flat profile, presenting a slightly increase of RT at low frequency, but 
perhaps it can be highlight an excessive fall in high frequency. The problem with this 
result is that being a multipurpose hall for musical performances the room would be a 
little "dry" or "dead". 

 The fourth option would be advisable in case that the site is devoted solely to music 
events. The frequency distribution of the values of the reverberation time has a profile 
quite correct but it would be advisable that the reinforcement suffering in time 
reverberation in bass areas was not as dramatic as the drop in treble areas. 

 The option number five would be a compromise solution recommended for the Auditorio 
400 as a multipurpose room. This option meets the objectives in terms of brightness 
and warmth. The average reverberation time and reverberation time at medium 
frequencies take intermediate values between the numbers recommended for speech 
and for music. In case it was required more reverberation for music signal, it could be 
increased with the use of electroacoustic reinforcement. 

 
 
 

4. ANLYSIS OF ACOUSTIC PARAMETERS IN A PROPER SPEAKER SETUP FOR 
SPEECH AND MUSIC DERIVED FROM FIFTH OPTION. 

 
The Auditorio 400 is a multipurpose hall and in addition to improve its acoustic quality in terms 
of absorbent materials, it was decided that the best option is the fifth one. To complete the 
acoustic design some electroacoustic reinforcement must be added depending on the action to 
be performed inside the auditorium: a concert, a lecture, a theater representation, a table round, 
etc. Previous studies from the authors, have defined two possible arrangements of sound 
sources suitable for speech and music. [11]  
At this point, the paper will present some acoustic simulation using the program EASE 
performing studies for various acoustic indices: Sound pressure level, SPL, clarity of speech, 
C50, clarity of music, C80, index of speech intelligibility, STI, loudspeaker overlap with the 
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which is working and studying at the present moment. Different solutions are being evaluated 
within the diverse possibilities offered by variable acoustic systems: curtains, movable panels, 
changes of the volume, etc. It would be chosen the system which would accommodate the 
Auditorio 400 for different activities taking in consideration the best option in terms of 
architectural, aesthetic and economic aspects. 
 
 
 

6. REFERENCES. 
 

[1] Photograph of Auditorio 400. 
Consulted in : http://www.museoreinasofia.es/museo/alquiler-espacios, June 2013 

[2] Photograph of Auditorio 400.  
Consulted in: http://www.museoreinasofia.es/en/museum/venue-hire, June 2013 

[3] Photograph of Auditorio 400 
Consulted in: http://www.injuve.es/creacionjoven/noticia/concierto-de-musica-
contemporanea, June 2013. 

[4] SHIOKAWA, H, RINDEL, J.H. “Comparisons between Computer Simulations of Room 
Acoustical Parameters and Those Measured in Concert Halls”. Report of the Research 
Institute of Industrial Technology, Nihon University Number 89, 2007. 
Consulted in: http://www.odeon.dk/pdf/Shiokawa07.pdf, January 2011. 

[5] CARRION, A., ”Diseño acústico de espacio arquitectónicos”, Ediciones UPC, Barcelona, 
Spain, 1998. 

[6] ARAU, H., “¿Es el criterio acústico el paradigma de la excelencia acústica en el diseño de 
salas?, Coimbra, Portugal. Proceedings of  Acústica 2008, 2008. 
Consulted in: http://www.arauacustica.com/files/publicaciones/pdf_esp_24.pdf, May 2010. 

[7] DEL CERRO, E., ORTIZ, S., “Study and adequation of Nouvel´s Auditorio 400 at Museum 
Reina Sofia in Madrid”, Evora, Portugal, Proceedings of Tecniacustica 2012, 2012. 

[8] RENKUS-HEINZ,Inc., Berlin, Germany, “EASE User´s guide ADA”, Germany, October, 
2009 

[9] BERANEK, L.L. “Music, Acoustics and Architecture”. New York, USA, Wiley, 1965. 
[10] -----“Optimum Reverberation Times”  

Consulted in: http://www.acousticalsolutions.com/optimum-reverberation-times, September 
2011. 

[11] DEL CERRO, E., ORTIZ, S., “Study of the acoustic of Jean Nouvel `s Auditorium 400, at 
the Museum Reina Sofia in Madrid “”, Montreal, Canada, Proceedings of ICA2013, 2013. 

[12] MARSHALL, L.G. ”Speech intelligibility prediction from calculated C50 values”, New York, 
USA, Journal of Acoustical Society of America, Vol. 98, Nº. 5, pp. 2845-2847, 1998. 

[13] JARAMILLO, M.A., ”Acústica: la ciencia del sonido”, Bogota, Colombia, Ed: Instituto 
Tecnológico Metropolitano, 2007. 

[14] LEHMAN, W., “-----“, Stuttgart, Germany, Journal of Acustica, nº.256, 1986. 
[15] ARAU, H., “ABC de la Acústica Arquitectónica”, Barcelona, Spain. CEAC, 1999. 
[16] BERANEK, L.L., “Concert and Opera Halls: How They Sound”, New York, USA, Acoustical 

Society of America, 1996. 
[17] KAHLE, E., “Validation d´un modele objectif de la perception de la qualité acoustique dans 

un ensemble de salles de concerts et d´operas”. 
Consulted in: http://articles.ircam.fr/textes/Kahle95c/, July 2012. 

[18] NILS-AKE, A., CHIGOT P.,” Is the Privacy Index a good indicator for acoustic comfort in an 
open plan area?, Prague, Czech. Republic, Proceedings of Inter-noise2004, August 2004. 
Consulted in: http://www.acousticbulletin.com/FR/PRIVACY_INTERNOISE.pdf, January 
2012. 

[19] JONES, R., “Inteligibilidad del habla”. 
Consulted in: http://www.cetear.com/InteligibilidaddelHablaParte2.pdf, January 2012 

[20] HOUTGAST, T. y STEENEKEN, H. J. M. “The Modulation Transfer Function in room 
acoustics as a predictor of speech intelligibility“, Stuttgart, Germany, Journal of Acustica, 
nº. 28, pp. 66-73, 1973. 

[21] ISO 9921:2004, “Ergonomics- assessment of speech communication”, Geneva, 
Switzerland, International Organization for Standardization, 2004. 




