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Abstract

This paper presents an acoustic study of the Atidi#t)0, placed in the National Museum and Center
of Art Reina Sofia, in Madrid, realized by the atebt Jean Nouvel. This hall was thought for
multiple uses and, in this moment, is used bothctmmcerts of classical music, (contemporary and
avant-garde music) and for lectures seminars anfibEnces.

In this study, two of the most relevant parameitetbe world of acoustics architectural, SPL amakti

of reverberation have been analyzed. These meaallvesus to value zones of acceptable listening,
as well as they provide to us information about ttebled zones of the room. To solve these
deficiencies the authors have chosen to adaptdiedsreinforcement system of the hall existing in
the room changing position, and quality of the eystThis solution was chosen because the Auditorio
400 is an architectural work with special valuettivaas designed by an architect of recognized
reputation throughout the world, and its possitdectural transformation is very complicated.

Keywords: Acoustics, Nouvel, Auditorio 400, RT, SPL.

PACS no. 43.55.Fw, 43.55.Gx

1 Introduction

The Auditorio 400 is a unique room located on thiemsion of the Reina Sofia Museum in Madrid. It
is a creation of the well known French architec@nI®&ouvel, Priztker Prize in 2008. It could be
classified within the group of multi-purpose auditon, sometimes it is used as a lecture hall and
other times as a concert hall. This means thattwoaistic requirements demanded of the room are
different when the hall is used for voice or itiended to music.

This document makes an assessment of the acoqstidity, in order to study the problems and to
think about where and how the problems can be foand, in this way, try to choose the best
solutions. Among the magnitudes and most relewatesrto assess the sound quality of a room are the
following: RT, SPL, C50, C80, STI, ALcons, ITD Gdp, etc. The authors analyzed the room, and in
a first approximation, the parameters that thegistly from measurements “in situ”, were RT and
SPL.
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Figure 1- Auditorio 400 Reina Sofia Museum Extensighotography: José Luis Municio

2 Study / Analysis of reverberation time

The reverberation time is considered one of thetimygortant factors in an acoustic studio. During
the last decades of twentieth century, it was thodlat the reverberation time was not critical to
make an assessment of the sound quality of aHhallever, in recent years, the reverberation tinge ha
again become relevant and is considered one ohtst important factors in acoustics room assessing

[1].

Figure 2 - Location of measurement points of the Rditorium 400. Plant image courtesy
LIEM

2.1 Results of measurements of reverberation time.

Measurements on site have been made accordingQd@3882-1/2009 [2]. The distribution and the
choice of measurement points, Figure 2, were ssldntaccordance with this standard. Table 1 shows
the results of these measurements.
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Table 1 - Reverberation time in different measupo@ts and valued medium.

F(Hz) | KT (8)| RT() | RT (s) | RT (s) | RT(s) | RT(s) | RT(s) | RT(s) | RT(s) | RT(s) | RT(s) | RT(s) | RT(s) | RT (s) | oo o
Pto.A | PtoB | Pto.1 |Pto.2 | Pto.3 | Pto.4 | Pto.5 | Pto.6 | Pto.7 | Pto.8 | Pto.9 | Pto.10 | Pto.11 | Pto.12 (s)
100 1.33 1.05 1.35 1.48 1.31 139 | 0.70 1.17 1.18 1.35 1.33 1.82 1.38 1.62 1.30
125 1.33 1.07 1.52 1.64 1.59 1.31 1.76 1.26 1.82 1.55 1.50 1.18 1.44 1.25 1.38
160 1.19 1.13 1.58 1.17 1.35 1.19 1.20 1.63 1.23 1.34 | 1.63 1.40 1.33 1.53 1.39
200 1.29 136 | 1.39 1.29 150 | 1.59 | 1.59 1.50 1.52 1.86 | 1.49 1.69 1.49 1.37 1.42
250 1.88 | 1.71 1.76 1.95 1.46 166 | 1.87 | 2.01 | 2.07 164 | 1.79 | 2.06 1.77 2.09 1.66
315 191 1.83 | 2.02 2.12 1.98 1.63 1.78 1.76 | 2.06 1.81 1.69 | 2.03 1.89 1.61 1.85
400 1.89 | 1.89 | 2.02 222 | 211 1.80 | 2.26 | 2.01 198 | 2.19 | 2.01 2.04 1.97 1.87 1.94
500 214 | 219 | 211 2.03 212 | 2.02 | 211 238 | 237 | 2.09 | 2.25 2.20 2.28 2.25 2.10
630 2.05 197 | 193 2.05 | 2.03 216 | 2.08 | 230 | 2.12 | 2.04 | 2.25 2.01 2.20 2.15 2.14
800 214 | 220 | 2.20 | 2.33 216 | 2.13 | 2.18 1.99 198 | 2.14 | 2.18 | 2.05 221 1.96 2.11
1k 2.07 | 2.20 | 2.27 212 | 2.18 | 2.15 | 2.25 246 | 2.26 | 2.11 | 2.13 1.96 2.25 2.22 2.16
125k | 2.17 | 2.28 | 2.29 230 | 230 | 236 | 231 234 | 226 | 231 | 232 2.36 2.39 2.28 2.24
1.6k 240 | 237 | 245 242 | 244 | 240 | 247 244 | 231 | 237 | 234 | 242 221 2.43 2.35
2k 224 | 230 | 2.32 228 | 234 | 230 | 248 | 236 | 232 | 240 | 2.28 | 230 2.38 2.32 2.36
2.5k 225 | 2.24 | 2.35 235 | 237 | 229 | 2.29 2.33 239 | 239 | 232 2.37 241 2.32 2.33
315k | 2.21 | 2.27 | 2.29 224 | 222 | 224 | 230 | 225 | 222 | 219 | 2.25 2.27 221 2.26 2.29
4k 197 | 2.07 | 2.08 | 2.03 2.02 | 202 | 2.06 | 2.03 199 | 2.03 | 2.01 2.00 2.13 2.11 2.14
5k 1.70 | 1.73 1.71 1.73 1.78 1.71 1.75 1.68 1.70 | 1.77 | 1.76 1.66 1.74 1.75 1.88
6.3k 1.40 | 1.38 | 1.40 1.37 1.42 1.43 1.41 1.47 1.38 1.37 1.39 1.42 1.39 1.34 1.56
8k 1.04 | 1.02 1.05 1.09 1.10 1.05 1.10 1.07 1.06 1.05 1.10 1.00 1.02 1.04 1.22
10k 0.79 0.77 0.78 0.80 0.83 0.81 0.81 0.78 0.80 0.80 0.81 0.78 0.75 0.77 0.92

The table 1 shows, for each position, differenbaod to assess intuitively the margins of variatbn
the reverberation time
RT>2s pink 1.5SRT<2s blue ERT <1.5s green RT <1s orange

The color consistency and chromatic uniformity he tdifferent frequencies can assert that the
reverberation time values at different points hayreat similarity. In consequence, it is fairly
consistent, to work with the average of the revextien time like a function of frequency. This
average includes all points of measurement. Fiuseows such a representation, which displays a
significant enhancement in the RT at midrange afé& mean of all frequencies gives the RT at
Auditorio 400. This value is: RT = 1.84 s. Thisald necessary to compare the compound under
study with others similar in size and application.

Average Reverberation Time. Auditorio 400
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Figure 3-Average reverberation time as a functibineguency
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2.2 Evaluation of the reverberation time.

The reverberation time in the Auditorio 400 is quitigh compared to other concert halls with great
prestige in the world of classical music, accordimghe studies realised by Shiokawa, H. and Rjndel
J.H. [3]. Its order of magnitude is similar to thdsalls, but the volume of Auditorio 400(4000m3) i
significantly lower. Therefore, with these measueais, the first conclusion reached is that the
reverberation of the room is slightly higher forteen types of music (especially for chamber music
and electroacoustic music), and significantly higioe the use of voice.

Regarding the frequency profile of the reverberatime, it must be comment that does not follow the
usual chart form of RT vs. frequency at recognieeacert halls [4], [6]. It is advisable that théated
graphic at Auditorio 400 would be as flat as pdssiith a slight bass boost. This curve leads &b th
the parameters associated with the reverberatina s a function of frequency do not meet the
recommended values. These indexes are: reverberéiniee at medium frequencies (Tmid.),
Brightness (IBrightness) and Warmth (IWarmth).

The reverberation time at medium frequencies inAihditorio 400 reaches the value, Tmid = 2.13 s.

If we take as a model the criteria established yuAH. based on usage and size of the enclos)jre [6
this number is significantly high and the room wblde too “alive” for the audience. Arau, H.
proposes that if the main use is for music, Tmiousth be in the range 1.5s to 1.8s and between 0.84s
and 1. 29s if the use is for voice.

Brightness gives an insight into the behavior efribom at high frequency. It is associated withitgla
and harmonic richness and depends directly onalaionship between the amount of reverberation
time at high frequency (2 and 4 kHz) and midrang@0Hz and 1 kHz). In the auditorium studio
reaches a value of IBrightness = 1.05. The catbdata meets the specifications given by different
authors [4] [6], because it is higher than 0.8 lecommended that this parameter would be asdsgh
possible. Nevertheless, it is rare that it reaehvillue of 1 and even that it surpasses thesesvdlige

to the air absorption becomes considerably sigmtfién the upper audio spectrum area. In Auditorio
400, IBrightness exceeds the limit set by the valukie to “singular” evolution of reverberation &m
with frequency. Like it was explained before aniiteflected in Figure 3, RT displays high valires
the frequency range from 2 to 4 kHz. In consequgthi® leads that IBrightness reaches a valueighat
hardly matched by other auditoriums.

Warmth is related to the behaviour of the roomasdfrequencies. It is said that a room has “aimust
warmth” if it has good response in the lower augj@ctrum. The bass sound has an energy that
provides greater depth and strength to the musie.numerical value of the warmth is obtained as the
ratio between the sum of the reverberation timefiequencies of 125Hz and 250Hz and the sum of
the reverberation time at 500Hz and 1 kHz. Themanended value is usually about 1.2 [6]. In the
Auditorio 400 the information that reaches this gmaeter is: IWarmth = 0.71. The number is
significantly lower than the advisable, and in ansence, the bass response in the room is not
recommended.

3 Study / Analysis of pressure levels.

The sound pressure level is an objective measunearts of a clearly defined physical quantity,
making it one of the parameters that may reflectenabosely what happens from the standpoint of
sound in the Auditorio 400. Studies carried outdoyglo, Y. [7] and Fuijii, K. [8] confirm this opinian
The mentioned authors have made the acoustic stéiqyestigious concert halls focusing their
analysis on the spatial distribution of pressuvel&on the wards.

In order to analyze the behavior of the room, #sults obtained will be present with two different
configurations of speakers: the first one with osbund sources on stage and the second one with
sound sources around the perimeter of the audid¢hiseconfiguration is known as “crown”. In both
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cases, the source signal used is pink noise, ttysasathe influence of the room at different
frequencies.

a) b)

Figure 4 - Location of the speakers at the two measent situations.
a) Sources on stage. b) Sound sources around dienae.

3.1 Sources sound on stage.

In this situation, the sources activated were dainly on stage, trying to simulate the conditiohs
issue / radiation from a live orchestra.

3.1.1 Results of measurements of the pressure of soundusces on stage.

The Figure 4 shows how the pressure level in thditAtio 400 is falling with increasing frequency

Average Pressure Level as frequency function
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Figure 4- SPL as frequency function with sound sesionly at the stage

A more exhaustive analysis is presented in Figurk Shows the distribution of pressure levels in
different parts of the auditorium, through a plapresentation of the pressure level across thesenti
band and the most significant one-third octavelioth, voice and music. In order to have a better
valuation for each area in the hall, it has beargasd a colour to the different dB thresholds.
The one-third octave selected was chosen withdl@afing criteria:

- 100Hz: Fundamental frequency of the male voice

- 200Hz: Fundamental frequency of the female voice.
- 400Hz: Frequency key for musical reference (diappso
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- 1000Hz: Frequency key to the room acoustics (test)t

- 3150Hz: Frequency key to evaluating the “musicakpnce”.

- 10000 Hz: Frequency where we find lots of harmanics
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Figure 5 - Distribution plant pressure levels inidBhe Auditorium 400 in the whole band and in the
one-third octave more significant: a) the entiradya) 100Hz ¢) 200Hz d) 400Hz, and ) 1kHz, f) 3.13
kHz, g) 10kHz when the sources are located onltherstage.

3.1.2 Evaluation of the pressure level of sound sources Gtage

The figure 4 displays the curve of the averagesureslevel versus frequency. It shows a fall fairly
uniform. The reasons for this result can be founthe presence of subwoofer loudspeakers, which
reinforce the signal at the low end, the absorptibelements of the room, although it is not vieigh
and air absorption mainly located in middle arghHrequencies.
The figure 5 presents colour representation of dqurassure level at different frequencies. Aboig th
display, it can be made the following comments:
« The highest levels in the audience are in the fromts and in the central area. This is logical
because they are the closest to the stage andrédotiah of maximum radiation from the speakers
is focused toward the centre of Auditorium 400. Toweest level is 80.8 dB in the last row and the
highest in the first row 85.3 dB. The differenceti§ dB, meaning a clearly noticeable difference.
This difference reaches to a concept that in siziss called JND (Just Noticeable Difference) [9]
The variation of the values of pressure levelsighdr in the row direction than from the center

towards walls.
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* The pressure level on stage is higher than theofetste room because all the sound sources are
located there. The distribution is fairly uniforfhe difference between the maximum and the
minimum is only 1.3 dB.

e At a frequency of 100Hz, there are SPL significattigh on the stage. The reason is that these
measurements were made close to the subwoofers.

» The sound pressure at different areas in the hedlgmts a greater irregularity at 100Hz and 200Hz
than in high frequencies. The reason is that th&lsnthe frequency is the higher the influence of
the maximum and the minimum of pressure becausthefgeometry and dimensions of the
auditorium.

» The consistency of the SPL levels at midrange estduhe speakers, in this frequency region, have
a fairly flat frequency response and high sensytisettings.

* The values of the pressure levels at 10kHz arerlofan the SPL of frequencies discussed above.
The reasons may be due to the radiation efficiesfcthe speakers is lower in this frequencies
range, the maximum radiation beam is reduced, dads sources are more directive and local
absorption is higher.

3.2 Sources surround sound to the audience.

In this case, the sources were located around @ulith the aim of evaluating the effect of electro-
acoustic sound reinforcement system.

3.2.1 Results of Pressure Measurements of the sound soascsurrounding the audience

As in the previously analyzed speaker arrangententlli be presented the results obtained for the
average pressure level versus frequency, Figuae @ell as its study in frequency.

Average Preesure Level as frequency function
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Figure 6 - Pressure Levels Depending on the freguehsound sources surrounding the
audience area

The figure 7 displays the study in frequency. {tegi special attention to the degree of homogeireity
the level of pressure throughout the audience aFbi representation assigns a color to decibel
margin. The degree of color uniformity indicates tlegree of uniformity of the pressure level.
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Figure 7 - Distribution plant pressure levels inidBhe Auditorium 400 in the whole band and in the
one-third octave more significant: a) the entiradya) 100Hz ¢) 200Hz d) 400Hz, and ) 1kHz, f) 3.15
kHz, g) 10kHz when the sources are located ardumcudience area.

3.2.2 Evaluation of the pressure level of sound sourcesrsounding the audience.

The evolution of the pressure level with frequerfeiggure 6, shows that the profile of the chart is
more irregular than in the case of the sound ssurcthe stage, and it does not occur a fallinglgia

so uniform as in the previous case. Neverthelesgvirall appearance of the graph is a fall of 8PL
the high frequency area. The representation ofdrigbund pressure level does not correspond to the
lower frequencies. The reason may be the absensgbefoofers. The graphic shows an answer more
irregular, because of the arrangement of speakeisd one to one, and this disposition may cause
constructive and destructive interference arisingréinforcements and attenuation of the signal
emitted by the sound sources.

The figure 7 displays a plan representation ofqumeslevels, from which it could be said:

« In this situation, no measurement was performetiérstage area, and no data was collected.

e The layout of the pressure levels throughout thdibdel band expressed in dB, shows the highest
value in the vicinity of the speakers, especiallythie last rows of the Auditorio 400, where sound
sources are very close to the public and the ®efgnificantly lower than in the rest of the room,
which implies greater contribution of the reflectsind.

« The analysis at low frequencies shows a greaterdty in colors than the previous configuration.
The reason is the speakers facing one to one.

* In the ones-third octave centered 1 kHz and 3.15 kHeakers radiation is more evenly than in the
remaining frequencies, therefore pressure levelsramre homogeneous.
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* In the last one-third octave analysis, 10 kHzs ihoteworthy in the central area of auditorium, the
level is lower than in others places of the halleTeason is the speakers power at high frequency
is lower than the power al medium and low frequesici

4 Adequation of the Auditorio 400

The task to improve acoustic characteristics atAhditorium 400 is especially complex for several

reasons.First, it is a multipurpose hall, and it can be impoksin find a solution for both,

intelligibility of voice and music perceptio&econd the auditorium has a volume of 4000 amd a

capacity of 400 persons. These properties makehbdtall is very big for speech lectures, andtie li

small for symphonic music. The size of the auditarindicates an ideal use as chamber music recital

hall, but in this case the reverberation time hhgjh valueThird , the design of the space is based on

big flat surfaces and that mean a big problem geoto an adequate dispersion of the sound, and

fourth, we need to make mention that the auditorium isrblematic building in Madrid. It was

designed by an important architect, Jean Nouvely &lmange in the building would be specially

complicated and very limited.

The plan to change the characteristics of the audih was established aa) choose the adequate

values recommended for several acoustic paraméleestablish the different available options that

we use to improve acoustics characteristics inthk Electroacoustic, absorption, and variable

acousticc) select the most valuable option.

In this paper, we speak only about the electrodmsslution. This option is the best option under

two aspects: economic and esthetic, although itt rhessaid that there are several parameters that

cannot be improved with only the modifications pleakers settings in the hall. For example the

reverberation time cannot be reduced with the thtetion and localization of speakers inside the

auditorium.

The fundaments of electroacoustic solution are dasethe work with speakers. This work implies

the change of some characteristic: type, posigteyation, phase and delay, level of excitation, et

It would be necessary to realized several changes the original disposition of the speakers. These

changes are based on several rules that we believwasic for the adaptation of the hall

* The sound beam or beams should be limited to e eccupied by the audience. This situation
reduces the number of speakers to be installemlyialdy higher-level radiation and reducing sound
reflections at the boundary of the site.

e ltis necessary to avoid large differences in sdardl at the listening area, differences above 6dB
among various points of reception are consideradrissible.

* The speakers must maintain a constant distanceebatihem. This reduces the sound level
differences from one area to another.

* It must be avoid, as far as possible, that the @ddagams of different speakers are overlapped.
This situation increases the clarity of spoken ragss.

Keeping these principles of design, there have Imegde a series of tests to know the most suitable

speaker configuration depending on the use of tmitério400.

Figure 8 illustrates the location of sound soufoegach proposal:

1) Two unique speakers on stage (1 and 2) arrasygadhetrically about the axis of the enclosure.

2) Two speakers on stage (1 and 2) plus two speakéne center of the stage (3 and 4).

3) Four speakers on stage (1, 2, 3 and 4), plussipeakers in the back of the auditorium, which are
part of “the crown” (5, 6, 7 and 8).

4) Four speakers on stage (1, 2, 3 and 4), fouaksgpe in the back of the auditorium (5, 6, 7 and 8)
and another speaker suspended in front of thetowaird the center of audience area (9).
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5) Four speakers on stage (1, 2, 3 and 4), fouakgpe in the back of the auditorium (5, 6, 7 and 8)
plus two speakers suspended in the center of iliegcdirected towards the center and back of the
room (10 and 11).

6) Introduction of two subwoofer speakers on stagd to the walls (12 and 13).

Figure 9 - Layout of the speakers during testingéke electroacoustic improvements.

The tests show that there are some configuratieasmmmended for the transmission of voice and
others for music production. In addition, in theeaf music, there are different solutions accardin

the type of music. As illustration, we can say tinathe case of the voice the first proposal iskibst.
Because reducing the number of speakers at minidegcreases the overlap and increases the clarity
of the voice (C50). In contraposition, the diffecerin levels between the front rows of audience and
the last one will be more evident than in the tlipdion. For music, it should be used option 4 or 5
More sound sources increase C80 (musical claaty), provide more effects and richness in musical
interpretation. The inclusion of the subwoofer gloet change very significantly the acoustic qualit
of the room. This subwoofer speaker increases thespre level in the lower spectrum which is
highly valuable in some musical compositions. Faicg, working with few sound sources, including
subwoofer, improves the clarity of the voice (Ca0)L00Hz. While the introduction of subwoofers,
what means more speakers, implies that C50 becaartls in the analysis the whole frequency band.
Therefore, if the improved treatment of Auditori@04is only electroacoustic, to get a good sound
depends on the different compositions performedreproduced. The sound engineer and the
interpreter must decide, in each case, which iarerthe most recommended options based on the
effects that they want to achieve.

5 Conclusions

The Auditorium 400 is an enclosure that presentsynddifficulties to achieve good acoustics, because
of its versatility. According to the results obtaghin the reverberation time, it can be said that t
Auditorio 400 has associated some problems withggarameter. On the one hand, the high value is a
challenge for both, music and speech, especiatlyhi® last one. On the other hand, the reverberatio
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times at medium frequencies presents high valuleis. dauses the “warmth” of the room is poor and
the “brightness “unusually high.

From the results obtained in the pressure leviiérroom for the two situations analyzed, can lie sa
that in the Auditorio 400 due to a number of fastmlated to its architecture and the arrangement o
speakers can presents problems in achieving a hmmeogs distribution of the pressure lewglthe
whole room is made with the same material thatighli reflective on smooth surfaces, this can
cause the sound diffusion is not sufficient to aehidiffuse sound field conditionk) the concave
surfaces of the roof is likely to give rise to centrations of the sound rayg,the parallelism of some
surfaces of the enclosure and the speaker layaldl @@use waves that result in modes of vibration
producing maximum and minimum pressure that catoithe interpretation or reproduction of the
work, d) the low ceiling of the back of the room causegdanumber of reflections that increases the
level of pressure in that area

Moreover, look at possible improvements is comppdidaas said before, by two aspects, the economic
and the aesthetic. Accordingly, the electroacoustdiation is the best one from the point of view of
these two aspects, but it is not so good from tbeustic quality criteria. The electroacoustic
processing allows slight improvements but not saifl ones. In order to get a valuable acoustics a
Auditorio 400 it must be addressed the option afuatic variable. This will make the hall fits the
conditions required for the type of message repredwr interpreted, word, music or both.

Finally, it must be observed that this work will ipplemented with new studies and the
incorporation of new aspects and criteria: analydiother parameters, simulation of the current
situation of the site, comparison with measuressfin”, simulations proposals for improvements, etc
Some of these new proposals have been alreadyrimapted or are being carried out.

This new studies will be presented at future lextwor new articles.
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