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Thii paper addresees an issue r e i m t  in the firsi stage of d e s i  aameiy, the mathemliticai relationsitip beiwsai 
the volume of a hall, h size o l  he audi~nce and tbe r e m k m h  th Feqriired to conforrn with the hall's 
acoustical d . T b e  pmctical formulne dedved fmm tfaethmy, which ii b m d  oa tbe e d i s  Andlnp of B& 
nnd Kosten, are very d u l  Fw thc prtdiction of ibe mid f q u w c y  mabmion time whni the volums and t k  
nuditnct size are known IR addilion. thcgc p d c d  formulae may be uwd io iheearly design phase to find rhe 
optimum hall volume givtn ik diente si= and lhe rnierberallon time requid to mfm wia Lhe hall's 
xwsi ic  needs. If the hall un& study is not a concnt batl but un opera M, ii is ui adjm tiu M's 
volurrae for [he absorpllve c a p i t y  ofthe audience smkd in b s .  

l .  r n 0 D U c I T O N  
Current practitioners in the fus~ st age of hall acoustical design continue using, as in olkn 
times, the rule-of-thumb nurnbers that relate the hall's volume to the totd number of sea& 
in ihe hall. 

This prac t ice suggests that ihe important findings of Beranekla and #&ten4 regarding 
the rclationship between a hall's volume, the audience size and the &don time 
quired to meet the hall's acoustical n d s  either have no[ been adquattly undersmcl or 
have nat been adequately pul into pracríce. lñerefore, further research is needed to make 
the findings of Bwanek and Kasten more usable. In this paper a heoretical consmci is 
proposed which ines to complement the studies of the above acoustical pionews and of- 
fers experimental findings based un acousticai practice. 

In addition. there has been no answer as y et to the question asked by KostenS regarding 
the relation between the reverberation time and the audience si= in opera hails "what to 
do with the volume and seated a m  of balconies such as in La Scala of Müan and ths 
Royal Albert Hall?". 

It is proposed ihat the results described in this paper, obtained by experimental approx- 
imation, be accepted as heuristic fonnulae as is the case with most practica1 enginetring 
expressions. niese results should answw the relationship between volume, audienca si= 
and r e v e h t i o n  time, for halls wih  rio other abscirption than the seated audience at 
average frequencíes of 500 to 1000 Hz. 

However, as Kosten6 has indicate., there are two typer of distribtion o i  seated audi- 
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ences. One ty pe of distribution (as found in concert halls) has mast of the audience scated 
on the main ff oor md, at times, has a very small audience seated in shallow balconies 
situared a suktantial á i s m c e  from the ceilig. TAere are no box sea&. This is the "nor- 
mal" case as depicted in Figure l .  

The sbcond type of distribution (as found in opera h o m )  has part of the audience 
seated on the main floor but a large patt of the audience sits in baiconies t h t  mupy 
sevesal levels in h e  back of the hall. niis is the "general" case depicted in Figure 2. Ia this 
case, the hall walls consist of ahorbing surfaces (audience openings) and sound reflect- 
ing surfaces (such as h e  front of balconies and rernaining walls). 

To switch from the "general" case to the " n ~ "  case it is only necessary to cover the 
audience openings w ith walls. 

Regardless of the type of distributions of seated audiences. ir is mcessq to d y  the 
effect produced by occupied seats on reverberation. 
To this e ffect, the optimal reverberation timreqd for various hall functions is re- 

viewed befare a g e d  case (opera howe) h w y  is developed. nie normal case (concert 
hall) theory Can easily be derived from the general case thmry. 

2. OETMUM REVEBBERATlON TIME 
Many dcoustic engineers and c~nsultants~-'~ have established and used the miterion of 
opt imurn reverberation time as a function of the hall's volume md &e hall's function. This 
crjterion is @ly referred to as ttie medium value reverberation time, described as 
T*,,, for frequencies of 500 and 1 0  Hz for Mls occupied by m audisnce, 

Following are fomiulac that express T,,, as a function of volume and use. have 
been obtained by a power curve fit from the gcaphs developed by Crerner? 

Concert Haih 
T,, opthnum maximum = 0.60. VO.lW 

T, optimum minirnum = 0.4245 . V081331 
Opera Eaüs 

T,,, opümum maximum = 0.509 . 
T,, optimum minimum = 0.396 . V0.I2'" 

SpeeJi Hall;s 
T,, optimum rnaximum = 0.368 . VO.l*M 
T,, optimum minimum = 0.264 , V0,13w 

The specification of the optimum werberation time for each hall acwrding 10 its use is 
essential during tht design phase in arder to obtain, besides the appropriate volume, the 
desirable acoustic qualities of a hall such as: clarity, definilion and intelligibility, etc. 

Therefore, in the first phase of the &sign, when aesthetic motives and acoustic impera- 
tives m consideredit is essentid to specify the hall's volume as a function of the da@ed 
optimum T,, and the desired audience site. 
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m SR, Area of remaining reflectant walls suriaces (Note: In thls case Sw = O) 

SA Area of audience 

So Orchectra Arsa 

Figure 1. Representation of the norma1 case. 



%, Ls the area of malning relftxiant auhces 

~w ís me aren ot iudence openings 

% Area of audienee ln h e  mak fimr 

So A n a  olorchesha pit 

sT = + ~ r e a  total daie mal" mor 

Figure 2. Representation of thc general case. 



3. APPROACH TU THE THEORY 
b t  w imagine a hall similar to thc dtscription of the general case (opera halls). Loohg  
at the hall from the inside, the boxea are part of the walls. R u s ,  the walI area consists of 
the audience openings S, and the remaining area S,, , the front of the boxes, the sides of 
the hall and the ceiling. In the normal case S, = 0. 

Let us suppose aow that the medium reverberation time T,, for an occupied hall, ac- 
cording to Kosten4, is: 

where: 

= c$ + (S,,IS,) q, + (S&) (2) 

which is the average equivalen1 horption coafficient of thc scatcd arta for the 500 and 
1000 Hz frequencies. 

V is the hall's totai air volume, including h e  baiconies @# h u d ~ c n ' ~ ,  the stagt box is 
not included); 

S, is the total floor ama, that includes the audienu area o€ the stalf seats (main fioor) S,, 
and the orchatra pit Sm (per Beranek and Kmten, the main floor seats area include aisles 
no wider than 1.5 meires); 
a, is the absorption coefficient oi the seated area*; 
%, is iht absorption coefficient of the rernaining surface areas (walls and ceiling), wbich 

are opaque and reflective*; 
%2 is ihe absorption coeficient of the opening area of the boxes, whose area will coin- 

cide practically wiih the area occupied by the seated audience in the baiconies*. 
Denoting the ratio between the sum of the audience openings S, and the total arca S, as 

8 CP = CS,JSJ: 
For the normal case (concert hails), as the audience openings are eliminated, p =  0. 

Then V will be the air volume of ihe enclosure (induding the archestra m), S,, will be 
the total remaining surface areas, S, will be the sum of audience ama S, (audience area on 
main floor and audience ama on baIconies) and orchestm a r a  S, 

For the general case, assurning that the audience seating absorbs most of the sound that 
enters inio the balconies, or thal%, O+ the following expression can be derived from 
(2): 

a,,,, = % (1 + P) + (SRllS,) %, 

For the normal case, p = O and thetefore: 

Otaim = aT + (S,,ISd %, 
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If a, is written as a function of the numbcr of people n which occupy seats (wih d u e s  
of n = O for a hall without audience, and n = N fm a completely fuU hall) and if tk fkt is 
taken into account that the andience introduces an absorption irimment q ovisr empty 
S&. and that this absorption incrcmmt is incrcased 10% through the "edge effect" 
(Beranek'), then: 

where % is the absorption ct~fficient of the untxxupied seating ama. 
lf Equation (3) is expressed as function of ihis new % then: 

Therefore, from (1) and (5) tbe following expressiw cm b obtained for remkatioo 
time as a function of the n u m h  of p q I e  n occupying seats: 

where: 
k =0.162V/ST 
k, =S (1 + B) + (S,,&) S, 
k, =(1 + P)(S*/N) (IIS,). 1.1 a, 

Thus, T(0) is tbe reverberation time of a ha11 with unoccupied seats and T(M) is the 
reverberation time of a I d  with fully occupicd seata. 

nirwgh a first order Thylor expoinsion of h e  miation ofT(n) wi th respect to n (number 
of occupied seats) between a hail wiih unoccupied seats and a hall witb fuiy occupied 
seits, the following expression can be obtained: 

This approximation is justified on the basis that the absorption incrcment p r d u c d  by 
occupied seats over unmupiai se& results h only a slilight m011 in the reverberation 
time. 

Thus, from expression (6) applied to (7): 

where 

AT = T(0) - T{N) 

If the relativc variation of reverberation time prducd between an u n ~ x u p i e d  hall md 
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a fully occupied one is denotbd by e = A T m ,  iniMtuting the val- k and 4, &en in 
(B), and by taking into amwint that T, = TCN) w h  al1 the se& are occqied, then: 

This i s  the general cam (opera house) expmssion, which relates W hall's volums, h e  
audience size and the reverberatron time. 

nie following expression de- the hdl's volume for the normal case, wben B = 0: 

The authw has found as an experimental 'due that (a&) G 1.09, which is justified, in 
Appendix A, as an average vdue of twcnty two haiis describad by Bemmkls, &nd also 
confirmcd from long y- of p t i c e  and remmh m acoustical dasiga of mmy typas of 
hall. 

Substituting this value, expressions (9) and (10) can be rewritten in a more simpiifíed 
and wful f m  as follows: 

4. EXAMPLES OF APPWCA~ON AND VALIDATION OF THE THEURY 
Following are examples of w e l l - k n m  M i s  a d  hall8 designed by the author that show 
how &se relationships may be applied, 

4.1.1 If it is desired to design a con& h d  where the d e n a  occupies an area S, = 
1390 m2and arewberation timeT,= 1.8 m n d s  is requirad,thwppIyingtbe ex- 
sion ( 1  21, yieldsV = 18416.9 m3. This would be a case &lar to tbe a ~ u s t i d y  renowned 
Boston Symphony Hall'. 

4. I -2 The author has designed. as acoustical consultant, with R Anigues and R Sanabtia, 
architects, a ncw Symphony Hall d lcd  Audítorium E& Grandos in Lleida, Spain. The 
volume of this hall is 8000 mhnd the area of audience is S, = 599 m*. Applying e x p  
sion (1 2) a thmretical T, = 1.8 1 sectiods was obhined. This compares closely with h e  
experimental value of T,, = 1.87 seconds obtained by using Schroeder's im- method 
(average of T,, at nine p i n a  in tht hdl). A schematic of the hall is shown in Figure 3. 

4,1.3 'IheViennaMusikvereínSmlhV=15000m3andS,=985m2.Frome~w 
(1 2) the calculaid T,, = 2.07 scoonds which is very clow to tk mcasuced vaiue q d  
by Beranekl. T, = 2.05 seconds. 



4.1.4 The hall La Chaux-de-hnds in Switzerland has V = 7870 m3 and S, = 650 m*. 
From expression (12) the calculated T, = 1.64 seoonds wbich is very close to the meas- 
ured value quoted by Beranek', T,, = 1.71 secon&. 

4.1.5 The author has designed, as mustical consutmt, with Artiguss and Sanabria, a 
multifunctid hdl in Sant Cugat, Barcelona {see Figure 4) which is dadicatd to sym- 
phonic music, opera md theatre. In its symphonic m i o n  (wifh woustical shell in place), 
V = 9386 m3 and S, = 558 mZ. niu, iht -cal T,, cdculatcd by (12). in the first 
stage of design was 2.29. As a result it was decided to put additional abswptivn on the 
perimeter area of tht ceiling, because thert was a slight txctss of volume in relation to the 
audience size, thus a value ofT,, = 1.89 s was obtained. In h e  opera vmion (wirhwt the 
acoustical shell), V = 7660 rn3 and the experimental T, is 1.43 s. 

4.1.6 The Hcnry and Edsel Ford Auditorium has V = 17800 m? and S, = 1850 m'. The 
themetical T,, = 1.31 seconds and the measurcd voilue' is 1.45 seconds. 

4,1.7 The author has designed with P. Riera and J.M. Gutierrez, archikcts, h e  Audito- 
rium Lauretih in Sant Julia de Lbria, Andorra (see Figure 5). The volume is V = 3085 rn3 
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Figure 5. 

and S, = 300 m2. From expression (13) h e  t h e m b i  T, = 1.40 m d s  while the 
experimentai T,, = 1.44 seconh. 

4.1.8 The Theater, Rochter, New Yo& has V = 23950 d and S . =  1905 mZ, the heo- 
reticd T,, cdculated by (1 2) is T, = 1.7 1 seconds while the expmmentall value is T, 
= 1.65 seconds. 

4.2 The General Case 

4.2A TheScalaofMilanfiasavolumeV=11245m3dS,=715m2,S,=1050mZaad 
P = 0.73, i herefore the theoretical T,, . calculated by (1 1). ís T, = 1 2 3  m d s  which 
compares with the experimental' T, = 1.2 aeconds. 

4.2.2 The Liceu of Barcelona (now destroyed) had a volume V = 13423 m3 and S, = 
639,64 m*, S, = 739.6 m2 and P = 1.16, therefore thehoreticai T,, calmhed by (ll), 
is T,, = 1.32 seconds md the experimental value determined was T, = f ,3 seconds. 

S. CONCLUSIONS 
Thc practica1 formulae derived from h e  iheory expoundd &ve, which is based on the 
edier findings of Beranek and Kmten, are most useful for he prediction of theT, wfaen 
the volrime and the audience size are known. In addition, these pr&d formuhe may be 
used in h e  m l y  design phase to find the optimum hall volumt givcn (he audience size 
and the reyerberation time required to con fom with the hall's acoustic needs. if the hali 
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under study is not a cwm ha11 but m opera hall, it is necessary to adjut the hall's 
volume for the abmptive capacity of the audience seated in box~s. 

After many years of research d profesional use, it is h e  mthor"s view that these 
formuh are very valuable for &tcmhing ttre nectssq volume of r hall at the initial 
design scage. nie simplicity of fomdae (1 1) and (12) does not reflect their vdue in 
p r d d  appiications. However, their use is better justified from a t h r d c a i  point of 
view than the use of d e s  of thumb that relate volumc with the number of m&. hilofeowr, 
these formulae are wnsistent with Beranek's finding tbat th relationship bttween wlume 
md audience si= has to be made not through the number of sea@ but through the area 
occupied by tho seats. I~ 

The proposed expressions dso provide an answer to Kostep's qws4ion: "How do we I 

W i e  the volume and h e  box sesits area 6.€ ifra hdls such as the Scala of Milan and 
Roya1 Atbert HoiH?", 
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In this section, in Table 1, we write the d u e  of (u&) calculated from the expression (1 2) 
taking the data of twenty two halis araalya per BeranekiJ. 

wle 1 
Data Ter twmlptwo h a s  (modern hapea, mrbqdar, wide fan.pliia mes) 

Case 

Chicago Arie 
BaIln MHS 
S- 

. a& 
nrku 
Liverpool 
London RFH 
Bnissclls 
Buffalo 
V i m a  MVS 
Cambridge 
Glasgow 
Boston 
Btistol 
La Cbsiu! de Fonds 
Basel 
Zurich 
Leipzlg 
Lenox 
krusdem 
lkl Aviv 
-1t 

Average value 

niis average value of (a&)- 1.09, is aimost aqruil to the d u c  obtaimd from the au- 
thor's experience in practice. AIso for thcse twenty two MIS, the avmgc value of SolSA 
= 0.336, which implies that a-= 1.06, this value being almost identical with that obtained 
by -ten/ 


