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Abstract: Rcpresentative values  or  acousticul  paramcters in rooms  fk)r music  performance arc

obtained  frem measurements  in man>'  halls. Discussed are  the e('t'eets ot' source  locations and  pesitions
of  reccivers  on  the results,  The  parametcrs studied  are  reN,erberation  tirne R7', early  dccay timc  EDT,

strcngth  G, clarity  Cso. und  lntcraurul-cross-corrclation cecracient  LtLCCJ. which  wcrc  measurcd  using

identicai proccdures, and  where  possib]e. according  to internattenal standard  ISO  3382. Separate

ranges  and  positions urc  suggestcd  for symphony  huils, ehamber  music  htt]ls and  opera  houses. It is

]ndicated that the minimum  number  of  positions given in ISO  3382  should  be execeded  when

measu]'lng  some  paramcters,

Keywurds: Objective acoustical  parameter. IS03382. Concert ha]1, Opera house

PACS  number:  43.55Gx. 43,55Fw  tDOIi 10.1250fast,26.128j

             1. INTRODUCTION

   Guideline numbers  of  seurce  and  receivcr  positions for

the measurement  of room  acoustical  parameters are

indicated in international standard  ISO 3382 C1997) (see
Table 1). That  standard  is directed teward  many  kinds of

performing spaces  and,  thus, does not  give adequate

guidance for measurements  in perfbrmance halls. i.e.,

how  to determine representative  values  of  thc parameters
necessary  for inter-hall comparisons.  For example,  the

standard  states,  
"Choose

 the  nurnber  and  location of  source

pusitions se  as  to include atl  areas  likcly to bc occupied  by

performers.,,.'-

   Thc purposc of  this study  is to investigate thc proper
]ocations of  sound  source  and  nuniber  of  receivcrs,  based

on  acoustical  measurements  in 15 symphony  ha]ls, 7
chumbcr  halls, und  4 opcra  heuscs. In Table2. tbur
statistically  independent parameters are  listcd [l-3],
name].v:  RTM,  RT[. <pertinent to Bass Ratio, BR), GM.
and  LtLCCE3, Also listed are  highly corre]ated  purameters:
EDTM.  Cso,3 and  GL, The  subscript  

"L,"

 
"M."

 and  
"3"

mean.  respectively,  that the octave-band  average  is for
125!2SO. 500/1 k. 50011 k12k  Hz, These  parameters are

then compared  and  estimated.

   Tablc 1 Minimuni  recommended  number  of  rccciver

    pesitiens as  a 1'unction of  hal] size  shev}'n in ISO 311g2,
    Table A,2,
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        2. CRITERIAOFJUDGMENT

   Necessary at  the outset  are  eriteria  forjudging whether
the averaged  values  of  the acoustical  parameters (corre-
sponding  to various  combinations  ol' sources  and  receivers)

are  signifieant  or  not  The  criteria  chosen  herc were  eithcr

taken  from  psychelogical difi'ercnce limens (DL's) of  the

parameters, or  measurement  crrors,  or  equipment  lirnita-

tions, or  simply  Lhe statistical significance  ot' the numerical

numbers.  The values  chosen  with  reference  to the  sources.

are presented in Table 3 [4-8]. These values  also  become

the permissib[e measurement  errors.

 3. LOCATIONSOFTHESOUNDSOURCE

   Thc  numbcrs  and  placements of  the sound  source  on

the stage  of  a typical concert  hal] are shown  in Fig. 1(a).
Twelvc souree  positions in the Tokyo Opera City (TOC)
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  ruoin  volutne.  und  heatin.g  number.  respectit'el}'. Other purameters are defined in the lext. 1'he subseript  
"L"

 
"M."

 "nd

  
-3"
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Fig, 1 (a) Ts-elve
 TOC  conccrt  huH
 metrical  halls.

(b)

suurce  positions set  on  the  stage  of

 (b) Meusuring posLtions f'er sym-

Concert Ha]1 were  used  for this experiment  [1]. A
calibrated  dodecahedral Loudspeaker at a height above  the

stagc  of  1.Sm served  as the sound  source.  The  ret'crcnce

peint SO is on  the center-line  and  3 m  from the front edge  of

the stage,  This point was  used  in all halls measured  [1-3l.
However,  for small  chamber  rnusic  halls, the 3m-djstance

{'rom the front edge  was  reduced  to 1.5m. The  positions

SL. SR  and  SH, arranged  at the  left, right and  back side  of

SO, are located at  an  intermediate point between SO and  the

appropriate  stage  sidewall.  The area  surrounded  by  thcsc  4

points is hcrc ca]]ed  
"the

 main  perfbrmance area"  and  is

reasonab[y  near  the  conductor's  and  soloists'  positions.

Positions Sl to S8 are located near  the microphonc

positions used  in typical multi-channel  recordings  of

orchestral  music.  Further details about  the measurement

on  room  acoustical  parameters are  given in [9].
   For the  12 source  locatiuns. the  frequency charactcr-

istics of  R7', EDZ  and  Cso measured  at a position near  the

center  of  the main  fioor (Position 101. Fig. 1(b)) are shown

in Fig. 2. The solid line and  the dotted lines arc  the average

and  the ±DL  values  in Table 3, respectively.  The measured

reverberation  time RT  is nearly  independent ot' the sourcc

position for thc 500 to 4k Hz  bands, but in the 125 und
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Fig,2  RT,  EDT,  and  Cso measurcd  from 12 different

 source  positions on  thc stage,  received  at center  main

 floor in TOC  concert  hall. Selid and  dotted l1nes arc  the

 averagc  and  the ±DL  vaiues,  respecriNely,

250 Hz bands it exceeds  the DL. Signiflcant]y ditTerent the

values  of  EDT  and  Cse sprcad  over  a  range  that is 5 to 6

times  the DL  for all frequency bands. Obviously, the

change  in source  location causes  ]arge variations  in the

eurly  rellection patterns, especially  within  the first 80rns
after  arrival  of  the direct sound  (see Fig. 3).

   Measurcmcnts ol' GL Cwhich is highly corre[uted  with

GM). Cso,3, EDTM  and  L4CCE3  were  made  in TOC  at three

receiver  positions. front, rear and  center  of  the main  floor.

with  the source  at  the ]2 stage  positions, and  are plotted in

Fig.4  as  a  function of  distance betwccn  source  und

receiver.  It is seen  that GL decrcascs with  distance nearly  at

the rate of  3 dB per doubling of  distance. HoweN'er, even  in

the TOC  ha]], which  possesses good physical sound

dlffusivity, the  values  for GL  fiuctuatc ± 1,OA- 1.5dB,

which  is two  to thrce times larger than the DL  in Table 3.

Also  for each  receiving  pQsition, G  at  SO  does not  always

take  on  the median  value  in cach  set, and  can  be at an  upper

value.  Without  the front seat  pesition, Cso is not  a function
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Fig.3 Reflecto."ratns froni 4 sourcc  pesltieiih in the

 n]ain  pcrt'onntLncc urea  ut TOC'  hull t,･V -  ].6{)O).

 i'eceix'cd uL center  of  the inain  tloor. in whiuh  u  3-

 ourave-wide  hund-ptLss ti]ter "'ith u  niid-11'equcnc}  ef

  IkH]  (tL  =335Hz  and  ,tk =2,SkHz}  wag  upplied.

 which  is eonsis[ent  xvith the 3-band.s concept  lbr lhe

 IACC[.i definitiun [ ] T l.

asoo<-O.302O.1o.o

   O IO  20  30  40

             Distance between S-R  (m)

Fig. 4 CJt . C'En..,. El)7'v. and  l,ICCt,s i'"]tits  rntasured

 at threc  receivL'r  positicu]- "uh  thc  s[]uree  ut  thc  t2

 stuge  posiTions in TOC  hal] p[or[ed ag a tLLncrien ot'

 dihtunve bttweci'i the  sources  and  recei  s,ers.

of  the distance and  spreuds  ± 1.5 -v 1,gdB around  the

tnecliun value, Atso, Cso vuries  randomly  ",hen  the source

location is shifted.  so  that no  ene  seurce  position is

seleetively  better. In addition.  L;1)TM has reverse  churaetcr'-

isties. i,e., the sh(}rter  thc distance i'rom the source.  the

stnaller  Ihc E]DTM. At distances be.vend 10m,  it randon]1.v

f]uctuates around  iLs niediun  value,  On  the  other  hund. id' the

t'ront positions of  the sc}urce,  Sl, S[ and  S3. are

disregarded. tACCE,/] is co]istanL  within  DL  as a funclien

of  dlstance,

   Tah]e 4 suniinarizes  the uernparison  of  twoustica[

parumetcrs rneasured  with  the souree  at SO  to thut

measured  with  source  tLr SL. SR and  SH  (Fig. I) t'or                                        -

s.vmphony  hulls. chumber  halls and  operu  houses, The

souree  ]ocatien is ]isted only  it' the avera.ged  parameter
value  at  that location eonipared  to that  at  SO  exceeds  lhe

uriterion  in Table ri, Vvrhen a statistical]}, significant difi'er-
ence  alse  occurs  (si.ynitic'unce [cvel oi' ]`.li by the W'elch

test} be;-,een these  two  averas)es.  ]talic type  is used.  It is

seen  that (1) RTt.. RTM  and  L4CCF.i de not  exceed  each
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Tuble  4 Acot]stical purameters with  the source  ar SO compared  lo sourcc  positions at SI.. SR. und  SH. Source locations are

 on]},  [isted bcneath the  acoustical  parameters, if the  as,craged  va[ue  exceeds  the  critcrion,  ]taiic means  that a  statistica]

 dil'fcrcnce occurs  (p =  1za.).

    Ha]ls

Tekyo,  Suntory Hall

N ftTlRTN{EDTL"('St).1 C;LGMI,･tCCE]

2,O06

Tokyo,  Bunka-Kaikan 2,327

SLSL

SH

Tokyo,  Met  Art Centcr 7-O[7 SH.SLSL SH

Tokvo.  
'rOC

 Concert  Hall 1,632

.Supporp. 
Sympho"l･

 
Hu[1

 Boston  
Symp-..Ha]]

?,O08.2,625

S},mphony

  Hal]-5F,

 
Davies

 5ymp. 
Hallf 2,743 SR

Orange CounLy. Scgerslrom 2,903

Baltiinore, Meyerhoff  Syinp  Hall2,467 SR

SLSL

SalL Lake  City, Symp,  IIul]

Zuliuh, TenhaUe Gress

2,812l,546

Berlin Konzerthaus 1,S75 s}{ SH SH

Amslerdam, CencertgebeuN-' 2. ,037 SH

Viennu,
 Musukvereinssua]

Vienna  Konzerthuus'

1,6gol,74(}

SR SL

Tokyo,  Daiichi Sclmci 767 SH.SLSILSI.SI.

Zulich, Kleinersaal 610 SR SL

Chamber

 Hal]

Vienna, Brahms. saal 604

Vicnna, Schubertsaal' 336 SL.SRSl.,SR

Vic"na, Moza.rtsaal'

Sal.z-bul'g. Mozareteu.m

Sulzburg.Wiencrsual

7[6844209

SL

Tok}'o, NNT  Opcra  House 1,810 SH

OperaHouse Tekyo, NNT  Mideum  Theater

Berlin. Kolnischeepcr .

],0381,222

SH SH

SHSHSH SHSHSH

Dresden. Sernperoper 1,300 SH .SII SH SH

':
 Before recent  renovation.

criterion for all the  halls. (2) EDTM  exceeds  the  crirerion at

SH  only  for two  epera  houses, (3) Cso and  GL  often  take

di fferent values  cven  with  sources  in thc muin  perfermance
area, ttnd (4) when  the souree  is meved  backward  on  the

stage  in many  opera  houses, Cso, GL  and  GM  undergo

significant  differences. This observation  coincides  with

intrinsic subiective  issue ef  opera  houses so that the  stage

sct  is designed reflective  [2]. But for symphony  hulls, G

values  are within  a tolerable  range,  if the number  of

receiving  positions is increased enough,  as wM  be

explained  later. It is noted  that two  chamber  halls, Tokyo

Daiichi (TD) and  Vienna Schubertsaal (VS), have distin-

guishing fcatures t31, i.e.. TD  is an  oval  hal]. and  diffusing
elemcnts  wcre  necessary  to avoid  sound  focusing, and  VS

has a concave  ceiling that causes  bending in RT  decay
curves,  If these  two  halls are  excluded,  we  may  say  that

chamber  halls have simi[ar tendencies to symphony  halls.

  4. NUMBEROFRECEIVINGPOSITIONS

   Averaged yalues  of  the  acoustical  parameters based on
diiTerent sets  of  rcceiving  peints are  pletted as  a  function of
rvINr in Fig. 5, whcre  IV and  IV, arc  lhe number  of  total

seuts and  the number  of  receiving  positiens. rcspectively,

As an  example,  this comparison  was  shown  tk)r tive halls:

The Segerstrom Hall in Orange County California and,  in

Tokyo the TOC  Conccrt Hall. the Ncw  National Theater

(NNT) Opera House, the NNT  Medium  CDrama) Thcater,
and  thc Hamarikyu (Music) Hu]] tlO,111, which  havc

i32
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 .'./ N)N''1 Oper:L
 O/ NNT  Drama.  x/  Hatnarikx,uL

different shapes,  si7es  and  sound  dift'usivities. On thc

xvhole.  the  infi uencc  of  the chan2e  in vulues  with  nuni  ber ei'                    L.

receiving  points is Iess than  rhat with  source  locution, and  i[

can  be considcred  thut each  plol cunver.gcs  tolerable  s'atue

within  tL}Lr'2  in Tab]e 3 with  the incrcase of  A･',. exccpting

Cso, RTv  und  RT[. (not sho-'n}  upproach  eonstanl  Nalues

around  iAv7iEv',  =  300  to 400. anci  L'I)7'NT and  LACC'i.t. t'equii'e

u  lurger nutnber  of  Iocations. i.e,. N,/N, =  150 to 2)rrO lo

sutist'y  the toletmble  xalues.  Ho"'eNer. the spread  of  Cso.s.
G]. ancl  GM  is so  iarge that udequate  ,XS,i,Xi  tbi' thetn shou[d

be less than  ]00. The guide[ine jn ISO 3,3S2. whieh                L
spcciiics  N, z'  6 tu 10. ni"y  lead to unsutisfactory  resu]ts

with  the  measurements  uf  C3,).i. (;i. tmd  (;/ t,

  Another  i]nportant findlntg t'roin these  obserNationts  is

that the proper iV, N'altte dose not  depend en  the  rooni  shape

sis,niticantly.  In other  words,  one  :na) usgume  thtt( tV, is a

function {}t' onlv  the totu] scating  count  iV. and  thc  infiuenee         + L

oi' thc rooni  shupe  un  ,'Ni- ih rclativel.v  vveak.  As u siniple

cxplanaiion  ot' this result.  rectungle  hal1 [TOC)  und  a

nmde]-fun  shaped  hall with  lhe saTne  seatin.g  nu]nber.  1.600

svcrc  cempared,  
'['he

 provubility dcnsiLv ot' the sourec-to-
receiver  distance for ull lhe  seals  te sourcc  SO  "'as

culculared,  Ohviousty. Ihe  t'an ghupod  hall has more

con]pact  distribution. i.e.. its .spread in the source-te-

receiver  digtance is niuch  snia]Ler  than  thut ot' the rectanule                                   L
hall its shewn  in Fig. 6. -'here  the  uveruge  and  standurd

deviation for euch  hall are (]3in, 4ni) f'or t'an-shape urid

(20 n]. 8 tn)  t'or rcctan.yle.  respeulis,cl.v.  That inetLns  the

v"]'i"tien ef  aceustieal  puramcLers in the i'un-shuped htt]]
wi]]  be less. il' the s[)und  ditTusivitl, in the t"'o hitlls would

be the  same  order.  Hewever,  it is indisput"bl>, kno",n that

the  hiLvher densitv ol' earjv refiections  in a reclangle  hull    L v t L

7.SS
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Fig.6 Probability density of  thc  sourcc-to-receivcr

 distance for ul[ the seats  to sourcc  SO ln rcctanglc  ha[1

 Cl'OC) and  a fan-shuped hall -･iLh  the same  scating

 number,  1,600, Thc latter hall has sidewalls  splayed

 45-dcgree  to euter  dircction. The  numerical  nuTnbers     L･
 shown  mean  thc  averagc  t. the  standtLrd  dev'iat]en.                 L･

compared  to that in a  fan-shapcd hall ]eads to superior

acoustics.  Consequent]y, these  two  t'actors cancel  out  each

other  so that one  may  expect  the similar  numbers  of NfN
can  bc applied  for both shapes.  although  adequatc

measurements  are not yet available,

   Further measurements  ef' each  acoustical  parumcter at

ever.v  seat  along  longitudinal line and  lateral row  were

exeeuted  in the TOC  hall. Figure7 shows  some  of  the

lypieal results. As  is knewn,  G  is u  function of  the distance

frum  source  to receiver.  Thus, one  can  observe  GL and  GM
vury  ±9,3 and  ± 6.4 tirnes the  DL  around  thc  median  value,

respectively.  On the other  hand, Cso significantly varies

a]ong  not  only  longitudinal but latcral direction likc lower
figure. In this case,  ± 3 times  the  DL  around  the  median

value.

   Tab]e 5 shows  the summary  of  such  measurement

along  with  the data at one  another  hall. NosN', Cs{), G, and
including EDT,  they  vury  strongly  along  the  longitudinul

direction, but RT]., RTM  and  L`l CC[,.]'s variations  are  sniall,

within  ± 1.5 times  the  DL  at  maxirr]um.  For lateral
direction, it looks like sound  diffusivity or  local reflections

  14

  12

   10as9so

   6

   4

   2

    o

  -1A

 -2mgpt.

 -38o

  -4

  -5

  -6

A('oust. Sc'i, &Tech.26, 2(2005)

16   11 16 21 26

Seat number  (front to rear)31

16   11 16 21 26
Seat number  (left to right)

Fig,7 a vulues  measurcd  at ci,cry  seat  along  a

 longitudinal line (upper) and  Cso valucs  at evcr)'  seat

 along  a lateral rew  ln thc T()C  haH. Both measuring

 lines intersect at the  P-101 position that was  located

 ncar  thc canter  of  lhe  hall. The sound  souree  was

 ]ocated al SO.

affect on  the variation.  However, CJso
sensitive  to the  laterul direction than

Presumably this kind of  analysis  backs
that Cse and  G  are  tough  parameters to

representative  value  in each  hall.

31

 and  G  are  also

other  parameters.

up  the conc}usion

obtain  avcrage  or

   Table5 VariuLion range.  1Max va]uel-iMin  valucl.  uround  median  va]ue  of  each  acuustical  parameter normalized  by its

     differencc ]imen, DL. measured  at TOC  Conccrt Ha[1 with  high diffusion and  u  Multipuipose Hull with  less diffusion.

     Asterisk means  that the  variation  range  exceeds  ±3 times thc  DL.

parameter 
TOC

 
AHall

 
(N

 
==

 
1,800,

 
Fan

 
Shape)

 .

                . Latera].Row . 
I.ongiludinal Bgw . 

La(eral Rusy l.ongitudinal Row

RTL  ±O,8 ± O.9 ± 1,2 ± 1,O
RTM  ±O.7 ±O.5 ±t,2 ±O.6
EDTM  ± l.6 ±3.3* ±2,9 ±4,3±

CBo.] ±3,O, ±5.1" ±3.0S ± s.2.

GL  ±5.0± ±9.3' ±2.s ± g.o.

GM  ±4.2. ± 6.4  ± ].7 ± 6.2,

L4CCE.i ±O.9 ± 1.5 ± 2. ,4 ± 1,2
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 HIDAKAi  SUPPLEMENTAL  DATA

        Table 6 Suin]narizcd J'esult of  nieas.urenient  cvndiLiun

         I'or syinphon},  hal[s. [t' rnultiple  source  posirions arc

         used.  values  in [he  third column  arc  "djugted.

Parumeter Source position
Receiver'snumber

   tiN,i'N,}

RTT (BR)RTsi
se r,oo 4oo

EI)TNI so 15(]-25e

Csn..] (need  n]orc  investigution.)           t･

aT.(t;.11
so ･,., 1 ()O

IACCii so ]50-250

            5, CONCLUSIONS

   In order  to inter-compare halls. the same  source

location should  be defined, and  thc main  pcrformancc area
seems  tu be appropriute  for this puipose. XN'hen the

meusurcmcnt  conditions  shown  in Tahle 6 are  app]ied.

une  obutins  retLsonuble  x,alues  et' R7'M. RTr.. ED7'M.  and

iACCEr, for the each  N,/N, unless  the sound  fieid in the hall
is g.reatly non-diffuse,  For G. the  adequate  va]ue  ot' N!,NJ, is

probably less than ]OO, and  depends on  hall shape  and

seund  diffusivity. Thcrc wcre  fe"' ugefu]  findingg relatlng

to C's" in this stud}',  Im opcra  houses. ever}'  parameter

except  for RTM  may  var.v significantty  with  source

location. Further research  in opera  houses is required  to

bcLter recommend  numbers  and  locations. Finallx,. it is                                     J
suggested  that one  should  take  into account  bc)th guidclines
by Table 6 and  ISO 3382 when  executing  the practical
measurement  at the  present situation.
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