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Abstract: The  currc]it  version  of  the standard  ISO  3382 has now  bccn in existenee  for seven  years.
yct for many  the contents  o[' Anncxcs  A  and  B  on  newer  measurcs  remiiin  confusinLg.  A  ma,ior  issue is
thc usc  to which  these measures  arc  put, Where  the 

`new'

 measures  for uuditoria  dLffer from other
acoustic  parameters is that they  refer  tu u range  of  subjective  efl'ccts, which  are  pereeived
simuLtaneously.  Using the newer  measurcs  rcquires  a  good  understanding  of  the multi-dimensional

nature  ot' music  perception. Measurement  data requires  intcrprctation. When  meusurcments  arc  made

in unoceupied  auditoria.  thc data requires  correction  to thc  situution with  full audience.  Another issue
is how to condense  data measured  aeross  audience  areas. The simp]est  approach  is to prcsc]it mcan
values  of  the  difTere]it quantitics, but this Lgnores the fact that many  quantitieg vary  significantly  with

location; lhe disappointment of  sitting  in a  poor seat  in an  auditorium  is no  less for the knowiedgc  that

the uvera]1  mcan  is good. Several of these issues are discussed here wirh  the aim  oC premeting more
unif'ermity  in the way  tbe ob.iective  measures  proposed in thc Standard are  applied  by different
research  groups and  companies,

Ke},words: Auditorium acoustics, Conccrt halls, Reyerberation time
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             1. INTRODUCTION

   The 1997 revision  of  ISO 3382 was  titled 
"Measurc-

ment  ot' rhe  rcvcrberution  tiine of  reonis  with  reference  to

other  acoustic  parameters77 ll]. The previous version  froni
1975 cencerned  itsetf exclusive]y  with  reverberation  time.

The t997 version  is currently  being revised  into a Part 1

(thc 1997  standard  intended principally for performance
spuces)  and  Part 2 for reverberation  time  mcasurements  in
erdinary  rooms.  The principle applied  to Part 2 is that the

accuracy  of  measurement  in ordinury  rooms  can  be less
than in auditoria  <main]y allowing  for fewer source  and

receiver  positions).

   The following measures  are defined in the 1997
standurd]

    reverberatien  timc (R7) -  main  body of  standard

    sound  strength  (G) -  Annex A

    early  decay time  <ED7) 
-

 Annex  A

    balance between early and  late arriving  energy  (Cso

    and  others)  
-

 Annex  A

    early  lateral energy  measures  (LF and  LFC) -

    Annex  A

'c-inail/m,barron@buth,"c,uk

    inter-aural cross  eorrclation  eoecacient  (MCC) -

    Annex B

   This paper will  restrict  itselt' to concert  hall measure-
ments  and  will  bc eoncerned  principally with  lhe newcr

mcasures  from Annex A.

         2. SUBJECTIVECRITERIA

   There urc  many  verbal  expressions  used  for subjective
response  to live music  performance. It is certain that

furthcr subtleties retnain to be resolvcd.  At least eight

subjective  qualities are  currently  mentioned  regularly.  us

listed in Tuble 1 together  with  reeommended  eb.iettix,e

measures.  Listeners wu･ith some  experienee  of  cornpletin.v

quesLionnaircs can  usually  comment  on  each  of  these

subjective  qualities. There is substantia]  evidencc  however
that ]isteners yary  in thcir prcfercnces, so  that they  select

different criteria  when  making  un  overall  judgement.
Subjective studies  to date conclude  that listeners subdivide

into at  lcast three  
.groupsi

 those  that prefer either  clarity  or

reverberance  or intimacy above  other  conccrns  [2. p. 188].
IL is clcar  that a  simplistic  interpretation of  the significunce

of  the  measures  found in ISO  3382 is unwise.

   As shown  in Table 1, what  wag  often  called  spatial

imprcssien is now  understood  to comprise  two  separate
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     Table  1 Subjeetive qLLalilies in concerl  hullh and  Lheir

      p{)ssib]e ob.iective  correl:Ltcs.

             tt tt ttttt-

RESULTS

SLtbjcetive c]uulir) ()b.ievtii'e ineasure

C[arirv    'Reverberance

1]ltimLlcvSeLLruc
 bretLdei]iny

Llstencrunx,eloptnent
I.oudncss

Brilliance

NNSarn.it.h..
 ..m.-.

Cl:tritx Index (Cs,/)
Earlv dceav tinie cllt)1']   -t
Totlt1 relative  hound  [eye] ((;)

Eurly ltiterat en  rys'  t'ructien and  sound

]eyelI.:te
 ]uteral leyel

']'otal seund  leL'e] und  houT'ce-receiver

distaneett)Bass

 leL,el bul"nue'.'

sLtbjective  et'fects: source  broadenins, and  lisLcncr enyclop-

ment.  Bradley und  Soulodre [3] have pruposed  the late
Iateral ]evel as a tneasure  of  enveloptnen[.  This is no[

included in the  ]997 version  ()f the standard  but is under
dlscussion fer its rcvision.  Some  of  this author's  vie"'h'  on

spatial  issues arc  t'ound in [41. Totul rclutivc  seund  levcl is
vi'ten  rcl'errcd  to tLg 

'Strength.'

   An  understanding  of the si.gnificance of euch  of these

proposed objective  measures  is enhaneed  by knowledge et'

their history 15]. The histor.v,･ is important because sub-

jective experiments  re]atin." to concert  hall ]istening are nol

srruightfor"'ard  and  have generally been conducted  by
indix,iduals working  in different [abs around  lhe  worid  on               L.
their own  initiative Cthere being litt[e economic  ifinperalive
in this area).  The measures  listed in the Srandard are  The

best currently  available  hut cou]d  in most  cases  be          '
improved, One  ma.]'or  di fticult>, with  the proposed objectivt

tneasures  is their interdependence. For instance. reverber-

ation tjme  influences Cso. EDT  and  G,

   A  mystery  ut present in concet't hall acoustics  concerns

thc subjectiN'e  clTecLs  of  substanlial  diiTusing. surfaces  on

the walls  and  ceiling  of  halls. There is some  evidence  that               t
listeners prefer diffuse conditions  [6] but this is not

conclusive.  The state  of  ditTusion ren]ains  ro be satisfac-

teri[}, quantified and  no  suggestiuns  have been offcred  t'or

how we  pereeive di[Tusion,

      3. 0BJECTIVEMEASUREMENT
                PROCEDURES

3.1. Ca]ibration

   For two  of  the  ob.jective  nieusures  (LF anLI  G).

calibrution  is important i'or uccurtne  resulls. For the

nieasurement  ot' the  earl.v  lateral energ},  1'ruction (LF).

measurement  of  ihe  lateval portion is mudc  with  a  tigure-ei'-

ci.uht microphone.  wilh  the lateral energy  being cuml.)ared

with  that meusured  with  un  omni-directional  microphone.

'I'he
 maximum  sensitivity  of  the figurc-oiLeight microphone

at the measuring  frequencies should  he measured  relative

to that of  the omni-direcTienul  microphone:  an  anechoic

chamber  is likely to be the best location i'or this, )v{cahurcd

v[tlues  should  be con'ccted  i'or thcse  sensitivitv  ditTerenees.                                   ;

   )vleasure]nent of  the  total relative  sound  lcvel ((J)
dependg on  knosvinLg the soLirce  sound  po"･er. or  the

ma.gnitLtdc  oi' the direvl seund  cemponenL.  This shou[d  be

chccked  re.y.ularl}'. prcfcrabl>' on  site  bet'ore uuditeriurn

ineasurements  usin.g a technique which  enub]es  the direct
seund  to  be  iso]ared.

3.2. Audience  Occupancy

   [n seNera]  respeets.  the usual  measuremcnt  cenditions

in halls differ froin the perforinance siruation,  ,AL l'rec]uent

difference concerns  occupuncy.  both in the uudience

seaLing  and  en  the sta.g.e. The  ideul is either  to make

occupied  nieusuretnenls  or  to include absorbers  Nvhich

simulute  people. Kuch  us th"t proposed by Hidaku.
Nishihura and  Berttnek [71.
   In the  case  ot' ineasureinenls  without  uudience.  niost

concert  halls t'oi'tunntely haye ",ell-uF)holstered  seatin.g

-'hich.  though  never  as  absorbent  as  occupied  seibtin.".  is

almost  as  ahserbent.  It is 11kelx, thut in niosl  concert  halls                        '
the correcrion  of objective  nieasures  for the change  of

reverberation  time  is sufiicientlv  accurate.  Con'eclions                          )
shou]d  be app]ied  to tt]] measures  except  the spatial  ones,  as

outlined  in Sect. 6. 1 .

   
'1'ypical

 ma.o.nitudes  of  corrections  are  four difference

1imen for R7' and  EDTand  one  and  u hult' difference limen
for ('so and  (;. These have been derix,ed as follows t'roni
rexerberation  ti]ne data and  difference liinen for the  various

objeclive  tneuhures.  as in Table 2. 0ccupied and  unovcu-

pied reverberation  tinies of ]7 concert  halls are gix,en b.v
Hlduku  et  ttl, [7]. Table 2, If thc iv'ienna  rv{usikvereinssau]

data is orr]itted because soTne  ot' its seating  is hard. then  thc                                L.
n]ean  unoccupiecl  and  occupiecl  RTs are  2.32 and  1.85s.

with  a ratio  ot' O.gC). VvJith a  di ffcrence lin]en c)l' 5C,k fer R7L

this corresponds  to t'our dj fference limen. A  similar  number

ot' ditTercnce ]irnen will  appl>,  te EDT:  thou.e.h the  ratio  oi'

EDT  ro RT  varies  sli.ght]}, [8I. the ratio is independent oi'
actual  R7' N'alue,  The  uuthor's  revised  theory  for sound

Ievel in roums  (SecL, 7 be]o",) alluws  t.x,pictd yalues  oi' CH,]
and  G  te be predicled/ for the reverberation  time  chun.ye

Tnentioned.  the niuxiniu]n  chan.ge  of  (]su is 1,5dB  (fer u

source-receiver  distance ot' 1(] m)  and  t'or G  is 1.6 dB cl'er u

   
'1'ubte

 2 Possible I'veguenc}･ run.yeK  t'er eL'luve  hanc[

    ineasLu'e:nenth  in concert  halls and  subjective  dlfi'er-

    enc'e  limcn at'ter  Bork  1231.

                         e'reqLLenc.L r[[]."J'  ST;liLi//ill･e
         pt･letLsLll'e
                             fH/..) limeri

RcterbenbTk)n lidnc 1]5 :L.OOO

Ear]v {iect"'  rime  125 ].C)OO

C]urity tndex (Cs.i/) 5.(}e-2.00{)

Ear]s' latcral cncrRN  t'raclion. LE  ]25-1.()OO

1'etLL[ rclutiNe  sound  lcveL (i 1]5-2.0()O

)"f;5fi1dB[}1)51dB
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source  receiver  distance of  40m). In both cases. this

corresponds  to changes  between  one  and  two  diflerence
litnen.

3.3. Stage Occupancy

   When  one  goes to make  a measurement  in a hall. onc
caii either  find the stage  empty  or  occupied  wilh  chairs  and

music  stands,  Of these, thc Iaue]' Ls definitely to be

prefcrrcd. Ideal]y to match  conditions  with  an  orchestra,

chairs  on  stage  weuld  bc occupied;  however unoccupied

chairs  and  stands  will  partly obscure  stage  floor reflections,
which  are  Lhe cxccption  rather  than  the  ru]e  for sytnphony

orchestra  performance, Measurement  on  an  empty  stage,

with  in many  cases  tloor rcflcctions,  wM  of  course  be

relevant  to performanccs with  srnal]  numbers  of  musicians.

   The  presence c}f chairs  on  stagc  also  influences the

meusured  sound  strength  in the auditorium  and  may  easily

rcducc  thc  sound  levet by  a deeibel or  more;  this is an

example  of  the  effect  of  absorption  closc  to thc  sourcc  l91.
This has been observed  in more  than  one  lecation, most

recently  in a large concert  hall that was  measured  on

different days, on  one  occasion  with  50 chairs  on  stage  and

the other  with  a  bare stage  (the source  position was  the

same  for both measurements.  namely  2in from thc stage

front), The average  auditorium  leve] differcncc was  l.OdB

[1O]; that is about  one  dHTcrcnce ]imcn. The ISO standard

rightly specifies that the stage  conditions  should  be
carefully  recorded.

3.4. SourceLocations

   The possible infiuence of  stage  fioor refiections  shou]d

also  be taken into account  when  choosing  sound  source

locations. For this uuthor's  measurements,  the  tendency  has

been to use a  singlc sourcc  position on  the hall eentre  line
3m  from the stage  front. This location was  chescn  to

minimise  the chance  of  stage  floor reflections  to the

audience  occurring.  With  a l'ull orchestra  en  stage, these

refieetions  will  be obscured  for most  musicians.  A  stage

reflection  can  be expected  to increase level by more  than a

dB; that is Ln excess  of  one  ditference limen.

   Using just u  single  source  position can  of  course  be

eriticised sinee  conditions  are likely to vary  with  source

position on  the platform. However  this seems  a ]esser risk

than  the inc]usion of  tloer reflcctions  fer sonic  source

positions and  not  others.  In othcr  words.  in thc abscncc  of

chairs  on  stage,  a  single  forward source  position seems  the

best compremise,  when  ene  wants  to measure  conditions

appropriatc  to an  orchestra  performing on  stage,

3.5. SourceDirectivity

   A  much  less manageable  ditfieulty with  objective

measurements  concerns  the source.  An  orchestra  occupies

around  200 m2  of  stage  with  instruments which  each  have a

i64
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complex  dircclivity, which  a]so  ehanges  depending en  the

note  bcing played. The standard  measurement  technique  is
to use  a  single  omni-directional  source,  usually  a  doclec-
ahedron  loudspcaker. To  appreciate  the  artificiality  of  u

sing]e seurce.  one  needs  to listen to anechoically  recorded

music  pluyed through  an  omni-directiona]  source  on  a

conccrt  hall stage:  it is a  lifeless listening experience.  No

research  into the significance  ot' this issue appears  to havc
been done.

3.6. ReceiverPositions

   The  ISO  standurd  is spccific  about  thc minimum

number  of  microphone  positions, depending on  uuditorium

size.  These  should  be distributed unit'orm]y  about  the

seating  area. When  measurin.g. a symmetrical  ha]1, if the
decision has been made  to measure  with  a source  (or
gources}  onty  on  the centre  line, then microphene  positiens
only  in one  hali' el' the hall may  be used.  In this case

mierophone  positions should  not be within  1 m  of  the line
of  symmetry  to avoid  degenerate situations.

   For audicncc  eonditions.  there  is no  merit  in measuring

too  close  to  the  seurcc  where  the  direct sound  dominates, In

Iarge eoncert  halls a minimum  source-receiver  distance of
around  10m  seems  appropriate;  this dimension  is perhaps
best expressed  in terms of the reverberation  radius  (where
the  direct and  reflected  sound  components  are  equal  in
level). The reverberation  radius  is a  function of  the total

ucoustic  absorptien;  t'or concert  hal}s with  10m31seat and
an  RT  ot' 2 s, the  reverbcration  ]'adius  vurics  bctwccn 4 and

7m  for 1.000 to 3.000 seats.  The  suggested  minirnum

source-receiver  distance is thus  bctwccn  2.5 und  1.4 times

the reverberation  radius  und  therefore in the regiun

dominated by reflected  sound.

     4. MEASUREMENTFREQUENCIES

   The  TSO  standard  avoids  being prescriptive about  the

appropriate  frequencies for measurement.  Nor does the
standard  say  how  results  should  bc avcraged  to establish

the overall clarity, or whatever.  in a concert  ha]], lt is
recommended  that measurements  be taken  in the six  octaN,c

bands from ]25-4,OOOHz.  The  standard  suggests  quoting
results by averuging  over  pairs of  octaves  to give ]ow. inid-
and  high t'requency values.  Bradley [1 1] uses  this approach

ft}r timbre-related  parameters.

   There  are  however  two  complications  that occur  at  the

4,OOOHz octave.  First]y the  reverberation  time  etc.  are

sensitive  to air absorption.  deterrnined by temperature  and

relative  humidity. The main  part of  the standard  states  that

temperature  and  humidity  should  be measured,  which

allows  for correction  of  the reverberation  time it' measured

with  non-standard  temperatures  or  relative  humidities. The

second  dienculty at 4.000 HL is that a typical dodecahedron
loudspeaker {with a  diameter in the order  of  400tnm)

NII-Electronic  
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  bccomes directionul at this frequency. One  ean  eompensate

  t'or this difficulty by inaking  scN･cral  nieasurenients  xvith                 tt  L.

  didTcrent oricntatiens  of  the  ]oudspeuker. but this  is lin)e-

  consumins,.  Behler and  }L･IUjler ll:] have solved  this

  probiem by using  u  separate  100tn]n diameter dodecuhe-

  dron for hi.yh frequency measurements.

      The author  [9.13.141 has tendce  to nieusurc  {}xer  five
  oetaves  1 25- 2.00e Hz  and  dix'ide rehults  into a batss rcgion.                                                  L

  125-250Hz.  und  a mid-frcquenc.v  re.ffiodi. 500-2,O()OHz.

  The ma.ior ditllerences betN-'cen thc buss and  mid-t'requenc>'

  ttre  c]itit'erent  aniounts  and  type  of  absorptiun  ( Ltsual]}'  punel

  vs. porous absorption)  and  that the bass t'rcqueTieies ure

  affcctcd  by the seat-dip  effect [2. pp, 19-2]1. ror x,･hich  the

  i'reguency oi' in:ixiniuni  absorption  ]ies vvithin  the  t"o

  octaves  125 nnd  250Hz.  Since individuul octaxe  nicusure-

  nients  are  infiuenced by inl¢ rfercnec.  either  constructive  or                      -

  destructive, except  in the casc  oi' reverberation  thne  it is

  preferab[e to usc  averu.ges  of  sex,eral  octaves  where

  appreprlare.  as elaberated  belo"･,

     
'l'his

 [ast peint. abeut  ux,eraging  octaNe  rehults  to reduce

  inrcrfcrencc efi'ects.  does not  apply  in the cahe  ot' TTiosl

  computer  simu]atiori  programmes. since  the> usualllr

  ignore phase. To giiin a result equivalent  sa}･ to lhe

  average  of  5()O･ 2.00(}Hz. a  compulation  at  onl>  1.000 Hz

  nia.v  be suitable.  as lon.y as abserptien  eeei'liuients  etc.  t'or

  1.000 H7 are Ihe average  of  those  for the t'recluenc> ran.ye  in

  (luesrloll.

      Some  recommended  t'requenc>' ran.ges  for the diiTerent

  mcuKLLres  are  included in Table 2 [ 1.Sl. In the case  ot' Csi).

  the ]iterature is limited, thou.uh Bcntnek  und  Schultz 1 16]

  suggest  Ehut  lu"' frec]uencies do not contributc  Io clarit}.

  Since le"'-frcqucncy early  sound  leLe]s ure  slrongl.s'

  infiuenccd b}, the seat-dip  eft'ect, whose  ma.gnitucle  varies

  dcpcnding en  seut  locatien [131. whereus  clarity  is affected

  b>' other  eoneerns.  n]easuring  ('s" over  the rttn.ge 5()O-

  2.000 Hz  looks appropriate.  On thc other  hand. for the earl}'

  lateral fraction there is signitictin(  evidence  that lo"'
  freguencies are  imporuuit -'hereas  hi.yh i'reguencies arc

  less so []7-201.
      Regardin.e quoting meusured  valucs.  indiNidua[ mean

  octavc  values  can  be used  tbrR7'and l:'DT. Individual EL)T

  values  at  different posiLions can  be queted as  n]id-

  i'requency and  biLss t'requenc}' values.  For C3e rhe three-
  octase  mean  o[' .'-,OO-2,OOO Hz  can  be used.  whilc  t'or LF  rhe

  i'eur-oetave mettn  oi' 125-1.000  Hz is appropriate.  XN'hethcr

  G  shoLtld  be ealculated  as  a  t'u]1-t'requenc>' axera.ge  er  split

  between bass and  mid-t'requencics  dcpends on  lhc situativn

  in hand.

         5. AVERAGING  OF  RESULTS  OF
    DIFFERENT  MEASUREMENT  POSITIONS

     The  standt{rd  specifies  that for halls with  mere  than

  2･ ,O(}O seats at ]ettst 10 seat  positions sheuld  he measured,

X]-'ith tix,e or  n)orc  ineusures  at  five ur  six  "ctuves.  a  lel ol'

datu is generated. To inake  scnse  of this plcthortL oi'

Tlulllbers.  sell]c  tlvcrtls,illL2 is tlppl'ops'itltc.

5.1. rv'leasurement Scatter

   ()tle isgue 1'eievllllt {o ]11ctlsureM]ent  acculltcv  is Lhc                                             .
variation  ot' objeetive  c]uantities  i'or smal[  movements  oi'

lhe n]icrophone  [2 l 1. To  our  kne",ledge. thearetical  values

ot' scutter  onlv  exist  for rexerhera[ien  time  und  tota1 sound

level (G). The nieasured  scutter  ol' rc[lceted  sound  leve[ in a
model  difi'use space  ig illustruted in Fi.y. ]. 

'I'his
 topic is

discussed in l221. whieh  quotes the approximatc  theerctica]

standard  devintion proposed by Lubtnan  and  Schreeder:

                         4.34
             .vc,･,=, dB (1)
                    / t

                   ,i/ (i -  e,.g
'

))
"hcrc  B  iK thc  bund"･idth and  T the reverberation  linic.

This relationghip  proN'idcs a justiticntion for avera.gin.g

ebiective  nieusures  over  scvcral  oclaves.  as  nienrioned

abox,c.

   To experience  subjcctive  chan."cs  ",iThin concert  halls

it is usuall}･  neccssar>'  to niove  to a  seut  posili{}n sevcrtLl

nietrcs  a"'ay. "'hereas  objectivc  data ei'ten chan.ges

bctvx cen  one  scat  and  irs nei.phbour.  The  relevunl  ce]npu]'-

ison is with  suh.jectix･'c  difference lirnen: ]in]en listed b.v

Berk [:3] ",ere  included in Tuble 2, It is thus  teniptin." to

ux'el-.ye over  u 1'ew ol' 111tllly mctlsul'emellt pohitiot]s,
,Xxeraghig uNcr  bloeks of  audienee  se:ting  has its place.
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Fig. 1 N'leasured iutueH  nt' reHected  Hnund  lexc] t'er 240

 snurce-recciver  pnirs in a  scale  niutlel  diiTuse sp"ce.

 RefiLLted s"und  les'cl vtlues  ure  re]utivc  to the direvl
 sLmnd  lcvcl ut 1{)ni from the sourc/e, The netienal

 -iodel  se:)le  ftLetor is [/25/ seurcc-rcecivcr  dislnnccs
 are  t'ull-si?e et]uivu]e-ls  uli iK the  )-OOHf [}ct"ve  al

 "'hiuh  Lhe ]Measurenien:s  ",erc  rnade.  [nclude[[ on  thc

 iigu]'t are  predicted ialue,  accordin.v  to  cla  sical  und

 reviscd  theorv  [9].

                                           i6.h'.
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but the extreme  of' presenting hal] average  valLkcs  necds

carefu]  assessment.

5.2. Who]e-HatlAverages

   Beranek in his extensive  survey  of  world  concert  halls

[241 presents mean  values  for ob.]'ective  quantities and  uses

these to establish  guidelines for concert  hall design. While

this limits the  quantity of data one  has to process. it tends  to

tnake  extracting  significant  results  dirncult because  the

means  do not  ditfer much,  For example.  a comparison  of

two  British halls. one  much  liked and  the other  with

disappointing acoustics.  is barely predicted by their mean

objective  behaviour [5].
   When  an  objective  quantity varies  only  little through-

oul a ha]1 (or more  precisely little more  than the subjective

difference limen), then  it is appropriate  to talk about  the

valuc  ef  the  quantity ft)]' thc  ha]1 aiid  work  with  the  niean  of

the objective  quuntity. This is generally the case  with

reverberation  time.  If however the quantity varies  signifi-

cantly  throughout  thc  hall (relativc to thc  difference limen),

then the mean  value  is only  representutive  of a small

number  of  audience  locations, The mean  v･aluc  says

nothing  about  the  spread  of  values,  nothing  about  the  best

and  worst  seats. Most of  the newer  measures  varv                                                .

significant]y  within  hal]s und  therc  is usually  a lot of

overlup  between measured  values  of  quantities such  as  Cse
between two halls, A  satisfactery  mean  vu]ue  enl.v

indicatcs a tcndcncy fbr thc quantityfquality to be
satisfuctory.

   To  give a  simple  exarnple.  the  total relative  sound  level

CC) typically varies  ubout  4.0dB between seuts  10 and

40m  from the  seurce  in a  lurEc conccrt  hall. This                             "
corresponds  te abeut  four difi'erence limen, The mean

value  may  app]y  to seat locations towards the rear  of the

Stalls but says  little about  the ]eveHn the highest ba]ceny.
It says  little about  the acoustic  designer7s abi]ity to pruvide
good  acoustics  throughout  the  auditerium.  Including in

presented data the variation  within  halls is more  dirncult
but it indicales the f'ull variety  to be experienced  within

individual conccrt  ha]]s.

   Onc -,uy  of  dcriving a single  figure of  merit  t'or halls
for a quantity such  as (JH() is to quote the fraction of  values

tneasured  at difilerent positions in a  hall which  fall within

the preferred range  for that quantity,
   Where mean  valucs  are used  fer EDT  and  CRo, they  ure

probably best calculated  without  including seats  under

overhangs  (Sect. 6.8). Mean  values  of  LF  need  not  exclude

these  seats.

   6. INTERPRETATIONOFOBJECTIVE

                  MEASURES

6.1. Correction for Reverberation  Time  Change

   For tests in full-size halls, measurements  of  the  newer
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measurcs  are  usually  conducted  with  the hall unoccupied,

whereas  we  are generally interested in concert  condilions

with  a  ful] audience.  A  measurement  of  occupied  rever-

beration time  is gcnera[[y made  soon  at'ter a hall opens.  It is
therefore  appropriate  to make  corrections  to ether  eb.iective

measures  fbr the  change  in rev･erberation  time  between  the

unoccupied  and  occupied  state, In the case  of  measure-

ments  in scale medels,  the  mode]  reverberation  tiine is
often  slightly  dlfferent to That expected  in the real  hall.

probably because of smali  inaccuracies in the  absorption

coerncients  of  medel  materials.  Again corrections  are

appropriate  for RTchange.  The  measures  affected  are  EDT.

CBo and  relative  level. Spatial meusures  such  as LF  and

LglCC  are  little affected  by RT  change.

   The following authors  have sugE,ested  techniqucs for

eon'eeting  for reverberation  time:  Hidaka  er  al. [7], Bradlcy

[11] and  Barron  r2, p. 4191. Though  the  rnethods  have

different origins,  they  arc  likel)･ to give similar  results.  The

accuraey  of  the correction  will decrease for larger
reverberation  time  diffcrenees. When  seating  is well-

upholstered,  the RT  chunge  is modest  and  correc{ions  are

]ikc]y to bc rcasonably  accurate.  The djscussion of  criteria

below  will  relate  to figures following u  reverberution  time

correcuon.

6.2. SimpleRangeCriteria

   Many  authors  have  provided rec(}mmendcd  ranges  i'or

objective  measures  for concert  hall listening. This author's
recommendations  based on  ob.]'ectiye  and  subjective  sur-

N,eys  of  coneert  halls are  given in Table 3 [2, p. 61].

   Under bulcony overhangs,  measurcd  va]ues  tend to be
]ower <for EDTand  G) and  higher (for Cso). as  discussed in

Sect. 6.8 below. It may  be argued  that slightly less stringent
criteria are applied  for EDT  and  (;s() in these lecations.

When  objective  data for a hall is displayed. there is a strong
case  for treating values  frem everhung  seats separatc[y.  For
thc  samc  rcason.  mcttn  yalucs  are  prebably better taken
omitting  these lo¢ utions  -  though  the value  of  wholc  hall
mean  objective  measures  has been questioned in Seet. 5.2･
above,

   The tbllowing discusses more  elaborate  ways  in which

objective  data can  be analysed.  In all cascs  apart  from
reverberation  tinie. values  vary  throughout  auditoria.  By

Table3 Recofnmended  ranges  t'or objectivc  mcusurcs

 for concert  halls.Ptleasure

Acceptable range

Reverberation time (RT)
Ear[y, dccay  time  (1")7)
EarLv-te-late sound  index (CH-)
Early lateral energ.y  fruction (LF)
Tc}tal relutive  sound  tevel (C;)

 1.8 <  RT  <,  2.2s

1.8 <  EDT  <  2.2s
-2

 E. Ck[, !. +2dB

 O.1 <  LF  <  O.35
(; >  OdB  (scc tcxt)
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N･1. BARRON/  USING  ISO  33S'2 TO  G]X,E  RELIABLE  RESLJL'VS

just assessin.-o  avera.ae  x,alues.  a  lot of  detailed under-

standin.g is [ost. Where  frequency is not mentiencd  below.
it shou]d  be asbumed  that tnid-frec:uene},  valucs  uveruged

oyer  The three oc[aves  500-2,OOO  Hz  are being considered.                                   L

6.3. ReverberationTime
   Rcx･'erbera(ien time x,aries  ]ittle througheut  a well-                                  -

desi.gned concert  auditorium  and  usually  the mean  N'alue

can  be assesscd  alone,  Dav>･ [25I hus I)ublished expeckU

standurd  deviatiens in rcx,erberation  tlrne n]casurernents,

"'hich  ean  be used  as  an  indicator of  the diffuseness of

indiN'idual halls, These  relutionships  l'er expectcd  deviation

will  be included in revisions  oi' ISO  338' 2,

   lt' a  hall includes excessixel.v  deep  or  low overhun.gs.

IeT N'alues  will bc less thun  in exposcd  seats,  Thih should  be

seen  as  ex･'idence  of  poor everhang  desi.un.

6.4. Earl>, Decay Time

   This n]easure  is no",  thought  to corretspond  inere

accurately  w'ith  perceived r ¢ verberance  than the  tradition

reverberatien  Lime, Though the  revcrberution  time  is verN･                   L. t
convenient.  not  leust because it tends  Lo be constunt

throughout  ha]ls. its subjeetive  significance  is now  consid-

ered  1¢ ss  importunt. Thus deviation from thc EDTcritcrion
shoulci  be seen  us  niore  strious  than  devialion fru]Ti

optimum  reN'erberation  time values  outside  the su.ggcstcd

runge  ef  1,8 to 2.2 seconds.  In particular. R7's in cxucss  of

2,2 seconds  are probably accepTable  if EDT  values  are

",ithin the range  1.8-2･ .2 s.

   T"･o s,lobu] nieasLi]'eh  of  EDTarc  worth  culcu]ating/  the

ratio  of  the  mean  ED7'  (omitting. overhun.v  sea{h)  to the

mean  RT  and  the relutive  standurd  deviation ef the EOT

(standard deviationfmean EDT)  [8], The tnean  EDTr･'R7'

ratio  takes  va]ues  between about  U.8 and  1.1: it can  be seen

as a n]easure  of  the  directedness ot' a design. It' surfaces                                  L
direct carl}, reflections  onto  audience  seating.  this reduces

the early  decay  time.  giving  a  low  valuc  to the  ratio.  This is      -.  Lt
acceptable  ifthe rcverberation  time is long, .uivin.g  an  EDI'
within  the  recommendecl  range.  On  the  other  hand. Ihere                       L.
seems  little virtue  in having ratios  which  much  exceed  1.0,

   The  relative  standard  deviation is a  measure  ol'

unit'ormity  und  shou]d  huve  a value  between ahout  ().08

and  O.]2 [81.
   In a  well-designed  ha]1 with  u  diffuse tield. there ghou}d

be t'cw obscrvable  trends  in terms  oi' variution  el' EDT  -'ith

position. Performing  u linear regression  betNveen measured

EDT  and  seurce-receiver  distance ih worthwhile.  sNith the

pref'erence bcing that there  is no  corrclation.  EJ)T vulues

close  to the source  will  be less becauhe ei' the  relativelv                                            u
strong  direct sound:  however t'or source-recciyer  distanccs
in excess  of  10m.  this etTkict  is very  small.  The  design

feutures w'hich  eause  serious  deviations between  the  EDT

and  lhc mean  RT  ure also  discusscd in [81.

6.5. Earl)'-to-Lttte Sound  Index  (Cso)

   The  first issue reL-oardin.e  Cse is thc  appropriace

criterion.  An  early su.u,c,TesLion was  made  by Reichardt
et aL  [26] w])o  prox,idcd crLteria  ft)r lwe  different musiuul

types: classical  musie  
-1.6

 <  Cso <  +l.6dB  and  ruman-

tic music  
-4.6

 <  C's" <  
-].4dB.

 There  ure  many  halls

whieh  have no  posirions wirh  Csv valueh  be]ow -1 dB. but
it seems  unlikel},  that the}, have exccshivc  c]urit>･.  One
mitght  in fact argue  that clarity  cannot  be excessive  us lony,
as  it is nor  at  the expense  of  ethcr  uspccts,  in particular
reverberance,

   The  earlv-to-late  mdex  tends  to  be well-eorrelated

(ne.":nivel},) wiLh  EDT: a  high Cst, currespends  with  a low
EDTund  v'ic'e i'ersa  [8], ln sub.iective  tertns, hi.y.h elarity  is
ot'ten  associated  -ith  low rcverberunce.  us oeeurs  t'or

instunce with  a  sherl  reverberution  tinie. (Interesting]y

though.  in hubjectix,c  surve},s onc  Tends  noT to find a stron.".
inverse eorrelation.  as  in l15] and  the Ber]in sTudy  et'

Wilkcns  und  Lehinann  sun]niurised  in (/ireTner and  Mtiller

p, 589 l27].) ('Ke tends  to be inore  sensitis,e  te difi'erent
ear]y reflection sequences  than  does EDT  and  has higher

vu]ues  close  to the source.

   /X frequent criticisni  ot' the ea]'ly-to-late  tseund  index is

that il involves a  hharp  teTnporul  division. ",hich  the ear

does net  itseli' make.  HoweNer  from  expcrienec  ol' mtLny

measurcments.  this is rarel.v a problem in practiee. The
temporal  division does heweNcr  offer  a  vcr)'  real  advantatge

for anul}･sis, in thut it is thcn  possible to investigatc etu'ly

and  late sound  lcx,cls indcpcndent]y. Oi'tcn design dctuils

inHuence onc  cernponent  hut not  the other  [9].

6.6. Earl}' Lateral Energ.y Fractien (LF)
   ,ALpp]},inL-o the  simple  range  ot' acceptability  in Tttb]e 3

workh  better t'or this ]ncusure  thati for sunie  others. Ne
corrections  are recluh'ed for reverberatien  time  ehange  with

LF. Snialler values  tend  te occur  elose  te the source  hut
(here is in Lgenerat no  censistent  dependencc  {}t' LF  on

distance i'rom the source  [28].
   The  ma."nitude  oi' the  .gubjective effeet.  seuree  bro"d-
ening.  depends not  on]lr,' on  the  t'ractiun ef  eurly  sound

cominE  from  the  side  but alse  on  thc music  level. )-'lusic     Llevel

 depends on  both the seund  po"'er ot' the combinecl

musiciuns.  the  vnrvlng  dN'namic of  the  music  and  the  
'L,nin'

              tLv  L

of  the hull. or  relative  sound  lcvcl. Froin xvork  bx,                                            v
Morin]ote and  [idu [291. the  ['e]]owin.g. was  derived [301/

Degree ef  source  broudening Cl)5'B)                     L.  L.=

 Ll'' .  (Earl.N･ leNe]),i60 (2}

Furthcr confirmation  of  this rc]atienship  wuuld  be wel-

come.  It is uppropriate  to app]y  an  acceptab]e  ran.ge  for
DSB.  

'1'enrativelv.
 a  minimum  value  for l)SB oi' O.1 L in be            .

proposed. 
rl'he

 t)SB detcrTnines the d>･natnic ]evel of  the
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orchestra  (e.g. piano or nlt)  at which  seurce  broadcning

becomes perceptible 130.31].

6.7. Totat Relatiye Sound  Leye]IStrength (G)
   Since sound  level decreases significant]y  with  souree-

receiver  distance, the criterion  of  G  >  OdB  iiiay  be too

simplistic.  Interestingly this critcrion  is compatible  with

two  tnaximum  N,alues  frequently quoted for concert  ha]]s:

that thc largest acceptahle  seat  capacity  is 3,000 and  that

the  furthest seat  should  be not  mere  than  40m  from  thc

stage. On  the basis ot' rex,ised theory (Sect. 7), a hall with

this size  audience  and  a  2s reverberation  time  wou]d  havc
a  sQund  ]evcl of  O.7 dB  at  40m  from  the  source  191,
   Thc quictcst scats  tend  to be these  at  the  rear  of  the

auditorium.  [t' thc  }cvcl at thcsc  seats  just fails the  criterion,

sN'i]] loudncss judgements be satisfactory  at other  positions
in the hall wilh  highcr G  values7･  

'I'here
 is interesting

evidence  ubout  subjective  judgements of  loudness that

suggests  we  relate  judgements of  loudness to distancc from

the source  L321. Perceived ]oudness was  found to be

positiveLy correlated  with  source-receiver  distancc. whcrc-

as  measured  sound  levets in halls arc  ncgatix,ely  correlated

with  sourcc-recciver  distance, The implicution is that

loudncss is judged by listeners relative  to expcetutions.  A

hal] would  therefore  be judged quict if the sound  level w'as
low  for thc seurce-receiver  distance concerncd.  The Iotal

relative sound  tevel nutv  bc above  OdB  but, because ofthe                   -
Heut  position concerned.  it may  stilt be judgcd too quiet.
   The  aboyc  argument  suggests  that a  critcrion  for G

should  also  depend on  source-rcccivcr  distance, Revised

theory matches  avera.g.e  behayiour. so this is an  appropriate

basis for such  a  critcrion.  A  ha]] with  a volume  oi'

30.000m3 and  reverbcration  titne of  2s has a predictcd

level of  OdB  at 40m  according  to rei,ised  theory.  I.ex,cls as

a  function of  distance for this hall are given in Fig. 2,

which  cun  bc proposed as  a  more  sophisticatcd  minimum

criterion than the sirnple  G  >  OdB.  {The cquation  of  the

linc is L=  101og(100fr2 +2,08e  
O'02"),

 where  r  is the

source-receiver  distance.)

6.8. Behaviour under  Ba]con.v Oyerhangs

   Analysis of  objectix,e behaviour under  overhangs  [14]
showed  that the major  edect  ",as  a  reductjon  in late sound

cncrgy.  This results in a  reduction  of  EDT,  an  increase in

Cso and  a slight reduction  in total level under  ovcrhangs.

The  ]najor  perceived chans,e  is ]ikely to be a reduced  sense

of revcrheration  under  overhangs,  (A reduced  scnse  ot'

tistener envelopn]ent  is a further like[y effect,)

   One  approach  to prcscntation ot' tneasured  results for a

hull is to divide measurement  locations into exposed  and

ovcrhung.  The relationship  ot' the ox,erhung  to the exposed

is a  mcasure  of  the  suitability  of  the  balceny dcsign.
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Fig.2 Proposed minimum  total sound  lci,cl (re. direct

 sound  at  TO ni)  in concert  halls as  a  d'unction of

 distancc.
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            7. REVISEDTHEORY

   An  anulvsis  oi' mcasurements  of  total sound  lcvcl in          .
concert  auditoria  f91 showcd  that traditional theor>, was

inaccurate. in piirticular that the  refiected  sound  levc] is not

constant  with  positien throughouL ti ha]], Recent  work  i221
has shown  that this bchaviour a]so  extends  to diffuse

proportionate spaces  that do not  have ubsorption  concen-

trated on  tleor sLu't'accs.  A  revised  theory  was  proposed l91,
which  is based on  an  expression  derivcd f]'em a  sirnple

image model  of' u  rectangular  space.  Revised theory uses
the  reverberation  time.  hall velume  and  source-receiver

distance as parameters. This revised  theory  matchcs

uverage  behaviour well;  for instance in thc case  of tota]

sound  Level with  an  r.m.s  error  ef  around  1.0dB,

   Revised theory also  allows  the carty  and  late level to be

predicted. Comparison  of  mcasurcd  with  predicted values

of  the  early  and  iate sound  coniponents  preves to be a

valuab]e  method  for ana[ysing  acouslic  behaviour  in

rooms.  used  for examplc  by Brad]ey 1331.

              8. CONCLUSIONS

   The  objectivc  measures  included within  ISO 338[ haN'e

the potential to significuntly  inerease the quality of  acoustie

design but severat  pitfalls await  the ignorant. To undertake

measurements,  the  need  for caret'ul  calibration  and  careful

choice  of  seurcc  locatien were  raised. Most  measurements

are  made  in haLls unoccupied  by audience,  in which  case

corrcction  for reverberation  time  change  is appropriate,

Stage occupancy  a[so  influences meusured  values  with

regard  to the infiucnce of  a  fioor reflection  and  with  regard

to measured  audience  sound  ]evels.

   Averaging  results  over  frequency bands is appropriate

but averaging  over  all measurement  positions to gaLn a  hall

mcan  value  seenis  generally unhe]pful.  cxccpt  in the case

of reverberation  timc. Criteria for the various  measures
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   were  discussed. In the  case  of  the  early  Laterut cnerg},

   frnction {LF). ]eokinE al u eombincd  measurc  including                       L L.
   souncl  level looks valuable.  For the  total re]ative  sound

   level Cor Strength). a criterion -'hich  is a t'uncrion ot'

   sourcelreceiver  distance has 1)een propesed.
      Using  ob.jectix,e  measures  to assegs  aeoustie  desi.on is

   I'airl.v struigh"'orwa;d.  To  use  objeetixe  ]tieasures  ibr

   desi.on dex･'elopment. it ls important te understand  the

   -,av  design detuils influence each  of  the n]ensures,      iL
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