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Abstract: An alternative approach to the design of concert halls, using artificial neural networks, has been
investigated.As part of the study,visitingmusiciansandconductors wereasked to complete a questionnaireon
their preferences for over 60 concert halls,most of whichwere locatedin Europeand North America. A similiar
survey was carried out using membersof the Music Critics Associationin the USA. These results were used to
correlate hall preferences with physicalfeaturesof the halls. It was found that the single most important feature
affecting the acoustics of halls was the diffusionof the interior surfaces. A preliminaryneural network analysis
showed a high correlation between the predicted and assessed acoustical ratings of halls when only seven
geometrical factors were used to describethe halls used in the study. The paper also reports on the comparisonof
evaluationsof concert halls by musiciansand music criticsand the preferencesofbothgroupsfordifferenttypes
of halls.

1. INTRODUCTION
There appear to be several ways in which the complexity of
acoustic design of concert halls is handled. One way is to copy
or modify an existing building, another is to measure acoustic
parameters in existing, model or virtual buildings and then to
reproduce these parameters in the new concert hall. None of
these is very satisfactory as there are many reasons, not the
least of which are cost and inaccurate modelling and
measurement,whichmeanthatexactreplicasofhalls,orexact
prototypes, cannot be built (or are not built). Often the
acousticdesignofahallcomesdowntotheexperienceofthe
designer who over the years gains a feel for what works and
what doesn't or who has an innate understanding of what to
do.

Sabine's (1900) work on reverberation time was of
fundamental importance in the application of science to
architectural design. Unfortunately the use of Sabine's work
does not guarantee good acoustics and it would seem that
despite the best efforts of Beranek (1962) and others to
provide an analytic approach to acoustical design, involving
factors other than reverberation time, there is still no
reasonable expectation that a new concert hall's acoustic will
be praised by musicians and audiences.

Concert hall acoustics is a multi-criteria and multi
parameter issue. The requirements for one criteria may be
contrary to those for another. For example it is considered that
a long narrow hall gives the best conditions for strong lateral
reflections which have been shown to be important. The same
long narrow hall would not give good conditions for intimacy
which is also sought after. A longer than optimum
reverberation time may be acceptable in a large hall but
unacceptable in a small hall. There is little understanding of
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these and other interactions and the search for a single
measure of acoustics continues with the religious fervour of
true believers,

While there is always the hope that some quantity, such as
the Interaural Crosscorrelation Coefficient (IACC), will turn
out to be a single suitable acoustic measure, it seems unlikely.
As described by Ando (1985) the IACC measurement requires
a dummy head to face the centre of the stage in an auditorium
as the measurement is dependent on direction. In some
concert halls the position of the performers can be changed
and in all concert halls the members of the audience can move
their heads without the perceived acoustic changing. While
this anomaly should not rule out the possibility of the success
of IACC, or similar binaural measures, it is unfortunate if a
measure of performance cannot be directly related to
perceived conditions. For this and other reasons, such as the
lack of success in applying conventional parametric
techniques to auditorium design, it seems worth investigating
other approaches.

One such approach which formalizes the successful
designer's approach is the use of artificial neural networks to
seek out the interrelationships in complex situations. The way
in which neural networks operate has been described recently
by Baillie and Mathew (1994) and so this will not be covered
in this paper. Suffice to say that the use of artificial neural
networksobviatestheneedtospecify,calculateandmeasure
acoustic quantities. The acoustics ofa space depends on the
size, shape and surface finishes of that space and if these
factors can be adequately specified and if there are adequate
examples of existing concert halls where these factors are
known, and where subjective acoustic ratings have been
obtained, then artificial neural networks can be used to predict
how well a new hall will be perceived.
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This paper should only be considered as a first attempt at
applying a neural network approach as there are a number of
issues which need refining.

2. SUBJECTIVE RATING OF HALLS
For this study a subjective rating of concert halls had to be
obtained. It is inordinately difficult to obtain subjective
comparisons of different auditoria. This is partly because
people have limited knowledge of halls, partly because people
tend to prefer the halls they know and partly due to a host of
other factors. One of these is that the acoustical conditions in
a hall vary from seat to seat and now, with halls having
variable acoustics, from performance to performance and even
within a performance.

Ideally a group of performers and listeners should be taken
blindfolded to many halls around the world and they should
play and listen to the same music in each hall and in different
seats in each hall. Even this ideal scenario is unlikely to
produce much useful information because of the difficulty in
remembering the different halls and performances and
becoming accustomed to the music. Unfortunately there is no
musical equivalent of the speech intelligibility test.

The alternative is to record music played in halls, using a
dummy head, and reproduce it in an anechoic laboratory
where subjects can make preference judgements between pairs
of"halls"without.tJlovingandwithout the use of semantic
scales. This has been done by Schroeder (1974), Plenge
(1975), Ando (1985) 'and others but there is always the
concern that the virtual acoustics may not be the same as the
actual acoustics and that there may be important non
acoustical factors which influence judgements.

Somerville (1953) argued that the best group of subjects
for surveys on the acoustical quality of halls are music critics
because they gave more concordant answers than performing
musicians, engineers, and the general public. But, in his
research,onlyten concert halls in the U'K, were considered.
Parkin (1952) also insisted that the artists tend to evaluate the
halls only from their experience on the stage where the
acoustic conditions could be quite different from those at the
seats of the listeners. Surprisingly there does not appear to
have been an attempt to correlate the judgements of musicians
and critics about existing concert halls to test these
contentions. Such a comparison is reported in this paper.

In practice, if the acoustic evaluation of concert halls is to
be extended beyond national borders, to maximize the range
of designs studied and minimize prejudices, some of the best
people to make these evaluations are internationally acclaimed
conductors and soloists as they have the knowledge of halls,
the expertise to evaluate them, many opportunities to visit
halls, due to regular concert engagements, and the need to
consider what the audience hears rather than just the stage
acoustics. lt could be argued too that if musicians don't like
the stage acoustics the acoustics in the auditorium are unlikely
to be judged as excellent as the music played in the hall will
be adversely affected by the stage acoustics.

Past questionnaire surveys have been of two types: one
favouring preference comparisons, the other semantic
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differential ratings. Preference comparisons were undertaken
by Hawkes and Douglas (1971) and Schroeder et al.(1974)
whilst semantic scales were used by Wilkens (1975) and
Barron (l988).

Parkin etal.(I952) described a subjective investigation of
ten British concert halls by means ofaquestionnaire sent to
people who were music critics, music academics and
composers. Of the 170 questionnaires sent out 75 were
returned. Only 42 of these responses could be used to be
evaluate halls because the rest had experience of less than
three of the named halls in the questionnaire. This study is the
first known attempt to rate the general acoustic quality of halls
numerically using subjects from the music profession. The
evaluation of the halls was made using a three point scale
(good, fair and bad).

Beranek(1962)interviewed23musiciansand21criticsto
judge the acoustic quality of the 54 halls (ie. 35 concert halls,
7 opera halls and 12 multi-purpose halls) in his study. These
acoustic quality judgements were used to construct numerical
rating scales of acoustic attributes. The 54 halls were
classified into five groups based on the musicians'
impressions and evaluations. Beranek interviewed outstanding
musicians as a first source of reliable information in his study
of halls for music.

In the present study it was decided to ask musicians to
evaluate the acoustics of halls using a self-administered
questionnaire. The present survey was designed to reassess the
acoustics of many halls used in Beranek's study and also to
include as many different shapes of halls as possible in order
to investigate the effects of hall geometry on the acoustic
quality.

3. THE QUESTIONNAIRE
The present work appears to be the first international study of
halls,undertakensinceBeranek'sinI962,toquantifyacoustic
quality from systematic subjective responses. The
questionnaire used in the study employed a three point scale
(like Parkin used) and included concert halls only.

3.1 Questions

In the survey, using a self-administered questionnaire,
respondents were asked to express their opinions on the
acoustics of up to 75 concert halls. Respondents were asked to
make judgements about the acoustics of halls for classical
symphonic music. The questionnaire included questions
about preferences for music and concert halls. A list of
concert halls was included and respondents were asked to rate
them acoustically, based on their experience, as either
excellent, good or mediocre. The terminologies used for three
levels of acoustic quality were suggested by Lawrence (1983).

A three point scale was employed for rating acoustical
quality of the halls because it simplifies the subject's task and
makes the difference clear. As all the listed halls in the present
survey are well known and are regularly used for concerts the
acoustics of these halls are not likely to be bad. Thus the
ordering scale was designed to start from "mediocre" and used
"good" and "excellent" as the other two steps.



3.2 Selection of Halls
Most of the halls listed in the questionnaire were located in
Europe and North America. The halls were chosen because
information about them was readily available in the literature
and because they are well known, so the sample is not a
random one. The list of halls includes halls with four different
shapes, ie. rectangular, fan, horseshoe and geometric,
althougheategorizationintooneofthesewasnotalwayseasy.
The list of halls was altered slightly during the three years in
which the questionnaire was administered so that the number
of assessed halls could be maximized. A sample of the concert
halls which were listed in the questionnaire, and for which
there were sufficient responses to make evaluations, is shown
in TableI.

3.3 Respondents

The subjects for this survey were drawn from two groups:
musicians who performed in Australia during the 1990,91 &
92 concert seasons and members of the Music Critics
Association in the USA. The music critics' results were used
to compare the ratings of musicians with music eritics and, to
some extent, the stage acoustics with the auditorium acoustics
of halls.

Most of the musician questionnaire respondents were
conductors and soloists from Australia, Europe, Japan and
North America, who have performed as guest artists with
many different orchestras in many auditoria in many
countries. One of the added advantages of using this cohort of
musicians is that the results should not be influenced by local
cultural factors. A total of 110 questionnaires were sent to
musicians. Thirty five responses were obtained (ie. a29%
response). The respondents came from 12 countries and
comprised 16 conductors, 13 soloists and 3 other musicians.
All the musicians were professionals who performed regularly
in many auditoria. Among the 32 musicians, 21 performed
more than once a week and the rest performed at least once a
month.

A second evaluation of concert halls was undertaken using
members of the Music Critics Association of the USA.
Despite the limitations ofa poor response rate (approximately
10%), limited knowledge of halls outside the USA, possible
preconceptions and other confounding influences, overall
there is a strong correlation between the opinions of the
musicians and the critics. Opinions on individual halls did
differ between the two groups but the most notable point was
the spread of opinions on a number of the halls within each
group of respondents.

4. ACOUSTIC QUALITY INDEX OF HALLS
Respondents commented on 60 of the halls listed in the
questionnaire. The largest number of halls any individual
respondent rated was 41. A total of805 ratings were obtained
from the musicians. The average number of ratings for each
hall was fifteen with a maximum of 30 for the Sydney Opera
House Concert Hall. For the evaluation of the acoustic quality
ofa hall at least 5 responses were required.

For estimating the goodness of the halls a value of I was

assignedtothoseassessedas'Excellent',0.5to'Good'andO
to 'Mediocre'. An acoustic quality index (AQI) for each hall
was calculated by averaging the rated values. The "musician"
AQIvalues of halls are distributed in the range 0.22 (Henry &
Edsel Ford Auditorium, Detroit) to 0.98 (Grosser
Musikvereinssaal, Vienna) while the "critic" AQIs ranged
from 0.19 (Gasteig Philharmonie Hall, Munich) to 0.94
(Symphony Hall, Boston). The "musician" AQI values for
each hall are listed in Table 1 with the details of the number
of responses on which the AQI was based.

The acoustic quality of halls, as rated by the music critics,
is compared with the ratings of the same halls by musicians in
Fig I, for the halls for which there were sufficient responses
from both groups. The agreement is surprisingly good
considering that the acoustics of the stage and auditorium ina
given concert hall could be very different. There appears to be
better agreement between the ratings of critics and musicians
in conventional shaped halls than in fan or geometrically
shaped halls such as the Berlin Philharmonie.

Figure I. Scattergramof hall AQIs as determinedby critics
and musicians. .

5. ACOUSTIC QUALITY DEPENDENCE ON
HALL GEOMETRY

To undertake a neural network analysis it is not necessary to
investigatethccorrelationbetween different parameters and
the acoustical quality of the auditoria but such an analysis is
of general interest and so some of the relationships are
reported on below. In the present study 28 of the 32 musician
respondents said they had a particular preference for hall
shape for symphonic music. Regarding the hall type it was
found that 21 of the 28 musicians (75%) who answered this
question preferred rectangular concert halls. The second most
common preference was for horseshoe type halls. This is in
accordance with the finding of Gade (1981) who indicated
that musicians preferred shoebox type halls as an ideal room
shape. Nine of the twenty halls (45%) which have AQI's of
0.60 or better are rectangular in shape whilst only 19 of the 53
halls surveyed were rectangular halls (36%). As might be
expected this is a similar trend to that for the musicians
preferring rectangular halls.

While the overall acoustic impression of symphonic music
played in halls was used to estimate the acoustic quality index
of each hall, the appropriate shape of halls for other types of
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Ta ble I. Aco \l5l icquality index o f conc:ert lLaJis

con«rt li ail hail E d AQ' AQ[
T",. (musician ",opon Sel) (musiciam) (cr iTics)

Grouer Mu. ihen:imsaal, Vien na REC 26 25 , 0 '" .Ol
Symphony Hall, Booton ,",C re "

, 0 " "C<!ncertsewuw, Am. teroam Rf.C 26 23 ) 0 ." .sa
Clmegie IIln . New York 115U 28 19 , 0 .... Ol
Sewra nce HIli , CllM!land !l SU [[ 8 l ,

" 81
Gev.'andhn s, ~il'li l OED 10 6 · 0 80X "Concert I IaU De Doelen, k olterdam GEO 11 s 8 0 rt
Berliner I'hilllllmonie lI all, Berlin OED 23 " 7 l .76
Dem gale Cmler. Northampton R£C 10 , · , rux
Her1<uIe...... I.M unich Rf.C 19 , · l 68 so
On:IleOlraHall,Chical o IISU ae 7 II , ss sa
GroMCr Tonhal leoaal, Zuric h Rf,C IS 6 [[ , .64 "TbeM~h.ani"Hall,Won:nler Re C 8 l 6 0 ea .S7
Conc m Hall, Hau lem REC , , a 2 .61X
Rll)'aI Concen HaU, NollinSbam OED , ) s , .61X
Con cert Il all De Oooterpoort fAN s 2 7 0 6lX
Philade lphil Academy of Mllsic IISU "

, , , .ei
CIlfINiel~n lllll ,Odense REC 10 2 8 0 .OOX
Neue s FC'SI"l'ielhau . , Sa!zb lll\l fA N " a [) 0 .ss
Sladt-Cl$ino.Baoel R£C II ) 8 I sa
Oslo Concert Il all, 0010 f AS 8 2 s ,

"X
Conc en ll all.Sydncy Ope ra House OEO 30 6 21 ) .~ ~X

Coocen llall .SlOCkholm R£C II ) 7 2 S"
Palais de laM usique, Slra WuQl OEO [) 2 10 ,

.~4X

lJlh er Hall, Edinboo'ih . SU " 2 "
, .sa

LiftIe1baJle Gro<oet Saal , SIUlTgaTl OEO " ) · , .sc
SI_~i llal l .Glasiow R£C [) a , 2 .SO:
Berwald Hall. SlOCkbolm OED 8 , 6 , .SOX
Lyric Tbeat,.."B altimo,.., REC 7 0 7 0 .sc
War Memorial Opc rl UOllW, S.F HSU . 0 · 0 .so
Philharmoni c 11111. Liverpool FAN " l [) , .,.
NalionaI Concen ll l n, Dublin, E in: REC [) 2 8 ,

' 6X
Meloollme Concetlllall .M e lwllI"lle OEO 25 S [) 7 46X
Tmli Koru::cn, "I, Cop enhl gen 'AN II 0 [[ , 46 .sc
Conce n HalJ,Kennedy Cenl er REC IS 3 10 , 44X .,
Co I'ton Hall. ll,; " ol REC "

, [[ , .,
EastmlnTbeat,.." Roc:hnl er f AN II 0 10 2 .,
Conce n llal l,M usic Center, Ulrtc ht OED [[ 0 , 2 A
Radioh <aoetSrudio l , Copc nhagcn 'A.' , , , ) .) 9·
RoyaI FC'StiwJ lla ll,London ReC 29 6 s " 36
Fm: Trade ll all, Man<he stet Re C IS , [[ 6 36
Palaisdcs Beaux-Art s,a"'s.oel . SU IS , [l 6 .36 .,
Ga>teigPhilharmon ie, Mu n;ch FAN " 2 6 6 ,) 6X 19
B«tl>ovmhalle, Bonn OED 17 2 8 7 .as "RoyThomson li all, Toro nlo OED 10 2 3 s 3 19
Maison de Rad ;o Ftance. Paris FAN " 0 [l s ,.
Gl"<lIlotTSende-a al,Heri in ' AN [[ , , 6 .27
Avery Fi&her HolI, New York " C 16 l 10 [l .zt-x 31
Boc:ncher C<!nccn ll all ,l> enver OEO 10 0 , , 2SX "B. rbican Concert 11. 11, Lo noon OEO 16 , 10 " .n -x "Hcnry Ford Au ditol'iurn. D!:tro it FAN , 0 · , 22: .31

• All or pan of the se s ubjec live evaluations ma y have been ma de be fore recent changes in the ha lls .

: Ha ll no lo nger ex isl s
X Ha ll le ss th an J O yea n o ld .

Where, Ihe abbrc:vialions used in th is Table are as foll ow s ;
REC : Rectangu lar hall fA N : Fan shaped hall " SU : Ho rses hoe (U shaped) ha ll OEQ .Geometricalty shaped hall
Total : Total number o f re sp on denIS

ErExc ellent G:G ood M:Mcdiocre AQ1: Acoustic qualuyindex
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musical performances was also investigated. The
questionnaire respond ents were asked to indicate the belil
shape for three forms of music; symphonic , chamber &I;50010

recital aad cpe ra . Table 2 sho\o.'S!he nurnberof rcspondents
who preferred particu lar hall shape s for panicular music
form s. The survey showed !hal more than half the musicians
also preferred rectangular halls for chamber music and solo
recitals . As expected, horses hoe type halls were preferr ed for
operatic performan ces. The geometric and arena halls are
obviousl y not popular and thi s preference shou ld be
considered asbeinsrnore significant!hantheoftenexprnsed
preference ofmusicians for wood lined interiors.

Table 2 . Surve y results 0 0 the preference for hall type for
different types of mus ical performanc e

fomt,.Dr Musie '....... a.m~ . -~HalIT )'pCI SolD Rtc ita l .-.
"'-~ " rc , ,
r...Shapcd . , . .
H.....hocShaped . , . ,
o-nctnc ol Arcna , ,

"Sul>TDlal n 17__ ~-----.!....6_

There is a clear preferen ce, shown in Table 2, for
rectan gular and horseshoe shaped halls compared with fan
and geometricall y shaped halls, An analysis of preferences for
hall shaPQ in Table l also shO'W1 thil trend bllt not w clearly.
Grouping therectanilllarandhorseshoellallst~ther.ndthc

fan and gecmetrtc halls with AQIs " O.S and >0.5 and
applying a xa lest 10 the musicianresponses shows that the
difference is significa nt at the 1"1. level (DF~I , X2.6.&7&,
O.OOI<p"O.OI).

The most signif ICant factor. by far, in produoeinS good
ICOUlitics appean 10 be the degree of diffusion by thew.lIs
and ceiling, This relation ship is a paper topic in itself but an
exampleoft herelalionshipbelwee n the acouslicqualilyi ndCO'l
and a subject ively determined area weighted sur face
dilfusivity indcx (SDI a.w.] is given in Fig 2 for rectangular
halls. Further informa tion is given in the following section... .. ........

. -"'" "'- - r=
.t-I-- -I--

Figure 2. Scaltergram of Aoou,tic Quality Index (AQI) against
area weighted Sound Difl'u, ion lndex (SDl a,w,) fO' re<:l.ingu]ar
halls.

Acous tiCS AUSlfa lia

This relationship may have a non-acoustical aspect as well
as an acouslical aspec t. The design elTort required for a hall
with surface ornamentation may be an indication of the
anent ion paid 10 the overall design as well as be visually more
stimulat ing than plaine-rrreetrnents .

6. OTHER FACTORS INFLUENCING
PERCEIVED ACOUSTIC Q UALITY

~ost conce" hall s (94% of aU hall s used in the present
uiork) havca reverberanen time of more than 1.5 sec when
they are occupied. The mean value of reverbe ruion tim e o f
concert halls used in this work is 1.77 sec with the minim um
reverber ation time of 1.3 sec . II has been acknowledged
( Beran ek, 1962) that suffic ienl reverberat ion lime is a
cruc ial requirement for good acouslics. If it is assumed thaI
goodhalls have adequat e di ffusion a long reve-rbcrat ion time
would not be an essent i. 1 COndition for a diffuse sound

field , When the ecousnc qua lity index was plotted as a
functi on o f reverb era tio n t ime o f ha lls, a ver y low
corr elancn coefficienl was obtained (ref er to Fig ,3) with a
large amo unt of scatter. This in dicat es tha t a long
reverbe ration time is nOl, on its O'oO'n, a II tis factory ind icalor
of acoustic quality. Thi s point has been mad epreviously eg.
Barron (198&) and Beran ek (1962). Also il is shown in
Parkin s ' study ( 1952) where the dtstnbution of
reverberation time and volume of halls are very widely
scaner ed, regard less ofl he qua lity of ha lls

:r--t----- ~ ~j:-i- :;j=.....--
' f-~+- - -~ --:-.-.- -+-
:1=4 -· ._I-=-t=±• ;-j-.. .. .. .. .. .. I I ,' H l>

Figure 3. The oeau~rgram of acoustic quality index alll,n. t
reverberation lime of hall.

Interestingly, of lhe halls listed in Table I, the five top
rated hal1sw~reall over 30 years old ( atthetime of the study )

andthere"'e re only lu..:thal1s lessthan30 )'earsold in tl!e top
10 halls. Of the halls listed, for which the re we re mor e than 5
responses, 23 were less than 30 years old and 30 greaterthan
30yearsold , l l should be noted that a number of the older
halls have been renovated and iti t is not clear whelher these
should be classified as new or old halls and ...hether the
respo ndenu ...'ere rating lhe hall s befo re or afte r the
renovations. However there iii a bette r correlatio n of acous tic
quality with the age of the hall than there is with the
reverberatio n time (see Fig 41.
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Using a Chi-squared test there is a p<.OOI that the hall
ratings are from the same populations when a breakdown of
halls is used such that the halls in which the five most well
known orchestras usually play are separated into one group
and the five other best known halls are used as the second
group. (Each hall had at least 10 individual ratings and the
total number of ratings for each group was 133 and 130.)

Table.J Comparison of hall ratings with resident orchestras

Hall Rating AHalls

Figure4(a). Acousticquality of all halls as a functionof age
(years).

Boston
Chicago
Severance

Meyerhoff
AveryFisher
SanFrancisco

Figure4(b).Acoustic.qualityofrectangularhallsasafunction
of the age of halls (years).

It was considered possible that the judged quality of an
auditorium might be related to the distance the respondent
lived from the hall. There are several reasons for this including
a "cultural cringe" factor (halls further away are more highly
regarded) and the halls that are most familiar (near halls)
being judged to give the best sound. Two analyses were
undertaken using information from the music critic survey: a
correlation between how good a hall is judged and the average
distance away that the hall is (for all the respondents living in
North America) and a second test using only the east coast
critics and halls. For all the respondents there was a slight
correlation (r2=0.2) with the more distant halls being
considered lower quality. The result was significant at the
10% level only and the relationship is considered to be an
artifice of the distribution of halls and respondents (most halls
and respondents lived on the east coast and most of the better
halls used for the study were in the east of the USA).

Of the respondents living in the east and commenting on
the east coast halls distance is not important when a Chi
squared test is carried out on two groupings: s250 miles
distant and >250 miles distant (DF=2, X2=2.468,

0.20<psO.30). If the "good" and "mediocre" categories are
combined the effect of distance is significant only at the 20%
level: DF=I, X2=2.29, 0.IO<psO.20. It might be useful to
correlate judgements with the place where the respondent
grew up but one can hardly design using this information and
so the only possible value of it would be to indicate how
important external factors are in the evaluation of halls.
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Carnegie KennedyCentre
Philadelphia Rochester

This is not very convincing evidence that it is the orchestra
that determines what respondents think of the acoustics of an
auditorium because it could well be that the better orchestras
evolve around the better halls and besides itis not known what
orchestras were playing in the halls when the respondents
made their judgements (the New York Symphony Orchestra
plays in the Avery Fisher and the Philadelphia Orchestra plays
in Carnegie Hall, for instance, and all orchestras go on tour).

7. NEURAL NETWORK ANALYSIS
For the neural network analysis only the musician responses
were used as the music critics did not comment on sufficient
halls for which other data was available.

A neural network analysis was undertaken to find the best
combination of parameters for the prediction of good
acoustics of halls. Neural network analyses are mathematical
models oftheorised mind and brain activity which learn
knowledge on interconnected variables by adaptive
simulation. The neural network is applicable to situations
where only a few decisions are required from a massive
amount of data and situations where a complex nonlinear
mapping must be learned (Simpson 1990). In the neural
network analysis only geometrical data on the halls were used
for the prediction of the acoustic quality of halls.

Geometrical data on 53 concert halls was obtained
together with subjective evaluations. The halls used in this
study are those for which published data is readily available in
publications and for which scaled drawings are available. The
plan and section in the 1/400 or l/500 scale was used to
measure the geometric properties of halls. The sample,
therefore, is unlikely to be random. The geometrical
parameters used are shown in Table 4 with the abbreviation for
each.

Hall depth (HD) is defined as the distance between the
proscenium wall and the rear wall. HW is the horizontal
distance between the side walls in rectangular halls. In the
case of non-rectangular halls, the hall width is the average



Table . Audilorium para meters used in the investigation

N. <mlmeuieaI1'ararTM.1en Abbreviation Unit
or AlIditonum

I ..... ""- V mJ
Number of Alldiencc " N -3 Total Floor Area S, mJ· AwIimol:Su.tin A". 50 mJ, -... ... V," mJ"'"·- -- V" ", ...... '"" ,.,....

•
1Wl_

l ID .· A~. HalIWKlth NW m
10 A~ HallHe; , 1111 m

" III WICldtRatio J>'W
12 . "" .... J>H
u _."" .... ..'"
" An Ic of SideWalb ASW

" Maximum Rakc An eo fSolln XRA
16 M_ leo rHatI MRA '"" Surfar;:eDi t\'usi.vi .flWl SOl

widtbofdle plan which is c:oD'IU1ed 10 f'elCWlgularone that
~ts lhc __ oflbc:ori&in&lba1I""1leJ'eIhc HWis

calcuWed based on fiMd HD . The hall height. HH, is Ibc:
meandiSWll;e broocen tbc noorand Ihc crilin l ' The anile of
tbe side ...al l.. ASW, is a simple measure of tbc shipe oftbe
balls.ASW isthein<:ludedancleofthesidc ...a1l1 wbichis O
for rettangv.1ar hall s. T_ me anlles of the IUD nl '<lUe

used; the mn imwn rake lillie of the Kalin&. XRA, and the
mean me 1Jl11e.MRA. Thesurf.,e d.ift\l$tvity of a hall is a
meu lIR of how iffC'iUlar Ihc MIl'facn arc. Formis sbldy the
evalu.ation of di lfusi\i ryof aurfaees .....s undertaken by visual
inspec;tioo. A simple ea~coriwion WlS used &I it is ditrlC:Ult
IolU bjectively di ffercnliatrlUrfaeetUlinlmorrthana thrrr
poinI Kllc . Surfaees'Im'Cplaecd in oncofthrec elllq:ories
drprndinlmainly oalhe iffC'iUlan ty or thr surfaees and lo a
lesser extent on the al»orplion of those surf.:es. The three
categories IIXd were high, medIum or low di ffusiviry. The
cri~ria for lhe classifica tion o f diffusivenr ss of lW'faces and
weighlinS pmcrdurn art presemedin a previous paper (Haan
1993). For numcti Citleva lUollion of lhrrffm ofdi ffilsiviry of
the: surfaces I valurof I wu u signcd to the ' hii h" O.S 10
' medium ' Ind 0 10 'l ow' diffusing surfaces . A surfK e
diffusivity indc. (5DI...) for each hall was calculated by

avcTlIging thr diffusivity o fth r ceiling and walls to obtain an
SDt1y in the: ranie 0 to I. It should be mentioned that the
Cltegorisation uscdinthe pre senl worlt is a f irsta llempt at a
simple method ofdefinina di ffuli yity of surfae es and thai
beller war- of defin ins and eates orising of surfaces l hould be
anempted. Likewise, better WI YI of dcfin ina: the aw rnctry of
halls also need to bc invcl tia ated

Usina: Ihe abov e , eui ly determined, param eter s a
correl ation malrix was formed The parameters with the
higheslcorrelations ....ithAQI_re llX d in theaubsc:quC11.t
neura l nctvoorlt analysis. The corrclalion matrix ,. 1hown in
Tabir S.
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Table S Correlat ion matrix of acometri eal para.metCTIand
AQI.

___ ","",,", _ I
_ _ _~ l

· 116 III I
IWId<po11 . __ .J l) .-')<1 •.'11 I

H.oI..... ....... _ •.Q JI I .~" . , t J

.0.l1li<01'_ _ •.~21 J U -01'1 .Jt)ll li t I

_....... • III J IO J IJ •.~n 196 I
_ --,. _ .10 .... ..100 _ .J_ . j tt I

There are lWOlla i:cs in the PfOCedur e of ncura l nctworl
analys ilie. uai ning andtcstinl. The lrI ininl ofanetwot1I:is
the makinsof a network model which Irama tile pattern of
input dmo and SlOI'eI the w,.eilbrs which eonuin knowledge
aboul the condatioD~ die ndVo.:)rk COIlfil'Jl'ltioo and
the eIIanoeteristie$ of inpul dati- FiB_ S ilhlstnl1n the n-
diagra.rtl of neural oe'tworlc proerdutcs uradeTtaken i. the
~nl ltudy.1"hegeomo:trie data dneribcdrarlier in this

!ieCUOII WC1't atloptcd as input variablcs fOl'anal)'ll s.

FlltUfeS. Flow dil ltram for l imulatlni proc:rdu~s of a neural

- "
The program used in the prescnl study was Dime (ycrsion

1.2) which was Ik lign ed for espc-cilll y est imation and
approx imation purpo se. The nelll al network analyscs were
carried out using a micro Sun workstation.

It is important 10 haveeven distribution of sampled data
for the beth training and tnting sets of hall s. The data on input
and output \'lliablcs lltould be evenly distributed in order Illal
the informa tion C<:Ivtn the full range of JlOlSlblr vafces. Two
basiccri teria were used 10selectbaUI for both the training and
~sting sets. Thepc:Ke ntai:e of each ball type of hal l in each
set shou ld be similar (approx imately 20%) and the AQI valurs
of balls for testing should cover the AQI rana:c uscd for
network mining _Table 6 lltOW5the req uired number ofha lls
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for testing. Ten of the 53 concert halls were chosen as halls for
testing networks. And the rest of the halls (ie. 43 halls) were
used for training the networks.

Table 6. The nurnberofhalls for testing networks.

-
Number of Number ofHall Type Percentage of

Halls in Sample Halls for Testing Halls used for

Testing(%)

Rectangular 19 4 21.0

Fan 11 2 18.2

Horseshoe 7 I 14.3

Geometric 16 3 18.8

Sub-total 53 10 18.9

The ten concert halls which were selected for testing
networks are listed in Table 7. The geometric halls included
one circular hall. The average acoustic quality indices of the
both sets of halls are shown in Table 8 with the range of the
values.

Table 7. The list of concert halls used for testing the network
model.

Type AQI

1 Concertgebouw,Amsterdam Rectangular 0.942

; ~:~t~~:~:::,H:~~~~~ense Concert House :::::::; ~::~~
2 RoyalFestivalHall,Lou"don Rectangular 0.362

5 TivoliConcertHall,Copenhagen Fan shaped 0.458

6 GrosserSendesaal,SenderFreiesBerlin Fan shaped 0.273

7 PhiladelphiaAcademyofMusic,Phil. Horseshoe shaped 0.607

8 Concert Hall De Doelen, Rotterdam Geometrical 0.765

9 BerwaldHall,Stoekholm 0.500

10 Roy Thomson Hall, Toronto 0.350

Table 8. The average AQI of both sets of halls used for
training and testing networks.

8. RESULTS
The seven major geometrical attributes (highest

correlations with AQI) were used as input variables for the
neural network analysis. Thus a network function was setup
as follows;

AQI = f(VIN, SaIN, DfW, WIH, ASW, MRA, SDI)

For the calculation of acoustic quality,basedon the
geometry of the halls, the data on the geometryof43 halls
were used to train the networks. For the learning procedure the
convergence criteria was set to 0.000001 (error margin) and
the number of iterations started from 1,000,000 times. If the
network converged (ie. the network is fully trained by the
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input data) the calculated acoustic quality of the trained halls
should be the same as the real acoustic quality index of the
halls. Fig. 6 shows the training regression line which has an r
squared value of I. This indicates that the network model used
was fully trained that the prediction of acoustic quality of the
new halls would be possible to undertake.

Figure 6. The scattergram of acoustic quality index against
calculatedacoustic quality of 43 halls which were used for
trainingof the neuralnetwork.

Further analysis showed that the highest correlation
coefficient was obtained when 5 geometric parameters (DfW,
W/H, ASW. MRA, SDI) were used. Except for MRA, all these
parameters have a high linear correlation with the acoustic
quality of halls. Fig. 7 shows an r2 value of almost 0.7
(r=O.835)when these parameters were used as input variables
for the neural network analysis.

7',R-•• ,,,.,, •• 7

:;...-

-----.....-::
.3~

---
Figure 7, The scattergram of acoustic quality index against
calculated acoustic quality of 10 concert halls which were
predictedby neuralnetworkanalysis,

8. DISCUSSION AND CONCLUSIONS
The present study indicates that musicians and music critics
have very similar opinions of halls, Previous concerns that the
perceptions of players and audience members could be very
different do not appear to be justified, with the possible
exception of "geometrically" shaped auditoria. What is of
more concern is that there are pronounced differences in
opinion on the quality of the acoustics ofagiven hall. In some
cases there were approximately equal numbers of musicians
(and music critics) rating a hall as "excellent", "good" and
"mediocre", Examples of such cases are Berlin Philharmonie



Hall, Berlin, Roy Thompson Hall, Toronto, NHK Hall, Toyko,
the Academy of Music, Philadelphia and Joseph Meyerhoff
Symphonie Hall, Baltimore. The shape of the hall is
significant. There is a marked preference for rectangular and
horseshoe shaped halls over fan and geometrically shaped
halls. More important appears to be the decoration and surface
finishes in the halls which, besides influencing the diffusion
of sound, also may be an influence on responses in other ways.

An individual's rating of an auditoria appears to depend on
personal experiences and on factors other than just the hall's
acoustic characteristics, as indicated by the dependency on the
resident orchestra and the distance the respondent is from the
hall on the acoustical rating and expressions of preference for
rectangular halls. The reverberation time ofa hall does not
appear to be important though it must be stressed that the
range of reverberation times was small. The age of an
auditorium is of minor importance with the older halls being
considered better.

Whatever acoustical analysis is carried out for the design
ofa concert hall ultimately there is a need to establish a
relationship between the geometry and the acoustic quality of
halls. Using an artificial neural network this has been done.
The reason for undertaking the analysis in this way is because
this analysis is of greater use for designers, at least in the
initial stage of the design, as it directly links physical form
with acoustic performance. This is, however, at the expense of
understanding what is going on and designing within the
limits of parameters used in existing auditoria. The analyses
carried out indicate that there is a good basis for using hall
geometry as a measure of acoustic performance. This paper
also indicates the importance of the several geometrical
factors on the acoustics of halls. It appears that the present
predictions are better than any based on acoustical measures
of concert hall acoustics.

It should be also mentioned that most of the halls used in
this paper are well known halls which are regularly used for
concerts. This means that most of the halls are acoustically
good. Although the results clearly show a relationship
between acoustic quality of halls and the geometrical
properties of halls it should be reemphasized that the halls
chosen for this study can not be considered a random sample.
The halls are all 'good' halls and so the geometry of these
halls can only be considered to influence how good the good
halls are. The present paper, nevertheless, shows the
importance of shape and other geometrical properties in
concert hall design.

There is a need for further work. The most obvious is the
need to put objective measures of hall shape and surface
finishes into the analysis. This work will be undertaken
together with the development ofa "music intelligibility test"
for auditoria which, if successful, would obviate the need for
surveys such as that described early in this paper. Finally,
although both musician and music critic opinions were sought
for the present analysis, only the musician results were used in
the neural network analysis. It would be interesting to extend
theanalysis for strictly auditorium rather than "stage end"

Acoustics Australia

acoustic design but this is also possibly pointless, Aft" the l
musician survey had been carried out Leo Beranek was
critical of it because it was going to be stage-end biased. At
his instigation the survey of music critics was carried out.
When shown the good correlation between the two surveys
Beranek commented to the effect that it was to be expected as
music critics formed their opinions based on what they heard
from musicians!
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