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{1) Introduction

The subject of this lecture cannot be comdensed into a nomal lecture period so

it may be more appropriate to concentrate on certain aspects of auditorium
acoustics.

In recent years there has been dewoted much time and interest to the dewvelop-
ment of adequate design criteria and this would therefore be the first aspect
to approach. Following that it might be worth while to review a mmber of ex—
amples of ocompleted auditoria and the experience gained from their practical
use (included will also be a few projects of halls not yet built}.

In conclusion, then, it would be natural to indicate some important trends in
current and future design of auditoria.

(2) Criteria for Speech and Music

For speech the well established criteria: level of sound and articulation are
the cbvious points of departure.

Even in rather large auditorla many speakers will find that their natural
speech power will be sufficient to produce .the necesgary sownd level for the

whole audience. The articulation, however, will depend upon the acoumstical pro-

parties of the aulitorium traditionally detervinined by the statistical value
(or the Sabine value) of reverberation time (abridged: RT). Already many years
ago it was established that a better cbjective criterion than RT was the so
called definition (German: Deutlichkeit). Definition may be measured by tsing
the impulse method, by which very short pulses {random noise or shots) are
radiated in an awiitoriun. The sound pulses are pickad up by microphone, rec-
orded and analyzed. The energy arriving within the first 50 millisec. is
campared with the total energy of a pulse and the ratio 1s called definition.
It has been shown that articulation or intelligibllity as measured acoording
to the syllable method is very close correlated with numerical values of de-
finition.

sl



Proceedings of The institute of Acoustics
AIDFIORIUM AQOUSTICS, {CRITERIA, EXAMPLES, TRENDS)

Originally, for music, the generally acknowledged critericn was reverberation
time (RT) and adopted values were in an uncertain range between 1 and 2.5 sec.
{depending upon size of music roam and no. of musicians) . For full size concert
halls an adequate value around 2 sec has for some years been a sort of stand -
ard.

However, during the last 10-20 years, experimental work with the so called
short time criteria has established that RT is mot a critical value for sub-
Jective asgsessments but that the following criteria must be comsidered by the
design of concert halls:

Early Decay Time (EDT) defined by the slope of the first 10 dB of a reverber-
ation process, It has been shown that only this part of the reverberation is
evaluated by listening to music. Subjectively, we may speak of EDT as a
measure of reverberance.

Clarity (C) is a parameter corresponding to definition for speech. The "trans-
parency” of mmic (whether in time succession or in tonal balance) demands
that rapid passages must not be blurred. Clarity is defined (using short
pulses) as 10 times the logarithm of the ratio of energy within the first 80
millisec. to the remaining energy.

Tolerance limits for EDT have been established as covering the interval 1.8 -
2.6 sec. whereas tolerance limits for Clarity are somewhat more loosely defined.
An interval of ¥ 2 @8 may be too rigid.

A problem has occurred in correlation experiments (where objective criteria
are compared with subjective assessments): that the musical judges may emd up
being divided into groups. One group may have favored relatively large values
of EUT and correspondingly low values of C and another group may have pref-
erred the opposite.

The level of the muwic (a8 actually being performed in a concert hall) is also
a criterton and there have been indications, that f£.1. the lewel of a mezzo
forte passage could divide the assessors into two groups, each with its indi-
vidual preference of level, although the actual difference between optimm
preferences {the two groups average values) was only 4 d8 (84 dB(A) and

88 dB(a)) for mezzo forte.

The optimal, Mg_lbalm\ceofthemicmybemgardedasamtﬂmlly
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solvad prablem,
l Originally, when RT was used as a general criterion the RT vs. frequency
characteristic: (octave or cne third octave values) was thought of as the basis
for asgesaments of tonal balance. Many acousticlans have emphasized the
importance of an increase in RT value towards the lower frequencies, others
{among them the author) have considered this of little consequence. A slight
increase of RT value towards the higher frequencies, however, may be regarded
as more lmportant. .
Recently the EDT va. fremiency has been used as the chjective measure for spec—
tral balance.
50 far, we have only considered criteria which do not distinguish between the
different directions fram which the sound reaches the listener. There is a
strong evidence that among the early reflections it is particularly lateral
reflections which are valuable, since they contribute both to the clarity and
to the gpatial impression.
It seams necessary to distinquish between "Spatial impression” (Gerwan:
Riunlichkeit) and reverberance. Recent attempts have tried to establish a
caprehensive criterion vhich could account for both these factors. However,it
1z considered justified and worth while to keep the well established criterion,
ET,as measure for reverberance and to introduce a special criterion for later-
al reflections (which enhance the spatial impresaion): lateral Efficiency(LE)
is defined as the ratio between early, lateral enargy and the early total
enerygy. :
To conclude this survey of criteria it should be mentioned that the balance
between the orchestra stage and the andience area may be defined as the ratio
between the average values of EDI' measured in those two aveas. This ratio 1s
called imversion index (I.I.). Normally, values of 1.1. should be 1.0 or larger
vhich means that the initial sound should grow more rapidly in the stage area
than in the audience area.
As chjective criteria we shall in the following be referring to: RT, EDT, C
and IE. Frequency dependence will only concem RT and EDF,
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(3} Examples of Awditoria

The selection of auditoria is intended to cover emall,medium and lavge halls,
ranging in scope fram single over dual to multipurpose halls. With one extception
they are halls with which the author is: or has been assoclated:

Hall year of occupancy purpose
completion

3.1 Aalborghallen 1952/53 3200/1800/1300 rulti-

3.2 Metrupolitan Opera,N.Y. 1966 3800 single

33 Christchurch Town Hall 1972/13 2650 dual

3.4 Sydney Concert Hall 1973 2690 dual

3.5 Oslo Concert Hall 1977 1700 dual

3.6 Stockholm Berwaldhallen 1979 1300 single
Frojects to t

3.7 Odense Concert Hall 1982 1200 dual

3.8 Umed City Theatre ? 800 maltl

{3.1) Aalborghallen (1952/53)

The (3) main purposes ot this large hall are: assembly {3200), comcert (1800)
and drama (1200) . Given these large differences in occupancy the architects
decided to e a rectangular shape and to divide the hall (incidentally with a
partitionwihhighsmnﬂxedwﬂmvalwsothatthehnpartsofthemu
could be used simultancously).

Specialar!i)asiawaswtmmesecmﬂpuzpose. concert, so acoustical design
aimed at giving the concert hall the highest priority. The orchestra was to be
locabedonaplatfominfzmtofﬂwmincurtain(ﬂnmmertml.lcmﬂdalso
functicn as opera theatre by lowering the platform to create &n orchestra pit).
Large movable side reflectors surround the orchestra vhich also had the benefit
ofalargecampe.lherearseatswemplacedonuaggonssothatamasmable
pitch of the seating area was achieved. RT vs. frequency characteristic (measu-
red with an andience present) for the concert hall situation indicate the
concern for high frequency reverberaticn.

The original planned PA system with the speaker units located in baffles above
the canopé was not very efficient and had to be supplemented with sound colums
at stage level and along the side walls. No canmercial time delay system was
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available at the time of the opening but recently a revised apeaker sysl:aﬁ was
installed with time delays.

The drama situation has been the least successful in practical wse of this hall.
No wonder since RIvalues were not much reduced with the redured volume so that
intelligibllity was far from perfect.

tone of the more modern criteria have been measured in thls hall,

{3.2) Metropolitan Opera, MNew York {1966) .

Grand opera ie the single purpose of this hall foccasionally used for ballet,
though} . The balance of singing and orchestra music is a min concern and the
concern for intelligibility is aiso important.

The general shape is the classical opera aud] torium shape but with important
qualifications. A survey of classical opera shapes will disclose important
variations of shape, esperially with regard to the shape of the proscenium
#ane. Certain auditoria have a shallow proscenium frame with no sound reflect-
ing capacity, others have a deep proscenium frame which represents a transition
zone between stage and auditorium, The latter concept was applied in the case
of the new Metropolitan Opara with a very convincing result. This waa already
apparent by the model testing (in a 1:10 scale model) and became also evident
in the final testing, which showed values of RT and EDT practically coincident
in mmerical values and aleo showed an RT(EDT) ve. frequency curve with good
preservation of high frequencies. Speech intelligibility is quite good in the
Met vhich become apparent already at a test performence {(with awdlence) where
a speaker at the front stage was clearly heard and understood over the whole
mvlience area,

(3.3) Christchurch Town Hall (1972/73)

The acoustician (A.H. Marshall in assoctation with Engineering Deslgn Conaul-
tants, London) haa reported to J.A.8.A. (published just a year ago). In coope-
ration with the architect his design intention was to create a hall with
definite emphasia on lateral reflections. Thia was in accordance with his own
experience as well as M.E.Barrons and others,The shape in plan (elliptical)
was not particularly sulted for this exercise but by applying freely mounted
cblique reflectors at the sidewalls in combination with reflecting gallevy
fronts and gallery soffits it was expected (and later proved) that plenty of
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early lateral reflections were produced.

Ho fiqures of lateralefficiem:yseanh:havebeenpblishaﬂbutvalmsofm:
and EDT show that the hall has plenty of reverberance (increasing frem mediun
to high frequencies) .Values of clarity are close to expected valuves (ce:pect a
-2.9 ¢ for the empty hall).

A few years ago (1977) speech intelligibility tests were carried out and the
results seem remarkably good. In{4) areas of observation the percentage artic-
ulation loss of consonants ranged from 9 to 14% against predicted ioss {by the
actual RTvalue, 2.7 sec.} from 17 to 37%. (table 1),

No doubt, the results obtained in this hall may be interpreted as significant
especially in comnection with the problems of future maltipurpose halls.

{3.4) Sydney, Concert Hall (1973)
Itisjnpossiblehetetogiveadetaﬂedreportof&lehistmyotheSydmy
Opera House (whichhasbeenglvmelsamere}.ﬂteﬂnaldesignoftheommrt
hall was the cutoome of a thorough model research(l:10 scale models) which
clearly had shown the superiority of high vertical side walls, (well framed-
in orchestra atage and terraced seating) over a side wall design with stepped
wallswfaoaarﬂcomexceiungahapes.mrwaswedasabatcriteﬂonwith
apparently reliable results.

A gpecial featureofthewoodenpamllhqwaaﬂtelargeareaawlmslotmd
panelswhimweremntasapcsaibilityt‘orafinnltmingofl!rvs frequency
curve. By covering some {or all) of tha slots 1t was pessible to change the
absorption coefficlent {vs. frequency).

The test concerts and the cbjective testing carried cut gave the opportunity
tnu)nectﬂxefreqmrcydepexﬂexnearﬂtommﬂ\mtalocalpeakinmelow
frequency range.
'meuperimceswiuxmiscmmrtmllhavebemwryposluve, indeed.
Recenﬂythegrarﬂorgmtasbemcmpletedmﬂomanperfmlavealso
been much appraised.

(3.5} Oslo Concert Hall {1377)

Also this hall had a long design development history partly associated with
the questionable shape in plan {a triangle) partly also caused by the conside—
rable time span between prelminary planning and final construction. This
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meant ample time to spent on model research which was concerned with many bas-
ic problems: location of the orchestra, shaping. of the ceiling, baloony or
terrace, shaping of the terrace, prabable usefulness of orchestra reflectors
etc. Maln criterion was also in this case FDT'. The variation of this para-
meter throughout the auditorium {model) was also studied.All these investiga-
tions and also close cooperation with the architect at all stages resulted

in many changes from the simple triangular shape to the final design which
became rather oamplicated, but which, no doubt, enhanced the lateral reflec-
tions much more than the original shape.

Oslo Concert Hall was well received by mmicians and auwdience as well. A
final tuning of slotted panelling at the side walls increased RT and FDT
somewhat over a conslderable part of the medium frequency region.

A problem which management had to face after the inauguration appeared by the
use of the hall for entertaimment concert with heavy amplification. This pur-
pose was of low rank on the priority list ( no.l being concert hall, no.2
congress hall) and the PA system was not designed with this in mind.

A solution was eventually found by an arrangement of curtains (soffits and
sides) which i3 cnly used for entertalmment concerts and pop groups. In

this comnectlons cbjective tests were performed to shxdy the influence on EDT,
C and LE.

(3.6) Stockholm, Berwaldhallen

This hall which opened a few months ago may be ocomsidered a true single pur-
pose hall, being the home for the Swedish Broadcasting Symphony Orchestra.

In a way, of course, it has two purposes:Concert Studio and Concert Hall but
they do not pose conflicting demands to the acoustical design.

Originally, the shape was b0 be rectangular but later it becanie hexagonal (mo—
deratg)which, at least at the main floor results in an increase in lateral
reflections, The model (1:10) was mostly tested for values of EDT and I.I.
vhereas the hall itself alsoc was tested for clarity and lateral efficiency.

Like in Oslo a final tuning was undertaken with the cbiject of increasing

values of RT and EOT. The final result is a hall which is a little less rever-
berant than the cne in Oslo but which has remarkable (and much favored) clari-
ty. The arrangement of the audience on three levels (and all arcund the stage)
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also tend to reduce reverberance somewhat. The hall has been well received,
more evperience sheuld be gained before final judgements could be established.

{3.7) Odense Concert Hall

This hall is expected to be finished two years from now. The acoustical
design has been very carefully studled in a scaled model and the criteria
tested are: EDT, C and LE, The variables in the design have been the diffusing
shapes in the celiling and on the side walls and also the freming in of the
orchestra stage. The structural beams provide diffusion in the longitudinal
direction and suspended elements under the beams have been installed to diffu -
se the sound in lateral directions. One of the results from these investiga-
tions was that very pronounced minima of LE ctuld be found in positions along
one side wall and that they could be partly eliminated by applying trianquiar
prismatic diffusors under the structural beams.

{3.8) Uned City Theater

This is a project for a miltipurpose hall and may not be bullt in the neax
futwre. It is a very flexible scheme which envisage many different configura-
tions for theatre applications. The priority 1list include several items, the
threc first are: (1) Opera, (2) Drama and (3) Concert. The occupancy is
increased by concert since the atage area may be integrated with the awlitorium
by letting the proscenium frame disappear and by partly covering the opening to
the stage loft with sound reflectors.

(4) Trends in the Acoustical Design of Auditoria

It is rather obvious that acoustical design principles of auditoria be conside-
red in close connection with the purpose of the hall: the nutber of purposes
amd also their priority must influence these principies.To design a single
purpose hall f£.1. a concert hall has always been the higheat aspiration of
the acoustical designer but admittedly this situvation may not occur too often
in the future.

The trend invariably seams to go in the direction of dwal purpose and multi-
purpose halls. ‘The general trend in society towards decentralization mey
besides point in the direction of smller sizes of halls, more halls between
600 and 2000 seats, fewer halls in excess of 2000.

However, let us first consider the problem of the large hall with dual purpose
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f.1. (1) Concert Hall, (2) Congress Hall. We then have to provide good acoust-
ics for both music and speech. .

As we have seen through the examples discussed,the straight forward solution,
so far, has been to install a good PA system for speech and to design the hall
strictly to comply with all the demands of a concert hall. But we have also
seen exanples of how the pramotion of lateral reflections tend to make large
halls more suitable to function both for speech and for musical purposes, and
it seems very likely that we are only at the beginning of this development

and that the future of acoustical design will show more examples of how to
increase the influence of early, lateral reflections.

Electro-acoustical systems will be needed for many purposes, like entertain-
ment and pop concerts, but in some instances you may even think of such systems
as an aid to create early, lateral reflections (by suitable located speaker
units), and this may especially happen in very large and very wide halls where
the natural contribution of lateral sound from the side walls is modest.
However, even in halls of extreme dimensions we should still consider the
possibilities of creating lateral reflections from other surfaces, especially
from the ceilings, and this may be done in several ways.

In small and medium sized halls it becomes much easier to provide lateral
reflections and in some cases you may leave loudspeakersystems out of con-
sideration, especially if you are free to choose appropriate shapes and dimen-
sions. The classical, rectangular shape and the classical proportions are still
much to be recammended in cases where other considerations do not interfere
with the design.

To give an idea of the variation of lateral efficiency (LE) in different halls
(and also within individual halls) the results of measurements have been
gathered in a table (2). The measurements have been made in halls as well as in
physical models ( in 1:10).

Inconclusion: the years ahead may prove to be an interesting period in sound
design of auditoria. As the basis we have a fair knowledge of the most important
criteria for speech and music, we have quite good tools to guide us in the de—
sign process (both physical and computer models) and it is very likely that we
shall witness a wide selection of projects, maybe especially if we think in
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terms of dual and muitipurpose halls.

table (1)

Christchurch Town Hall, % Articulation Loss of Consonants

group  distance (m) _AIC, observed ALC, predicted

sl 15 9 7= 28

52 27 14 26 - 37

Gl 27 11 26 - 37

G2 28 14 26 - 37
table (2)

Lateral Efficiency, (LE), in various Halls and Models

Hall occupancy shape ma . 1E 2 uzmin ui-nax
{in % of expect.value)

Oslo Concert Hall 1600 fan, 0.355 89.5 56.5 143
modified

Stockholm Berwald-

hallen 1300 hexagon 0.331 84.0 33.2 149

"A" 1500 wide fan 0.120 30.2 16.4 37.8
slight

"g" 2200 fan 0.097 25.1 8.0 46.6

Project

Odense Concert Hall 1200 rectangular 0.332 89.5 67.5 110

Dublin Concert Hall 1300 do 0.504 127 93.5 280

Nordens Hus,

Faroe Islands 400 do ©0.564 150 93.4 231
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