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1. INTRODUCTION

Spatial hearing is one of the fundamental aspects of concert hall listening, which has been studied

over the last 40 years. In a way one might see the study as somewhat circular in that the prime

concern in the 1960s has become a prime concern now. This paper will seek to discuss some of

the history of this study, to record measurements on lateral energy fractions in British concert

spaces and to consider the design consequences associated with current proposals for relevant

objective measures. The nature of the important spatial effects in concert hall listening is certainly

hard to untangle; one recent publication leaves reason to consider that the situation is more

complex than the two separate spatial effects currently being considered.

2. ROOM IMPRESSION

In the 19605 it was assumed that spatial perception relied on the reverberant sound. As Kuttruff

wrote [1. p.197]: "For a long time it was common belief among acousticians that spaciousness

(better called subjective diffuseness) was a direct function of the uniformity of the directional

distribution in the sound field: the higher the diffusion, the higher the degree of spaciousness.: This

belief originated from the fact that many old and highly renowned concert halls are decorated-with

statuettes, pillars, coffered ceilings and other projections which supposedly reflect the sound rather

in a diffuse manner than specularly. lt was the introduction of synthetic sound fields as a research

tool which led to the insight that the uniformity of the stationary directional distribution is not a

primary cause of spaciousness".

The key experiment was conducted in 1967 by Damaske [2] using broadband noise signals which

showed that a sense of subjective diffuseness, or being surrounded by sound, could be produced

by (incoherent) sound from four principal directions around the listener. In other words the

directional acuity of listeners was not very high but "surround sound” was required The conclusion

for design of auditoria was that highly diffusing wall and ceiling surfaces were not essential but that

for spatial effects the orientation of surfaces around audience locations should allow sound to arrive

from the sides and behind as well as directly from the source.

Another major experiment from the 1960s was made by Reichardt and Schmidt {3] with a simulation

system consisting of just direct sound and diffuse reverberation. At the time the spatial effect was

called ‘Raumeindruck' (room impression) and, by varying the relative levels of direct and

reverberant sound, the transition for maximum room impression to zero perceived spatial

reverberation could be made.

The conclusion, if one had reviewed the work on spatial effects associated with reverberation in

1970, would probably have been that sound had to arrive from four key directions and that the

magnitude of the effect was determined by the ratio of earty to reverberant sound.

Proc.I.O.A. Vol 21 Part 6 (1999) 163



 

Proceedings of the Institute of Acoustics

Spatial impression and envelopment in concert halls - M Barron

 

3. SPATIAL IMPRESSION

The study of spatial perception in auditoria .took a sudden change of direction when Marshall [4]
suggested that there was an important spatial effect associated with earty lateral reflections. He

referred to it as "spatial responsiveness”, a characteristic of the space in which the music is

performed. Experiments with a simulation system [5) showed that reflection delay was of much

less Importance than lateral reflection level. As an objective measure of what was referred to as
spatial impression. the early lateral energy fraction (LF) was proposed:

0.08

LF=of8p;(t).dt jpfi,(t).dt, i (1)

where pF(t) is the pressure measured at the listener position with a figured—eight microphone with

the null pointing at the source and p°(t) is the pressure measured with an omni-directional

microphone. Time t=0 corresponds to the arrival time of the direct sound. Results for LF in the four

octaves between 125 and 1000Hz are averaged to produce a single value.

BeMeen the work on spatial impression in the ‘703 and the end of the ‘803. the main topic of

discussion was the relative merits of LP or a second objemive measure, based in interaural cross-

correlation (ICC). Both measures have their advocates who defend the Superiority of their preferred

measure, e.g. [6]. Both measures are defined in the 1997 ISO Standard 3382. The early lateral

energy fraction was proposed as a practical measure for use in music auditoria. Yet it is clear that
spatial impression is caused by differences between the signals at the two ears; a situation with

identical reflections from each side has a lateral fraction but produces no spatial effect. In this

respect the ICC is superior, but identical signals at the two ears are not significant in practice and

can be avoided in measurements in symmetrical halls by not having both thesource and receiver
on the line of symmetry. ’

The interaural cross—correlation coefficient is the maximum value of the normalised cross—
correlation function in the time interval i1ms. But whereas the early lateral energy fraction was
defined from the start in terms of octave band measurements and microphones with particular
directivities, there has been no such unanimity regarding measurement of ICC. There is also the
problem with ICC measurements that at low frequencies the ICC hardly varies. whereas there is

extensive evidence that low frequencies (including the 125Hz octave) are important for source
broadening [5, 7]. Though ICCis closer to the processing mechanism used by our ears. it is
certainly not identical and the early lateral energy tradion which presents no problems at low

frequencies is probably a more practical measure.

4. ENVELOPMENT

In 1989 Morimoto and Maekawa [8] suggested that at least two subjective spatial effects occurred.

They provided evidence that a sense of being enveloped by sound was independent of
spaciousness (spatial impression caused by early reflections) and that envelopment was linked to
incoherence (a low interaural cross-correlation) of the reverberant sound. Bradley and Soulodre [9,
10] have conducted further subjective experiments into spatial hearing. Their experiments were

conducted in an anecliolc chamber with a simulation system using five (or three) loudspeakers
arranged symmetricallyin front or to the side of subjects. They found that sound frcrn behind had
no special influence on the subjective effects being studied. The simulations involved direct sound
followed by four discrete reflections and then reverberation whose relative level from different
directions was varied.
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Bradley and Somcdre basicaliy agreed with Monmoto and Maelrawa that there were two spatial
effects which had in the past often been confused. Bradley and Soulodre called the two etteds:
source broadening and listener envelopment (LEV). Source broadening can be measured by the
perceived apparent source width (ASW). Their experiments stowed that ASW is predominantly
determined bytheearlysound.whereas envelcpment is govemedbydtetete sound. Mosteartier
workhedooncerllt'atedonsoutoebroadening. referdngtoitasspadalimpresslon. Themsjorstudy
by Bradley and Swindre consented the obisctive detentllnants of envelopmem. Just as perceived
scurce hroedenlnglslnfluenced by sound level. sotheyfcundscundlevelalsotobe slgnificenttor
LEV.

5. NOMENCLATURE

ltwillbeclearfrom the above, that manywordsor expressions hevebeen usedforspatlsl effects in
eud‘rtoria. Spacioushess. difiuseness and room impression. have all been used, thefirst of dress

meaningdltierent thingstodifferentauthcrs. Thepmpcseiherelsthat spetiallmpreesion should
refer to spatial sheds in general. Thetwo components of spatial impression CUITBHHV isolated are

source broadening and listener envelopment (LEV). as proposed by Bradley and Soulodre. Most
publications on spatial effects in audlttm can be interpreted using these two terms. which will

therefore be used here.

6. EARLY LATERAL FRACTiON AND SOURCE BROADENING

MeasurernentsoftneeadylateralenergyfractlontLFlhevebeenmedeinital-Itishconoerthsllsat
an averageoftt microphonepositilnsperhati. Detelledithemeesmementsaretobetomd in
[11]: further irrformaticnebcuttneindividuet hetlsisincluded in[12].

Figuretshmmedtsuibutionofthelasmdivlduelmeaewedvamesonfi Thedislrlbutlontums
outtobe'almostcerteitlynotnonnal’withsmesncfo.19.Thismemcenbeoontpaledwithttie

theoreticalvalueforadifiusesoundfieldofo.33;thepreserrceofdirsctsoundobviouslyredcces
thalateralfraction.

lntwocrighalputllicetionsfi, t3].itwassuggestedthatspetiaiimpmssionduetcearlylateral

reflectionsmigl-ltbemfluencedbythehallcrcss-sectlon. Subsequent investigations shmvedthat
hellheigmnasverytfluemuencemthehanmeaneadylateralemrgynewcn. Thebest
oonelation(r=—0.59)lswithhallwidth;fortt'le‘lTBrttishhallsthtsisstwninFigurez. Butthough

thisissignificsntatthezitlevel,thevansticninmeanLFlscnlyo.o3forthesuhstantielchanpeof
10minthewidthofehall. Attesstssitnportarfiistheottentatlonofsidewallsmfaces.wmferk
shepeplanspettanfirgpwdyandrevelsespleyplamoflenmhlghLFvehres. Thlalastoption
oanbeexploltedin'vineyardterrace‘typehdls.

AlecsigrtfmatforeuncebmadefingishtestbvdJMMelsndagmemeflaMhn
n-eds-ottbetweenLFandlevel. WorkbyMorirmtoendlldamneedstothefolengznegrseof
sourcebroadening=LF+(Earlylevelileolttj. Aveluablelnslghtlntohawsourcebmadeningmay
beperoeivedwaspl‘ovidedbyKuhl [151in 1918. Kuhl suggeststhetduringarmslcal performance.
inwhlchaicoursethescundlevelfiuctuetes.thereisethresholflwhichwnbespedfledlntenns
ctmusicetdynamicsliorscurcebroedeningtoom, lnsomehellsJorexample, source
MammmmedwflhmemmmmsfimhMMmmis
sufficient. Thisdynmnicmmsmdwfilbedetmedbydtewendemlysoumwvelrelaflvewme
summattheiisteningseetinquestion. ThesttuettcnlssununsrisedinFlguea. The

vstldltyotthisapprosdtcenbeaseesssdbylistenersetccncerts.
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Figure 1. Distributions of the earty and late lateral energy fractions measured in 189 receiver

locations.
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Figure 2. Hall mean early lateral energy fractions as a function of hail width.
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Figure 3. Diagrammatic representation of perceived spatial impression after Kuhl [15}. The

relationships for four halls are given with two parameters: LF - lateral fraction and G - strength (or

relative total sound level). Music dynamics ff. mf and pp.

7. LATE LATERAL ENERGY FRACTIONS AND ENVELOPMENT

Bradley and Soulodre [9, 10] have proposed the late lateral level (GLL) as a measure of listener

envelopment (LEV):

GLL = 10 log { Ip;(t).dt/j putter} = LLI + GL , dB, (2)
00.08

where p,(t) is as before and pA(t) is the response to the same source at a distance of 10m in a free

field. Timet is measured relative to the arrival time of the direct sound. The late lateral sound level

is measured at four octave frequencies (125 - 1000Hz) and averaged.

As shown in equation (2). the late lateral level is calculated by adding the late level (GL) to the late

lateral index (LLl), which is the logarithmic version of the late lateral energy fraction (LLF):

LLI=10.log(LLF). The values of these quantities as measured in British halls will be discussed here.

Figure 1 shows the distribution of measured values of the late lateral energy fraction. The scatter is

much smaller that it is with the early fraction. the distribution is “highly normal” and the mean value

of 0.31 is very close to the theoretical value for a diffuse sound field of 0.33. in other words, as far
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as this measure is wncemed, late sound fields behave much as if they were diffuse, and that there

is only a small variation in measured LLF values.

A surprising result emerges if hall mean valuesof LF are correlated with hall mean LLF values,

Figure 4. There is no particularly strong correlation between individual early and late fractions, but
when averaged by hall the mean values are correlated with a coefficient of 0.80. significant at the
0.1% level. Halls with a high average early lateral fraction tend to have high mean late fractions. It

is interesting to speculate on the possible geometrical reasons for this correlation. But what

Figure 4 also shows is the small scatter in measured values ofthe late lateral energy fraction.

0.4

.o
s:

N
w

M
e
a
n

la
te

la
te

ra
l
e
n
e
r
g
y
fr

ac
ti

on

.0

 

0
0 0.1 0.2 0.3 0.4

Mean early lateral energy fraction

Figure 4. Mean hall late versus mean hall early lateral energy fractions.

Efforts have been made [16], using measured data from British halls, to determine the relative

importance of the directional and level components in the proposed measure for LEV, the late
lateral level. The standard deviation for measured values of the late lateral index (LLI) was 0.68dB,
compared with a standard deviation for the late level (G,) of 3.27dB. If Lu and GL are independent
of each other, as they prove in laid to be, then the ratiobelween the two standard deviations gives
the relative importance of the two quantities. The result [16] is that the level GL contributes 83% to
the variation of the late lateral level, whereas the late lateral index only contributes towards 17% of
the variation.

The late level is thus the dominant determinant of GLL. If one wants to optimise GLL to achieve
optimum envelopment, than maximising the late level is the appropriate strategy. To establish the
design implications for achieving strong envelopment, we need to establish the main influences on

the late level. Revised theory for sound level is useful here [17], since the theoretical values are
correlated with measured values of the late level with a coefficient r = 0.89. A correlation with a
coefficient of 0.82 is achieved between the late level and the traditional expression for the reflected
sound level, which contains TN, the ratio of the reverberation time to the auditorium volume. But

from the Sabine fermula this ratio is inversely proportional to the total acoustic absorption.
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