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Some coh'o_e_rt_ 'h_allils._aré:r_e_nowne__d for their _30und qu_:a_l'i_ty. |
The latest acoustics research is finding out what makes the
difference, and could help in the design of future auditoria

The acoustics of
concert halls

JOHN BRADLEY AND GILBERT SOULODRE

THE most important characteristic of any concert hall
must be the sound that it delivers to the listener. While the
acoustics of a hall are unlikely to make a good orchestra
sound bad, a well designed auditorium can provide a truly
memorable experience. Yet the Boston Symphony Hall,
which opened in 1900, was the first to be designed with
the science of acoustics in mind.

Wallace Sabine, a physicist from Harvard Umvers1ty,
was engaged as the scientific consultant for the new hall.
Sabine had already discovered the key relatlonshlp
between the “reverberation time” — essennally the time it
takes for reflected sounds to die away to
inaudibility — and the sound absorption
and volume of the room, The Boston
Symphony Hall was designed with this
equation in mind, and today it is recog-
nized as one of the best concert halls in
the world.

The reverberation time is still a key
measure of room acoustics, and it must
be adequate for a concert hall to be
successful. Since Sabine’s work, how-
ever, more complex equations have
been developed and optimum rever-
beration times have been prescribed for
a variety of conditions, These typically
depend on the room volume, the fre-
quency of sound, and whether the
source of the sound is music, speech or
some other type of performance,

Reverberation time provided the first
objective indicator of acoustic quality,
which is intrinsically subjective. We now
know, however, that there is more to
room acoustics, and in particular con-

cert hall acoustics, than simply achiev- Excellent acoustics — the Bdston Symphony Half,

ing the correct reverberation time. A key
goal of acoustics research has therefore been to derive fur-
ther gbjective measures of the effects that combine to form
our subjective impression of a room’s acoustics.

A more complete. understanding of concert hall
acoustics has gradually emerged since the 1950s, Many
studies have made use of simulated sound fields, which

attempt to mimic the sound heard in a concert hall (see .

'box) The sxmulated fields can be switched rapidly, allow-

ing the acoustic conditions to be changed at will. This
enables the listener to make more reliable sub;ectwe
judgements of the sound quality. .

Early reﬂectlons hold the key

Studies in the 1950s showed that “early reﬂectlons are

hlghly significant for sound quality. To understand this,

imagine a very short or impulsive burst of sound, such as a

hand clap or a gun shot, in a concert hall, The sound pulse

_ is reflected many tmes in the room, and
different reflections arrive at a listener
at different times. The sequence of
reflected pulses that arrive at a given
position in the room is called an impulse
respense and it is indicative of how all
sounds will behave in the room,

The sound pulse that travels directly
from the source to the listener arrives
first (figure 1) and this “direct sound”
typically has the largest amplitude. It is
followed after a short gap by several dis-
crete reflections, and their arrival times,
amplitudes and directions of  arrival
depend on the geometry of the room.
Reflections continue to arrive for some
time; the amplitudes tend to decrease
exponentially, resulting in a reverberant
decay. The reverberation time is defined
as the time taken for the total sound
amplitude to decrease by 60 decibels —a
factor of 108 in intensity — after the gen-
eration of the sound has stopped.

When the direct sound is strong rel-
ative to the reverberant energy, which
is the sum of the reflected sound

energy, the perceived clarity and definition of speech or
music will be high. Converseiy, high levels of reverberant _

-energy cause successive words or musical notes to blend

into each other, and in extreme cases the music or speech
can sound “muddy”.
" EBarly reflections are important becausc they can

enhance the direct sound. Helmut Haas, while studying at
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the University of Gottingen in Germany ini thé late =1.b4'0§'," "

showed how a single early reflection influences our per-
ception of speech.. More complex experiments with
- multiple early reflections showed that our hearing system
does not-identify these reflections as separate events, We

instead mtegrate ‘the direct sound together W1th all of the

. these reflections are often relatively weak in a fan-shaped

hall, where the strongest reflection typically comes from
the ceiling. Furthermore, the shape of the hall affects the

"‘angle at which the reflections arrive at the listener. The

_acoustics of the two types of hall are thus quite different.
In the 1ate 19603 researchérs’ began to appreciate that
: the: direction -of ‘arrival of early

energy in the 50-80 ms after-its
arrival. Early reflections effect-

ively reinforce the direct sound 1001 direct sound
"and therefore incréase the clarity i}
and definition of the ‘room’s | = %
acoustics, particularly.since they S
often include a significant portion g 0
of the sound energy in the._ &
‘impulse response. [ -20r
Walter Reichardt at the. Techa_ ORI
nical University in Dresden, |~ ~60i-
Germany, suggested that these
ideas could be used to provide an =100 [ i

early reflactions .

reflections “affected the percep-
tion of sound. Harold Marshall of
the University- of Auckland in
‘New Zealand was the first to sug-
_gest that early lateral reflections —
those that arrive from the side —
could be particularly important.
. Michael Barron, then at the
University of Southampton in the
UK; found that these early lateral
reflections provide an increased

reverbérant décay.

objective measure of the per- oo At
ceived clarity of music. This

; | L | sense of “spaciousness”, also
02 - 087 7 .04- | known as spatial impression. This-
time (s) is a subjective quantity, and

measure is the ratio of the energy
in the first 80 ms of the impulse
response to the energy that
arrives later. - :

At about the same time, it was
found that the “early decay time”
— now usually measured to be the
time for the amplitude to decrease by 10 decibels — is
more relevant to subjective judgéments of reverberance
than the conventional reverberation time, which largely
relates to the physical properties of the room. Although
measured éarly decay times and reverberation times can
be quite similar, large differences can 1ndxcate unusual
acoustical conditions.

“The effect of the room on the overall sound levei and the

loudness of individual sounds is another 1mportant factor I

in concert-hall acoustics. Although
reverberation times tend to be nearly
cofistant throughout a hall, most other
acoustical measures vary from seat to
seat because of variations in early
reflections. It is important to limit these
variations to avoid large differences in |4
sound quality.
"The measures described so far — the
overall sound level, energy ratios and
" decay titnes — represent effects that can
be heard with a single ear. These
“monophonic” measures are recorded
by a single microphone that records
sounds from -all directions, so . they
ignore any perceptual effects that relate
to the direction in which the sound is
travelling when it is heard. o
The direction and time of arrival of

specific reflections are determined by
the geometry and architectural features
of the room (figure 2). The shape of the
hall is particularly - important. Most
eatly concert halls, such as the Boston |i
Symphony Hall, tended to be rectangu- - |

lar and shaped like a shoe box, but fan-- |5
shaped halls have ‘gained in popularity - &
because more people can sit close to
the stage. In a rectangular hall the first
reflections, -and heénce - the strongest,
usually arrive’ from-the side walls. But

1 The first part of the response of a concert hall to a short
impulsive burst of sound initially shows a large-amplitude
signal corresponding to the direct sound, which travels direcily
from the source to the listener. Discrete early reflectians follow
a short time later. Reflections continus to arrive with '
decreasing amplitudes, r'esulting in & reverberant decay._-

2 Ina rectangular “shoe-box” haIE the seund

“reflected from the wall arrives. before that -
reflectad from tha ceiling. The-opposite is trug.
for a fan-shaped hall, and these differences h
affect a llstener's parception of the sound.

Barron suggested that increased
spaciousness should provide two
desirable effects: a stronger
impression of being in a room or
- an indoor space; and an apparent
; wxdenmg of'the source, =
It ‘was soon accepted that
strong early reflections frorn the side walls are a vital com-
ponent of a successful concert hall. Many *designers,
including Marshall, incorporated large side-wall reflectors
into hew concert halls, an advance that allowad them to
cons:der many new shapes.

What is spaclousness"

At the tlme of Barron s work, spaciousness was not clearly
defined and many different subjective
descrlptlons were ‘attributed ‘to the
termis spaciousness and spatial impres-
sion. Spaciousnéss could mean, for
example, the broadening of the source,
the “envelopment” of the listener in-the
sound, or even the envelopment of the
source. Researchers usually assumed
that these different perceptions of
spatial impression were affected only
by early lateral reflections; and it ‘was
not until the 1990s that other elemerits
of the impulse response were explored.
This recent work has led to a-meore
comp]ete picture -of spat1al 1rnpresston
in concert halls. :

In the edrly 1990s Masayuh
Morimotd and’ colleagues -at Kobe
University in Japan helped to define two
different subjective effects that combine
to provide a sense of spatial impression.
First, the apparent width -of the source
can be increased by making the’ early
lateral reflections -stronger. This is
i because our hearing system tends:to
| ‘combine the early reflections with the
¢ direct sound, :dnd strong reflections

from the side'give a cértain amblgulty to

the position of the source. :
- Sécond, the listenet can’ feel -sur-

-rounded by the sound, a perception
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now known as hstener enveIOpment We have recently
shown that this feeling is only created if strong lateral
reflections arrive at later times. This could explain the
findings of earlier studies — which suggested that an
increased sense of spaciousness was related to -longer

reverberation times - because longer reverberation times

would tend to correlate with increased reverberant (late
arriving) sound coming from the sides of the Toom:

Our exploration of late-arriving lateral -reflections has -

shown that they have two major effects. They do provide
an increased sense of listener envelopment, but they also
make it more difficult to detect the effects of early reflec-
tions. We investigated this last effect in the laboratory by
asking listeners to identify the change in the apparent
source width between paits ‘of sound fields. The sound
fields were simulated using an array of loudspeakers: each
loudspeaker produced a specific reflection plus some
reverberant energy, and these individual 51gnais combmed
to generate the sound field (see box).

When the reverberant energy in the sound field was .

reduced to zero, people could accurately detect the
changes in the apparent source

-~ angular distribution (%}

ehveloped or immersed in the sound. We performed
experiments’ in which people rated the difference in lis-
tener envelopmeént between a reference sound field, with a

low perceived level of listener envelopment, and the sound

field under test. Judgements were made on a 5-point scale,
Whei-e 1 représéhted no'difference and 5 represented the
maximum expected increase in listener envelopment, The
tests ‘show that the percepnon ‘of hstener envelopment
increases as more energy is contained in- late- arrwmg

'reﬂecnons and as these reflections ‘are delayed further in

timé = in.other words, for longer reverberation times
(figure 3a). The experiments also indicate that listener
envelopment is enhanced when the late-arriving sound
comes from more lateral directions (figure 35). .

~ Tt is clear that spatial impression is made up of two sub-
jective effects. More early lateral reflections increase the
apparent width of the source, mainly because they are per-
ceptually integrated with the direct sound. Later-arriving
reflections are not combined with the direct sound and

‘their individual directions of arrival cannot be easily iden-

tified, which leads to a sense of listener envelopment. -

width. However, when reverberant | -,
energy was preseny; they found it o
more difficult to, judge the effects
of early reflections on the apparent
width of ‘the  source. Further
exper1ments showed that increas-
ing levels of reverberant energy
caused people to be less sénsitive
to the changes in early reflections.
Since. the reverberant energy is °
often quite strong in real rooms, it
can mask. these effects of early
lateral reflections..

It therefore appears “that “late-
arriving lateral’ reflections could be -

more 1mportant thar early reflec- | ::'.'.u'c': RO
A 1

- inter-aural cross correlation - -

Measuring our perceptions

We have looked . at subjective
impressions of spaciousness, but
‘how . can these perceptusl guant-
ities be measured. objectively? In
- the - early '1970s . Barron ' and
Marshall introduced “the. “lateral
~energy fraction”; which measures
. how much of the -early-arriving
sound  comes from lateral direc-
tions. This measure ‘has “been
- found ‘to correlate well with sub-
jective judgements of the apparent
source width,

L e ‘Barron also suggested that' the
k| S A

tions for spatial i 1mpressmn in-con- R R AT

cert halls. Earlier expenments may

iataral energy fractlon of ear}y sound

lat_eral_ energy. fraction: should be
telated to another measure of the
early sound; the * ‘inter-avral cross

03 04 05

have overestimated the importance -
of early reflections ‘because the
sounid fields ‘usually - did" not
include any reverberant energy
The other, more 1mportant,

4 Average valyes of the inter—aural cross correlatzon and
‘the lateral eriergy fraction of the earty sound were
;=measured for-15 ‘concert halls. The data shown by the
‘green sguares were measured at a, frequency of 1000 Hz. :
N v and the other data were measured at 500 Hz. Thélines .
effect of late-arriving lateral reflec-  show the best it to the data and indicate that the two
tions is to provide a sense of being measures are strongly related.

correlatxon” This. is the ! cotrela-
tion. between the two impulse
tesponses -measured by -micro-

phones in-the two ears of an artifi-
c1al head, and essentially measures
the similarity of the early sound
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