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First and foremost, I thank the five authors for
their excellent articles. Second, I thank Marshall Long
for dedicating his time and effort to do a real editor’s
job of working with me and the individual authors to
produce a truly comprehensive, architectural
acoustics issue. Finally, I thank the potential guest
editors and their author-colleagues for considering
the production of an issue of Acoustics Today.

Dick Stern

FROM THE EDITOR
Dick Stern

Applied Research Laboratory, The Pennsylvania State University
State College, Pennsylvania

This issue features the topic of
architectural acoustics. In assembling
the articles, I tried to select authors and
subjects that broadly illustrate the
many sides of this fascinating field.

Larry Kirkegaard and Tim
Gulsrud’s article describes interesting
aspects of concert hall acoustics includ-
ing the little known side of fixing prob-
lems in existing halls after they have
been constructed. Many halls have
undergone these delicate “space lifts” as
part of post construction makeovers.

David Griesinger’s thoughtful
treatment of the standard descriptive
metrics for concert hall design speaks
to our ability not only to develop
meaningful descriptors but also questions whether we can
scale design parameters to different sized auditoria. He
argues that smaller halls should have different overall shapes
in order to give the best results. 

Russ Berger’s article treats a highly important side of
architectural acoustics, church design. Large churches, par-
ticularly in the south and west, have become major gathering

FROM THE GUEST EDITOR

points for worshipers. The conversion of
sports arenas into mega churches is not
uncommon and presents its own set of
challenges. Russ has cleverly addressed
the low frequency absorption problems
in a cost effective manner.

Neil Shaw’s article on Knudsen takes
us back to the early days of acoustical
consulting and indeed the history of the
Society. Knudsen, along with Wallace
Waterfall and Floyd Watson, was one of
the original founders of the Acoustical
Society and Neil’s access to Knudsen’s
family archives give us invaluable
insights to his early career.

My own article deals with sound
studios. Often we are confronted by

challenges or existing conditions including exterior noise and
limitations due to structural and budgetary concerns. 

I appreciate the opportunity to guest edit this issue and
the contributions of the talented engineers who have submit-
ted articles. 

Marshall Long
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Introduction

Concert hall design is known to be
part art and part science. While
the development of the science

side of concert hall design has brought
real and significant progress to the field
especially over the last 50 years, the
quest to reduce concert hall acoustics
to a set of parameters has also nar-
rowed our vision and range of enquiry
from what is truly required to achieve
excellent acoustics. In this article we
take a critical view of the current scien-
tific paradigm for concert hall design,
explore some of its shortcomings, and offer suggestions for
new ways to approach this complex subject in a more holis-
tic and multidisciplinary manner. Real progress in concert
hall design will require not only building on the scientific
understanding already achieved, but also making closer
connections to the art forms being performed there. 

The problem is not that scientifically developed parame-
ters are incorrect, but that they are insufficient for the task of
designing acoustically superior concert halls.

What do the parameters miss?
Acoustics researchers have contributed to the develop-

ment of parameters that many acousticians use in their
design of concert halls and other performance spaces. While
these parameters have been helpful in focusing designers’
attention to important acoustics qualities, rigorous applica-
tion of these parameters does not guarantee excellent
acoustics. 

A wide range of acoustics parameters is found in the lit-
erature. A good example is the ISO 3382 international stan-

dard, which includes a helpful summary
of the most widely used parameters in
room acoustics.1 In addition to the clas-
sic reverberation time, this standard
divides parameters into other categories
including sound strength, early decay
time, balance of early and late energy,
and early lateral energy. Table 1 below
summarizes and describes the subjec-
tive definition of these basic room
acoustics parameters, along with some
other widely used ones.

Notwithstanding the apparent
validity of these parameters, we main-

tain that they are insufficient. They simply do not address all
the acoustical qualities that are critically important to achiev-
ing great concert hall acoustics. During our interactions with
musicians and other critical listeners in concert halls, we reg-
ularly hear comments such as:

Clarity measurements are in the correct range, but the
sound is muddled and unclear…
The sound is unbearably harsh above a mezzo forte
dynamic…
The bass sounds emasculated and lacks impact…
The celli are strong, but I cannot hear the double basses…
The core of the tympani sound is missing…
I cannot hear the soloist above the orchestra…
Some instruments sound disembodied, like their sound is
coming from the wrong direction…
The balance between winds and strings is not right…
I cannot hear my colleagues across the orchestra…

These of course are just a few examples of the many com-
ments we encounter in our consulting practice. But, they
illustrate how very real acoustics issues tend not to fit very

IN SEARCH OF A NEW PARADIGM:
HOW DO OUR PARAMETERS AND MEASUREMENT TECHNIQUES 

CONSTRAIN APPROACHES TO CONCERT HALL DESIGN?
Larry Kirkegaard and Tim Gulsrud

Kirkegaard Associates
801 W. Adams

Chicago, Illinois 60607
and 

954 Pearl Street
Boulder, Colorado 80302

“Our computers can collect

terabytes of data at blazing

speeds, but those data must

be guided by artful listening,

with deep conviction that

there is much more that we

need to learn.”

In Search of a New Paradigm 7

Category Parameter Subjective Definition
Room decay time T30, T60 Lingering of sound when music stops
Early decay time EDT Sense of reverberance
Sound strength G Loudness
Early/late energy balance C80, D50, Ts Clarity, definition, balance between clarity and reverberance 
Early lateral energy LF, IACC Spatial impression, apparent source width
Onstage hearing STearly, STlate Musicians’ hearing of selves and others

Table 1. Summary of frequently used room acoustics parameters



cians need to remain quiet only 20 to 30 seconds while the
test signals are played and recorded in many positions in a
hall. In our experience, audiences find this measurement
process to be entertaining, especially if there is a very brief
explanation of their role in changing the acoustics and the
reciprocity of noise transfer from the audience to the stage.
Crinkling a candy wrapper in front of a very quiet audience
dramatically demonstrates that if gentle pianissimo sounds of
the orchestra are heard everywhere in the hall, the quiet
sounds of opening a cellophane-wrapped candy are also per-
fectly audible everywhere in the hall. Such brief moments
provide unique opportunities for outreach and education to
the general public. When concertgoers and musicians are
engaged in the measurement process, we acquire much need-
ed acoustical data for occupied halls. Moreover, audiences
become engaged directly in meaningful research aimed
toward making real improvements for both the audience and
the musicians. 

A different measurement approach
We believe that a useful approach for concert hall

acoustics investigations is to focus on understanding the spe-
cific phenomena that determine the character of a hall, rather
than focusing on a hall’s statistical characterization. Within
this framework, we first listen to music carefully in the
room—ideally during a rehearsal—and note the good, not-
so-good, and bad acoustical/musical qualities throughout the
space. After listening to music, we explore the unoccupied
room with a steady-state full spectrum sound source placed
on the stage. This greatly facilitates listening for timbral bal-
ance, evaluating evenness of sound distribution, and identi-
fying particular (sometimes anomalous) reflection paths.
Since a steady-state sound source does not easily reveal
arrival time of reflections, listening also to a loud, sharp-
clicking metronome is very useful for understanding time
domain characteristics. Only after we develop a full grasp of
the various subjective qualities and variances of a space do we
pursue instrumented measurements. Those measurements
seek first to unravel any mysterious observations before doc-
umenting what may be a ‘typical’ condition. To the extent
possible, such observations and measurements are ideally
made in both the unoccupied and occupied hall. 

The goal through all this is to understand the space as a
whole as well as the assemblage of its parts. When we identi-
fy particular seats that are notably good, bad, or just ‘unusu-
al’ acoustically, we measure room impulse responses at those
locations often with a highly directional listening and record-
ing device to discover and help extract the most valuable
information in the data—perhaps a late-arriving reflection, a
series of reflections with limited frequency response, or an
area of grossly uneven sound distribution. 

A curious example
An anecdote from recent experience in a well-known

opera house may serve as a useful example of this phenome-
nological, rather than statistical, approach to acoustics. In
this case, we had been made aware of concerns about the
sound of the orchestra in the pit being overly loud at certain

neatly into typical parametric categories. 
The imbalance among different instrumental sections of

an orchestra is one example of the shortcomings of our exist-
ing parameters. There is no widely accepted parameter to
describe orchestral balance, probably because it is influenced
by such a large number of factors including accuracy of
acoustics at the conductor’s position, musician placement,
riser configurations, instrument directivity, musician playing
technique, repertoire, and specific sound reflection paths in
the room. In a situation as complex and subjective as this, it
seems unlikely that any single parameter for orchestral bal-
ance could emerge. Yet the issues remain critically important.
We suggest that significant new progress in concert hall
design will require delving into complex and multidiscipli-
nary issues such as these.

When has ‘average’ ever described something of
extraordinary beauty?

Another problematic aspect of our room acoustics
parameters is that they tend to be excessively averaged over
space, time, and frequency. While making measurements at a
limited number of seating positions is a practical reality in
the consulting world, it is too easy to assume that the room is
“well-characterized” even if the number of measurement
positions greatly exceeds those outlined in the ISO 3382 stan-
dard. Understanding the differences among various seating
locations may be even more important than their averaged
values. The Swiss Alps would be of little interest if we
observed only average values—a high plateau covered with
rocks, pine needles, and alpine flowers under a thin layer of
snow and ice.

Parameters that depend strongly on direct sound and
early reflection structure can be especially misleading if aver-
aged over seating locations, since the most interesting and
significant qualities of these parameters are often how they
vary within the room. The variation of Early Decay Time
(EDT) in a hall with deep under-balcony areas is a good
example of this.2 A single room-averaged EDT value, as typi-
cally reported, would entirely miss the relevant, and perhaps
obvious, point that a listener will feel disconnected from a
full sense of enveloping reverberation if seated under a deep
overhang.

Unoccupied vs. occupied data
Acoustics characteristics in halls change when musicians

and audience are present. Yet the vast majority of room
acoustics data available for performance spaces is based on
unoccupied measurements.3 While some data for occupied
halls is available, not enough is known about the influence of
an audience and/or orchestra on the acoustics parameters,
especially on those other than reverberation time. All param-
eters that are influenced by the strength of direct sound are
rendered inaccurate if they do not account for the fact that
audience heads obscure listeners’ access to that sound. 

Modern multi-channel measurement systems make it
feasible, however, to acquire impulse response data efficient-
ly and simultaneously at multiple positions in an occupied
concert hall. With careful planning, the audience and musi-
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positions on the main floor. We began by listening to music
in the space during a rehearsal to become familiar with the
space as a whole, and to understand in particular the com-
plaints on the main floor. We noted a strong upward shift in
the aural image of the pit orchestra. The strength of this
upward shift was caused by a long radius dome covering
most of the ceiling in front of the balcony. Clearly this was
one of the sources of instrumental/vocal imbalance. Were
there others? 

After the rehearsal, we placed an ILG fan4 in the pit. With
this venerable, yet underutilized, constant sound-power
source we were able to quickly identify those areas of the
main floor that received strong reflections from portions of
the concave ceiling overhead. In this case, the reflections
were clearly audible without any special listening device, and
did not require “golden ears” to detect. Stagehands and
administrators joined us in the exploration and easily could
hear the effects of the focusing geometry. With a loudspeak-
er sound source in the pit, we then measured the room
impulse response illustrated in Fig. 1.

Figure 1 shows the direct sound arriving at 0 ms, but at a
low level since there is no line-of-sight to the sound source
placed in the pit. The “interesting” feature of this particular
impulse response is the strong single reflection at about 83
ms followed by a cluster of slightly-less-strong reflections
that all arrive between 83 and 100 ms. These arrival times
correspond to path lengths from the elliptical dome ceiling in
this hall. The combination of these focused ceiling reflections
is the loudest sound heard at this position, and the measure-
ment clearly demonstrated the upward image dislocation and
balance issues that we had experienced during the rehearsal. 

The subjective experience caused us to make the objec-
tive measurement, but this phenomenon might have been
missed if our measurements had been based only on param-
eters averaged over many seat positions or if the impulse
response had been integrated over time to calculate an ener-
gy-based parameter. The concentration of energy in this time
region was not about total loudness or clarity, but rather
about confused clarity, displacement, and imbalance, none of
which are addressed by typical parameters!

Most importantly, this approach gives primacy to actual-
ly listening in concert halls, and if implemented more widely
in the room acoustics community, we hope will result in new
parameters that relate more closely to the acoustical prob-
lems and issues encountered in concert halls, rather than our

current parameters that tend to limit and constrain our view
of concert hall acoustics. 

Imperfections of the “perfect” omnidirectional sound
source 

The vast majority of acoustics parameters used by room
acousticians are based on the use of omnidirectional sound
sources. An omnidirectional source is understandably attrac-
tive from a theoretical point of view, since it should most eas-
ily allow different spaces to be compared. After all, if two dif-
ferent rooms are excited by the same sound source emitting
equally in all directions, then should this not clearly reveal
the aural differences between the two halls?  This is not nec-
essarily so…

Musical instruments are generally highly directional,
with their sound radiation patterns varying with frequency in
complicated ways.5 Loudspeakers used in amplified perform-
ances are not omnidirectional by design. Listeners perceive
aural phenomena in concert halls that are influenced strong-
ly by the sound directivity of the source. For example, a rear
wall echo is a simple acoustical phenomenon that can be
experienced even by casual listeners in an auditorium, and is,
at times, considered to be a room acoustical defect. Rear wall
echoes are most noticeable with highly directional sound
sources, such as a trumpet or directional loudspeaker aimed
at the rear wall. If measured with an omnidirectional sound
source, however, an echo may not be especially noticeable—
even to a discerning eye studying the energy decay curve—
simply because there is not enough sound energy concentrat-
ed into the direction of interest. 

The dodecahedral loudspeaker, or “dodec,” commonly
used for room acoustics measurements is not truly omnidi-
rectional across its usable frequency range. These measure-
ment loudspeakers begin to exhibit pronounced lobing above
approximately 1 kHz,6 and the influence of this directivity on
measured room impulse responses and parameters is not well
understood. This also calls into question how easily high fre-
quency data taken in different halls can be properly com-
pared, since a slight re-aiming of the loudspeaker might sig-
nificantly change the results. 

While we would not argue that dodecs should be elimi-
nated completely from the room acoustician’s toolbox, we do
propose that our toolbox should be expanded to include
other types of sound sources so that conclusions drawn from
them might have closer connections with the acoustical phe-

Fig. 1. Room impulse response measured on the main floor of an opera house with a loudspeaker sound source in
the pit.

In Search of a New Paradigm 9



data measured in concert halls that extends below the 125 Hz
octave band. 

What is bass, really?
It is apparent from Fig. 2 that many orchestral instru-

ments have important sound energy below 100 Hz. The low
frequency fundamentals of pianos, double basses, contrabas-
soons, bass saxophones and bass clarinets, tympani, and bass
drums all occur in this frequency region. One of the most
frequent complaints heard in concert halls is that these
instruments sound weak, and that the hall therefore has
“poor bass response.” In the amplified music realm, sub-
woofers are used to reinforce or reproduce sound energy
between approximately 30 and 100 Hz. Concertgoers and
mix engineers alike know this as sound that is felt as much as
it is heard. 

Based on these considerations, we suggest that room
acousticians have largely neglected “real” bass, and any
parameter or measurement that does not take into account
energy below 100 Hz has little hope of being a proper meas-
ure of bass response.

In our consulting practice and listening experience in
concert halls throughout the world, we have observed the
important role that heavy building materials play in provid-
ing deep, rich, palpable bass. Old concert halls often have
strong bass response not because they are old, but because
they were constructed with heavy masonry walls that reflect
long wavelength sounds efficiently.

As an example, London’s Royal Festival Hall was origi-
nally designed with an interior lining of thin wood paneling
to provide low and low-mid frequency sound absorption.10

The resulting reverberation time spectrum in this hall unfor-
tunately lead to complaints of poor bass response by musi-
cians, listeners, and critics. Correction of this issue was a
major factor leading to the acoustics renovation completed in
2007. 

The bass response improvements to Royal Festival Hall
required removal of all the thin wood paneling from the
upper and lower side walls and then infilling the voids with
massive materials to form a bond back to the heavy concrete
and brick structural walls of the original building. The other
low frequency improvement was the replacement of the 35

mm shredded-wood/plaster ceiling
with solid 100 mm thick plaster.
Reverberation time data for this hall
are shown in Fig. 3.

In Fig. 3, it is clear that low fre-
quency reverberation times increased
significantly after the renovation, and
the improvement to bass response is
profoundly appreciated. 

While the reverberation data for
the 63 Hz octave band in Fig. 3 seems
to correspond well with our subjective
impressions in this instance, we sug-
gest that reverberation times may not
ultimately be the best measure of bass
response. Sound levels at low frequen-
cies (i.e., below 100 Hz), or perhaps

10 Acoustics Today, January 2011

Fig. 2. Comparison of frequency ranges.

nomena we experience as listeners. One needs only to walk
around a dodec while it is emitting pink noise to realize that
its distribution pattern is a bit like an acoustical mirror ball!

Recent measurements we have made with small direc-
tional loudspeakers have proven to be useful for document-
ing particular reflection paths and highlighting surfaces of
interest.2 It is especially interesting to note that the reverber-
ation time is largely independent of source directivity, while
other parameters that depend heavily on the direct sound
and early reflection sequence (e.g., Early Decay Time,
Early/late Energy Balance, Loudness) vary strongly with
source type. Perhaps this characteristic could be exploited to
develop a set of “directivity dependent parameters” that
would more closely resemble those experienced by listeners
in a hall. Other recent work has explored the possibility of
using multichannel loudspeaker arrays to simulate the sound
directivity of musical ensembles.7, 8 The aim of this work has
been to develop sound sources that excite a room in a more
realistic way than the dodec.       

Why do we squeeze our frequency range of interest? 
No pianist would be content if asked not to venture lower

in frequency than the octave below middle C (i.e., funda-
mental frequency of approximately 125 Hz) on the keyboard,
just as no recording engineer would consider limiting musi-
cal recording to frequencies below 4 kHz! (See Fig. 2.) Why
then, have we in the room acoustics community limited our
frequency domain to the octave bands between 125 Hz and 4
kHz?  

The answer probably lies in the limitations of the equip-
ment historically used for room acoustics measurement. The
typical dodec, probably not coincidentally, has a usable fre-
quency range between about 100 Hz and 5 kHz. A large por-
tion of the available room acoustics data has been collected
using this sound source.3 Another major factor is that labora-
tories used for sound absorption measurements are not typi-
cally qualified at lower and higher frequencies,9 and so we do
not have reliable data for building materials outside the stan-
dard frequency range.

Despite this, loudspeaker technology with significantly
wider frequency bandwidth is readily available today.
Technology will hopefully result in a greater proliferation of



sound build-up curves, could be considered as alternative
methods of analyzing the level and time behavior of low fre-
quency sound. 

In fact, the bass ratio, a traditional measure of bass
response, has fallen out of favor as a predictive parameter for
bass response in concert halls. Most researchers appear to be
more focused now on the overall strength of low frequency
energy, rather than its duration. This leads to parameters like
G80(125)11 instead of a ratio of reverberation times, which
probably is a move in the right direction, but still does not
take into account energy below 100 Hz. A recent study of
venues for amplified music in Denmark has emphasized the
importance of reverberation times in the 63 Hz octave band,
in that case as a measure of suitability for rock music per-
formance.12
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High frequency brilliance versus
harshness

The high end of the frequency spec-
trum deserves greater attention as well.
Reverberation times tend to fall off at
high frequencies in any room because the
air absorbs high frequency sound more
efficiently than low frequency sound.
This may be a reason why room acousti-
cians have tended to neglect high fre-
quency information above 4 kHz or so.
Despite this, high frequency sound plays
a vital role in some of the more subtle
qualities that distinguish good concert
halls from great concert halls. While a
“brilliant” sound quality is desirable, an
over-abundance of high frequency sound
can result in harshness.

Figure 4 illustrates portions of the
spectrum of a violin that relate to subjec-
tive qualities of violin tone.13 It is interest-
ing to note here that the ‘F’ region, which
extends above 4 kHz, and therefore
beyond the reach of standard room

acoustics parameters, is related to a sharp or harsh tone qual-
ity. The regions ‘D’ and ‘E’ are associated with brilliance.
Perhaps a new high frequency room acoustics parameter that
somehow relates the relative levels of these portions of the
spectrum could be developed to distinguish between bril-
liance and harshness in a concert hall? We suggest that the
degree of attenuation between the ‘E’ and ‘F’ portions of the
spectrum may be significant in addressing this question.

Another aspect of harshness we have observed in our
consulting practice is the tendency of a room to sound harsh
as the dynamic level is increased. An orchestra playing at a
pianissimo or even mezzo-piano dynamic may sound lush and
beautiful, but increasingly harsh and strident at forte and for-
tissimo dynamics. While this effect begins with the instru-
ments themselves, it would be useful to explore the role that

Fig. 3. Reverberation Times (T30) measured and calculated by Kirkegaard Associates in Royal Festival Hall,
London. Error bars indicate the standard deviation of the measurements, which were made with an orches-
tra seated on the stage and full audience.

Fig. 4. Plot of a violin sound spectrum13 (With permission of A. Buen).



the room might play in this phenomenon. One common
thread we have noted is that rooms with large amounts of fine
and medium-scale sound diffusing shaping on the walls and
ceiling tend to have this undesirable quality of harshness at
high dynamic levels.

One illustrative example of this is
from the Concert Hall at the Sydney
Opera House. Harshness in the stalls
level seating and on stage was
acknowledged as a serious acoustical
defect in this hall in a number of inde-
pendent studies conducted between
1996 and 2003.14 Our own studies of
this issue concentrated on the
acoustics impact of the “sawtooth”
shaping of the lower sidewalls flank-
ing the stage and stalls seating.

This wall shaping was presum-
ably intended to provide diffused lat-
eral reflections to improve listening
conditions, but the sound reflected by
the sawtooth paneling was harsh and
abrasive for audiences listening in the
stalls seating as well as to musicians
on stage. Musicians felt they could not
make a beautiful sound in the hall,

and audiences concurred. Careful listening pointed to the
sawtooth walls as the source of the harshness, and as a simple
means of demonstrating this to listeners and musicians, we
suggested a mock-up with fabric hung in front of the saw
tooth walls, pictured in Fig. 5. The fabric made a dramatical-
ly positive contribution to the quality of the musical sound
even though it diminished the loudness and enveloping qual-
ity one would desire from these side-arriving reflections. 

The temporary fabric was installed in 2007 and has
remained in place for three years awaiting funding to replace
it with timber paneling, which would provide sidewall reflec-
tions rather than absorbing them.

As proof of the timber paneling concept, and for public
as well as stakeholder encouragement in this iconic space,
we prepared a second demonstration in 2009 that replaced
the fabric in front of the sawtooth walls with sealed medi-
um density fiberboard (MDF) panels. The MDF panels
were designed to be adjustable to allow experimentation
and optimization of wall angles as can be seen in Fig. 6.
Over the course of the trials, the orientation of the panels
was optimized in plan and section. Improvements were
clearly noticeable to musicians onstage, but the improve-
ments were most significant in the stalls seating, borne out
by consistently positive comments from both audience and
musician surveys.15

This experience was one of several that have convinced
us that a better understanding of the positive and negative
influences of sound diffusion is essential for progress in con-
cert hall design. In the case of the Sydney Opera House
Concert Hall, less diffusion from the essentially flat MDF
panels was clearly preferred. Unfortunately, this acoustics
trial did not reveal the precise mechanisms at work here. Is it
low level edge-diffracted sound from the points of the saw-
tooth shaping? An imbalance between high and mid-fre-
quency sound levels? “Smearing” of the reflection structure
in the time domain? Perhaps some combination of all these
effects?

12 Acoustics Today, January 2011

Fig. 5. Fabric panels in place over the lower “sawtooth” walls in the Concert Hall at the Sydney Opera House.

Fig. 6. One of the adjustable medium density fiberboard (MDF) panels covering
the lower sawtooth walls during the 2009 acoustics trials in the Concert Hall at
the Sydney Opera House.
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A new paradigm?
As room acousticians, we are at a pivotal moment in our

field. Our computers can collect terabytes of data at blazing
speeds, but those data will not truly progress the science of
concert hall acoustics unless guided by artful listening, with
deep conviction that there is much more that we need to
learn. The great concert halls of the world remain an invalu-
able resource for critical listening and investigation, but we
should not approach them merely as technicians. Instead, we
should approach them with eyes and ears wide open, guided
by the wisdom of those who have pioneered our field. Our
vocabulary needs to be increased to include parameters that
relate better to the music performed in concert halls, and
must grow and change as those musical art forms evolve.
Does this amount to a paradigm shift? Yes!

A new paradigm for concert hall design is needed in which
we approach buildings in an ears-first, multidisciplinary way
that properly focuses on listening to what spaces and perform-
ers can tell us that inform, enrich, and temper our work.AT
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How can we decode the complexities
of music with only two ears?  

The key to understanding musical
acoustics lies in the extraordinary
ability of the human ear and

brain to extract a wealth of precise
information from a complex and often
chaotic sound field. A human ear has
only about 3,500 sound-sensing hair cells, each capable of
firing no faster than 1000 times per second. They are
attached to a frequency sensitive mechanical filter with a
selectivity of about one part in five. Yet with this meager
data we can tune instruments to one part in a thousand,
choose to listen to any one of several simultaneous conver-
sations in a noisy room (the cocktail party effect), or know
which instrument played each note in a string quartet. 

The ability to separate individual sources from a com-
plex sound field has limits. When noise and reverberation are
too strong the ability to hear more than one conversation or
more than one musical line vanishes. We can no longer per-
ceive all the complexity of music and our attention is more
likely to wander. This article uses clues from physics and our
perception of music to understand these limits, and how they
influence concert hall design.

Sorting sound waves into sound events such as notes
and syllables and then assembling these events into coherent
streams with similar pitch, timbre, location, and distance is
the job of specialized organs in the brain stem—the oldest
part of our neurology. Much has been learned about the
function of these organs with animals, and much is still mys-
terious. But our ability to hear music gives powerful clues to
how the mechanisms work. From these clues we can begin to
understand the physics of the process; how information
about timbre and localization is encoded in sound waves,
how the ear and brain extract this information, and how, and
to what extent, reflections and noise interfere.

The brain stem works at a subconscious level. The
process of sorting sound into many simultaneous foreground
and background sound streams that can be assembled into a
meaningful image is automatic; we cannot influence it by
thought. The streams are passed upward to consciousness
fully formed. There they are processed in ways well beyond
the scope of this article. But with music and physics as our
guide we can start to make sense of the processes going on in
the brain’s subconscious realm.

Vision, hearing, and sound streams
Human perception is multi-modal. The brain makes

sense of reality by combining information from many senses.
In a music performance we hear the sound of an instrument
at the direction and distance we see it regardless of our ears.

Improving the lighting improves the
clarity of the sound, and the color of a
hall changes the perception of sound
dramatically. The ticket price nearly
always reflects the clarity of vision, not
sound, and new halls with spectacular
architecture sound wonderful for a
while. But while we can hear many

things with our eyes, what we do or don’t hear with our ears
affects us profoundly. 

In good acoustic spaces if we close our eyes for five min-
utes or more and shake our heads a few times we can still per-
ceive the pitch, timbre, direction and distance of multiple
sound sources at the same time. Somehow our ears and brain
stem have managed to separate a jumble of overlapping
sounds into separate streams of information, one for each
source. This is the well-known cocktail party effect, vital to
our survival as a social species. When it is possible to sepa-
rate sounds in this way the brain stem sends multiple streams
upward to consciousness. When it is not possible we hear the
whole ensemble as a single mixed stream of sound, and are
unable to localize or identify the timbre of individual voices.
For speech the result is babble. Music is more forgiving. We
hear pitches, harmony, loudness and dynamics—but infor-
mation about who played what, from where, and with what
timbre, is lost.

The difference is not subtle. When we can separate voices
the higher brain is able to process the sound with far greater
attention and interest. Imagine being at a party so crowded
that you cannot hear what anyone is saying, and contrast that
with the situation where we are able to listen to any one of sev-
eral conversations at will. The first situation will cause the
brain to tune out, the second demands attention.

Direct sound—The key to localization and timbre
Sound in open air decreases in level by six decibels for

each doubling of distance. People sitting close to the source
will hear a much louder sound than people sitting further
away. One fundamental purpose of a hall is to catch sound
that does not go directly to the listeners and re-direct it
toward them. This makes the sound louder and more uni-
form. In halls very few of the reflections that re-direct the
sound are first-order (i.e., have bounced off only one surface
before being heard), and the first order reflections are always
weaker individually than the sound that travels directly to the
listener. But there are a great many reflections of higher
order, and they combine chaotically to create what we call
reverberation. In a typical seat in a concert hall, the combi-
nation of reflections and reverberation contains at least ten
times more energy than the direct sound, and most of that
energy comes from high order reflections. This creates the
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“The ability to separate

individual sources from 

a complex sound 

field has limits.”



loudness we seek, along with the envelopment we find so
desirable.

Reverberation can be beautiful, and at least in a large
hall. “louder is better.”  But reverberation is by nature chaot-
ic and blending. Information about which instrument played
what, and from where, is lost. For some people this is OK.
They have no desire to hear every instrument with the clari-
ty of the score, and a rich blend of all the instruments is just
fine. Other people want the kind of clarity that enables you to
distinctly hear the way the composer has written each line,
how it is played, and from where. Even without consciously
listening for these details the brain reacts more strongly to
the music when this clarity is present. Clear sound, sound
perceived as close to the listener, demands attention.
Attention creates drama—and drama in music is addictive.
Surprisingly, this kind of clarity can co-exist with reverbera-

tion and envelopment, even when the reverberation is much
stronger than the direct sound.

We need to appreciate that the direct sound—the brief
segment of sound that arrives at a listener before being aug-
mented by reflections—conveys most of the information
about localization and timbre. We also need to understand
that in most seats in most halls the direct sound is weaker
than the sum of the early reflections and reverberation that
quickly overtake it. But we propose that if the auditory nerve
firings from the direct sound are more numerous than the
nerve firings from the reflections in the first hundred mil-
liseconds after the beginning of a note the brain stem can cre-
ate separate neural streams for each musical line, and identi-
fy which instrument played them. How can we test this pro-
posal? How can we find the distance in a hall where the abil-
ity to separate individual voices vanishes?

Binaural recordings of the eardrum pressure
Studying sound perception in halls is difficult because the

brain suppresses the conscious perception of noise, reflections,
and reverberation. Thus the sound quality in a hall is difficult
to judge, and almost impossible to remember. The dominance
of our vision further complicates the situation. If we see musi-
cians playing we will perceive their sounds coming from the
direction we see them—regardless of whether sonic localiza-
tion is possible or not. For many people it takes practice to per-
ceive a scene from sonic information alone. But differences can
be startling when the sonic images from two different halls or
two different seats in the same hall are rapidly compared in the
absence of a visual image. 

It is possible to make binaural recordings of the sound at
a listener’s eardrums, and to reproduce it through head-
phones also equalized at the eardrums. The result is nearly
perfect reproduction of an auditory scene. Surprisingly
recordings made at my own eardrums are convincingly real-
istic for at least 50% of listeners, even without individual
headphone equalization. They are particularly successful for
people such as recording engineers who are accustomed to
work without a visual image. 

With the help of these recordings, we find that in all halls
the location and timbre of individual instruments can be
clearly identified when the listener (or the binaural recording
position) is close to the musicians. As the listener moves back
into the hall the location and timbre of individual instru-
ments, and the ability to clearly hear their musical lines in the
presence of all the other instruments, continues to be good
up to a certain point. At this critical point the sound changes.
Instead of perceiving a coherent image—where each instru-
ment can be localized and identified—all the instruments
blend together into a fuzzy ball of sound. Occasionally a solo
instrument will be localizable, but when instruments play
together they all fall into the same sonic blob. Timbre also
changes dramatically. When instruments are localizable each
timbre is distinctly perceived. When they are not localizable
the whole ensemble takes on a darker color—one that sound
engineers call “muddy”. This change in timbre is distinctly
perceived even when these binaural recordings are played
through loudspeakers.1
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These binaural recordings illuminate an aspect of hall
acoustics that acoustic research has largely ignored. In stan-
dard texts, clarity has been loosely defined by the intelligibil-
ity of single voices, or the ability to hear the pitches of instru-
ments. For many seats in modern concert halls and opera
houses the clarity that enables a trained listener to identify
and localize the instruments in an orchestra or a string quar-
tet, the clarity that pulls the full attention of a listener into the
composition, the clarity that nearly every commercial sound
recording delivers, is lost.

Localization and timbre 
Timbre of an instrument—and the difference between

spoken vowels—is determined by the strength of harmonics
in the vocal formant frequency range, roughly 700Hz to
4000Hz. The basilar membrane filters in the inner ear sepa-
rate these frequencies into about 15 overlapping bands. The
differences in the strength of the signal in these bands allow
us to identify the word or the instrument. Likewise, differ-
ences in the strength and timing of the signals between the
two ears allow us to determine the sound direction. But if
several instruments are playing at once typically two or more
harmonics from each source occupy the same basilar mem-
brane filter. The basilar membrane is not selective enough to
separate them. If we look at the average signal in each filter
band we will get a mixture of timbres—and have little clue to
the source directions. 

Separation of sound sources by pitch
A critical issue for music and speech perception is that

instruments playing together, or several people talking at
once, all produce harmonics in the same vocal formant
range. If we are to detect the location and timbre of each
instrument or the vowels of simultaneous speech we must
first separate the harmonics from each source into independ-
ent neural streams. It is clear that the brain stem can do this,
and the ability is vital to human hearing. The ability to sepa-
rate harmonics enables us to listen to several conversations at
once and switch our attention between them at will. The

cocktail party effect is known to depend critically on pitch. A
person speaking in a monotone can be separated from anoth-
er if the difference in pitch is only half a semi-tone, a fre-
quency difference of only three percent. If the pitches are
identical—or if the speakers whisper—the two voices cannot
be separated. We believe that the necessity of performing the
cocktail party effect has driven the evolution of our extraor-
dinary sensitivity to pitch—and of our appreciation of musi-
cal scales and harmony.

The properties of music can be used to understand the
physics of this process. A trained musician can tune an
instrument to an accuracy of one part in a thousand. The
average music lover can perceive pitches to at least 1%. The
basilar membrane is incapable of such precision.
Furthermore, our ability to perceive pitch is circular in
octaves. If we double the frequency of a complex tone, the
pitch—in a musical sense—remains the same. It is sometimes
difficult to decide in which octave a complex tone originates,
particularly in the presence of other pitches. 

The author has developed a physical model that explains
these abilities. Physics tells us that harmonics carry in their
phase the memory of the pulse that created them. If several
adjacent harmonics of the same tone are present at the out-
put of a filter, once in each fundamental period the harmon-
ics align in phase, adding together to make a strong peak in
the output of the filter. As the harmonics drift apart the peak
goes down. The result is a strong amplitude modulation of
the filter output. When several harmonic tones are present at
the same time each creates modulations specific to their fun-
damental frequency and these modulations sum linearly. In
this model the basilar membrane is not only sensitive to the
average amplitude in a band, but it also detects amplitude
modulations in that band—much like an AM radio.

In our model the detected modulations from each band
pass to a group of neural structures that resemble comb fil-
ters—a pitch sensitive filter that is both highly efficient of
neurons and circular in pitch. A comb filter can be under-
stood as a delay line with a large number of taps, each sepa-
rated by a constant delay. The output consists of the sum of
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Fig. 1. Flow of information through the model.



all the taps. When the delay between each tap corresponds to
the period of a particular frequency the nerve pulses at the
output will sum to a high value, implying that the modulation
in firing rate from that filter will be a maximum. When the
tap period does not correspond to a multiple of the input fre-
quency the output is minimal. 

There are enough comb filters in each group to sort
incoming modulations by their pitch into separate neural
paths, one path for each pitch. To achieve the pitch accuracy
of a musician, the group requires only about a hundred dif-
ferent comb filters, each with a total delay of about 100 mil-
liseconds. Brief signals produce useful pitches in a fraction of
that time. Figure 1 shows the flow of information through the
system, and a possible neural implementation of a comb fil-
ter based on the speed of pulses traveling through fine diam-
eter nerve fibers. The diagram in Fig. 1 shows the same num-
ber of taps for each pitch, and a variable total delay length.
Our computer model uses a constant total delay for all pitch-
es, and varies the number of taps. Which system (if any) is
actually used is not predicted by our data—but the average
length of the total delay must be about 100ms to match our
abilities to perceive music.

In Fig. 1, sounds entering the ear are separated into fre-
quency bands by a bank of overlapping mechanical filters
with relatively low selectivity. At the vocal formant frequen-
cies each filter typically contains three or more harmonics of
speech or musical fundamentals. These harmonics interfere
with each other to create a strongly amplitude modulated sig-
nal, as can be seen in the figure. The modulations in the sig-
nal are detected linearly by the hair cells, but like an AM
radio with automatic gain control the nerve firing rate for
time variations longer than about 20 milliseconds is approx-
imately logarithmically proportional to the sound pressure.
The brain stem separates these modulations by pitch using a
number of comb filters each ~100ms long. Two of these fil-
ters (detecting two different pitches) are shown in the figure,
but about one hundred are needed for each basilar mem-
brane band. Once separated by pitch the brain stem com-
pares the amplitude of the modulations for each pitch across
the basilar filter bands to determine the timbre of the source,
and compares the amplitude and timing of the modulations
at each pitch between the two ears to determine sound direc-
tion. Using these cues the brain stem assembles events into
separate foreground sound streams, one for each source.
Sound left over after the foreground is extracted is assigned
to a background sound stream. Reflections and reverberation
randomize the phases of the harmonics. When the reflections
are too strong the modulations in each frequency band
become noise-like, and although pitch is still detectable, tim-
bre and direction are not.

Stream formation
The comb filters separate sound events by pitch relative-

ly easily, and can do it in the presence of high levels of rever-
beration. But to create separate sound streams for each
source the brain stem must determine to which sound source
the various pitch events belong. The task is easy if the timbre
and azimuth of each pitch event can be identified, and this is
possible when the acoustics are sufficiently clear. By compar-

ing the strength of the modulations at a specific pitch across
the formant bands the timbre of a particular event can be
determined, and by comparing the strength and timing of
each pitch event between the two ears the localization can
also be determined. Using these cues the brain stem can
assemble events into meaningful foreground streams, and
present the streams to higher levels of the brain.

In this case the brain is capable of a further separation.
Sound elements identified by their pitch, localization, and
timbre can be separated from the reverberation they induce.
We get a distinct perception of two different types of sonic
streams—the foreground streams of notes and syllables, and
a single combined background stream that includes all the
reverberation. The background stream has interesting prop-
erties. When the foreground is strong the notes and syllables
mask the reverberation, but we perceive the reverberation as
continuing unbroken through the foreground sound events.
When the reverberation is stronger than the foreground ele-
ments, the foreground elements are perceived with the tim-
bre and azimuth that is detected at their onsets—even if the
reverberation soon overwhelms them. In both cases if the
background stream is at least partially coming from all direc-
tions it is perceived as surrounding the listener.

When the azimuth and timbre of the direct sound is
masked by reflections and reverberation, the brain is forced
to consider both the note and its reverberation as one sound
event. The combination becomes one sonic object. The rever-
beration is bound to the note, and is perceived as primarily in
front of the listener, regardless of the actual spatial distribu-
tion of the reverberation. When the foreground—the direct
sound—is clearly perceived, the reverberation can be sepa-
rated from the note. Then for most people the reverberation
is perceived as louder and more enveloping.

But there is another aspect of stream formation. When
the brain is able to accurately separate notes or syllables by
pitch we perceive the instruments or speakers as being close
to us. These sounds demand more attention than sounds per-
ceived as muddy and far away. This kind of clarity is an essen-
tial part of drama and cinema. Drama and cinema directors
demand that theaters be acoustically dry, with directional
loudspeakers for dialog. They want the maximum dramatic
effect to be conveyed to the audience. The author firmly
believes the same kind of clarity is needed in musical per-
formances. Opera especially needs clarity, whether you
understand the language or not. Clear sound draws a listener
into the emotional experience of the scene. Well blended
sound encourages a passive kind of listening. The goal in the-
aters is to make the direct sound stronger than the total
reverberation; to make the direct to reverberant ratio (D/R)
greater than unity. But some concert halls and opera houses
demonstrate that dramatic clarity can be achieved at lower
values of D/R.

Implications for musical acoustics
The physical model and the observations above need not

be precisely accurate to be useful for room acoustics. The
physics on which they are based predicts reasons why some
halls deliver startling clarity over a wide range of seats—and
why many of their copies do not. First, the model explains the
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observation that the ear and brain can detect localization and
timbre in a reverberant field more easily at the vocal formant
frequencies than at the fundamental frequencies of most
instruments. At low frequencies there are too few cycles in
the brief time before reverberation overwhelms the direct
sound. In addition the ability to separate sources into inde-
pendent streams depends in part on the presence of multiple
harmonics from the same source in each critical band of the
basilar membrane—and this happens largely at higher fre-
quencies. So if we can maximize the strength of the direct
sound relative to the reflections and reverberation at high
frequencies—while leaving the reflections strong at lower
frequencies—we can achieve both good clarity and rich
reverberation at the same time.

Second, the model predicts that clarity—source separa-
tion—depends on the time delay between the onset of the
direct sound and the cumulative sum of reflections in a
100ms window. The larger the time delay the greater will be
the sum of nerve firings from the direct sound compared to
the number from the reverberation. These predictions lead to
a method of understanding the clarity of halls, and why their
properties do not scale with size.

Listening in concert halls
It is widely believed that a shoebox shape is ideal for clas-

sical music performance, regardless of the size of the hall and
the type of music performed. Since the eye is tolerant of
scale—a shoebox holds 2000 people as easily as it holds
shoes—we assume the same holds for sound. But there are far
more mediocre shoebox halls than great ones, and the small-
er the hall, the poorer they are likely to be. In Leo Beranek’s
surveys of musicians and conductors only three halls are
rated “excellent.” Many people consider the Boston
Symphony Hall (BSH), with 2625 seats, to be the best. But
many of its close copies fall short. The odds of building an
excellent new hall with a shoebox shape do not appear to be
good—especially if the copy is smaller. 

Other options exist. Currently “vineyard” halls are pop-
ular. These halls are typically oval in plan, with no overhang-
ing balconies. The audience surrounds the orchestra in ter-
races (vineyards), the walls of which are intended to supply
early reflections. The average listener is closer to the musi-
cians than a typical shoebox of the same capacity, but many
sit in poor seats behind the orchestra. Late reverberation in
vineyard halls tends to be weak because the direct sound is
either absorbed by the audience, or is directed down into the
audience by panels on the ceiling (and is thus absorbed).
There is little sound left over to create late reverberation.
These halls lack the warmth and envelopment of BSH. A bet-
ter option is exemplified by the Teatro Colón in Buenos
Aires, which resembles a large semi-circular opera house. It
is renowned as a concert hall where music is heard with
extraordinary clarity and reverberation in a great majority of
seats. But Beranek lists it in his books as an opera theater, and
does not rank it as a concert hall. Jordan Hall at New England
Conservatory, with 1013 seats, is a Mecca for chamber musi-
cians and audiences from all over the world, and is also excel-
lent for small orchestras. 

Neither of these halls is a shoebox. Both are semi-circles
with high balconies. They bring the average listener closer to
the musicians than in a shoebox, and their high ceilings pro-
vide the cubic volume and the reflecting surfaces needed for
fine late reverberation. But citing the success of BSH the pub-
lic, architects, and large donors usually demand a shoebox
shape. BSH beats the shoebox odds by a rare combination of
many elements, starting with size, shape, and surface.
Changing any of these elements makes success unlikely.

Binaural recordings of live concerts in BSH reveal that
the timbre and localization of each instrument is excellent
everywhere on the floor—up to about row Z, just beyond the
cross aisle, ~80 feet from the conductor. At the same time the
reverberation is nearly always audible as the music is playing,
lending a wonderful ambience to the sound. Surprisingly
both clarity and reverberance are excellent—perhaps even
better than on the floor—in the front row of the first balcony,
110 feet from the conductor. BSH succeeds in delivering both
clarity and reverberation over a large majority of seats—a feat
extremely rare in concert halls. How does it do it?

In most seats in BSH you can (with practice) hear all the
notes in the music separately, and tell which instruments
played them. You can also hear the reverberation of the hall
as separate from the foreground notes. To hear all the notes
separately your brain must be able to process the sound that
comes directly from the instruments. But the direct sound is
easily muddled by excess early reflections. Our neural model
shows that the brain needs about a tenth of a second of direct
sound to detect the pitch, timbre, direction, and distance of
each player or section as separate from the others. If the
number of nerve firings from the direct sound at the start of
each note is greater than the number of nerve firings from
the reflections for this critical tenth of a second, the brain can
detect all the information we need. If the number from the
reflections is greater in this tenth of a second the instruments
blend together. The reverberation becomes the notes—audi-
ble as chords, but not as separate sources. We still hear har-
mony, but not the notes that create the harmony.

The kind of enveloping reverberation that gives a hall its
richness is only audible if the direct sound is separately
detected, and then only after the critical tenth of a second has
elapsed. If the majority of the reverberant energy has decayed
before this time the hall will be perceived as dry. In brief—we
only hear all the notes if the number of nerve firings from the
direct sound is greater than the number of nerve firings from
all the reflections in the first tenth of a second, and we only
hear the reverberation as separate if it is still strong enough
to be heard after this period has elapsed.

The success of BSH is due to two factors: the audibility of
the direct sound at frequencies above 1000Hz, and the rela-
tively high strength of the late reverberation—sound that
arrives at the listener more than 100ms after the direct sound.
A major tenent of current acoustic design is that strong
reflections from the side of the hall are essential for good
sound. The experiments on which this tenent is based
assumed that the direct sound was always audible, and only
tested cases where the direct sound was nearly as strong as or
stronger than the sum of all the reflections. Unfortunately in
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almost every seat in a shoebox hall the opposite is true, and for
seats more than half-way back the early reflections from any
direction disturb our ability to hear the music. Vienna’s
renowned Grosser Musikvereinssaal nearly falls into this cate-
gory. If you luckily get a ticket in the front half the sound is fan-
tastic, but more than half-way back the sound is just loud. You
are better off in the standing room. Shielded by the balcony
from most of the reflections the sound is clear, well balanced,
and beautiful. (But get there early. You need to be in the front
of the crowd.) Unfortunately most modern hall designs direct
first order reflections down into the audience, particularly
from the side walls and balcony fronts. The result is disastrous.
In far too many seats the direct sound is not detectable. These
first-order reflections are then absorbed—and their energy
cannot contribute to desirable late reverberation.

If we measure the impulse response of BSH when the
stage and hall are fully occupied we find that although the
reverberation time varies very little with frequency, the
strength of the early reflections above 1000Hz in the rear half
of the hall is weaker than it is at lower frequencies. The front
of the first balcony is especially blessed by this lower level of
early reflections. The reason the first balcony succeeds is
clear from the geometry of the hall. This position does not
receive strong early reflections from any direction. The
underside of the first balcony along the side walls directs all
the specular lateral reflections that would otherwise travel to
the first balcony down into the seats on the floor. This
explains why listeners beyond row Z have difficulty localiz-
ing. The balcony fronts are transparent to sound, and have
absorbing legs of audience behind them. The strong early
reflection that normally comes from the ceiling is deflected
back to the orchestra by the many coffers that decorate the
ceiling. The coffers in BSH have just the dimensions needed
to act as retro-reflectors for frequencies above 1000Hz, while
allowing lower frequencies to reflect specularly. The absence
of strong early reflections in the front of the first balcony
gives the brain stem time to separate the direct sound. The
result is high clarity and rich reverberation.

Most shoebox halls fail to provide the clarity and rever-
beration of BSH because the early reflections in the rear of
the hall are too strong, and come too soon. Seats in the front
of such halls are not problematic, as the direct sound is
strong, the early reflections are relatively weak, and they have
a longer delay relative to the direct sound. Knowledgeable
people and critics sit there. As you move back in the hall the
direct sound is weaker, the first-order reflections are
stronger, and they come sooner. At some critical distance
localization becomes impossible, and the instruments blend
into a circular blob of sound. Our experiments and binaural
recordings show that the boundary between the two types of
sound is often only one or two meters wide. Seats in front of
this critical distance give wonderful, and nearly identical,
sound. Beyond this critical distance for localization the
sound is muddy and blended. In countless halls most of the
seats have this kind of sound.

There is a simple graphic that lets you see how the ear is
hearing the beginning of a sound event. Let’s assume we have
a sound source that suddenly turns on and then holds a con-

stant level. Initially only the direct sound stimulates the basi-
lar membrane. Soon the first reflection joins it, and then the
next, etc. The nerve firing rate from the combination of
sounds is approximately proportional to the logarithm of the
total sound pressure. But instead of plotting the total rate of
nerve firings we plot the rate of nerve firings from the direct
sound and the reflections separately. In the following graphs
the vertical axis is labeled “rate of nerve firings”, normalized
such that the rate is 20 units for the sum of both rates once the
reverberation is fully built-up. The scale is chosen such that
the value of the rate can be interpreted as proportional to the
decibels of sound pressure. Thus in Fig. 2, the rate for the
direct sound is about 13, implying that the total sound pres-
sure will eventually be 7dB stronger than the direct sound.
Figure 2 shows the relative rate of nerve firings from the direct
sound and the build-up of reverberation in the frequency
range of 1000Hz to 4000Hz in unoccupied Boston Symphony
Hall (BSH) row R, seat 11, with a source at the podium. The
dashed line shows the rate of nerve firings for a sound of con-
stant level that begins at time zero. The solid line shows the
firing rate due to the reverberation as it builds up with time.
The dotted line marks the combined final firing rate for a con-
tinuous excitation, and the 100 ms length of the time window
the brain stem uses to detect the direct sound. In this seat the
direct sound is strong enough that the ratio of the area in the
window under the direct sound (the total number of nerve fir-
ings from the direct sound in this window) to the area in the
window under the build-up of the reflections is 5.5dB. This
implies excellent localization and clarity. Shown in Fig. 3 are
the nerve firing rates for the direct sound and the build-up of
reflections in unoccupied BSH, row DD, seat 11. Notice the
direct sound is weaker than in row R, and there is a strong
high-level reflection at about 17ms that causes the reflected
energy to build up quickly. The ratio of the areas (the total
number of nerve firings) for the direct sound in the first
100ms to the area under the line showing the build-up of the
reflections is 1.5dB. Localization is poor in this seat. 

Figure 4 shows the graph for the front of the first balcony.

Fig. 2. The relative rate of nerve firings from the direct sound and the build-up of
reverberation. in the frequency range of 1000Hz to 4000Hz in unoccupied Boston
Symphony Hall, row R, seat 11, with a source at the podium. 
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Fig. 3. Nerve firing rates for the direct sound and the build-up of reflections in unoc-
cupied Boston Symphony Hall, row DD, seat 11. 

Fig. 4. Rates of nerve firings for the direct sound and build-up of reflections in
Boston Symphony Hall, front of first balcony, row A, seat 23. 

The direct sound is weaker here—but there are no strong early
reflections. The ratio of areas is +2.2dB, and localization is
better than in row DD on the floor. (See Fig. 3) The localiz-
ability predicted by the ratio of areas is poorer than my sub-
jective impression in the fully occupied hall—but the differ-
ence in the way the reflections build up is easy to see. 

Mitigation
Halls need not sound either muddy or too dry. Some of

the old shoebox halls, and almost all of the new ones, lack the
coffers and niches that make BSH work. But it is possible to
add elements that perform the same job. Plastic saucers or
cloud elements of variable size over the orchestra can be
arranged to reflect frequencies above 1000 Hz down into the
orchestra and the front rows of the audience, while letting
lower frequencies excite the upper volume of the hall. The
high frequencies will be absorbed, increasing the high fre-
quency D/R in the rear of the hall without changing the
reverberation time. Clarity in the rear will improve. The
direct sound is strong in the front, and the prompt early
reflections will be appreciated. Beams and columns added to
the side walls perform the same function—namely they
reflect the high frequency portion of the lateral reflections
back to the front, giving people in the rear more time to
detect the direct sound. 

But one needs to be careful. It is possible to reduce the
early reflections too much, or make a hall too wide. There
needs to be enough energy between the direct sound and the
bulk of the reverberation to prevent the brain stem from
detecting the reverberation as a separate foreground event—
an echo. The marvelous Concertgebouw in Amsterdam, with
substantially greater width than BSH, is at the limit.
Orchestral music is gorgeous. The sound is both clearer than
BSH and more reverberant. But in some seats during a piano
performance the reverberation is heard disconnected from
the notes.

In smaller halls all the reflections come sooner, and the
reverberation builds up more quickly. In small halls the

sound is loud and muddy almost everywhere, especially with
student orchestras playing modern instruments. Such halls
are also perceived as too dry, as the volume is not large
enough to allow a strong late reverberation. The owners of
such halls are very reluctant to add absorption, as this will
make lower the reverberation time. But adding absorption to
the stage can be surprisingly effective. Vaudeville stages
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almost invariably had curtains in the wings, at the back of the
stage, and above the proscenium. Sound from the performers
that did not travel directly to the audience was absorbed,
increasing the relative strength of the direct sound. Excess
loudness was also controlled—and the drama of the per-
formance was maximized. We need not use curtains or com-
pletely cover the stage walls to get the benefit. 

The bottom line: we need to adjust the shape of a hall to
match the size of the hall. Large halls can use a shoebox shape
successfully if they absorb or back scatter the first order
reflections that would otherwise travel from the orchestra to
the rear of the hall. This suggestion may be anathema to
those acousticians who believe these reflections are essential
to give support and loudness to the listeners in the rear. But
these reflections contribute very little to loudness—remem-
ber that individually they are weaker than the direct sound,
and the total reverberant energy is often more than ten times
the strength of the direct sound. Loudness comes from the
reverberation. Sitting in the first row of the first balcony in
BSH proves the point. 

As halls become smaller the design goal should be to
choose a shape that brings the audience closer to the musi-
cians, and to obtain the needed reverberation by increasing
the room volume overhead. Such halls need not have the 1.9
second reverberation time of BSH. BSH is large enough pro-
vide late reverberation without excessive energy in the first
100 milliseconds of decay. Efforts to reduce the total absorp-
tion of a small hall to the point where it can achieve the same
reverberation time as BSH will result in massive amounts of
early reverberant energy. This will prevent a clear sound, and
prevent the formation of a background sound stream. The
hall will sound less reverberant than if the sound was clear
and the reverberation time was only 1.3 or 1.4 seconds.
Jordan Hall at New England Conservatory demonstrates this
effect beautifully.

There are examples of very small halls (~300 seats) that
manage to combine both good clarity and reverberation
through a combination of absorbing stage elements and a
large internal volume. Both features must be present. Internal
volume is expensive, and adding absorption to the stage can
be politically difficult, so many small halls lack these features.
But if there is enough stage and audience absorption to give
good clarity throughout the hall, it can be relatively simple
and inexpensive to increase the late reverberation through a
modern electro-acoustic system. Properly designed—and
this is not always the case—these systems increase the late
reverberation time without reducing clarity, and transparent-
ly add substantial beauty to the sound. In at least three major
opera houses and spaces of all shapes and sizes these systems
have been operating for more than twenty years with excel-
lent reviews from the critics and the public. 

Postlude
This paper is not as controversial as it might seem. The

model of hearing we present is similar to the latest work on

the subject, particularly the model proposed by Torsten Dau
at the Danish Technical University. The sections on stream
formation and its effects on sound are found in standard lit-
erature such as “Auditory Scene Analysis” by Bregman. Comb
filters are also not new, having been proposed by Peter
Cariani. What may be new is our proposal that separation of
sound elements by pitch can precede their analysis for timbre
and direction, and that the information necessary for this
separation lies in modulations induced by the phases of
upper harmonics. We have found the physics needed to make
this idea work, made a model of the process in the C lan-
guage, and shown that when the model operates on binaural
recordings of live music it predicts the point in a hall where
localization disappears.

Perhaps the most controversial proposition is that pop-
ular acoustical thinking is incorrect in believing that more
early lateral reflections are always good, that clarity can be
measured by standardized measures such as C80 and C50,
and that the strength of reflections and reverberation
should be independent of frequency. In our view when the
direct sound is weak early reflections from any direction,
but especially medial reflections (those from the front, rear,
and ceiling), are detrimental to the sound. If clarity is
defined by the ability to distinctly hear the notes in a per-
formance, a high value of C80 or C50 often predicts the
opposite. The best of the standard measures, IACC80, is
insensitive to medial reflections. But at the recent
International Conference on Acoustics in Sidney a keynote
speech by Leo Beranek and several other papers called into
question the reliability and even the relevance of these
measures. The field of room acoustics seems open for
change. Hopefully the neurology of hearing will play a
prominent role in this process. AT

Reference
1 With the permission of the Pacifica String Quartet we can hear

two examples from a concert in a 1300 seat shoebox hall. The
sound in row F is quite different from the sound in row K. The
recordings are from the author’s eardrums, and are equalized
for playback over loudspeakers or headphones equalized to
sound identical to loudspeakers. (Most headphones have too
bright a sound to reproduce them correctly. Pink noise played
though the headphones should sound identical in timbre to the
same noise played through a frontal loudspeaker.) Instructions
for downloading the audio clip examples are given in the side-
bar.

“Binaural Recording of the Pacifica String Quartet in Concert
row F”;  (http://www.davidgriesinger.com/Acoustics_Today
/row_f_excerpt.mp3)

“Binaural Recording of the Pacifica String Quartet in Concert
row K”; (http://www.davidgriesinger.com/Acoustics_Today/
row_k_excerpt.mp3)
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Fig. 1. Compaq Center is now Lakewood Church.



Creating a new home for America’s
largest church required a facility
conversion of unprecedented

scale. Over a period of 19 months,
Houston’s Compaq Center—a sports
arena that had been home to the Rockets
NBA Basketball team, Aeros hockey team
and other Houston sports legends—was
transformed into Lakewood Church, a
new 16,000–seat worship center for its
47,000 weekly congregants. 

Lakewood’s weekly television program is seen in more
than 20 million households in the United States and is
received by more than 200 million households in more than
100 countries. As one might imagine, there were significant
hurdles in converting a sports arena into a house of worship
with a major in-house broadcast center—acoustics and noise
control being some of the most challenging.

A space that is appropriate for hockey and basketball
needs to support hubbub and crowd noise while allowing the
sound of sports announcers to ride on top. As you watch a
sports event, there are score boards, video feeds, and
announcements supporting the live action. In this type of
space, speech articulation and the loss of consonants are low
on the list of critical functions. If you miss a few words or
even an announcer’s entire sentence, you still can “get” what
is going on. It’s a noisy space by nature. For this use, the
Compaq Center’s existing acoustics were up to the task. 

At the other end of the performance spectrum are spaces
designed for worship. Here, the goal is to project each
nuanced word, both spoken and sung, to every seat in the
house so that each member of the congregation has an inti-
mate experience with the message. Worship spaces need to be
quiet and acoustically appropriate. Delivering a renovated
space that would meet these new criteria was one of the pri-
mary challenges in repurposing the sports arena. 

The conversion required significant changes to the
acoustics within the space along with modifications to make
it a much quieter venue. To support both natural-sounding
speech and Lakewood’s wide-ranging program of musical
styles, the first acoustical priority was controlling the low fre-
quency energy in the sanctuary. 

As a clear span structure that would hold 16 thousand
fans, the arena building was originally designed with a
curved roof section that tends to focus sound. Prior to the
renovation, non-linearities in the low-frequency response,
focusing from the roof deck and end walls, and specific sur-
face reflection paths caused the bass frequencies to build up,
making the sound dramatically different from seat to seat
and virtually unintelligible in places. 

The Arena of the Compaq Center,
before it became the Sanctuary of the
Lakewood Church (Fig.1), was known
among touring companies as a trouble-
some venue with generally uncontrol-
lable low-frequency performance. From
250 Hz down, the average reverberation
time, taken from dozens of measure-
ments throughout the space, clocked in
at more than 5 seconds and in some
areas more than 10 seconds at frequen-

cies below 150 Hz. This was not a happy place for kick drum
and bass guitar, with sound from last week’s performance
seemingly still rolling around the arena. 

The new sanctuary also had a variety of noise and vibra-
tion issues. Noise that would have been unnoticed during a
basketball or hockey game would be intolerable during a
worship service. Increased sound isolation was needed from
the concourse (Fig. 2), from the new chiller plant, and from
traffic on the freeway just outside the building. 

After studying a wide variety of options to tame the long,
low-frequency reverberation times, a combination of treat-
ments were employed. Low-frequency absorption was added
over the arena’s former sky boxes. To reduce low-frequency
crawl across the dome structure, the area above the main
floor was covered with acoustically absorptive lapendary
banners. Suspended from the existing structure, these ban-
ners are obstructed from view by acoustically transparent
architectural elements below that create the visual ceiling.
Control of specific reflection paths from the main clusters
was addressed through distributed treatments. 

A solution to overcome the narrow-band, low-frequency
reverberation time issues via under-seat return air openings
germinated from a site visit to work on the heating, ventilat-
ing and air conditioning (HVAC) modifications necessary to
meet code requirements. While sitting in the stands, light
from the exit concourse windows overlooking the adjacent
freeway could be seen pouring in through the slots under
every seat across the empty arena. (see Fig. 3.) A method to
use these slots as a tuned Helmholtz absorber was devised.
Creating new slots in the concrete risers at every seat would
have been cost prohibitive—but they were already included
as a part of the original construction. The slots had been
venting return air from the air conditioning systems into the
common egress space, a technique that no longer met fire
code. While this was still the best philosophical solution to
meet return air needs, under-riser plenums would need to be
added. The new fire separation scheme for the sanctuary
required that a barrier be constructed beneath the arena seat-
ing. Nursery spaces and children’s classrooms for teaching

FROM SPORTS ARENA TO SANCTUARY:
TAMING A TEXAS-SIZED REVERBERATION TIME

Russ Berger
Russ Berger Design Group

4006 Belt Line Rd. Suite 160
Addison, Texas 75001

“When this building was used

for hockey or basketball,

hearing the score through 

the crowd noise was the 

only requirement.”
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were being added on the level beneath the bowl, creating a
common need for noise control—so the worship service
wouldn’t disturb them and they wouldn’t disturb the worship
service. The new barrier was designed to serve triple duty in
achieving acoustical separation from the occupied areas below,
attenuation of mechanical noise transmitted through the
return air path, and (most importantly) low-frequency absorp-
tion in the main worship space. 

A section typical of the concrete
seating risers can be seen in Fig. 4.
This shows the location of the slots
through the concrete and the rela-
tionship to the new plenum feeding
the HVAC return air path. Lined with
acoustical absorption, the tuning of
the slot and plenum combination
falls within the range of the problem-
atic low frequency reverberation and
provides much needed narrow band
absorption. The result can be seen
when comparing the average Values
After Modifications curve with the
Average of Measured Values Before
Modification on the graph in Fig. 5.
Taken together, the acoustical modi-

fications helped to smooth out the
room’s response to desirable levels.

Mechanical noise and vibration
isolation were other obstacles
addressed to insure suitable perform-
ance. A new central mechanical plant
was designed to serve both the arena
and the new five-story structure next
door that houses the television pro-
duction and broadcast center. All the
pumps and chillers had to be physi-
cally isolated from the building struc-
ture using a series of techniques
including floating concrete slabs, iso-
lated inertia bases, and vibration iso-
lation mounts on each piece of equip-
ment. The existing air delivery sys-
tems were extremely noisy. When this
building was used for hockey or bas-
ketball, hearing the score through the
crowd noise was the only require-
ment. Now, intelligibility and articu-
lation of speech and music during a
worship service are essential.
Through geometry, extensions of the
existing ductwork, and supplemen-
tary attenuation, the background

noise levels were reduced to appropriate levels. Overall, the
efforts achieved 20 dB of noise reduction in the new sanctuary
as part of the renovation. 

One of many examples of noise and acoustical issues
arising from unique features in the space is the sanctuary’s
waterfalls. (see Fig. 6.) Lakewood augmented the intimacy of
their worship experience with the unprecedented inclusion
of waterfalls on either side of the choir area. It’s usually not a

Fig. 2. High background noise levels at the Lobby Level can be traced to the use of hard, reflective surfaces including
the terrazzo floor, the glass curtain walls, and the exposed concrete seating structure. Sound isolation was poor at the
south side of the Lobby where traffic noise was transmitted through the glass curtain wall. This was the main cause for
the high background noise levels.

Fig. 3. Seating in the Compaq Center consists of
upholstered fabric seats and backs that are useful in
decreasing midfrequency reverberation times to
suitable lengths. Many large ventilation slots are
visible in the concrete seating structure and con-
tribute to poor sound isolation between the main
bowl and the Lobby Level.
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good idea to put waterfalls in a building, particularly not
right next to a stage. It's not good for the microphones, it
affects the sound, its noisy, it introduces moisture and chem-
icals into the environment, there's a chance that it will leak or
that it won't work—but it looks really good. 

The waterfalls were one more example of how proper
design and coordination can mitigate potentially disruptive
issues. The solution was to adjust the water flow rate based on
the progression of the service. As people enter the building,
the sound of the rushing water is a soothing welcome to the

congregation, and as the sermon begins, it can be dialed all
the way down so that it doesn't interfere with the message. 

To make the venue capable of originating the church’s tel-
evision broadcasts, a variety of new control and production
spaces were needed. The ministry’s media center is located on
the fifth floor of a 100,000 sq. ft. addition to the existing com-
plex. The facility includes three audio suites, eight edit suites, a
graphic suite, and production control rooms for broadcast
video and audio. The audio suites are used during post pro-
duction and recording of choirs, rhythm tracks, and soloists.

According to Reed Hall, director of audio and technical
production and production manager for Joel Osteen
Ministries, “The facility now sounds like a well-behaved the-
ater, with live broadcast audio and recording technology that
surpasses any major network’s late-night TV production.
Having produced shows in arenas all across the country, I can
say that this is one of the most intimate-sounding there is.
The results are stunning, and everyone is very pleased with
the room.” Hall continues, “Even though this was a 16,000
seat arena, it was our desire for the room to provide an inti-
mate experience for every seat. For the size of the sanctuary I
think we have achieved that in part with closeness of the seats
to the platform, lighting, and the acoustics, bringing the visu-
al closer with the IMAG (Image Magnification system).
Dropping the low frequency reverb times from eleven sec-
onds to three seconds was a big part of that.” 

The reason that Lakewood Church was successful in
making this transition from arena into worship space was
their vision in bringing together people who are experts in
their individual fields and putting the team into an environ-
ment of collaboration. This meant everybody could keep
their eye on the end goal and have the time and the back-
and-forth necessary to actually develop the solutions
required to create an appropriate result. With all of the chal-
lenges involved in this project, fundamental teamwork ended
up being a necessary ingredient in getting the job done.AT

Fig. 4. By using existing return air slots as tuned Helmholtz absorbers, the return air
plenum system reduced the low frequency reverberation time of the space. The new
plenum also addressed fire separation and sound isolation issues between the sanc-
tuary and occupied lobby levels

Fig. 5. Reverberation time measurements made in the sanctuary before and after
renovations to the space. 

Fig. 6. One of the waterfalls is seen just below the large projection screen. The other
waterfall is a mirror image of this one.

From Sports Arena to Sanctuary 27



28 Acoustics Today, January 2011

Russ Berger is president of Russ Berger Design Group (www.rbdg.com), an acousti-
cal and architectural design firm in Dallas, Texas, that has established itself as one of
the industry’s premier studio/facility design firms. The recipient of eight TEC
awards for acoustics and facility design, Russ has more than 2,500 projects to his
credit, including recording, radio and television broadcast studios; facilities for
entertainment and media content, audio, film, and post production; technical learn-
ing environments for higher education; residential theaters; and corporate produc-
tion spaces. Projects include NFL Films; National Public Radio, Minnesota Public
Radio and more than 70 public radio affiliates; dozens of studio facilities for NBC,
ABC and CBS; Sony Music Entertainment; University of Southern California;
University of Texas at Dallas ATEC; University of Miami; University of Nevada Las
Vegas; Brigham Young University; Lakewood Church; Apple Computer; and the
George W. Bush Presidential Library. He has provided studio design for many
artists, including Whitney Houston, Michael Bolton, Mariah Carey, Don Henley and
Steve Miller, as well as countless recording studios across the United States. His past
experience in the studio as musician, engineer and owner gives him unusual insight
as a consultant into all aspects and phases of technical facility design.

Russ is a Fellow of the Acoustical Society of America and is past president and
chairman of the Long Range Planning Committee of the National Council of

Acoustical Consultants. Other memberships include the Audio Engineering Society and the Society of Motion Picture and
Television Engineers (SMPTE). Russ is one of the original licensees for performing TEF measurements, and is the 2007 recip-
ient of the prestigious Heyser Award. He has lectured extensively on facilities planning, small room acoustics and studio
design, audio electronics and audio monitoring. An advocate for education, Russ has taught graduate-level seminars on studio
design and serves on several university advisory boards. He frequently contributes articles to industry journals and trade pub-
lications, covering topics on acoustics, architecture, and design. 

Virtual Journals are online publications that collect relevant
papers from a broad range of physical science journals.
Articles are selected from the latest issues of more than 50
participating journals, including those of the American
Institute of Physics, American Physical Society, and more
than a dozen other publishers - including Science and
Nature.  Below you’ll find the URLs for these sites which,
taken together, provide an excellent overview of current
research in these fields.

Virtual Journal of Nanoscale Science and Technology 
http://vjnano.org 

Virtual Journal of Biological Physics Research 
http://vjbio.org 

Virtual Journal of Quantum Information 
http://vjquantuminfo.org 

Virtual Journal of Applications of Superconductivity 
http://vjsuper.org 

Virtual Journal of Ultrafast Science 
http://vjultrafast.org 

Virtual Journal of Atomic Quantum Fluids 
http://vjaqf.aip.org

Virtual Journals in Science and Technology

To learn more, visit our website at www.virtualjournals.org

http://www.rbdg.com
http://vjnano.org
http://vjbio.org
http://vjquantuminfo.org
http://vjsuper.org
http://vjultrafast.org
http://vjaqf.aip.org
http://www.virtualjournals.org


spondence, and his ASA Gold Medal as
well as other honors.

Another appointment was set and,
along with my friend and fellow ASA
member Mark Gander, we spent a day
sorting through the boxes of books and
papers. We left with six or seven large
boxes of papers as well as some archi-
tectural drawings. These papers and
drawings are now part of the Special
Collections at the Charles E. Young
Research Library at the University of

California, Los Angeles (UCLA). They were indexed in 2010
by Masters degree student Julia Morton under the direction
of UCLA Archivist Charlotte Brown. With the indexing and
cataloging of the trove from Dr. Knudsen’s Pacific Palisades
home, the Vern Oliver Knudsen archive3 has grown by about
a third to 57 boxes of material and 8 drawing folders.

An updated finding guide for the Knudsen collection at
the UCLA archive is now available on-line.4 The finding
guide includes the recently archived documents and allows
for word searches within the guide. The complete holdings,
however, are not available on-line but must be viewed in the
Special Collection reading room at the Young Library by spe-
cial arrangement.

This article is about a pioneer and a
giant. An educator, researcher, adminis-
trator, facilitator, author, and mentor—
who I never met in person, but came to
know only by happenstance and circum-
stance. (See Fig. 1)

I started to collect books on
acoustics, engineering, mathematics,
and related subjects and became familiar
with two books by Vern Knudsen—
Architectural Acoustics1 and Acoustical
Designing in Architecture,2 the second
written with the late Cyril Harris. My awareness of Dr.
Knudsen grew during the intervening years in a more or less
disinterested way until one day in the spring of 2004 when I
received an e-mail message from a Mr. James Knudsen. He
asked if the Acoustical Society of America (ASA) had a his-
torian who might be interested in looking at some papers that
were found while cleaning out his grandfather’s home in
preparation to donating the house to UCLA. His grandfather
was Vern O. Knudsen.

I made an appointment and went to see what possibly
could be left, 30 years after Dr. Knudsen’s death—perhaps a
few items of interest. During my initial visit, I found many
boxes of his technical books, architectural project files, corre-
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Fig. 1. Vern O. Knudsen in laboratory (undated).



Vern Knudsen, a founder of the Acoustical Society of
America (ASA), was involved with many aspects of the field.
Among these were: Architectural Acoustics, Physical
Acoustics, Engineering Acoustics, Speech, Hearing, and
Underwater Acoustics. He is cited in many collections and
compilations, such as the Physical Acoustics series edited by
Warren Mason,5 and contributed articles and features for
trade magazines6 (as did Wallace Clement Sabine), popular
magazines,7 technical periodicals,8 proceedings, and special
lectures.9 He is also known for his textbooks, noted above, the
latter available from the Society. ECHOES, the Society’s
newsletter, presented a cover story about Dr. Knudsen in
200410, which provided an excellent and concise review of the
dates and highlights of his career. The encomiums offered
when he received the Society’s Wallace C. Sabine medal in
1958 and the Gold Medal in 1967 (by Leo P. Delsasso), an
honorary membership in 1952 and the John A. Potts (now
Gold) Memorial Award in 1964 from the Audio Engineering
Society, and from his appointment as Chancellor at UCLA in
1960, and the dedication of Knudsen Hall in 1964 (by Simon
Ramo), are other resources11 that describe and enumerate Dr.
Knudsen’s achievements and contributions. 

We examine some of the history from the 1920’s to the
1970’s that is revealed in the first person narrative of
Knudsen’s correspondence and other papers. In 1922 two
events set the professional course for Vern O. Knudsen.
These were a request by Professor Albert Michelson of the

University of Chicago, where Knudsen was finishing his doc-
toral studies, “to look into the acoustics of a high school audi-
torium in Chicago…and coincident with that, the collected
papers of Wallace C. Sabine…had just been published. The
reading of this book by Wallace C. Sabine was a turning point
in my life…”12

Performance venues
The 1920’s were exciting times to be in Los Angeles. Los

Angeles was becoming a modern city with the growth of the
silent film industry. Civic organizations were also growing
and the local Philharmonic, founded in 1919, initiated its
official seasons at an outdoor venue called the Hollywood
Bowl in 1922.

Dr. Knudsen, a freshly-minted Ph.D. from the University
of Chicago, also arrived in 1922 to take on a faculty position
at the UCSB, that is the University of California, Southern
Branch, as it was known at the time—the small downtown
Los Angeles campus on Vermont Avenue. Dr. Knudsen’s
interest in acoustics became known and he was called in to
help improve the acoustics at the Bowl after some renova-
tions did not quell criticisms of the facility—some of which
are still familiar to us today. In a letter from the Associated
Architects Association of Los Angeles to Knudsen, the writer
voiced the vain hope that some “plantings” might be used to
solve the problems described therein. The wish for mitigation
by foliage still finds root in the minds of many architects.

Fig. 2. 22 June 1929 letter from Hollywood Bowl Association.
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This was the start of Knudsen’s association with the Bowl,
which continued for almost fifty years, during which time he
served as consultant, member, and President of the
Hollywood Bowl Association. His final commission with the
Bowl was in 1972.

One very interesting item about the documents, espe-
cially some of the letters, is that Dr. Knudsen appears to have
been an inveterate “noodler”—that is, he used any paper on
hand to sketch or make notes as needed. On one from the
Hollywood Bowl Association, dated 22 June 1929 in which
they invite him to visit, (the latest shell renovation was just
about done), there is a rough ray diagram and transverse sec-
tion sketch covering the letterhead. (See Fig. 2)

On the back of another letter, from 22 May 1929, which
accompanied a $25.00 check for his services in regards to the
1929 shell project, he has calculated the volume of the earth
in cubic feet; there is a note “Transmission Thru Wall and
Floor Structures, Bur Stds. Jour. Res. Mar, 1929 RFP #48
Chrysler + Snyder"; a notation “OX 5601 Rodeo Drive at
Santa Monica Kennedy Pritchard” with a volume and an
absorption calculation; a notation for an “Open Buy” for two
stocks; and another, reading, “Pardoes Monday 7:00 Santa
Monica.”  (See Figs. 3, 4)

What does this tell us about him? He was busy, interest-
ed in many things, and was relentless.

Although venues for classical music were important to
Dr. Knudsen, popular music venues were also part of his

portfolio. A 25 September 1958 letter from Harry James
includes a “note to tell you how magnificent the acoustics are
here in the Flamingo lounge…thanks to you, acoustically the
lounge is one of the finest rooms that we’ve ever played in.”

Knudsen’s work on spaces for performance includes the
Dorothy Chandler Pavilion at the Music Center–Performance
Arts Center of Los Angeles County, the Mormon Tabernacle,
Grady Gammage Auditorium, the Coconut Grove in the (now
demolished) Ambassador Hotel in Los Angeles, the Kennedy
Center in Washington, DC, the Seattle Opera House, the War
Memorial Opera House in San Francisco, the Carmel Bach
Festival Shell, and more than four score more.

There were also some acoustical consulting projects on
facilities that are not usually considered performance spaces.
These include the Los Angeles Criminal Courts building,
various and sundry academic buildings for UCLA,
University of Southern California (USC), UC Berkeley, UC
Santa Cruz, the University of Montana, Akron University,
and many sacred worship spaces.

Motion pictures
Talking motion pictures had their start in 1927 and

thereafter all the studios were building new sound stages or
upgrading their silent stages for the production of “talkies.”
Dr. Knudsen helped many of the studios with their sound
stages as well as the cinemas, which were owned by the stu-
dios at the time. Among his clients, mainly during the period

Fig. 3. 22 May 1929 letter from Associated Architects of Los Angeles.
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from 1928 to 1939, were Metro-Goldwyn-Mayer (MGM),
Paramount Pictures, Fox, Universal, United Artists, and
Warner Brothers.

He suggested that one of the larger theater chains retain
an acoustical consultant. He was able to do this as he was
already working for MGM in the design of their sound stages.
An early letter, from 21 May 1928, discusses the ambient
noise level next to the site for a new sound stage (expressed
in transmission units, or T. U., that, in 1923, replaced the
“standard mile of cable” used by the telephone industry to
describe the gain or loss in telephone lines), as well as his rec-
ommendations for the construction of the exterior envelope
and the treatment of the interior surfaces. He suggests that
the envelope of the building be constructed so that it has “an
insulation of 60 T. U.” He also says T. U. “is ten times the com-
mon logarithm of the energy in the sound compared with the
amount of sound energy that is just barely audible.”

One notes in the MGM letters, starting early in 1929,
that Dr. Knudsen uses the abbreviation dB per the adoption
of the decibel as the base 10 replacement for the transmission
unit.13 The neper was adopted as the replacement for the base
e unit.

Another letter to MGM, dated 1 March 1929, discusses
the acoustics of motion picture theaters. In this letter
Knudsen talks about sound isolation, reverberation, and
heating, ventilating and air conditioning (HVAC) noise. One
would think that these design issues would have long since
been defeated, but recent experiences in some cinemas prove
otherwise.

The Academy of Motion Picture Arts and Sciences
(AMPAS) contacted Knudsen, after the first meeting of the
Society in 1929, asking that he keep them abreast of
advances of interest to them. He had a long relationship with

the Academy—working with the technical side as well as
with the constituent members—the studios. Dr. Knudsen
was consulted by the Society of Motion Picture Engineers
(SMPE; the Television came later) about set-up and tuning
of the loudspeaker playback system, the B-chain, in theaters.
In 1939 a committee, consisting of Vern O. Knudsen, Paul A.
Sabine, George T. Stanton, Hugh S. Knowles, Keron C.
Morrical, and John S. Parkinson, was appointed at the
Society’s Iowa meeting to work with the AMPAS Research
Council on establishing acoustical measurements in the-
aters. As with the acoustics of cinemas, this area is still being
investigated, currently by the SMPTE ST-SG Theatre B-
Chain study group.

Vern Knudsen worked with many cinema pioneers,
among them Lester Cowan14 of AMPAS and Douglas
Shearer.15 The late 1920’s and 1930’s were heady times for the
industry and Knudsen was in the thick of it with acoustic
analyses of motion picture set materials, reverberation time
recommendations for studios and theaters, measurement
methods and equipment (with Ludwig Sepmeyer and the
Delsasso brothers), reports on sound playback, sound isola-
tion, and human hearing.

Knudsen’s evaluation and application of various materi-
als for use as finishes and in the construction of buildings was
a practical application of acoustics for production and exhi-
bition spaces. It was still in its beginning phase in the late
1920’s and early 1930’s. Many of the materials and methods
now in use had their first acoustic investigation with Dr.
Knudsen’s research, as detailed in his correspondence with
Harvey Fletcher, William P. Snow, Wallace Waterfall, Paul E.
Sabine, Floyd R. Watson, Warren P. Mason, and Floyd
Firestone (who is credited with coining the phrase “Lamb
Waves”), among others.

Fig. 4. Notation on back of 22 May 1929 letter.
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The Acoustical Society of America
Vern Knudsen had close associations and enduring

friendships with other acousticians. This led to the formation
of the ASA during a meeting at a beach club in Santa Monica
during the summer of 1928. This meeting is referenced in a
10 October 1928 letter from Wallace Waterfall, of The
Celotex Company, to Vern Knudsen and Floyd Watson,
which says he is ready to take initial steps in the formation of
the “Society of Acoustical Engineers.” One could suppose
that we became the ASA as SAE was already taken by the
Society of Automotive Engineers.

In the annotated transcript of his interview with the
American Institute of Physics found in the documents
retrieved from his home, he talks about this meeting at the
beach and says “I invited Waterfall and Watson to have lunch
with me at the Gables Beach Club, of which I had just become
a member. I thought it made a very fine investment because
the original membership fee of $500 included lifetime dues. I
figured I had maybe 40 or 50 years of life and $500 didn’t
seem very much to pay for both initiation and life dues. Well,
the Beach Club lasted only a few days after we had this meet-
ing, but it lasted long enough for us to have this meeting…at
which we decided there should be an organization known as
the Acoustical Society of America.”  Ms. Brown did some
research and found a clipping in the Los Angeles Times
archives from 1 September 1930 concerning the fire that
swept though the club and destroyed it. This article mentions
“the club’s financial failure some time ago,” prior to the fire.

Dr. Knudsen maintained a long series of technical corre-
spondences with Watson, Waterfall, Harvey Fletcher of the
Bell Telephone Laboratory, as well as Richard Bolt, one of
Knudsen’s students. Among the contents of the Watson file
were the many holiday cards that Floyd Watson sent picturing

Watson in exotic locales such as the desert, mountains, forests,
and seashore. Another example of how closely intertwined the
acoustics connections were back then is that Wallace Waterfall
was Floyd R. Watson’s student at the University of Illinois. 

One letter in the file states volumes about Vern Knudsen.
F. V. Hunt was awarded the Society’s Gold Medal in 1969, two
years after Knudsen was so honored. In his response to Dr.
Knudsen’s 16 October 1969 letter of congratulation, Hunt
writes “Your thoughtfulness is typical and reminds me of an
incident in the middle 1930’s that you have probably long
since forgotten. In our corridor discussion of a paper I had
presented, you patted me on the back and said, ‘We ought to
make you a Fellow of the Society.’ I was flattered of course,
and convinced that this was one of your startling ideas
expressed ahead of its time. But sure enough, I did get made
a Fellow shortly thereafter and I have always felt that I had
you to thank for it. I can’t say that the promotion was crucial
in shaping my future, but it did provide warmth, encourage-
ment, and incentive.” This is but one of many letters express-
ing this sentiment.

Lastly, a note about the Society’s first meeting is in a 22
March 1929 telegram (See Fig. 5) from Harvey Fletcher
telling Dr. Knudsen that the meeting will be delayed one
week to be coincide with the SMPE meeting which reads
“PROF V O KNUDSEN= UNIVERSITY OF CALIFORNIA
LOSANGELES CALIF= HAVE CHANGED DATE OF
MEETING OF ACOUSTICAL SOCIETY TO MAY TENTH
AND ELEVENTH STOP MOTION PICTURE ENGINEERS
MEET IN NEWYORK SAME WEEK STOP HOPE THIS
DOES NOT UPSET YOUR PLANS STOP THOSE THAT I
COULD REACH BY TELEPHONE THOUGHT IT ADVIS-
ABLE STOP EXPECTING A NUMBER FROM HOLLY-
WOOD= HARVEY FLETCHER.” 

Fig. 5. 22 March 1929 telegram from Harvey Fletcher.
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Books and book reviews
Several files were devoted to Dr. Knudsen’s correspon-

dence with his publisher and to his review’s of, and corre-
spondence with the authors, of books on acoustics and relat-
ed subjects. In his correspondence with his publisher, John
Wiley & Sons, we find that there was a book long in the mak-
ing, Acoustics of Music Buildings, that did not make it to press,
while the exchange of letters also discusses a book by Leo L.
Beranek initially titled Acoustics of Music Halls, but tentative-
ly re-titled Acoustics of Halls for Music.16 Mercantile consider-
ations discussed in some letters discuss copyright treaties and
illegal translations while other letters deal with authorized
translations.

His reviews are illuminating in that they not only present
a synopsis of the contents of the books, but also Knudsen’s
witty, interesting, and eclectic style.

From the file copy of the review of Introductory
Acoustics17 by George W. Stewart, Knudsen wrote, “Quite
apart from Professor Stewart’s scientific accomplishment, he
has succeeded in this book in making available to the non-
mathematical student or reader a perspicuous and thorough
exposition of the fundamentals of modern acoustics.” Where
this review was published is not indicated.

From the review of Acoustics18 by Leo L. Beranek “Those
who learned their acoustics from textbooks dated before
about 1915 will gasp when they compare this up-to-date-text
with those of yesteryear…Beranek’s book begins where the
classical books ended; it is primarily a treatise on modern
acoustics…Acoustical engineers, as well as students and oth-
ers interested in acoustics, will be greatly indebted to Beranek
for this useful and well written book.”

From a letter to John Wiley & Sons, Inc. dated 21
February 1955 regarding Sonics by Richard H. Bolt and
Theodor Hueter, Knudsen mentions that he is part of the
Wiley “family” of authors and that Dr. Bolt “did his doctoral
dissertation under my direction: “It is natural for you, there-
fore to expect wholesome praise from me. The book deserves
even more than that…The book succeeds admirably well…I
have felt for many years that there was a need for a good book
covering this general field, and this book more than meets
my highest expectations.”

One last book related item: the Simon Guggenheim
Foundation solicited Dr. Knudsen’s “candid and critical
appraisal” of a candidate, Henri Temianka, in regards to a
proposed “compact music history book for colleges” as
described in Maestro Temianka’s application. Knudsen states
in his 5 December 1973 confidential report that “Henri
Temianka is well qualified in his purpose,” but not before say-
ing in regards to Maestro Temianka’s “Let’s Talk Music” series
“Mr. Temianka does the talking—probably for a total of five
to seven minutes at each concert. The music critics for The
Los Angeles Times generally feel that he does too much talk-
ing. I personally appreciate his commentary and so do about
95% of the 1500 or more persons who attend each concert.”
Knudsen also says “I do not agree with our music critics that
Temianka talks down to audiences, which rate above average
in their musical sophistication.”

These are but a few of Dr. Knudsen’s book related activi-

ties, which merit a paper by themselves. The last section cov-
ers his interface with authors a diverse as Frank Massa,
Michael Rettinger, S. S. Stevens, and C. E. Seashore.

La Joie de Vie
Living in Los Angeles offered many opportunities to

enjoy the best that living in a metropolitan area, which as the
center of the motion picture arts and music, can offer.
Among the intrigues, in which Vern Knudsen was part, was
the campaign to bring Arnold Schoenberg to UCLA. It
appears that UCLA was in competition with USC to entice
the developer of the twelve-tone technique to the Westwood
campus. Professor Schoenberg finesses the situation by
teaching at both schools! Dr. Knudsen was also involved with
the unsuccessful attempt to bring Gregor Piatigorsky to
UCLA.

The Knudsen’s entertained and were entertained by
many famous personalities in Los Angeles. Some of the pri-
vate files are devoted to purely personal correspondence in
regards to dinners, awards, events, and the help he offered in
various endeavors. Among the letters to and from Knudsen
are ones from Mr. Victor Gruen (a frequent guest and archi-
tect for the Charles River Park development in Boston,
Northland Mall near Detroit, the first suburban open-air
shopping facility, and Southdale Mall, the first enclosed
shopping mall in the country in Edina, Minnesota), from
William Pereira (architect for the Transamerica Pyramid in
San Francisco, Los Angeles County Museum of Art, and Los
Angeles International Airport), from Mr. Simon and Mrs.
Virginia Ramo (the former of TRW, the latter the philanthro-
pist), Jasha Heifetz, Norman Chandler (of The Los Angeles
Times), as well as just plain neighbors, one of whom said
“Here Ye! More kudos for our street!”

The Knudsen’s dined well, and in a 3 February 1965 let-
ter to his son Robert, a doctor living in San Francisco,
Knudsen wrote about a dinner at Perino’s (considered one of
the top restaurants in Los Angeles during the 1960’s, along
with Chasen’s and Scandia) in honor of Alfred Wallenstein
(cellist and conductor) where he says “Both the service and
cooking were excellent. The Chateau Petrus 1953 came in
magnums and was very good. So was the champagne.”

There is not room to delve into some of the other interest-
ing projects that Dr. Knudsen worked on, among them work
for the Shah of Iran, the Soviet Union, numerous collabora-
tions with architects famous and not so, investigations by the
House Un-American Activities Committee, and much more.

A cautionary note—more than 175 files and several dozen
rolls of drawings were transferred to Edward Dennis Rowley in
Utah in 1976. An unknown number of documents were taken
by an ASA member from Orange County, California August
2004 when the family found some additional material while
the author was on vacation. If any readers know of the where-
abouts of the Knudsen files in Utah or who the Orange coun-
ty ASA member may be, these documents will be a welcome
addition to the UCLA Knudsen archive.

William W. Melnitz, who in 1939 was co-founder of the
Los Angeles repertory theater group that became the resident
dramatic company of the Music Center and who was the
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founding dean of the UCLA College of Fine Arts, may have
described Vern Knudsen best in a 25 February 1963 letter to
him regarding the name for the new Physics building: “It is
very rare that I find a real enjoyment in reading our Daily
Bruin. But nothing has pleased me more…than the naming
of the new Physics building. They couldn’t have found a
‘human’ name of greater significance than that of Vern
Knudsen. The name stands for everything that is good and
noble in the sciences as well as the humanities. No one I
know has served the two often conflicting branches so wise-
ly and unselfishly as you. The golden letters that will shine in
front of the new building will always be a symbol of what you
have done for this campus during the many years dedicated
to your teaching, world-wide known research, and untiring
service to all the arts.”AT
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Professional studios

Professional studio work is a subset
of architectural acoustics that
combines both art and science in

the design of working rooms for music
and film (video) production. These stu-
dios are not an end in themselves, nor even a place where
the ultimate listener will hear music, but a step in the
process of crafting an audio product. As such they may have
design requirements that exceed those found in the ultimate
listening environment, which may range from a living
room, to a movie theater, or even to an automobile.

Sound studios are generally constructed as two or more
rooms: (1) a studio where the music is performed, and (2) a
control room where music is recorded and processed. In
addition there can be ancillary rooms for voice over, sound
effects (Foley), and isolation booths for individual or small
groups of instruments. Where video or film is a component
there are screens that may be incorporated into a studio (for
film scoring) or a control room (for dubbing or editing).

Each of these specialized rooms has specific acoustical
requirements (Long, 2006). A short summary list is given
below;

1. Quiet - on the order of NC 10 to 15.
2. Isolation from adjacent spaces.
3. Freedom from acoustical defects such as flutter.
4. Adequate absorption (often variable).
5. Reasonable diffusion.
6. Visual communication between the control room 

and the studios.
7. Control of bass reverberation and modal buildup. 

There may also be specific design requirements depend-
ing on the work habits of an individual user or accommoda-
tion of technical equipment.

In this article I would like to address a portion of the first
two items on the list, i.e., quiet and noise isolation from adja-
cent areas using three examples from real studio projects I
have encountered. The most common noise problems are
mechanical equipment, external factors such as transporta-
tion related sources (including footfall), and adjacency to
other theaters or sensitive receivers. In all these cases the
noise control begins with vibration isolation of the noise
source or the receiving room itself. 

Vibration isolation
Vibration isolation is a phenomenon associated with a

driven spring-mass system as shown in Fig. 1. At low driving
frequencies the motion of the mass exactly follows the
motion of the driver. As the driving frequency increases, the

mass amplitude reaches a maximum, at
the spring-mass resonant frequency. As
the driving frequency increases further,
the mass amplitude decreases sharply
until it falls below the driving amplitude
at a frequency above 1.4 times the driv-

ing frequency. This is the basis for the phenomenon known
as vibration isolation. 

The natural or resonant frequency of a simple spring-
mass system can be written in terms of the static deflection of
the vibration isolator under the weight of the supported
object.

where δi is the deflection of the isolator in inches.
As the isolator deflection increases, the natural frequen-

cy decreases, and the amount of isolation increases for a
given excitation frequency. Isolator deflection can be con-
trolled by; (1) using softer isolators (e.g. springs rather than
neoprene) and (2) increasing the load on each isolator (by
using a heavier mass or fewer isolators). 

Figure 1 also shows the effect of damping on the amount
of isolation. Damping has its greatest influence around reso-
nance and is most useful in limiting excursion in this region.
Damping actually decreases the amount if vibration isolation
which can be achieved. The figure also shows two driving
point locations, one directly on the supported mass and the
second on the support structure. In the case of studio floors
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“Needless to say, 
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highly charged.”

Fig. 1. Transmissibility curves for vibration isolation (Ruzicka, 1971).
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the support structure is the more com-
monly encountered condition.

The design of floors for recording
studios and critical listening rooms
presents an interesting acoustical chal-
lenge, which utilizes these principles.
Ultimately the goal is to obtain an
environment where recording, listen-
ing, and sound mixing can take place
without outside influences. Often the
building sites, which are the most
attractive to owners, due to price, loca-
tion, or availability, are those which
suffer from negative external influ-
ences of noise and vibration. This arti-
cle discusses three studio projects,
each of which was strongly influenced
by external factors, and how technical
solutions had to be developed that
addressed them.

Studio 1—Railroad noise
A well known post-production

company with property in Burbank,
California, wanted to construct side-by-
side screening rooms to be used for high end video post-
production work. The rooms needed to be isolated acousti-
cally from each other so that they could be used simultane-
ously, without audible sound transmission between them.
Since the building was already owned by the client it was
the logical location for the facility. The two major acousti-
cal challenges were the studio adjacencies, and a main line
railroad track 75 feet away, where trains passed by about
once every twenty minutes. A major freeway lay on the
other side of the rail line but it was at a lower elevation and
the peak truck noise level was much less than that of the
locomotive engines and horns.

The first step was to measure the sound and vibration of
the trains. A typical engine created a maximum noise level of
87 dBA at the exterior of the building. The loudest engine
octave level was 100 dB at 63 Hz. The train horns were some-
what higher overall at 95 dBA, with the highest octave band
being 92 dB at 500 Hz. Surprisingly, the floor vibration in the
existing slab was not noticeable inside the building.

The existing building was a concrete block (concrete
masonry unit or cmu) structure with a lightweight plywood
roof. The building had existing office space and was used for
shipping and receiving. The shipping was important since
there were lightweight rollup doors to accommodate pallet
loading. 

The studios were designed as a separate building within
the existing space. We planned on floating floors built into a
depressed slab so that handicapped access would be accom-
modated without ramps. The first step was to model the
sound transmission between theaters. We were aiming for a
Sound Transmission Class (STC) rating of about 80 with sig-
nificant low frequency isolation. 

The normal approach to the design of adjacent studios is

to construct a separate floating floor of 4 in thick concrete
slab on neoprene isolators spaced about 2 ft apart. An 8 in
grouted cmu wall is built between the two floors and two sep-
arate double drywall walls are supported on the edge of the
floating floor on each side. A drawing of the separation wall
is shown in Fig. 2.

The neoprene isolators act as vibration isolators for the
slab. One concern was that the spring mass resonance might
overlap the frequency of maximum energy of the railroad.
Research on railroad lines yielded a center frequency of
about 30 Hz for rail engine vibration, which was well above
the calculated resonant frequency of the slab/isolator system
of around 7 Hz.

The remainder of the studio was isolated from the sur-
rounding structure and the noise transmission calculations
were straightforward. The existing roof supported the
mechanical equipment and an additional ceiling roof was
built for the interior structure. Duct silencers were located at
the duct penetration of the interior shell to control both heat-
ing, ventilating and air conditioning (HVAC) and exterior
break-in noise. 

The studio has operated successfully since its opening.
Railroad passbys are not audible. The first film edited in the
studio was Avatar.

Studio 2 – Structural limitations
A studio was planned for a second floor location used by

a music recording company in a building they occupied in
Atlanta, Georgia. The architect, who was experienced in stu-
dio design, proposed a 4 in concrete slab on neoprene isola-
tors on top of the existing 4 in concrete slab and a wall simi-
lar to that used above. Unfortunately the structural engineer
informed him that the building slab would not support the

Fig. 2. Separation walls for music spaces to provide a given noise reduction between adjacent rooms (Klepper et
al. 1980).



weight of the proposed slab and walls. He limited the total
static load to no more than 30 lbs/sq ft but allowed the weight
within 6 in of a column or exterior bearing wall to not be
counted against that limit. The studio ceiling was separately
supported from the slab above on spring isolators and so it
did not add to the load on the floor. The studio architect
asked us to find a solution that would meet both his acousti-
cal and structural requirements.

Most of the sound transmission problems in studios
occur at the low frequencies down to around 40 Hz.
Fortunately there is a tradeoff in the low frequency sound
transmission of double panel systems between the panel mass
and the distance between the panels. The tradeoff relation-
ships are shown in Fig. 3.

By increasing the distance between the existing floor slab
and the proposed studio slab from 2 in to 7 in we were able
to lower the required studio floor mass. This allowed a design
of a 1.5 in slab on 1.125 in plywood that performed as well as
the original 4 in slab. The plywood was supported on 2x6
wood joists on neoprene isolators. Stepped blocking was also
used to stiffen the support structure. The increased height
required some additional access ramping. 

The separation walls between the studios were changed

from the original triple panel construc-
tion to a double panel wall with 3 layers
of drywall on each side and an 18 in air-
space in the critical areas, each support-
ed on the separate isolated floors. This
provided adequate side to side isolation
with a lower weight penalty. By trading
off mass for distance we were able to
meet the 30 lb/sq ft limit and achieve a
comparable acoustical performance. 

Studio 3 – Existing conditions
A recording studio was designed

and built on the first floor of a multi-
story building in Burbank, CA. It consisted of a studio
approximately 25 ft x 20 ft x 10 ft high and an adjacent con-
trol room on a 12 in thick concrete slab above an under-
ground garage. The studio was constructed on a 3 in concrete
floating floor poured on 3/8 in neoprene sheets. The walls
were 2 x 5/8 in drywall on metal studs supported on the
poured floor. The ceiling was 2 x 5/8 in drywall independ-
ently supported from spring hangers with an acoustical tile
ceiling below it. A drawing of the “as built” floor construction
is shown in Fig. 4.

In the as built condition a number of exterior noise
sources were audible. Both footfall and carts being pushed
along a corridor approximately 15 ft away and separated
from the studio by a stairway were clearly audible inside the
studio. Footfall on the exterior parking lot and sidewalk was
also audible. Flow noise from cold water supply pipes servic-
ing the building could also be heard.

At this stage we were engaged to review the situation and
make recommendations. Needless to say the atmosphere was
highly charged. The owner had just completed an expensive
renovation of the studio and was expecting to use it. There
was not only the sunk cost but also the time and expense of
the repair plus the possibility that the new construction
would not cure the problem.

The configuration was technically complex. The intrud-
ing sources were complicated and the transmission paths
were difficult. For example the water pipes were suspended
from the slab in the garage beneath the studio. It was likely
that there was also a pipe riser in one of the studio walls. To
try to isolate the water pipe noise we independently suspend-
ed the piping beneath the slab on temporary wood supports.
This reduced the pipe noise somewhat, at least enough that it
was felt that the level was low enough for recording. Thus this
part of the problem could be treated with hanger isolators for
the piping.

The footfall noise was tested using a tapping machine in
the corridor. The results are shown in Fig. 5. We did a num-
ber of other tests using different surfaces in the corridor. Due
to the large number of origination points it was not practical
to treat all the walking surfaces, some of which were out-
doors. It seemed best to address the studio floor since it was
likely that the floor was inadequately isolated, due to too
small a static deflection in the continuous neoprene mat.
Figure 6 shows a figure from Beranek and Ver (1992) which

Fig. 3. Effect of mass and spacing on transmission loss; Ideal double panel construction (Sharp, 1973)

Fig. 4. Original studio floor as built.
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gives a negative attenuation for footfall noise at low frequen-
cies resulting from a continuous underlayerment.

The problem was then to try to ascertain how to build an
isolated floor given the existing condition. We knew that a
floating floor on proper isolators would solve the problem.
The difficulty was that we did not have sufficient height and
since the existing studio wall structure was supported on the
floating slab, we would have to devise a way of supporting the
studio while we replaced the floor. Fortunately the electrical
and audio wiring came down the walls from above rather

than up through the floor. If we could support the walls we
could replace the floor. After much thought, I realized that
the drywall would support the walls.

I devised a construction plan, illustrated in the following
sketches. Figure 7 shows the first step, which was to remove
lower six inches of drywall from the existing walls and to jack
hammer out the center portion of the concrete floor down to
the garage slab, leaving the outer 6 in ribbon of floor slab on
the neoprene sheet to support the studio wall studs.

In the next step, shown in Fig. 8, a section of the remain-
ing outer floor approximately 2 feet wide was chipped out
from under a portion of the wall support structure. The dry-

Fig. 5. Studio noise from hallway tapping machine.

Fig. 7. First step of the repair process.

Fig. 8. Second step of the repair process.
Fig. 6. Improvement in impact noise isolation, ΔLn , for a resonantly reacting float-
ing floor (after Beranek, 1992).
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wall spanning that area would support the wall temporarily
after it was removed. A piece of angle iron on neoprene dou-
ble deflection isolators could then be slid under the wall track
and raised on threaded rods to support that section of the
wall. The bottom track of the wall studs would then be tack
welded to the angle iron. This process would be repeated
around the room. After each section was installed the angle
iron was welded to the adjacent section of angle iron until
there was a continuous rigid steel frame around the whole
room. At this point the walls would be resiliently supported,
and the old floor would have been completely removed. The
drywall then could be replaced and would form a pouring
backstop for the new floating floor.

Figure 9 shows the last step, which was to install a floor
consisting of 2 in hard rock concrete on plywood on neo-
prene isolators. Earthquake limit stops (not shown) were shot
into the slab to restrain the motion of the new floating floor.

The new structure was poured to exactly match the elevation
of the previous slab. Once the wall drywall and flooring were
replaced, the piping noise, footfall, and cart movement in the
corridor were no longer audible in the finished studio.

Summary
Vibration isolation is a critical part of building construc-

tion particularly in studio floors. To work properly there
must be adequate deflection in the support system to yield a
resonant frequency well below the frequency of the intrusive
noise and vibration. When there is too little deflection in the
support system, poor isolation will result. Too much deflec-
tion and the system can become unstable. In wall and floor
construction there is a tradeoff between the mass of the com-
ponents and the spacing which can be utilized to advantage.
The lesson is that although we would like to design projects
in the same familiar way every time, it is not always possible
to do it. Given the obstacles we encounter, we have to use the
principles we learned to craft new creative solutions.AT 
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The 2010 Summer Institute of the Concert Hall Research
Group (CHRG) was held in Santa Fe, New Mexico, 25–29
July 2010. This was the 4th Summer Institute since the initial
conference was held at Tanglewood in 1999. The 2010 con-
ference was held at the historic La Fonda Hotel, on the Plaza
in downtown Santa Fe. There were 70 participants, which
included faculty, professional consultants, university stu-
dents, and accompanying persons (See Fig.1). The highlights
of the week were three listening experiences—Santa Fe
Opera, Santa Fe Chamber Music Festival, and a private
demonstration of the reverberation enhancement system in
the Lensic Theater. 

The Santa Fe Opera has a worldwide reputation for
excellent production values, superb acoustics, and a beautiful
setting in the hills outside Santa Fe. The audience area has no
side walls, yet the singers are loud and clear throughout the
2200-seat opera house without sound reinforcement. The

group took a private tour of Santa Fe Opera led by produc-
tion director Paul Horpedahl (See Fig. 2),and attended an
evening performance of Life is a Dream by Lewis Spratlan.
Three members of the design team for the 1999 additions and
renovations made presentations about their work on the
project and the unique design features of the Santa Fe Opera.
These presenters were Tim Hartung, the project architect
from the Polshek Partnership (now Ennead Architects), Len
Auerbach of Auerbach Pollock Friedlander theater consult-
ants; and Tom Clark of Artec, who worked as director of
audio-visual systems for the Santa Fe Opera. 

The chamber music concert was in a much smaller
venue, the Saint Francis Auditorium, which is the presenta-
tion space in the New Mexico Museum of Fine Arts. Saint
Francis Auditorium has a seating capacity of 600 people, and
the architecture is based on a mission-style church, typical of
historic churches in the Southwest. The performance was

Fig.1 Attendees of the 2010 Summer Institute of the Concert Hall Research Group
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Mahler’s song cycle, Das Lied von der Erde, arranged for twen-
ty-piece chamber orchestra. The next morning, a panel of
faculty members compared their listening impressions from
the previous evening’s concert (See Fig. 3). There were some
significant differences in the sound depending on the listen-
er’s location within the auditorium, with listeners in the bal-
cony reporting the best sound.

Our third listening experience was in the Lensic
Theater, a former vaudeville theater and movie palace in
downtown Santa Fe. The Lensic has been converted to
multi-use auditorium with a full fly stage and an audience
capacity of 820. The stage has a complete concert shell, used
for concerts by the New Mexico Symphony Orchestra and
smaller ensembles. For symphonic and chamber music per-
formances the Lensic has a reverberation enhancement sys-
tem built by Acoustic Control Systems (ACS). Arthur van
Maurik of ACS arranged for a 5-piece brass ensemble to
perform while CHRG participants listened to the music
with and without the reverberation enhancement system.

Since this was a private demonstra-
tion, we were free to move around
and listen from different parts of the
audience area and stage. Most people
agreed there were no cues that the
sound was being enhanced by loud-
speakers. We also had the opportuni-
ty to ask the musicians about their
experience and impressions of the
system. One of the players also per-
forms in the New Mexico Symphony
Orchestra, and he said the orchestra
would not be able to use the Lensic
Theater were if not for the reverber-
ation enhancement system. 

This was an international confer-
ence with attendees from Argentina
Chile, England, Hong Kong, Spain, and
Sweden. The 20 student participants
came from eight different universities.

Many students received scholarships, five of which were pro-
vided by the Acoustical Society of America and Institute for
Acoustics for the Performing Arts in honor of Russell Johnson
and one by RPG Diffusor Systems. We also had a special
guest—Charles Schmid, Executive Director of the Acoustical
Society of America.

Faculty presenters included Neil Shade, Rick Talaske,
Scott Pfeiffer, Damian Doria, David Kahn, Russ Altermatt,
Bob Essert, Ann Minors (Theater Consultant), Paul
Scarborough, and Steven Ovitzsky, general manager of the
Santa Fe Music Festival. Carl Rosenberg presented a paper
written by Chris Jaffe, who could not attend. We also had a
special lecture by architectural historian, Victoria Newhouse,
analyzing how the success of concert halls and other arts
facilities is related to the degree of involvement of the end
users with the design team. 

One afternoon was devoted to a design challenge which
involved placing a concert hall and opera house inside a huge
abandoned structure once used to park dirigibles (See Fig. 4).

Fig. 2 Production Director Paul Horpedahl leading the discussion from the stage of the Santa Fe Opera

Fig. 3 Panel Discussion 
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Fig. 4 Design Competition Team

Fig. 5 2010 Summer Institute Organizers (L to R) Carl Rosenberg, Michelle Vigeant, Tim Foulkes and Bill Dohn
(Editor’s note: There is a fifth organizer in the photo. Can you find him?)

Six design teams, each consisting of students and profession-
als, came up with some novel design concepts which were
judged. This provided the opportunity for the students to

work side by side with consultants and professors. The
Institute’s organizing committee included Bill Dohn, Tim
Foulkes, Carl Rosenberg, and Michelle Vigeant (See Fig. 5). 
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ment, including the influence of the
sensory environment. His laboratory
studies the development and function
of auditory networks from brainstem
to cortex. His laboratory has found,
among other discoveries, that even
mild hearing loss can have a profound
and lasting impact on the the function
of auditory cortex synapse function.
AAAS recognized Sanes for his “semi-
nal studies” in this area of scholarship.
Dr. Sanes is also the co-author of the
textbook "Development of the Nervous
System" which will be released in its
3rd edition this year. He is a currently a
Councilor of the Association for

William M. Hartmann, Professor
in the Department of Physics and
Astronomy at Michigan State
University, was honored for work in
psychoacoustics, particularly for the
discovery of dichotic pitch illusions
and for research into the effects of
room acoustics on the ability to localize
sounds. His book, Signals, Sound, and
Sensation (Springer, 1998) set the stan-
dard for the application of signal pro-
cessing mathematics to psychoa-
coustics. He is currently the editor-in-
chief of the Springer series Modern
Acoustics and Signal Processing. Dr.
Hartmann is a fellow of the Acoustical
Society of America and served as chair
of the ASA Technical Committee on
Musical Acoustics (1980-84), as ASA
Vice President (1998-99) and as
President (2001-02).  In 2001 Dr.
Hartmann received the Distinguished
Faculty Award from Michigan State
University and the Helmholtz-Rayleigh
Silver Medal from the Acoustical
Society of America. Dr. Hartmann
received a BSEE from Iowa State
University and D.Phil. from Oxford
University.

Dan H. Sanes, Professor at New
York University's Center for Neural
Science and Department of Biology,
was honored for his studies on audito-
ry central nervous system develop-

A c o u s t i c a l  N e w s
Elaine Moran

Acoustical Society of America
Melville, New York 11747

ASA members elected Fellows of
the AAAS 

ASA members Robert L. Clark,
William M. Hartmann, and Dan H.
Sanes were elected Fellows of the
American Association for the
Advancement of Science. This year 503
scientists were elected AAAS fellows
and they will be honored at a ceremony
during the AAAS annual meeting in
February.

Robert Clark, dean of the Hajim
School of Engineering and Applied
Sciences at the University of Rochester,
was chosen for his “distinguished con-
tributions to research on dynamic sys-
tems and controls, acoustics, and more
recently nanoscience and nanoengi-
neered materials.” His work has led to
more than 130 journal publications and
earned him awards including the R.
Bruce Lindsay Award of the Acoustical
Society of America, the National
Science Foundation Career Program
Award, the Presidential Early Career
Award for Scientists and Engineers,
and the NASA Group Achievement
Award. He is a fellow of both the
Acoustical Society of America and the
American Society of Mechanical
Engineers. He earned bachelor’ master,
and doctoral degrees from the Virginia
Polytechnic Institute and State
University.

Robert L. Clark

Dan H. Sanes

William M. Hartmann
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Research in Otolaryngology, a Section
Editor for the journal Hearing
Research, and a member of the
Scientific Advisory board for the
National Organization for Hearing
Research. Dr. Sanes received a BS from
University of Massachusetts, a Ph.D
from Princeton University, and did
postdoctoral fellowships at University
of Virginia and Yale University.

Judy R. Dubno named recipient of
the Jerger Career Award for
Research by American Academy of
Audiology

Judy R. Dubno, Professor in the
Department of Otolaryngology-Head
and Neck Surgery at the Medical
University of South Carolina, was
named recipient of the JERGER
CAREER AWARD FOR RESEARCH
IN AUDIOLOGY by the American
Academy of Audiology.  This award is
given to a senior level audiologist with
a distinguished career in audiology.
Candidates must be members of the
Academy, have at least 25 years of
research productivity in audiology (not
in related field), and have made signif-
icant contributions to the practice
and/or teaching of audiology. 

Judy Dubno has built an extensive
research program that has addressed a
wide range of key issues pertaining to
auditory perception, sensorineural
hearing loss, presbyacusis, and speech
perception.  She earned a Ph.D. in
Speech and Hearing Science from the
City University of New York Graduate
Center.  After completing a post-doc-
toral fellowship at the UCLA School of

Medicine, she remained there as a fac-
ulty member for several years.  In 1991,
Dr. Dubno relocated to the Medical
University of South Carolina in
Charleston, South Carolina.

Dr. Dubno is a Fellow of the
Acoustical Society of America.  She has
served as President of the Association
for Research in Otolaryngology and as
a member of the NIH National
Institute on Deafness and Other
Communication Disorders (NIDCD)
Advisory Council.  She is currently
Vice President of the Acoustical Society
of America. 

The American Academy of
Audiology has an active membership of
more than 10,000 audiologists and sup-
ports professional development, educa-
tion, research, and increased public
awareness of hearing and balance dis-
orders.

2010 APA Meritorious Research
Service Commendations awarded

Philip E. Rubin was awarded the
2010 Meritorious Research Service
Commendation from the American
Psychological Association. He was rec-
ognized for his outstanding contribu-
tions to psychological science through
his service as a leader in research man-
agement and policy development at the
national level. The award recognizes
outstanding psychologists who help
foster the discipline of psychological
science through their programmatic
activities as staff of the federal govern-
ment or other organizations.

Philip Rubin is Chief Executive
Officer and a senior scientist at

Haskins Laboratories in New Haven,
Connecticut. Haskins is a private, non-
profit research institute affiliated with
Yale University and the University of
Connecticut that has a primary focus
on the science of the spoken and writ-
ten word, including speech, language,
and reading, and their biological basis.
Dr. Rubin received his Ph.D. in experi-
mental psychology from the University
of Connecticut.  He is a Fellow of the
Acoustical Society of America,
American Association for the
Advancement of Science, American
Psychological Association, and
Association for Psychological Science.

Marshall Orr Receives Meritorious
Civilian Service Award

Marshall H. Orr, Associate
Superintendent of the Naval Research
Laboratory's Acoustics Division
received the Department of the Navy
Meritorious Civilian Service Award for
his service as Technical Director,
Senior Scientist and Program Manager
of the Ballistic Missile Submarine
Nuclear (SSBN) Security Technology
Program (SSTP). 

The award citation reads in part
"Dr. Orr superbly performed his duties
in an outstanding manner combining
unique technical and managerial skills
and training. He astutely managed day-
to-day operations of the SSBN Security
Technology Program (SSTP). Through
his close involvement and keen
resource management, he maximized
$40 million per year budget and its
approximately 100 scientists and engi-
neers from 16 different universities,
government agencies and private con-

Judy R. Dubno

Philip E. Rubin 

Marshall H. Orr
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tractors. His work at the strategic level
helped to define, prioritize and develop
the annual SSTP classified projects. His
hands-on leadership ensured that proj-
ect managers overcame obstacles and
extracted the maximum information
available from every project. He drove
significant changes in broader Navy
operational plans and investment at
U.S. Strategic Command, including
operational guidance to the security of
the Nation's sea-based strategic deter-
rent for the next fifty-plus years. His
exceptional professionalism, personal
initiative, and loyal devotion to duty
reflected great credit upon himself and
were in keeping with the highest tradi-
tions of the United States Naval
Service."

Dr. Orr earned a bachelor of sci-
ence in physics from The University of
Rhode Island in 1965, a master of sci-
ence in physics from the University of
Maine in 1967, and doctor of philoso-
phy in low energy nuclear structure
physics from The Pennsylvania State
University in 1972. He was appointed
as the NRL Acoustics Division's
Associate Superintendent in 2009. He
is a member of the American
Geophysical Union and a Fellow of the
Acoustical Society of America. 

Paul Johnson recognized by French
Acoustic Society

Paul A. Johnson of Los Alamos
National Laboratory Geophysics group
was awarded the Médaille Étrangère by
the Société Française d'Acoustique
(French Acoustic Society) in 2010. He
was nominated for his work in geo-

physics, medicine and nondestructive
evaluation, as well as his work with
French students. The Médaille
Étrangère is awarded to individuals
who have significantly influenced
acoustics in France and worldwide. 

Paul Johnson earned a bachelor's
degree in geology from the University
of New Mexico, a master's degree in
geophysics from the University of
Arizona, and a doctorate in physical
acoustics from the  Université Pierre
et Marie Curie (Paris VI) at the
Sorbonne, Paris. His research includes
the areas of the elasticity of nonlinear
and disordered systems, seismic
strong ground motion, rock physics,
acoustical nondestructive testing of
materials, earthquake source mechan-
ics, seismic triggering of earthquakes,
nonlinear acoustical application sin
medicine and time-reverse acoustics
in solids.

A Los Alamos National Laboratory
Fellow and employee for more than 25
years, Johnson has helped pioneer a
new field of research, nonlinear, non-
equilibrium dynamics, in collabora-
tions with a large spectrum of scientists
at Los Alamos and in the United States
and Europe. Paul Johnson is a Fellow of
the Acoustical Society of America,
Fulbright Scholar to France, and 13-
time organizer of the International
Workshop on

Nonlinear Elasticity in Materials
and a Steering Committee Member of
the International Symposia on
Nonlinear Acoustics.

Floyd Toole receives Lifetime
Achievement Award

Floyd Toole receives Lifetime
Achievement Award

Floyd Toole, retired Corporate VP
of Acoustical Engineering at Harman
International, was one of five recipients
of the Beryllium Lifetime Achievement
Award by ALMA – the International
Loudspeaker Association,. The Beryl-
lium Lifetime Achievement Award rec-
ognizes significant and sustained contri-
butions to the loudspeaker industry
over the lifetime of a career. ALMA, a
not-for-profit trade association dedicat-
ed to improving the design and manu-
facture of loudspeakers, is celebrating its
50th anniversary. Floyd Toole is a Fellow
of the Acoustical Society of America 

First Technology & Engineering
EMMY® Award for Linear Acoustic

The innovators of Linear Acoustic®,
the world leader in television audio con-
trol received their first EMMY® Award
for Outstanding Achievement in
Engineering/ Technical Development
from the National Academy of
Television Arts & Sciences. Recognized
for pioneering development of a real-
time audio/metadata processor for con-
forming audio to the ATSC standard,
the Linear Acoustic team received its
award at a gala ceremony in Las Vegas in
January 2011.

Linear Acoustic designs and man-
ufactures the AERO™ range of audio
processing and loudness control solu-
tions, UPMAX® upmixing and down-
mixing solutions, the LQ-1000™
Loudness Quality Monitor and
MetaMAX™ metadata processing prod-
ucts. The company licenses and OEMsPaul A. Johnson 

Floyd Toole 
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key technologies to other companies in the broadcast indus-
try. The company is actively involved in standards and prac-
tices creation as a member of the ATSC (Advanced Television
Systems Committee) and as a sustaining member of SMPTE

Christina Carroll, Tim Carroll, and Erik Booth.
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(Society of Motion Picture and Television Engineers). 
The award was accepted by Timothy Carroll, President

of Linear Acoustic, who is a member of the Acoustical
Society of America.

BUY-QUIET SYMPOSIUM TO BE HELD IN PARIS
An International INCE Symposium titled “Inducing

‘Buy-Quiet’ Purchasing Attitudes through Simplified
Product Noise Ratings” will be held in Paris on July 5-6, 2011.
The Symposium is being organized by INCE/Europe in
cooperation with  the Federal Institute for Occupational
Safety and Health (BAuA) in Germany and the Centre
d'Information et de Documentation sur le Bruit (CIDB) in
France, and in partnership with the International Council of
Academies of Engineering and Technological Sciences
(CAETS). 

Over the last three decades much progress has been
made by acousticians and noise control engineers to deter-
mine the noise emissions of products in a standardized man-
ner.  These include household appliances, machines and
equipment, power tools, IT products etc.  However, the noise
labels or ratings currently used are neither understood by the
public nor widely available to them.  There is a global lack of
understanding by manufacturers, suppliers, and potential
users alike.  The EU has developed an energy label for prod-
ucts that is simple, well understood, and widely available.  It
has proven to be an effective incentive to encourage the con-
sumer to buy more energy-efficient products.  This informa-
tion has induced major reductions in product energy con-
sumption over the last 15 years.  In a similar way, providing
simple, understandable noise information to the general pub-
lic should ultimately increase the availability of low noise
products.

The complexity of existing noise ratings along with their
relative scarcity has not induced purchasers to develop a
“buy-quiet” attitude nor has it stimulated competition need-
ed to produce quieter products and thus encourage low noise
design.  The reasons for this are varied: 

• Complexity of the dB scale and frequency depend-
ence,

• Confusion between sound power, sound pressure, and
other metrics being used to characterize the noise,

• Statistical quantities and procedures to determine val-
ues to declare,

• Complexity of test codes including dependence of
noise on operating and installation conditions,

• Information generally presented as informative rather
than comparative, product families, and

• Limited information on product noise released by
manufacturers and suppliers.

The objectives of the symposium are to: 
• Stimulate noise ratings and to provide manufacturers

with the information needed to design low noise prod-
ucts, 

• Confirm the need for meaningful product noise rat-
ings, 

• Reiterate and list the benefits of providing information
to consumers and other stakeholders, 

• Discuss the lack of a “buy-quiet” attitude for products
and machines used in all activities (at home, during
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5–10 June Prague, Czech Republic. XVI International
Conference on Nonlinear Elasticity in
Materials
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11–14 July Rio de Janeiro, Brazil. 18th International
Congress of Sound and Vibration
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Conference on Hand-Arm Vibration
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27 June–01 July Aalborg, Denmark. Forum Acusticum 2011
http://www.fa2011.org

17–21 July Williamstown, MA, USA. Mechanics of
Hearing 2011
http://www.mechanicsofhearing.org

24 -28 July London, UK. 10th International Congress
on Noise as a Public Health Problem
(ICBEN)
http://www.icben2011.org

01–04 August Tokyo, Japan. 19th International
Symposium on Nonlinear Acoustics (ISNA
19)
http://www.isna19.com

02–05 August Ithaca, NY, USA. 3rd Symposium on
Acoustic Communication by Animals
http://t inyurl .com/Cornel lAcoustics
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27–31 August Florence, Italy. International Conference of
the International Speech Communication
Association
http://www.interspeech2011.org

04–07 Sept. Osaka, Japan. Internoise 2011
http://www.internoise2011.com

05–08 Sept. Gdansk, Poland. International Congress on
Ultrasonics
http://icu2011.ug.edu.pl/index.html

10–12 Oct. Bloomington, IN, USA.  Aging and Speech
Communication: An International and
Interdisciplinary Research Conference
http://www.indiana.edu/~ascpost/

18–21 Oct.  Kobe, Japan. IEEE International Ultrasonic
Symposium
http://ewh.ieee.org/conf/ius_2011

26–28 Oct. Cáceres, Spain. TECNIACÚSTICA’11
http://sea-acustica.es

31 Oct. –04 Nov. San Diego, CA, USA. 162nd Meeting of the
Acoustical Society of America
http://asa.aip.org/meetings.html

2012
20 -25 March Kyoto, Japan. IEEE International

Conference on Acoustics, Speech, and
Signal Processing
http:// www.icssp2012.com

13–18 May Hong Kong, China. Joint meeting of the
183rd meeting of the Acoustical Society of
America, 8th meeting of the Acoustical
Society of China, 11tth meeting of Western
Pacific Acoustical Conference and Hong
Kong Institute of Acoustics
http://acoustics2012hk.org

12–15 August New York, NY, USA. Internoise 2012
http://www.internoise2012.com.

09–13 Sept. Portland, OR, USA. Interspeech 2012
http://interspeech2012.org

2013
26–31 March Vancouver, Canada. 2013 IEEE

International Conference on Acoustics,
Speech, and Signal Processing (ICASSP)
http://www.icassp2013.com

02–07 June Montréal, Canada. 21st International
Congress on Acoustics (ICA 2013)
http://www.ica2013montreal.org
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leisure, at work, in industry,) and among all buyers
(individual consumers, professional buyers, stakehold-
ers, and advertising media), 

• Discuss the pros and cons of existing noise ratings, 
• Propose and discuss designs for comprehensive and

uniform product noise ratings that will serve the needs

of manufacturers and suppliers, and 
• Propose and discuss a design for simplified product

noise rating schemes that will assist consumers in
making purchasing decisions. 

For further information, visit http://www.bruit.fr/
buyquiet.
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Title: Chapter 145, “Hearing and the perception of sound” (in the series: Expert Evidence)
Chapter editors: David Alais, Virginia Best, Paul D. Niall, Carolyn Semmler, and 
Donald H. Woolford
Series Editors: Ian R Freckelton SC, Hugh Selby
Publisher: Thomson Reuters (Professional) Australia Limited
ISBN 0 455 21078 0
Pages: 44
Binding: Looseleaf and pdf, online

This chapter addresses hearing and the perception of sound for use by litigators, judges, attor-
neys, and expert witnesses as a guide in civil and criminal cases in the court system. Included
are some basics on the ear and hearing: auditory neuro-anatomy and neural coding of sound,
auditory perception; sound localization and distance cues; loudness, intensity and masking;
cognitive psychology, memory for sound, voice and speech, the impact of context in sound

identification; audition in the multisensory brain: visual influences on speech perception; ventriloquism, individual differ-
ences, auditory perception and blindness, and ambiguity in audition; abnormal hearing and deafness: hearing impairment:
presbycusis, noise-induced hearing loss, diseases of hearing, oto-toxins, combinations of different sources of hearing damage,
supra-threshold characteristics of damaged hearing, plus a section on compensation assessments of noise-induced hearing
loss. Two appendices include brief information on the nature of sound and the theory of signal detection. The literature on the
science and practice of hearing and the perception of sound is enormous, but the comprehensive references provide consider-
able depth in the disciplines embraced. The chapter will facilitate increased possibilities in forensic analysis for hearing and
sound perception, and assist courts to resolve issues in those categories.

Title: The Acoustics of Performance Halls
Author: J. Christopher Jaffe
Publisher: W.W.Norton and Company
ISBN-13: 978-0-393-73255-9
Pages: 208
Binding: Hardcover

The author describes the common misconceptions about what makes a successful classi-
cal concert space, explains that sound reflections rather than geometry are the key to
developing an outstanding hall, and shows how a series of simple principles related to
how humans perceive musical quality can provide the ideal environment for classical
music performances. Jaffe presents a proven methodology for designing successful ven-
ues for symphonic performance in a variety of building types, including concert halls,
music pavilions, multi-use theaters, and amphitheaters. An invaluable resource as a large-
scale troubleshooting manual, this book should be read not only by acousticians but also
by concert administrators, concert division directors, and operations managers, as well as
theater consultants, architectural firms, and construction companies.
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Title: Technology for a Quieter America
Authors: Study Committee of the National Academy of Engineering
Publisher: National Academies Press
ISBN-13: 978-0-309-156325-5; ISBN-10: 0-309-15632-7
Pages: xvii+192
Binding: Softcover
Internet: http://www.nap.edu/catalog.php?record_id=12928

In 2006, the National Academy of Engineering (NAE) initiated Technology for a Quieter
America, a multi-year study to review state-of-the-art in noise-control engineering,
describe the technological, economic and political climate for noise control, and identify
gaps in research. During the past three years, a 14-member umbrella committee, chaired
by NAE member George Maling (managing director emeritus of the Institute for Noise
Control Engineering of the USA), five subcommittees, and focused working groups have
explored three categories of issues related to noise-control engi¬neering and public con-
cerns: applications of current technologies; research and devel¬opment initiatives; and
intra-governmental and public relations programs

The report assesses major sources of noise (transportation, machinery and equipment, consumer products, etc.), and
reviews regulations that govern noise levels and the roles of federal, state, and local agencies in noise regulation. It also exam-
ines the availability of public information on noise mitigation, and noise-control education in U.S. schools of engineering.

Findings of the report focus on several critical areas: Occupational noise—exposure limits should be reduced and engi-
neering controls should be the primary focus of controlling workplace noise. “Buy-quiet” programs that promote the procure-
ment of low-noise equipment and allow market forces to operate can play an important role.

Cost-Benefit analysis: The Federal Aviation Administration has been proactive in cost-benefit analysis of noise reduction
at airports; these studies, along with similar research from Europe, could lead to highway noise reduction. The report exam-
ines the relative merits of “low noise” highways and the use of noise barriers.

Metrics: Advances in the ability to collect, store, and analyze noise data challenge us to reexamine metrics that were devel-
oped in the 1970’s. 

Title: Active Processes and Otoacoustic Emissions
Editors:  Geoffrey A. Manley, Richard R. Fay and Arthur N. Popper
Publisher: Springer
ISBN: 978-0-387-71467-7
Pages: 484
Binding: Hardcover

Sounds that are actually produced by healthy ears allow researchers and clinicians to
study hearing and cochlear function noninvasively in both animals and humans. Active
Processes and Otoacoustic Emissions in Hearing, volume 30 in the Springer Handbook of
Auditory Research series presents a review of the biological basis of these otoacoustic
emissions. Active processes, such as those in outer hair cells that produce emissions, rep-
resent a burgeoning and important area of sensory research. By providing a basis for
understanding how and why otoacoustic emissions testing works through a basic under-
standing of general hearing processes, this volume will also interest clinicians, particu-
larly otolaryngologists and audiologists. The volume starts with an historical perspective
on the discovery of otoacoustic emissions and active processes of the cochlea. These are
followed by chapters that deal with the physiology of otoacoustic emissions and active
processes, and other chapters that discuss different animal groups in which emissions are
now found. This is followed by chapters that discuss a wide range of features of emissions,
and it ends with a chapter that summarizes the main questions that have arisen out of all
of these studies and still remain to be answered. 
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Title: Fish Bioacoustics
Editors:  Jacqueline F. Webb, Arthur N. Popper, and Richard R. Fay
Publisher: Springer
ISBN: 978-0-387-73028-8
Pages: 322
Binding: Hardcover

The study of how fish make and respond to sound has important implications for com-
munication, physiology, behavior, and commercial techniques. Fish Bioacoustics, volume
32 in the Springer Handbook of Auditory Research series, presents a new definitive volume
on fish auditory systems that will interest investigators in both basic research of fish bioa-
coustics as well as investigators in applied aspects of fisheries and resource management.
Topics cover structure, physiology, localization, and acoustic behavior as well as more
applied topics such as using sound to detect and locate fish. The importance of under-
standing fish is not only because it was in fish that the vertebrate auditory system origi-
nally arose, but also because fishes comprise the largest group of vertebrates by far.
Indeed, there are more extant species of fishes than there are of all other vertebrate species
combined. And, with this diversity in species, fishes show remarkable diversity and adap-
tations in the ways in which they deal with the aquatic environment including noise. The
diversity of structure and function in sensory systems is exceptional, and suggests that, as

fishes have evolved, they have found “new” ways to gather information about their highly diverse environments. This diversi-
ty is particularly evident in the octavolateralis system of fishes, the inner ear and the lateral line—the senses that detect water
motion and sound. 

Title: Music Perception
Editors:  Mari Riess Jones, Richard R. Fay, Arthur N. Popper
Publisher: Springer
ISBN: 978-1-4419-6113-6
Pages: 264
Binding: Hardcover

Volume 36 in the Springer Handbook of Auditory Research series considers Music Perception.
The volume presents an overview of this relatively new field of psychoacoustic and hearing
research that involves the perception of musical sound patterns. The material is considered in
a set of chapters that reflect the current status of scientific scholarship related to music per-
ception. Each chapter aims to synthesize a range of findings associated with one of several
major research areas in the field of music perception.
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Ira Hirsh
1922–2010

Ira Hirsh was born in
New York City on February
22, 1922. He earned BA
degrees in English and math
in 1942 from the New York
State College for Teachers. A
year later he married fellow
student Shirley Kyle, who
became Ira’s life-long com-
panion, colleague, and col-
laborator. After earning an
MA from Northwestern
University’s School of Speech
Ira served as a Lieutenant in
the Army Air Force from
1944-46, first as an instructor
in communications and later
in aural rehabilitation. After
the war, Ira joined the
Psychoacoustic Lab at
Harvard University, whose
director was S. S. (Smitty)
Stevens. Stevens assembled a truly remarkable group of sci-
entists in a single lab, during and just after World War II. It
included J.C. R. Licklider, Hallowell Davis, James Egan,
George Miller, Georg von Békésy, and other well-known
members of the Acoustical Society of America (ASA). The
benefits Ira gained through those associations were clear to
all who knew him, as were the influences of Ray Carhart and
the other pioneers in audiology at Northwestern, where Ira
first became interested in hearing and deafness. Ira complet-
ed his Ph.D. in 1948, but stayed on at Harvard for several
years, where he developed a friendship with B.F. Skinner. He
and Skinner shared a deep interest in music. Plus they both
had interests in applied psychology (Skinner had just pub-
lished Walden II in 1948). When Ira left Harvard in 1951
Skinner gave him a copy of Helmholtz’s The Sensations of
Tone” saying that it was good science but useless when the
need was to tune a piano. “Take the damn thing with you,”
Skinner inscribed in the book. Ira did, and throughout his
research career he devoted a portion of his efforts to applied
questions, including auditory rehabilitation, noise abate-

ment, and deaf education.
In 1951 Ira moved west to

St. Louis to take a research posi-
tion at the Central Institute for
the Deaf (CID), along with an
assistant professorship in the
Department of Psychology at
Washington University. Ira
quickly rose through the ranks,
becoming Director of Research
at CID (1965-1983), Professor
of Psychology in 1961, Dean of
the Faculty of Arts and Science
(1969-1973), and Chair of the
Psychology Department (1983-
1987). Along the way Ira won
numerous awards and honors,
including election to the
National Academy of Science,
the Gold Medal of the ASA, and
the Whetnall Medal from the
Royal Society of Medicine. At

the time of his death, on January 12, 2010, Ira was the Edward
Mallinckrodt Distinguished University Professor Emeritus of
Psychology and Audiology at Washington University.

A year after arriving at Washington University Ira pub-
lished The Measurement of Hearing which quickly became the
standard textbook in psychological acoustics courses as well as
a basic reference for audiologists. In addition to this book, Ira
published over 100 scholarly articles, many of which laid the
groundwork for research that has revolutionized such fields as
audiology, psychoacoustics, audiometry, and deaf education.
For example, Ira was among the first scientists to push audito-
ry research beyond the study of single tones, clicks, or noise
bursts. His dissertation investigated the influence of inter-aural
phase on the detection of tones masked by noise, a phenome-
non known today as the masking-level difference, and around
which a huge literature, both basic and applied, has developed.
As another example, Ira and Carl Sherrick published a paper in
1959 on the perception of temporal order and the role this abil-
ity plays in recognizing sounds, both speech and nonspeech.
His basic findings have been generalized to other sense modal-
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Ilse Lehiste
1922–2010

Ilse Lehiste, a distin-
guished scholar and a Fellow
of the Acoustical Society of
America, died on 25
December 2010 after a brief
bout with pneumonia. Her
death marked the end of more
than six decades of meticulous
and ground-breaking research
in many areas of Speech
Communication. 

Dr. Lehiste was born on
31 January 1922 in Tallinn, but
her family left Estonia in 1944.
While living in refugee camps,
she attended the University of
Hamburg, earning a Doctor of
Philology degree in 1948. She
immigrated to the United
States in the following year,
and held a position as an Associate Professor of Modern
Languages at the Detroit Institute of Technology until she
began working on her second doctorate, a Ph.D. in Linguistics,
at the University of Michigan. After earning that degree in
1959, she continued to work with her mentor, Gordon E.
Peterson, for several more years, as they published a series of
seminal papers on duration, “intrinsic” fundamental frequency,
and amplitude variation in English. At the same time, she began
parallel work on the acoustic correlates of the quantity and
accent contrasts of Finnish, Estonian, and Serbo-Croatian. In
1963, Ilse Lehiste joined the faculty at the Ohio State University,
which she continued to make her home base for an equally long
and productive research career as Professor Emerita after her
retirement in 1987. She was the author, co-author, or editor of
20 books and about 200 articles. Her keynote lecture on the
occasion of receiving the 2002 ISCA Medal for Scientific
Achievement from the International Speech Communication
Association touched on just a few of her many contributions. 

Dr. Lehiste was known first as one of the small handful of
American speech scientists who were already doing important

foundational work on speech
prosody in the late 1950’s, a
time when much of the focus in
Speech Communication was on
uncovering the acoustic corre-
lates of consonant and vowel
features. Her monumental
review monograph on
Suprasegmentals, published in
1970, summarized her first two
decades of work on speech
prosody, but it also did much
more, synthesizing results from
the psychoacoustics literature
on the perception of pitch,
loudness, and duration with
results from nearly all of the
then-extant research on
acoustic correlates of word con-
trasts involving tone, accent,

and quantity. Over the next two decades, she turned her atten-
tion to prosody above the word and to the ways in which sen-
tence rhythms and melodies reflect syntactic structure and
even higher-level discourse organization. After Estonia
regained its independence in 1991, she was able to be more
active in fostering researchers in the Baltic countries. For exam-
ple, she then began the long and fruitful collaboration with
musicologist Jaan Ross on the acoustic manifestations of the
ways in which the meter of folk music and poetry in a language
crystallize the rhythms of ordinary speech. 

Throughout her life, Ilse Lehiste influenced our field also
by her contributions to education. Her careful selection of
Readings in Acoustic Phonetics was the standard primer for a
quarter of a century, until the 1991 publication of the 3-volume
collection of Papers in Speech Communication that was edited
for the Acoustical Society of America by Bishu Atal, Raymond
Kent, and Joanne Miller. Her hundreds of colleagues, friends,
and students mourn her loss.

Mary E. Beckman

ities, and have influenced such fields as sound localization and
perceptual sequencing within a sensory stream. Ira’s strongest
research connections were to the Central Institute for the Deaf
in St. Louis, and it was there that he enjoyed the excitement of
his long research career. 

Ira was a person who had high standards, for himself as
well as others. As an academic leader and scientist he could be
forceful and demanding, but his goal was always the betterment
of the field. He had an unflagging devotion to psychology as a
hard science. Those who shared his values and goals had a
robust ally and colleague. 

Ira also had a life full of outside interests. He enjoyed his
left-hander advantage in tennis and in winters he could be
found frequenting the ice-skating rinks around St. Louis, where

he was an accomplished figure skater, and he and Shirley per-
formed ice dancing. His interest in music was a life-long avoca-
tion, and he regularly was part of a barbershop quartet that per-
formed at the meetings of the Acoustical Society. He directed
and sang in the First Unitarian Church of St. Louis’ choir as well
as with the St. Louis Chamber Chorus and the Bach Society of
St. Louis. He traveled extensively, including sabbaticals spent in
China, Japan, and France. He became a connoisseur of French
wine, and served as a wine consultant to the Washington
University Faculty Club. 

Ira was preceded in death by his wife of 61 years, Shirley,
who passed away in 2004.

Charles S. Watson
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