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1. INTRODUCTION

Binaural recording, measurement and analysis techniques have been significantly improved over the past
decade. The coupling of modern binaural recording heads with advanced computer-based signal analysis and
processing equipment otters acoustical designers a valuable tool for use in both objective and subjective
evaluation oi concert hall acoustics. The author will review recent experiences in the use 01 binaural
technology for such evaluations, focusing on specilic examples of how the technology can be used to
improve our understanding of the acoustical environment of these spaces. The specific halls which are
studied include a 2300-seat multiple-use auditorium built inthe late 1960's. and a 2700-seat symphony
concert hall reconstructed in the mid-1970's.

2. THE BINAURAL SYSTEM

2.1 The Origin and Composition oi the Present System.
The binaural technology employed in the case studies described below was developed by Dr. Klaus Genuit
through the sponsorship cl Daimler-Benz. It consists of several components:

2.1.1 A dummy head — the characteristics oi which are based upon detailed studies of the response of the
human head and ear, i.e. the hearing mechanism.

2.1.2 A record subsystem which implements a tree field equalization oi the dummy head signals to remove
the influence ol the outer ear transler function for sources directly in Iront oi the head. This provides
compatibility with standard single microphone measurement techniques and also imparts loudspeaker
compatibility to the recordings.

2.1.3 A digital audio tape recorder or similar low noise/Wide dynamic range recording unit.

2.1.4 A playback subsystem with headphones, headphone amplifiers and equalisers to restore the binaural
characteristics 01 signals presented to the listener,

2.1.5 A sophisticated two-channel digital signal analyser and processor which allows comprehensive time and
frequency domain analysis of dummy head signals enables us to give non-directionalised signals tull binaural
imaging.

2.2 The Development of Binaural Testing in Concert Halls
The binaural system developed by Klaus Genuit and HEAD acoustics were initially conceived to study noise
in automobiles. Five years ago, our firm began to experiment with the use of the system to evaluate concert
hall acoustics. The positive results of these early etlorts convinced us to integrate binaural testing into
many of our projects. The advantages of this approach are as follows:

2.2.1 The system concept is fully compatible with single microphone measurement techniques. Traditional
acoustical measurement and analysis practices are not compromised in the least.
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22.2 The results obtained are often more insightful because the signals being analysed fully account for the
subtle binaural response characteristics which distinguish the human hearing mechanism from single
measurement microphones.

2.2.3 The system allows signal analysis which integrates sophisticated time/frequency domain study with
the substantial analysis capabilities of the human ear-brain mechanism. For example. an impulse response
can be examined to discover the location from which a particular reflection originates. This is accomplished
by excising the reflection irom the impulse reqoonse. inserting the reflection into a recording oi room tone
and presenting the results to one or more listeners. When the reflection is presented in isolation. the inter-
aural time and irequency diiierences in the signals presented to both ears enable good listeners to determine
the source location for many signals.

2.3 Applications ier Binaural Testing
As a result oi our work. we have iound that the system hasbroad application in at least three areas 01
interest to acoustical and audio designers:

2.3.1 The objective measurement of acoustical characteristics in auditoria.

2.3.2 The subjective evaluation 01 acoustical characteristics in auditoria and the subjective impact of
changes made to a particular environment.

2.3.3 The balancing, tuning and evaluation of electro-acoustic systems. especially electronic architecture
systems.

2.3.4 The first Me of these are discussed at greater length in the sections which iollow.

3. APPLICATIONS AND RESULTS IN OBJECTIVE MEASUREMENTS

In 1990. our lirm was engaged to evaluate the audience chamber and orchestra shell of a 2.300 seat
multiple-use performance hall which was completed in 1959. Measurements were taken in the house and on-
stage using both known acoustic test signals (pink noise and impulses) and music signals produced by the
orchestra.

3.1 Conditions Tested
Several diiierent conditions were studied:

3.1.1 The characteristics oi the existing shell.

3.12 The characteristics oi the shell after the hall's large pipe organ was lifted into its perlormance position
at the rear oi the shell

3.1.3 The impact of introducing absorptive and/or diiiusive treatments in the shell.
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32 Results
An analysis of the various tests produced many interesting and useful results:

3.2.1 The basic shell does not incorporate a sufficient amount of diffusion. This tends to blur the sound image
received by musicians. making ensemble playing more difficult. Figures 1 and 2 illustrate this condition.

3.2.2 The construction of the shell panels apparently results in these units acting as low frequency
absorbers of sound energy. Thisis thought to make a significant contribution to the perception of poor bass
presence in the hall. The presence of the organ on-stago and the introduction of acoustic treatments
significantly improves the acoustical environment by increasing the diffusiveness of the enclosure and
decreasing the exposed area of the (low frequency) absorptive rear wall. Figure3 and 4 show the
improvement in bass response.

3.2.3 The background noise in the hall exhibis audible amplitude modulations in the band below 100Hz. This
is the result of complex beating of several closely spaced and strong spectral components in the noise
produced by the mechanical systems in the hall. figure 5 illustrates this.

324 As a result of these measurements, we recommended that the orchestra shell be extensively modified
or replaced. In addition, mechanical engineers have been instructed to examine the mechanical systems to
reduce overall noise levels and to discover and attenuate thesources of the spectral components in the band
below 100 Hz.

4. APPLICATlONS AND RESULTS IN SUBJECTWE EVALUATIONS

in 1991. ourtirm was engaged to undertake a comprehensive evaluation of the stage acoustics of a major
2.700-seat concert hall in the Northeastern United States. This facility was built in the early 1960‘s and
was substantially reconstructed in the mid~1970‘s.

4.1 Objectives of the Testing
The purpose of these tests was to evaluate bothobjectively and subjectiver two significant changes to the
stage area:

4.1.1 The introduction of new acoustical reflector panels suspended approximately 10 feet below the existing
ceiing. .

4.1.2 The introduction of more diffusion into the walls surrounding the orchestra.

4.2 Specifics of the Testing Process
The testing process was developed to allow ready comparisons between the results of the objective
measurements and the preferential tests with a jury musicians from the orchestra. The test process is
summarised below:

4.2.1 A series of measurements were taken with known acoustic test signals (pink noise and impulses) with
the existing stage configuration.

4.2.2 Additional measurements were taken after the placing quadratic residue diffuser panels (0RD) around
the perimeter of the stage enclosure.
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4.2.3 Additional measurements were taken alter the celllng reflector panels were mug in place. The OR!)
panels were removed for this test.

42.4 A final set oi measurements was taken with both the calling reflector panels and OR!) panels In place.

4.2.5 The lollowlng day. the orchestra conducted two special test rehearsals, playing short segments of
several works in each oi the above desotibed configurations.

4.2.5 A total at tour dummy heads were used. Three oi these were located on-stage While the fourth was
placed In the center oi the orchestra seating level in the house.

43 Objective Analysis Results
After all oi the tests were completed. we analysed the objective measurements to discover the sources at
musicians“ complaints about problems with on-stage hearing and orchestral balances. The objective
measurements oi the existing stage revealed a number oi conditions which we believed contributed to the
on-stage hearing and orchestral balance problems:

4.3.1 There are strong, long delayed reflections irom the rear wall ofthe hall which arrive back to the stage
neany 300 milliseconds alter a sound is produced on-slage. Figures 6 and 7 shows this characteristic along
wltit the Improvement which results irom the addition oi the ceiling and GED panels on-stage.

4.3.2 The design oi the enclosure does not Incorporate an adequate amount of driiuslon. This is Illustrated In
Figure 6. The lmprovementachieved with the ceiling and QRD panels is shown in Figure 8.

4.3.3 The hall has a serious deficiency in bass frequency reverberation. This contributes to musician hearing
problems by making the bass content oi a musical passage extremely diificult to perceive on-stage [and in
the house as well]. A comparison at Figures 9 and 10 will illustrate the magnitude oi this deficiency.

4.3.4 The design at the rear wall oi the stage emphasizes certain irequencles In the region at 6.500 H2.
Figure 11 shows this eiiect and the Impact at introducing either the celllng or 0RD panels or both together.

4.4 Subjective Evaluation Method
Upon completion oi the objective analysis. we used the editing capability at the analyser to prepare a series
of jury tests in which samples oi music irom the diiierent stage configurations could be presemed to the
musicians for quick comparlson. in each oi these tests. the musicians were presented with signals recorded
irom the same location (on-stage or in the house) using thesame musical material (precisely the same
measures oi music were used in a particular comparison). Specific comparisons were tested more than once -
and configurations were presented in diiierent order to ensure that results would not be bimed by the order
at presentation. All test were blind, Le. musicians were not Inionned which configurations they were listening
to in a comparison. Two sets oi jury tests were conducted. in the first, 32 musicians partlclpated. white in
the second only 16 participated. A control group ol 5 musicians who were iamitiar with the hat] but who had
not participated in the rehearsals was also tested.
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4.5 Subjective Results and their Correlation with Objective Measures
We were pleased that the results at the jury test coniorrnad with our expectations. The objective analysis
led us to predict that the introduction oi the ceiling reflector panels and the OED panels together would
produce the greatest subjective improvement in the quality of the sound on-stage. This was in tact the case.
with musicians expressing a strong preference for the configuration with both the ceiling and GED panels in
place. When all oi the recording positions were averaged, the margin of prference was rarely less than two-
to-one in favor of the altered stage and at times the margin approached three-to-one. The results for the
control group closely followed the preferences expressed by the orchestra musicians who had participated in
the tests.

5. OTHER APPLICATIONS

In addition to the studies which we have undertaken with respect to architectural acoustics. we have also
lound the binaural system to be extremeiy valuable in the commissioning and documentation ol new audio
systems. particularly electronic architecture systems. is. those which are used to enhance a deficient
architectural acoustical environment.

5.1 Tasks in Electro-acoustac Applications
The tasks for which we have employed these techniques include:

5.1.1 Equalization of loudspeaker elements to ensure that an overall system has a flat response.

5.1.2 Analysis ol changes in system level and equalization adjustments to assess the success at a particular
tuning approach.

5.1.3 Documentation of the llnal system results so that comparisons can be made during luture inspections
to ensure that a system is still performing to its original standards.

5.2 Potential Future Applications
We also see important new applications in the area or acoustics research.For example. numerous studies
have recently been undertaken (many by members ol this Institute) to understand better the issues related
to speech intelligibility. We believe it would be insightful to repeat some of the practical experiments using
binaural techniques to see what ditferences. it any, are produced. Should significantly dirterent findings
result. we may be forced to re-examine measurement techniques and establish new standards centered
around the use or binaural measurements and analysis.

6. CONCLUSIONS

The latest generation or binaural technology does indeed offer signliicanl advantages in the evaluation oi
acoustical phenomena. Chiel among these advantages are the ability to correiate objective analysis with
subjective evaluations. to conduct more reliable subjective testing and to shitty acoustical characteristics in
a lesbian which more closely mimics the way in which humans hear. We believe that the use oi binaural
testing will increasingly be seen as an essential part of any acoustical analysis.
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when one compares Figures 1 and 2, one will
note lee: smearing at mid and high frequencies,
indicative uf greater musical clarity. The
gragh is a color spectrograph which Shows
time a the bottom axls, frequency in kHz along
the vertical axis and amnlitude in color. The
source was orchestral music.
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Figure 3

A graph of specific loudness of an impulse. In this
measurement, the organ and absorptive treatments

had been removed from the shell. The fall in loudness
in the first two critical bands (far left side of the

graph)can be readily seen.
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Figure 4
The impact of adding the pipe organ and absorptive

treatments. Note the sharp improvement in loudness
in the first two critical bands.
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These spectrogrnplts illustmte a comparison of tlte effect ofeach change to the stage. Two pink

noise bursts are shown for each stage condition. At fttr left is the original stage condition. With a

pink noise source on the stage. there is an emphasis (the pinkish red bttnd near the top of the

spectrograph) in the frequent: s tuound 6500 Hz. [about Gil itt the 5th octave above middle C).

This is perceived as at sharpness in the sound qttttlity ttnd contributes to the perceived

overwhelming loudness oftlte brass section of the orchestra.

 

in the second example. tlte addition of the diffuser panels ulone reduces tlte emphasis at 6500 ML.

but also increases energy in the octave bands centered on 2000 Hz. (about C at 3 octaves above

middle C) and 4000 Hz. (about C at 4 octaves above middle C). Consequently, the perception of

sharpness is actually increased.

The third example illustrates the impact of the lowered ceilings alone The addition of the ceilings

actually increases the enipltusts of the frequencies 3165le Hz.

At right is the graph showing the impact of the dtffusur pnncls and lowered ceilings together. [II

this condition, the energy at 6500 Hz. ts reduced while producing only it tnurgittttl intercusein the

energy at the 2000 mid 4(100Hz. octave bandit These factors in cotttbttttitiott actually result in n

ted-Action oftlte perception of sharpness on stage.

Figure 11
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