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ith the advent of effective

directional microphones in

hearing aids came a need for
effective tools for evaluating the real-
world performance of these devices.
Field trials relying on self-report by
end-users can be costly and time-con-
suming, potentially impeding the
development of new and better prod-
ucts. Performance trials conducted in

Developing and Testing a
Laboratory Sound System That
Yields Accurate Real-World Results

tem. Eight highly directional, interference-
tube microphones are set in a circular array,
pointing outward at every 45° angle around
the circle, with 0° as a front-center refer-
ence. The pickup points of the microphones
are 2 feet from the center of the array. In this
way, environmental sounds are picked up
from all horizontal directions “on their way”
to the listening position. These direction-
dependent environmental sounds are

3) A formal study' was to confirm that lab
results on speech intelligibility accurate-
ly predicted real-world results over a
wide range of directional solutions.

Goal #1 was satisfied in two stages: We
first conducted informal listening tests,
and then a formal experimental study to
confirm the results of the listening tests.

Robert Schulein, Etymotic Research’s
lead R-SPACE project engineer, deter-
mined from the inital, informal listening
tests that a four-loudspeaker playback sys-
tem could not create the desired level of
realism, especially for sounds coming from
the sides. Additionally, calculations by
Julstrom? demonstrated that four loud-
speakers could not be expected to fulfill
Goal #2 with accuracy for directional

laboratories, if shown to yield
results that accurately reflect real-
world performance, can offer far
greater efficiency and cost-effec-
tiveness compared to field trials.
Toward meeting the need for an
accurate laboratory test environ-
ment, Revitronix and Etymotic
Research collaborated in the devel-
opment of the R-SPACE™ (patents
pending) research sound system.
This system has been shown to pro-
vide accurate simulations of real-
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world acoustic environments, while
offering the advantages of efficiency,
control, and repeatability found
only in a laboratory.

This article will review the develop-
ment of the system, will describe how
the system works, and will present data
from two studies that showed that
speech intelligibility results obtained in
the system are very similar to those
obtained in actual noisy environments.

The System

The complete R-SPACE system con-
sists of two equipment sets: one for
recording and one for playback.

Figure 1 illustrates the recording sys-
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FIGURE 1. The R-SPACE recording system. Eight highly
directional microphones capture sounds from all horizontal
directions, 2 feet from the listening position.

recorded on eight separate tracks of a digital -

recording system so that they can later be
played back in the laboratory.

Figure 2 illustrates the R-SPACE play-
back system. The direction-dependent
sounds that were recorded earlier in a real
environment are allowed to complete their
“natural” paths to the listener, but in a differ-
ent time and place (ie, in the laboratory).

Why eight loudspeakers at a 2-
foot radius? The development of the R-
SPACE system targeted three specific goals:

1) The simulated environ-
ments should sound real,

2) The simulated environ-
ments should allow
directional hearing aids
and the hearing mecha-
nism to perform in the
lab as they do in the real
world; and

" HGURE 2. The RSPACE playback system. Eight loud-

speakers in a laboratory aray complete the “natural”
paths of sounds recorded earfier in an actual environment.
microphones worn on the head, especially
when allowing for minor head rotation
during listening. Julstrom’s calculations
did, however, indicate that eight loud-
speakers could be expected to fulfill Goal
#2 with the desired degree of accuracy?

A further consideration of Goal #2 was to
allow for consistent results from one labora-
tory site to another, and so the arrangement
of the loudspeakers should be chosen to min-
imize the influence of the acoustics of the
particular playback environment. This meant
that the loudspeakers had to be as close to the
listener as possible, without creating substan-
tial proximity or head-shadow effects.

Subsequently, an eight-point system
with a 2-foot radius was adopted for formal
trials. Later evidence reported by Nilssol
et al* showed that across-lab results for 2
loudspeaker array with a l-meter radius
could yield inconsistent results across test
sites. That report attributed across-laboré”
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FIGURE 4a-b. R-SPACE playback setups, after the Etymotic Research
dessert party for “realism” listening trials. “Normal” (4a) and “Anechoic”

(4b) playback rooms were tested.

tory inconsistencies to varied acoustic con-
ditions in the various laboratories tested.

Listening Trial of the System

Having chosen the configuration of the
recording and playback arrays, we con-
ducted a formal listening trial. The sounds
of a “dessert party” were recorded in the
lunchroom at Etymotic Research, simulta-
neously through a prototype R-SPACE
recording array and a KEMAR that was fit-
ted with binaural hearing aid micro-
phones, as shown in Figure 3. Following
the initial recordings of the dessert party,
the KEMAR was then placed in a prototype
R-SPACE loudspeaker array, in two types
of rooms: “normal” and “anechoic”
(Figures 4a and 4b, respectively).

The eight-track, “simulated” lunchroom
environment was presented through the R-
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FIGURE 3. Setup at the “dessert party” recordings at Etymotic Research,
used for “realism” trials. Note that the radius of the recording array was
smaller than the 2-foot radius as depicted in Figure 1, the latter of which
has been used since. For the dessert-party setup, we had overlooked that
the diaphragms of the shotgun microphones were actually near the back,
rather than at the front, of the shotgun microphone tubes.
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SPACE  loudspeakers in
both  playback rooms,
where it was then re-
recorded through the same
KEMAR-worn  binaural
hearing aid microphones as
for the original party.
Additional playback condi-
tions (“normal” room
only) included a “stereo”
setup (two  separated
frontal loudspeakers), a
“monaural” setup (one
loudspeaker at the right
ear), and a simulated “tele-
phone” setup (same as
“monaural,” but using a
300-3000 Hz filtered band-
width). The subjects, who
listened to samples of the
binaural recordings made
at the actual party and in
the various simulation con-
ditions, were the same peo-
ple who had been present
at the dessert party.

The data are summa-
rized in Figure 5. For the
data labeled “Absolute”
realism, subjects were asked
the question: “To what
extent do the sounds you
hear sound like what you
remember from being at the
party?” The data labeled
“Comparative” realism
were obtained using A-B-A
comparisons for which the

binaural recording made at
the actual party and the “B”
sample was either from the actual party again
(“Live™) or from one of the simulation condi-
tions. Subjects were asked: “To what extent
does snippet B sound like snippet A?” The

“A” sample was always the -

sions of what has become the R-SPA(C ¢
system. The prototype of the systen,
depicted in Figures 1 and 2. showed cori.
siderable promise based on the informal
and formal listening tests.

Environmental recordings. Envirorn-
mental recordings for future use in R-
SPACE-equipped laboratories were critical.
Simultaneously, recordings were to be made
for a formal validation study that was 1,
become the doctoral dissertation of one of
this paper’s co-authors, Cynthia Compton-
Conley The general plan was to adminis-
ter, via insert earphones, a modified HINT
procedure’ to normal-hearing subjects, for
which the interfering noise consisted of
binaural KEMAR recordings made in an
actual noisy restaurant and in various “tra-
ditional” clinical settings. A diagram of the
complete project is shown in Figure 6 (for
complete details, see the papers by
Compton-Conley').

The first step was to make two sets of
simultaneous recordings in a noisy restau-
rant (Lou Malnati’s, near Etymotic Research
in Elk Grove Village, IlI). Figure 7 shows
pictures of the setting up for calibration and
the actual recording session in the restau-
rant. One set of restaurant recordings was
made via the R-SPACE recording system,
which had been placed in the middle of the
restaurant dining room, essentially replac-
ing one table (see “Signal Recording” in
Figure 6, upper left). EFach of the eight
interference-tube microphones fed a sepa-
rate track of a digital audio recorder.

“Live” noise condition. The other
simultaneous set of recordings was made
using a KEMAR placed at the center of the
R-SPACE microphone array. The KEMAR
was wearing three binaural pairs of hearing
aid microphones: omnidirectional, super-
cardioid directional, and ultra-directional
array—which fed an additional six tracks
of the digital audio recorder. A 15th digital

results (Figure 5) indicated 100

an acceptable level of per-
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described above, approxi-
mately 5 years had passed
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FIGURE 5. “Realism” trials using binaural KEMAR dessert party recordings.
“Absolute” ratings refer to subjects’ memories of what it actually sounded like at
the dessert party. “Comparative” ratings refer to A-B-A comparisons where “A”
was always the binaural recording made “Live” at the dessert party, and “B" was
the test condition. Note that in the “Live” A-B-A comparison (dark bar, far right).
all three snippets were exactly the same. (Tel=Telephone; Mono=Monauraul;
Ster=Stereo; RSRm=R-SPACE Room; RSAn=R-SPACE Anechoic)
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FIGURE 6. Schematic diagram of restaurant recordings and subsequent validation study {see Compton-

Conley et al').

audio track was recorded simultaneously using an omnidirection-
al sound-field microphone that was suspended 6 inches above the
top of the KEMARS head, for calibration purposes. Approximately
55 minutes of continuous restaurant din was recorded in this fash-

ion. The binaural KEMAR recordings served as the “Live” noise
condition in the validation study.

R-SPACE noise condition. The next step was to make a set of
binaural KEMAR recordings in the R-SPACE playback system (see
center left “Signal Recording” in Figure 6). The eight tracks that
had been captured in the restaurant via the R-SPACE recording sys-

tem were fed to the eight loudspeakers at respective positions in the

FIGURE 7a-b. Setting up for calibration (7a) and the actual breakfast recording

session (7b) at Lou Malnati’s Restaurant. The KEMAR was wearing three sets of
binaural hearing-aid microphones, and was encircled by the R-SPACE recording

Microphone setup.

R-SPACE playback system, which was located
in the same room used for the earlier listening
trials (Figure 4a). The KEMAR at the center of
the loudspeaker array wore the same binaural
hearing aid microphones as in the restaurant.
Also, as in the restaurant, an omnidirectional
sound-field microphone was suspended 6 inch-
es above the KEMARSs head for calibration pur-
poses. In this fashion, an additional seven
tracks of digital audio were recorded in the R-
SPACE playback system, reproducing the origi-
nal 55 minutes of restaurant noise. The new
binaural KEMAR recordings served as the R-
SPACE noise condition in the validation study.

Target speech materials. The final
recording stage (see lower left “Signal
Recording” in Figure 6) was to make three sets
of binaural KEMAR recordings in a large 1AC
sound booth (12'L x 9.4'W x 7.5' H). The same
setup of binaural and sound-field calibration
microphones as used in the earlier two stages
created seven new digital audio tracks: ‘per
recording condition in the IAC booth. Oné set
of recordings was of the sentences from the

HINT CD, presented from 2 feet away at 0° (the same relative loca-
tion of the front-center loudspeaker of the R-SPACE playback sys- -
tem). This set of binaural KEMAR recordings was to provide the
target speech materials for the validation study.
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IAC 90° and IAC 180° noise condi-
tions. The other two sets of IAC booth
recordings captured playback of the din
that had been recorded from 6 inches
above the KEMARS head in the restaurant
via the omnidirectional sound-field mic.
For one set, the omnidirectional restaurant
track was played through a single overhead
loudspeaker 2 feet from the KEMARS ears.
For the other set, the omnidirectional
restaurant track was played through a sin-
gle loudspeaker 2 feet directly behind the
KEMARS ears. These final two sets of bin-
aural KEMAR recordings were to provide
the IAC 90° and IAC 180° noise conditions
in the validation study, respectively.

Recordings of directional micro-
phone conditions. The final stimuli for
the validation trials consisted of four tracks
played from a digital audio multitrack
recorder (see “Signal Delivery” on the right
side of Figure 6, page 57). Two tracks con-
sisted of the HINT sentences, recorded bin-
aurally from 0° in. the IAC booth, and the
other two tracks consisted of restaurant
noise, recorded binaurally either in the actu-
al restaurant (“Live”), in the R-SPACE play-

“Live” R-SPACE :IAC 180°
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IAC 90°

routed to two separate 2-channe]
audiometers. The outputs of the
~1 wwo audiometers were routed tg 4
mixer, and its “stereo” earphone.
amplifier output fed a pair of ERap
field-corrected insert earphones.
The nominal presentation leve] for
the restaurant noise was set for 75
dB SPL (as measured with the ear-
phones attached to a 2cc coupler).

With this setup, the sentence
levels could be controlled adaptive-

FIGURE 8. Results from the initial validation trials (Compton-
Conley et al’). Modified HINT scores across microphone conditions
in the R-SPACE playback system were statistically indistinguishable
from the scores in the “Live” condition. Scores in the IAC conditions
had significant differences from those in the “Live” condition.

back system, in the IAC booth from 90°, or
in the IAC booth from 180°. Sets of four-
track sentence recordings with the four
noise conditions were made for each of the
three binaural hearing aid microphone con-
ditions: omnidirectional (Omni), direction-
al (DMic), and ultra-directional (Array).
Modified HINT. A modified adaptive
HINT procedure was used in the study.
Each pair of binaural HINT sentence tracks
and binaural restaurant noise tracks were

ly by adjusting the left and right
attenuators of one of the audiome-
ters to arrive at the signal-to-noise
ratio (SNR) required for subjects
getting all words in sentences correct 50%
of the time.

Trial results. Subjects were 12 normal-
hearing listeners. The results of the trials
are summarized in Figure 8. In essence, the
scores for the modified HINT procedure
across microphone conditions in the R-
SPACE playback system were statistically
indistinguishable from the scores in the
“Live” condition. The scores for the two
IAC conditions had significant differences

58 hearingreview.com

OCTOBER 2007



W

the second validation study.

from those in the “Live” condition.

The reader should keep in mind that
these results were for normal-hearing lis-
teners, and for microphone conditions
that represented a wide range of directivi-
ty indexes: 0.3, 4.2, and 7.7 DI (on
KEMAR). A subsequent study revealed
similar results for hearing-impaired listen-
ers, and for a much narrower range of
directivity indexes.

New Validation Data

Although the original validation study
described above was robust in its design
and implementation, the scope of the study
was somewhat limited; it used normal-
hearing subjects and a wide range of direc-
tivity indexes. We weren’t quite ready to
recommend to the world that performance
trials in actual “live” environments were no
longer necessary. We felt there was still a
need to corroborate the earlier results with
anew set of trials involving both “live” and
“R-SPACE” conditions, using subjects with
impaired hearing, and across a narrower
range of directivity indexes.

This corroboration came serendipi-
tously. A manufacturer of directional
hearing aids had advertised an unusually
large “directional benefit” for one of its
products, as observed under laboratory
measurement conditions. We set out to
evaluate the performance of that product
in “real-world” listening conditions.
Although an extension of the R-SPACE
validation wasn't part of that study from
the outset, in the end that product per-
formance evaluation provided the corrob-
oration of the accuracy of the R-SPACE
system we were looking for.

The study consisted of “live” and “R-
SPACE” speech-in-noise tests for the exper-
imental hearing aids in omnidirectional and
adaptive directional modes. A third condi-
tion used CC-MIC hypercardioid (free
field) directional microphones. The “live”

FIGURE 9. Setup for recordings for “Live” (lunchroom) phase of

: Mini shotgun
o Mic

B

via a modified sound-level meter.
testing took place at yet another
party in the lunchroom at Etymotic
Research, this time actually serving lunch.
Using a multitrack digital audio record-
ing system, speech-in-noise tests were
recorded in real-time at the party. These tests
used a modified form of the QuickSIN.¢

With the actual QuickSIN, the target sen-

tences are held at a more-or-less constant
level, while the background noise rises in
steps as the test progresses. In the modified
form, the din of the lunch party was kept at
an approximately constant level, as moni-

“Boom mic” connected
to modified SLM

FIGURE 10. During the lunchroom party, co-author Killion reads
IEEE sentences at progressive sound-pressure levels, as monitored
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tored by a “captain” at
each table who viewed
a projected display of a
ceiling-mounted
sound-level meter
(Figure 9). One of the
authors (Killion) read
lists of sentences’ at
progressively  higher
signal levels, as moni-
tored via a headworn
boom mic connected
to a separate, modified
sound-level meter
(Figure 10). The sentence talker (Killion)
was positioned approximately 2 feet from
the KEMAR. In this way, lists of sentences
that were spoken “live” in background noise
could later be arranged into QuickSIN-like
tests having SNRs that progressed down-
ward in approximately equal steps.

Six tracks were recorded via three bin-
aural pairs of hearing aid microphones on
a KEMAR. Two tracks were from the test
ITE hearing aids in the omnidirectional
mode, two tracks were from the test ITE
hearing aids in the adaptive directional

& W
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LUNCHROOM RESULTS
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FIGURE 11. Mean audiograms for the 15 hearing-
impaired subjects in the lunchroom (live) part of the sec-

ond validation study.

mode, and two tracks were from CC-MICs
mounted onto the surface of the KEMAR’s
head, near the ears. The hearing aid output
signals were recorded via a Zwislocki cou-
pler, and the CC-MIC signals were record-
ed directly via a custom-built preamplifier.
A seventh track was recorded from a mini-
shotgun microphone just in front of the
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for the experimental adaptive directional hearing

aids fell in between the former.

sentence talker (Figure 10, page 59) for
speech-level calibration purposes. An
eighth track was recorded from an omnidi-
rectional sound-field microphone near the
(drop) ceiling of the lunchroom (Figure 9,
page 59) for noise calibration purposes.

After the “live” recordings of speech-in-
noise tests were completed for each hearing
aid and CC-MIC condition, compact discs

(CDs) were created for presentation to suh.
jects listening through ER3A earphones
The actual SNRs achieved for each sentence
during the live recordings were measureq
post hoc and were taken into account in the
resulting data. The data collection, takep
individually for left and right ears, was done
by Ruth Bentler, PhD, at the University of
Jowa. Figure 11 shows the mean audio-
grams for the 15 hearing-impaired subjects
Figure 12 shows the results.

As Figure 12 shows, the level of per-
formance of the experimental adaptive
directional hearing aids in the lunchroom
setting fell between the levels of perform-
ance of the omnidirectional hearing aids
and the CC-MICs. Specifically, the mean
SNRs needed for subjects to correctly
repeat 50% of the key words in the TEEE
sentences lined up as follows:

Highest: Omnidirectional
Middle: Experimental adaptive directional
Lowest: CC-MIC

The lower the score, the better the
“directional benefit.” The range of per-
formance for these hearing-impaired sub-
jects, after collapsing the data for left and
right ears, spanned about 3.7 dB from low-
est to highest, with the scores for the
experimental device falling about midway
between those for the other two devices.

More Simulations

Concurrent with, but separate from, the
data collection for the “live” phase of the
study, similar data were collected substitut-
ing the R-SPACE simulation of the restau-
rant breakfast (Figure 7b, page 57) for the
Etymotic lunch party (Figure 9, page 59).
Other differences from the “live” phase were:

1) A speech-in-noise test developed for
the R-SPACE system, called “PDQ-
SIN,”® was used instead of the modi-
fied QuickSIN described earlier;

2) The experimental hearing aids were
BTEs instead of ITEs, but containing
the same adaptive directional tech-
nology:;

3) Subjects (n = 12) had normal-hear-
ing, but were given “si.nulated”
hearing losses by brickwall filtering
the test materials above 2400 Hz;
and

4) Subjects listened through ER4B ear-
phones, instead of ER3A earphones.

Otherwise, the conditions and meth-

. ods were identical to the “live” phase of
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FIGURE 13. Results from the R-SPACE part of the second validation study. As for the lunchroom (live) part of
the study, speech-in-noise performance was poorest for the omnidirectional hearing aids and best for the CC-
MICs, with the results for the experimental adaptive directional hearing aids falling centrally in between.

the study. Figure 13 shows the results. In
this case, the data (collected by Mary
Meskan, PhD) were reported in terms of
“SNR-Loss,” rather than SNR-30. The two
measures are very much the same. They
both observe the SNR for 50% correct,
except that the SNR-Loss unit is given rel-
ative to a presumed “normal” SNR-50,
similar to the way dB HL is given relative
to a reference threshold earphone SPL.
The range of the scores for the R-
SPACE phase was slightly greater than that
for the “live” phase: 4.6 dB as opposed to
3.7 dB. The lineup of the scores, however,

was nearly identical to that of the “live”
results—the scores of the experimental
directional device falling centrally between
the scores for the other two devices. As
seen in Figure 14, the speech-in-noise
results for the real-world vs R-SPACE con-
ditions were very similar.

Table 1 summarizes the data for the
two phases of the study. Given the differ-
ences in test conditions and reporting
methods for the two phases, the numbers
that are of particular interest are the
across-device differences, “live” vs R-
SPACE. As Table 1 shows, the range of

Comparison of Real World to R-SPACE

Data Normalized Arbitrarily
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FIGURE 14. Summary of the second validation results, for subjects with hearing impairment (lunchroom) or
simulated hearing impairment (R-SPACE). The diagonal line that traces the R-SPACE results has been redrawn
against the lunchroom results to show the degree of difference between the data for the two conditions.
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Omni Exp cC
Lunchroom HI -0.6 25 -43
R-SPACE SimHI 22 -0.4 25
A re Omni A re Omni
Lunchroom Hi -1.9 -37
R-SPACE SHi -2.5 -4.6
Error re "live” -0.7 -0.9
AreCC

Lunchroom Hi 1.9

R-SPACE SHI 2.1

Error re "live" 0.3

TABLE 1. Speech-in-noise data (in dB) for Lunchroom
(“live") versus R-SPACE phases of the second validation
study. Lunchroom subjects were hearing-impaired, and
the experimental directional aids were ITEs. R-SPACE sub-
jects were normal-hearing with simulated hearing impair-
ment, and the experimental directional aids were BTEs.
comparative “error” (R-SPACE vs lunch-
room) was 0.3 to 0.9 dB. The highest
error (0.9 dB) was for the CC-MIC vs
Omni comparison.

Table 2 (page 62) summarizes the condi-
tions of the first and second validation stud-
ies. Given the complexity of the method of
preparation of the lunchroom recordings,
and in light of the precise accuracy shown
in the earlier validation results, it could be
argued that the current R-SPACE data may
even be more predictive of true real-world
performance than are the current real-world
data (although both data sets once again
showed very similar results)!

Conclusions

A research sound system has been
developed, which has been shown to pro-
vide accurate speech-in-noise data com-
pared to real-world conditions, for a wide
range of directional solutions, with high
resolution regarding directivity index. It is
hoped that this system can provide a stan-
dard for institutional laboratories and
manufacturers, so that they can arrive at
valid real-world data in an efficient manner
and so that such data can be compared
directly across laboratories.

Currently, three hearing-aid research
labs, and one lab concerned with voice-
recognition devices for computers, have
installed R-SPACE systems. In addition to
relevance to conventional hearing aid
research, recent interest has developed in
the application of directional microphone
technology to cochlear implants. So far,
two cochlear implant sites in the United
States have installed R-SPACE systems for
their ongoing research.

A secondary long-term goal is to distill
and economize the research system into an
accurate system designed for clinics and
dispensaries, so that clients can experience
the benefit of new hearing instruments
during the fitting process. b
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