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ABSTRACT

The results of a novel speech
intelligibility test have been correlated
to a tonal complex test, estimating
critical bandwidth for normal and
sensorineural hearing impaired listeners.

INTRODUCTION

Existing auditory theory suggests a major
role for critical bands. Scharf [1] has
defined the critical band empirically as
"...that bandwidth at which subjective
responses rather abruptly change...". In
general, two stimuli separated in frequency
by less than a critical bandwidth will
ihteract in one of a number of ways, while
two stimuli separated by more than a
critical bandwidth will not. The critical
band phenomenon has been observed in such
perceptual phenomena as masking [1,21,
loudness [3], and musical consonance [4].
Speech is the most pervasive and
significant acoustic stimulus for the human
listener, and evidence suggests that the
critical band may serve in the analysis of
speech [1]. 1In several studies, bandwidths
contributing equally to the perception of
speech were approximately equal to critical
bands found in pure tone psychoacoustic
studies [5,6,7,8,9].

The works of Fletcher [2], Zwicker [3], and
Greenwood [10] imply that the critical band
serves to band-limit background noise. The
narrower the passband of the ear as a
filter, the more noise the ear can reject.
Thus, a listener may be able to correctly
perceive a spoken communication despite
background noise simply because much of the
energy associated with the noise 1lies
outside the critical bands surrounding the
formant frequencies of the speech.
Discrimination of the formant and harmonic
content of both speech and non-speech
signals requires that these components be
separated by at least one critical band
[4,11,12]. Synthetic vowels presented to
listeners by Remez [13] showed an abrupt
changeover from speech-like to
non-speech-like sounds as the formant
bandwidth increased to greater than a
critical bandwidth.
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Several researchers have reported evidence
of distorted or widened critical bands in
subjects with sensorineural hearing loss
[14,15,16,17,18,21]. In addition, these
data demonstrate that the width of the
widened critical band is independent of the

magnitude of threshold hearing loss amongst
those sensorineurals with critical
bandwidth distortion.

The purpose of the present study was to
directly test the hypothesis that the
critical band is an essential element in
auditory speech discrimination.

METHODS AND MATERIALS

A. Subjects

Forty-eight normal hearing listeners, aged
19 to 31 years, and sixty-eight
sensorineural hearing impaired listeners,
aged 18 to 67 years, participated in t_:he
study. Each subject was classified using
conventional audiometric techniques. The
right ear was the test ear for all
subjects.

In addition, subjects®' critical bandwidths
were independently measured using a
loudness of complexes test [1]. The center
frequencies of each tonal complex were
located at 700 Hz, 1000 Hz, 1600 Hz and
2150 Hz. For each trial a sub-criti.al
tonal complex was presented to the listerer
and the bandwidth of the tonal complex °S
increased in time by small amoun’s. Lel
repetitions of each center frequ.ncy were
performed at a presentation level of 50 dB
HL. Subjects were asked to listen to each
test signal episode, and indicate the
moment they perceived a change in the
stimulus. The signal bandwidth required to
elicit a perceptual change was recorded for
each of the trials for each subject.

B. Taped Stimulus Materials

The stimulus materials used in this study
were a set of limited resolution bandwid?h
speech signals. Prerecorded stimuli (in
analog form) Were digitized by a 12-bit A/D
converter at 20,000 samples per second, and
stored in a computer. The software program
separates the signals into 13 ms segments.
The average spectrum of each segment 1S
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computed by first applying a Hamming window
and then performing a Fast Fourier
rransformation. The resolution bandwidth
of this discrete spectrum is then limited

by the software program. The frequency
limits used for the normal critical
bandwidth condition were those recommended
by Scharf ([11]. The discrete frequency
amplitudes that fell within each bandwidth
are averaged; each of the discrete
amplitudes of that band are then set equal
to thiis r.m.s. value, limiting the
resolution allowed to the preselected
bandwidth. See Figure 1. Coarser and
narrower filtering schemes were realized by
multiplying the bandwidth limits used by a
chosen factor (retaining the original
center frequency), and averaging the
amplitudes contained within these widened
limits. Bach processed spectrum is then
inverse transformed into the time domain,
an inverse Hamming window is applied, and
the output is converted to analog form via
a D/A converter and recorded on audio tape.
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Figure 1. Effect of Digital Filtering

The NU#6 word list, a clinical audiometric
word list, was used as the input audio
Material for the speech processing
algorithm, since it includes (consonant-
tonsonant-~nucleus-consonant) sounds as
°pposed to only (consonant—consonant-
Vowel-consonant) sounds [19].

The tapes generated have seven frequency
resolutions: an unprocessed list (UP); a
bandwidth equal to one-half the resolution
°f the normal critical bandwidth (HX) [1];
3. bandwidth equal to the resolution of the
Dormal critical bandwidth (1X); two times
lormal (2X); three times normal (3X); five
times normal (5X); and seven times normal

¢. Equipment

The Processed signals described above were
9enerateq using a hybrid computer system
‘omprised of an EAI (Electronic Associates
Incorporated). Model 680 analog computer
IDterfaced with a DEC (Digital Equipment
Corporation) digital computer, Model
PDP-10. The audio output was recorded via a
trown Model BP824 tape deck.

¢ discrimination tasks were performed
Using an Ampex AG-440B tape recorder, a

Maico Model MA-18 audiometer calibrated to
ANSI 1969 standards, and TDH-39 earphones
fitted with MX-41/AR cushions. The tests
were performed in a Suttle Corporation
Model Bl quiet room.

D. Test Procedure

After the audiometric threshold test and
the independent critical bandwidth test,
the subjects were presented with the seven
fifty-word lists in the following
resolution order: 7X, 5X, 3X, 2X, 1X, HX,
UP. This sequence was chosen in order to
minimize learning effects. The signal
reached the earphone at a level of 50 dB HL
and a signal-to-noise ratio of +10 dB.
Pink noise was utilized as the masking
source. Masking was used to minimize
ceiling effects. Subjects were provided
with answer sheets and were asked to write
down the word they felt was said, guessing
when necessary. Word lists were scored on
a percentage basis.

RESULTS

A. Normal Hearing Subjects

The normal hearing group's mean pure-tone
thresholds ranged from 1.5 to 5.6 dB for
the frequencies from 500 Hz, to 4000 Hz.
On the loudness-of-complexes test for
independent critical bandwidth measurement,
this group showed a mean critical bandwidth
of 0.94 times the normal critical band as
reported by Scharf; that is, 0.94X. The
range of values was from 0.7X to 1.2X over
the four test frequencies measured,
confirming that this group did indeed have
normal critical bands.

The plotted means for processed speech
intelligibility scores are presented in
Figure 2. A regression line was computed
for the 2X through 7X portion of the data.
The bandwidth condition vs the group's
speech intelligibility scores exhibiged a
significant correlation of r = -.75 with a
probability of error less than .01.
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FIGURE 2. PLOTTED DISCRIMINATION SCORE MEANS,

As may be seen from Figure 2, ghe
discrimination score was a direct ;unctlon
of the log of bandwidth resolution, for

Se 56.2.2 329

%



those bandwidths wider than one critical
band, but was independent of bandwidth for
those bandwidth resolution conditions equal
to or narrower than the critical band. The
average discrimination score for the UP, HX
and 1X condition was 77.56%. Thus, the
masker did eliminate a ceiling effect.

A single factor analysis of variance
indicated a significant main effect of the
speech processing. A Newman-Keuls
follow-up test [20] demonstrated a
significant decreasing trend for
discrimination scores as the bandwidths
were varied from 2X through 7X. However,
no significant decreases in intelligibility
scores were observed for the UP
(unprocessed) through 1X conditions. In
addition, the group scores at the 1X
condition were significantly higher than
those at the 2X condition.

B. Sensorineural Hearing Impaired Subjects
The sensorineural hearing impaired group's
mean pure-tone threshold audiogram ranged
from 22.4 4B at 250 Hz to 71.2 4B at 8000
Hz (See Table 1). The mean speech
reception threshold was 37.6 dB and the
mean speech intelligibility in quiet at 50
dB HL was 74.7 %. On the loudness of
complexes test for independent critical
bandwidth measurement, this group showed a
range of widened critical bands, from 1.1X
to 4.23X, with a mean bandwidth of 2.43X.
The subjects fell into four critical
bandwidth groups: a 1X group (range of
bandwidths 1.1X to 1.5X), a 2X group (1.5X
to 2.5X range), a 3X group (2.5X to 3.5X
range), and a 4X group (3.5X to 4.23X
range).

Table 1.

MEAN AUDIOMETRIC DATA FOR
HEARING IMPAIRED LISTENERS

f '(Hz) 250 500 1000 2000 4000 8000

TL (dB) 22.4 29.3 38.3 60.2 65.6 71.2

The relationship between the critical
bandwidth rating determined from the
loudness-of-complexes test and the "knee"
of the processed speech intelligibility
data was of particular interest in the
results of the study. This "knee"
continued to represent the processing
bandwidth at which the intelligibility
scores dropped significantly from the
unprocessed score. See Figure 3.
observations were made by performing a
similar statistical analysis as used on the
normal data.

It is interesting to note that the mean
speech intelligibility functions for the
subjects in the present study show a "knee"
that coincides with their critical
bandwidth test. This is especially easy to

These -

observe when the data are grouped according
to the result of the loudness-of complexes
test. The correlation coefficient between
the loudness-of-complexes bandwidth
measurement and the "knee™ of the speech
intelligibility function was 0.8749. This
is a high correlation and indicates a very
strong relationship between tonal estimates
of the critical banmd and speech
intelligibility of sensorineutral, hearing
impaired listeners.
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DISCUSSION AND CONCLUSIONS

As noted above, the peripheral auditory
system has been described to perform a
preliminary frequency analysis of incoming
acoustic signals. The limit to whigh
frequency information may be gated is
called the critical band and has begn
observed in a variety of psychoacoustic
contexts. In particular, the critical band
mechanism performs noise-band limiting and
harmonic discrimination, both of which are
crucial for the correct perception of such
complex acoustic stimuli as speech.  Thus,
it was hypothesized that the critical band
is a contributing factor to normal auditory
speech intelligibility.

The purpose of the present study was to
test the hypothesis that the critical band
is an essential element in the process of
speech listening. The performance of
normal and sensorineural hearing impaired
listeners with the processed speech test
indicated the same three distinct trends:

1) A plateau effect was noted for the
processing conditions UP through the
condition equal to their independent
critical band rating. For example, the
group whose critical band was measured
independently as 2X had a plateau effect
occur  from UP to 2X.

2) The score of the highest processingd
condition in the plateau was significantly
higher than the next higher processing
condition score.
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3) A monotonic, decreasing trend was
observed as the allowed bandwidth
resolution was widened beyond the "knee" in
the curve.

The scores above the observed "knee"™ in the
curve demonstrated a close approximation to
a logarithmic curve with a negative slope.

Also significant is the correlation between
the independent critical bandwidth rating
and the location of the "knee"™ in the
curve. In other words, the independent
critical bandwidth rating corresponded to
the observed point of inflection
demonstrated by the speech intelligibility
scores. This high correlation indicates a
very strong relationship between tonal
estimates of the critical band and speech
intelligibility of normal and sensorineural
hearing impaired listeners. It is
reasonable to conclude that the integrity
of the critical band is an important factor
in the understanding of speech signals.

In summary, a correlation has been
dgmonstrated between the performance of
}1steners on an auditory speech
intelligibility test and a test with tonal
complexes as the stimuli. The tonal
complex test results yielded a bandwidth
resolution value that was correlated to the
DrOPable point of inflection of the
auditory speech intelligibility test
results. Existing literature has implied,
but has not clearly demonstrated the
Presence of such a correlation. The
aut@ors suggest that any consideration of
auditory, speech intelligibility among
Dormal or sensorineural, hearing impaired
11stepers must include an examination of
the integrity of the critical band
phenomenon in ‘the subject population.
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