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Abstract

Speech is easier to understand in continuous noise than in
noise which is switched on at the beginning of the speech and
off at the end. It is suggested that this is due to some
adaptation process. In order to test this hypothesis a series of
experiments have been performed in which the intelligibility
of plosives in isolated syllables was measured as a function of
the duration of the preceding noise. The spectrum of the noise
was also varied. It was found that the adaptation, as measured
by the mean increase in intelligibility, increased as the
duration of the noise preceding the syllable was lengthened. It
was also found that the adaptation varied with the centre
frequency of the spectrum of the noise. The amount of
adaptation was negatively correlated with the threshold of
hearing.

1. Introduction

The intelligibility of plosive-vowel syllables in continuous
noise is greater than in noise which occurs only during the
syllable, even though the signal-to-noise ratio is the same
during the speech in both cases [1, 2]. This suggests that in
continuous noise the auditory system adapts to the noise in
such a way that the incoming speech sounds less masked.
Evans [3] and Costalupes et al. [4] reported that the firing
threshold of neurones in the cochlear nerve of Cat increases
and the spike discharge rate decreases as the noise level is
increased. These effects do not occur if the noise is presented
simultaneously with the test tones for short periods. A model
incorporating these effects was developed by Ainsworth and
Meyer [1] which gave similar syllable recognition
performance to that of human listeners.

If an adaptation process occurs, different durations of
noise preceding the syllable should result in different levels of
intelligibility. In order to test this a new series of experiments
have been performed in which the duration of the noise
preceding the syllable was varied [5].

In the previous experiments the spectrum of the noise
employed was similar to the long-term spectrum of speech. In
the new experiments a number of different noise spectra were
employed in order to investigate adaptation in different
frequency regions.

2. Experiments

The objective was to measure the intelligibility of voiced
plosives in consonant-vowel syllables in noise as a function of
the duration and spectrum of the noise preceding the syllable.

2.1. Stimuli

A set of 18 syllables were spoken by a male British English
speaker and recorded digitally at a sampling rate of 11,025 Hz.

The syllables consisted of the voiced plosives /b/, /d/, /g/
combined with each of the long English vowels /i/, /�/, /a/, /o/,
/u/, /3/. All stimuli were made equal in duration by excising
100ms of speech beginning at the plosive burst. The
amplitudes were adjusted to make them of equal power.
Filtered white noise was added to make the SNR during the
syllable equal to 0 dB rms.

White noise was passed through a digital FIR filter of
order 200. Eleven different filters were employed: 1 kHz, 2
kHz, 3 kHz and 5.5 kHz low-pass, 1 kHz, 2 kHz and 3 kHz
high-pass, 1-2 kHz and 2-3 kHz band-pass and 1-2 kHz and
2-3 kHz band-stop. The noise began at 0 ms (at syllable
onset), 100 ms, 200 ms, 400 ms or 800 ms before the onset of
the syllable and continued to the end 100 ms later.

2.2. Listeners

Nine listeners, staff or students of the Universities of Keele or
Valencia, took part in the experiments. Six were male and
three were female. Their ages ranged from 25 to 59 years. All
but two of the listeners were native English speakers. Of the
others one was Spanish and one Greek but both had a good
command of the English language and in the experiments
neither obtained scores greater than or less than those of the
best or worst English listeners. None of the listeners reported
any hearing difficulties.

2.3. Conditions

The experiments took place in a soundproof room using
Sennheiser HD 435 headphones. The stimuli were presented at
a level of 70 dB (A). They were controlled by a computer
placed external to the soundproof room. On hearing a stimulus
the listener was instructed to press one of three keys labelled
‘B’, ‘D’, or ‘G’. The next stimulus was presented after the key
had been pressed.
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In each session there were 3 (plosives) x 6 (vowels) x 5
(repetitions) = 90 stimuli with the same noise spectrum and
duration (0, 100, 200, 400 or 800ms). The stimuli were
presented randomly during a listening session and the sessions
with different noise durations were also randomised. Each
listener took part in 5 (durations) x 11 (filter conditions) = 55
sessions spread over a few weeks.

3. Results

The results are shown in Tables 1 - 4 below. Each table shows
the mean and the standard deviation percent correct plosive
identification for each duration and spectrum of noise.

3.1. Low pass

The results with the low pass filtered noise are shown in
Table 1. An ANOVA was carried out with noise duration and
filter cut-off frequency as the factors. It was found that the
effects on mean intelligibility of both the noise duration (F4,

32=5.13, p=0.003) and the filter frequency (F3, 24=72.94, p=0)
were significant but not the interaction.

Table 1: Means and standard deviations of the
percentage  correct responses in low pass filtered noise

1 kHz 2 kHz 3 kHz 5.5 kHz
0 ms 77.5 60.3 47.3 54.1

12.1 14.5 8.4 14.4
100 ms 80.3 66.7 51.2 48.5

9.1 4.7 5.5 6.1
200 ms 85.2 65.8 53.6 48.7

6.7 6.9 8.2 8.0
400 ms 83.5 65.6 58.8 53.8

9.0 7.7 7.3 8.8
800 ms 84.4 66.5 55.5 52.2

8.0 6.4 9.6 9.5

3.2. High pass

The results with the low pass filtered noise are shown in
Table 2. An ANOVA was carried out with noise duration and
filter cut-off frequency as the factors. It was found that the
effects on mean intelligibility of both the noise duration (F4,

32=3.59, p=0.016) and the filter frequency (F2, 16=21.83, p=0)
were significant but not the interaction.

Table 2: Means and standard deviations of the
percentage correct responses in high pass filtered noise

1 kHz 2 kHz 3 kHz
0 ms 64.4 72.9 81.1

7.2 5.9 6.8
100 ms 70.5 76.1 84.6

8.0 10.2 5.8
200 ms 68.4 77.1 84.5

8.2 8.3 6.6
400 ms 71.3 74.6 82.7

8.4 10.6 7.7
800 ms 68.6 76.2 83.3

11.2 9.0 7.6

3.3. Band pass

The results with the band pass filtered noise are shown in
Table 3. An ANOVA was carried out with noise duration and
filter cut-off frequencies as the factors. The results with the 1
kHz low pass filter (0-1 kHz band pass) and the 3 kHz high
pass filter (3-5.5 kHz band pass) were included. It was found
that the effects on mean intelligibility of both the noise
duration (F4, 32=21.39, p=0) and the filter frequency (F3,

24=12.09, p=0) were significant but not the interaction.

Table 3: Means and standard deviations of the
percentage correct responses in band pass filtered

noise

1-2 kHz 2-3 kHz
0 ms 60.1 73.7

7.9 12.2
100 ms 66.2 77.9

11.8 10.2
200 ms 64.4 77.6

7.4 10.0
400 ms 71.0 81.8

8.1 8.8
800 ms 75.8 82.3

8.4 7.2

3.4. Band stop

The results with the band stop filtered noise are shown in
Table 4. An ANOVA was carried out with noise duration and
filter cut-off frequencies as the factors. The results with the 1
kHz high pass filter (0-1 kHz band stops) and the 3 kHz low
pass filter (3-5.5 kHz band stop) were included. It was found
that the effects on mean intelligibility of both the noise
duration (F4, 32=22.97, p=0) and the filter frequency (F3,

24=46.86, p=0) were significant but not the interaction.

Table 4: Means and standard deviations of the
percentage correct responses in band stop filtered

noise

1-2 kHz 2-3 kHz
0 ms 69.4 56.9

10.4 10.5
100 ms 79.1 71.4

4.6 11.1
200 ms 82.8 70.2

4.1 4.1
400 ms 84.4 71.3

4.9 5.7
800 ms 83.7 71.4

6.1 5.7

4. Analysis

The results show that perception of the syllables depends
upon both the duration and the spectrum of the preceding
noise. In order to investigate the variation of adaptation with
frequency, linear regression lines were fitted to the data
shown in the tables. It might be expected, for an adaptation
process, that intelligibility would be an exponential function
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Figure 1. Percent of plosive recognised correctly as a function of the centre frequency of the noise band for low pass (solid line),
high pass (dashed line) and band pass  (dotted line) filters and the centre frequency of the stop band for the band stop filter (dash-dot
line).

of noise duration, so straight lines should fit the data
approximately. The intercept of these lines is a measure of the
intelligibility when the noise is coincident with the speech
and the slope is a measure of the amount of adaptation.

Figure 1 shows the mean % correct scores versus the
centre frequency of the noise band for the low, high and band
pass filters, and versus the centre frequency of the stop band
for the band stop filters. As the main cue for distinguishing
between voiced plosives is the transition of the second
formant [6], it might be expected that intelligibility would be
reduced most by noise in the 1-2 kHz region. This is exactly
what was found. The low pass and band pass results both
show a minimum at 1.5 kHz and the high pass results show
increased intelligibility as the centre frequency of the filter
increases beyond this value. The band stop results show a
maximum at 1.5 kHz.

Figure 2 shows the slopes of the regression lines versus
the centre frequency of the noise band for the low, high and
band pass filters, and versus the centre frequency of the stop
band for the band stop filters. In this case the slopes show
maxima at 1.5 kHz for the low and band pass filters as well as
maxima at 1.5 kHz for the band stop filters. For the high pass
filters the slope decreases as the centre frequency of the filter
increases above this value.

5. Discussion

It was suggested above that the reason why the mean score
was lowest at about 1.5 kHz was because most of the
information for distinguishing between voiced plosives lay in
this frequency region. This does not, however, explain why

adaptation to noise, as measured by the slope of the regression
lines, is also greatest in this region. One possible reason is
that the human hearing threshold is lowest in this region.
(This is, of course, also one reason why most speech
perception information resides in this region.) Where the
threshold is lowest the amount of noise, for a given level of
presentation, will be highest. It might, therefore, be expected
to produce the greatest adaptation.

In order to test this the correlation between the hearing
threshold and the mean intelligibility for coincident noise and
between the human hearing threshold and the adaptation
(slope) were computed.  It was expected that there would be a
positive correlation between the hearing threshold and mean
intelligibility and a negative correlation between the hearing
threshold and the amount of adaptation.

The Pearson rank correlation coefficient for the human
hearing threshold [7] and the mean score (excluding the
scores with the band stop noise) was found to be 0.715 which
for N=9 is significant (p<0.025).

The Pearson rank correlation coefficient for the hearing
threshold [7] and the slope of the adaptation curve was found
to be -0.578 which for N=11 (band stop noise included) is
also significant  (p<0.05). As all the stimuli were presented at
70 dB and with a signal-to-noise ratio of 0 dB it appears that
the amount of adaptation in a particular frequency band
depends on the noise level at that frequency. Further
experiments are required to explore the relationship between
the amount of adaptation and the noise level.

It can be seen from Figure 2 that band pass noise
produces greater adaptation than low pass noise of the same
centre frequency even though Figure 1 shows that low pass
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Figure 2. Amount of adaptation (slope of regression line) as a function of the centre frequency of the noise band for low pass (solid
line), high pass (dashed line), band pass  (dotted line) and band stop (dash-dot line) filters.

noise produces a greater reduction in intelligibility than band
pass noise of the same centre frequency.  It would therefore
also be of interest to examine the effect of noise bandwidth
on adaptation. In particular the effects of band pass noise
corresponding to critical bands should be examined.

6. Conclusions

The effects of the duration of preceding noise in the range 0
to 800 ms, and its spectral content, on the perception of
voiced plosives have been examined. It was found that
extending the duration of the noise increased the intelligibility
of the speech. The auditory system adapted to the noise,
reducing its masking effect. It was also found that this
adaptation depended on the centre frequency of the noise,
with the amount of adaptation being negatively correlated
with the human hearing threshold at that frequency.
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