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One typical auditory characteristic of the hearing-impaired is large and extensive masking. Dichotic
listening, defined as listening to complementary filtered speech signals, has been proposed to cope
with this problem. We introduce a dichotic listening technique for binaural hearing aids and the
relationship between the effect of this technique and the auditory characteristics of hearing-impaired
people. The results of listening tests suggest a relationship between the width of the auditory filter
and this technique’s effect. Moreover, intelligibility test results obtained using low-frequency-boosted
sounds suggest that such dichotic listening reduced the upward spread of masking. We are applying this
technique to hearing aid systems and have begun evaluating this hearing aid’s performance.

1 Introduction

Sensorineural hearing loss is typically characterized by
increased hearing thresholds, reduced dynamic range of
hearing, degraded temporal resolution, and reduced fre-
quency selectivity. Among them, the reduction of fre-
quency selectivity engenders remarkable disadvantages
through large and extensive masking, particularly of the
middle and high frequency components by intense low-
frequency components: the so-called upward spread of
masking. Several researchers have examined the effects
of dichotic listening to discover techniques to cope with
the upward spread of masking [1–6]. Dichotic listening
generally means listening to a different signal in each
ear, but in this context, it means listening to comple-
mentarily filtered speech sounds in each ear. The speech
signal is divided into two complementary parts in terms
of frequency spectra to reduce the masking between con-
tiguous frequency bands. Previous studies have sug-
gested that such dichotic listening fundamentally im-
proves speech intelligibility [1, 2, 4–6]. This paper re-
ports three psychoacoustic experiments that examined
further details of the effect of dichotic listening. Experi-
ment 1 investigated simple dichotic listening in which
speech signals were divided into two bands. Experi-
ment 2 examined whether dichotic listening was effec-
tive by reducing the influence of the upward spread of
masking. In Experiment 3, the effects of dichotic listen-
ing and the relationship between effective dividing fre-
quency and auditory filter bandwidth were investigated
using many listeners.

2 Experiment 1 [7]

First, we examined the effects of dichotic listening on
speech intelligibility with a simple filtering scheme. Sound
stimuli were divided into two frequency bands to reduce
consonant masking by the preceding vowel. In addition,
the robustness of dichotic listening under noisy environ-
ments was also investigated.

2.1 Experimental procedure

The listening test was conducted in a soundproof room.
Speech stimuli were presented to listeners through head-
phones (Sennheiser HDA-200).
The speech stimuli were nonsense vowel-consonant-vowel
(VCV) syllables uttered by a native Japanese female.
The first vowel in each VCV syllable was /u/, followed
by one of 67 CV syllables that covered all Japanese CV
combinations. As dichotic patterns, the speech signal
was split into two bands by a low-pass filter (LPF) and

Table 1: Frequency dividing patterns

condition left right cross over
channel channel frequency[kHz]

Diotic APF APF -
Diotic−6 dB APF APF -
Dichotic 0.8 LPF HPF 0.8
Dichotic 1.6 LPF HPF 1.6

a high-pass filter (HPF). Considering the formant fre-
quencies of Japanese vowels [8], the boundary frequency
was set to 0.8 kHz between the typical F1 and F2 of
Japanese /u/ with 1.6 kHz as the F2 average. As a di-
otic listening condition, all-pass filters (APF) were used
instead of LPF and HPF. The dividing patterns are sum-
marized in Table 1. In diotic listening, stimuli with an
amplitude of −6 dB (Diotic−6 dB) were also prepared,
because in terms of the binaural summation of loudness,
loudness in dichotic conditions is estimated to be about
6 dB lower than in diotic conditions under moderate
sound levels [9]. Two kind of noises, speech spectral and
road traffic noise were added to the speech signal at a
signal-to-noise ratio (S/N) of 4 and 0 dB in terms of the
A-weighted level (Table 2). The road traffic noise was
recorded on a highway and has prominent low frequency
components with from which we expected strong upward
spread of masking. The level of the speech signals was
kept at the listener’s most comfortable level (MCL), de-
termined while the speech signal was presented to both
ears without noise. The interval between stimuli was
set to 3 s. Listeners were four older persons with mild
to severe sensorineural hearing loss. The age, hearing
threshold levels and most comfortable levels (MCL) for
each listener are shown in Table 3. Listeners were asked
to write the perceived syllable down as they heard it.

2.2 Results and discussion

Intelligibility scores for Listener A and the averages of
all listeners are shown in Figs.1 and 2, respectively. Fig-
ure 1 shows that Listener A’s intelligibility score with
a Dichotic 0.8 pattern is about 15% higher than in the
quiet condition, and scores decrease by worsening the
S/N. With a Dichotic 1.6 pattern, the scores are gen-
erally lower than those with other patterns. The av-
erage scores in Fig. 2 show a similar pattern. To an-
alyze in more detail, we examined the results with a
two-way repeated-measure ANOVA. In this analysis, the
dividing patterns and noise conditions were treated as
between-subject variables and the listener was treated
as a repeated-measure. Dividing patterns and noise con-
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Table 2: Noise condition

condition a kind of noise S/N[dB] S/N[dB]
(LAeq) (Leq)

quiet - - -

speech 4dB speech spectral 4.0 4.0
noise

speech 0dB speech spectral 0.0 0.0
noise

road 4dB road traffic noise 4.0 −12.7
on highway

road 0dB road traffic noise 0.0 −16.7
on highway

Table 3: Age, hearing threshold and most comfortable
levels on intelligibility tess for each listener

Subject age MCL Hearing theshold level
[dBA] (L,R) [dB]

Listener A 69 60.0 (31.3,27.5)
Listener B 66 76.0 (47.5,46.3)
Listener C 64 70.0 (38.8,37.5)
Listener D 71 76.5 (55.0,65.0)

ditions were statistically significant (p < .01). The fol-
lowing lists are arranged in descending order of their
mean values:

Dichotic 0.8 > Diotic > Diotic−6 dB > Dichotic 1.6

A multiple comparison test (paired t-test with Bonfer-
roni correction) showed significant differences between
the following conditions:

• Dichotic 0.8 and Diotic−6 dB
• Dichotic 0.8 and Dichotic 1.6
• Diotic and Diotic−6 dB
• Diotic and Dichotic 1.6

These results indicate that simple dichotic presentation
with two bands basically improves the intelligibility of
hearing-impaired listeners. In noisy conditions, how-
ever, the effects seem relatively small, as observed in
previous research [5].

3 Experiment 2 [10]

Previous studies suggested that dichotic listening fun-
damentally improves speech intelligibility for hearing-
impaired people. However, why this algorithm is effec-
tive has not yet been clarified. In Experiment 2, we
examined the changes of intelligibility scores when the
amplitude gain of the low-frequency components was in-
creased to investigate the upward spread of masking.

3.1 Experimental procedure

Speech stimuli were 67 nonsense VCV syllables whose
preceding vowel was either Japanese /a/ or /u/. In this
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Figure 1: Percentage of correct responses for Listener
A
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Figure 2: Percentage of correct responses for average of
all listeners

experiment, we used the Compensating Loudness by An-
alyzing Input-signal Digital Hearing Aid(CLAIDHA) al-
gorithm [11] as compensation processing for loudness re-
cruitment. Loudness compensation function (LCF) was
decided as follows: in each octave frequency band from
250 to 8000 Hz, we regarded 10 dB as the threshold of
normal hearing listeners and 110 dB as the uncomfort-
able level (UCL). When the level of the input signal was
10 dB, the signal was amplified to the threshold level of
each hearing-impaired listener. When the level of the in-
put signal was at 110 dB, the signal was not amplified.
The amplitude ratio was linearly interpolated between
the level of threshold level of hearing-impaired listeners
and UCL. If the level of the input signal was lower than
10 dB, gain was equal to the that of 10 dB-input. In
this calculation, the LCF compression ratios of 8.0 kHz
were 0.28 (Left) and 0.35 (Right). Since such steepness
caused large distortion of the output sound, the com-
pression ratios were set to 0.5 at an LCF of 8000 Hz in
each ear.
To make low-frequency-boosted sounds, LCFs of 250
and 500 Hz were modified. In these LCFs, the ampli-
tude gain at an input level of 10 dB was increased 10
and 20 dB from the original gain that was determined by
each listener’s threshold (CLAIDHA+10, CLAIDHA+20).
After these processes, the signal was divided into two
complementary parts:
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CLAIDHA+10+Dicho and CLAIDHA+20+Dicho.
When /a/+CV speech stimuli were presented, the di-
viding frequency was set to 1.0 kHz, and when /u/+CV
speech stimuli were presented, the dividing frequency
was set to 0.8 kHz [12]. The low- and high-frequency
components were fed to the left and right channels, re-
spectively. The presentation levels were 40, 50, and
60 dBA. A 71-year-old woman with sensorineural hear-
ing loss (average hearing level 40.0 dB (Left), 32.5 dB
(Right)) participated in the experiment. Listener was
asked to write the perceived syllables as she heard them.
Other experimental conditions were the same as Exper-
iment 1.
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Figure 3: Average of intelligibility scores (/a/+CV
syllables)

3.2 Results and discussion

The results of intelligibility tests are shown in Fig. 3.
We examined the results using a two-way ANOVA (pro-
cessing condition (2) and amplitude gain (2)). When
/a/+CV syllables were presented, the interaction be-
tween the processing condition and the amplitude gain
is statistically significant (F (1, 2) = 44.88, p < .05).
Thus the simple main effects were analyzed. As a re-
sult, the simple main effect of the processing condition
at an amplitude gain of 20 dB is statistically signifi-
cant (F (1, 4) = 49.39, p < .01) and that of the ampli-
tude gain under CLAIDHA+GAIN+Dicho conditions is
also statistically significant (F (1, 4) = 10.00, p < .05).
Although the intelligibility scores were expected to be
higher when the sensation level of the stimulus was larger,
there was no statistically significant difference between
the intelligibility scores obtained under the CLAIDHA+GAIN
conditions. In contrast, certain statistically significant
differences were found between the CLAIDHA+10+Dicho
and the CLAIDHA+20+Dicho conditions. From these
results, the influence of the upward spread of masking,
which probably increases when low-frequency-boosted
sounds are presented, could be reduced by the using di-
chotic listening process.

4 Experiment 3

In the above experiments, the number of listeners was
very limited. Further investigations with more listeners

are required to confirm how the most effective dividing
frequency for dichotic presentation depends on listener
hearing characteristics. In Experiment 3, we focused on
the auditory filter bandwidth as one hearing character-
istic.
Two psychoacoustic tests were performed; one is a speech
intelligibility test using nonsense VCV syllables, and the
other is the measurement of auditory filter bandwidth.

4.1 Speech intelligibility test

4.1.1 Experimental procedure

The listening tests were conducted in a semi-anechoic
room. The speech stimuli were nonsense VCV syllables
spoken by a native Japanese male and a female. (Note
that the VCV syllables by female are the same as the
ones in the other experiments of this study). The first
vowel in each VCV syllable was one of five Japanese
vowels, /a/, /i/, /u/, /e/ and /o/, for the male, and
one of two vowels, /a/ and /u/, for the female. The
subsequent consonant was one of fifteen Japanese conso-
nants (/#/, /k/, /s/, /t/, /n/, /h/, /m/, /y/, /r/, /w/,
/g/, /z/, /d/, /b/, /p/), and the second vowel was /a/.
The presentation level of each stimulus was 50 dBA. Be-
fore the dichotic listening process, the frequency char-
acteristics of the stimuli were independently adjusted
based on the half-gain method at five frequency bands
(fc = 0.25, 0.5, 1.0, 2.0, and 4.0 kHz) for each listener.
In addition, the overall gain of stimuli was subtracted by
3 dB. Note that these processes were performed to sim-
ply simulate (a fitting process of) bilateral hearing aids.
Four dichotic conditions and a Diotic−6 dB condition
were examined in this test. The dividing frequencies of
the dichotic conditions were 0.6, 0.9, 1.2 and 1.5 kHz.
The listeners were twelve persons ranging from their 40s
to 80s with bilateral sensorineural hearing loss. All usu-
ally wore hearing aids in both ears. They were asked to
write the perceived syllables as they heard them.
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Figure 6: Examples of auditory filter bandwidths

4.1.2 Results and discussion

One of the twelve listeners (Listener I), who had dif-
ficulty writing down the perceived VCV syllables, was
excluded from the analysis of the results. Figure 4 shows
the intelligibility scores by VCV syllables for each sub-
ject. In addition, the intelligibility scores by the 67-
S Japanese monosyllable list, examined prior to this
study, are also shown. The 67-S lists, each of which
consists of 20 monosyllables each, are widely used in
clinics in Japan to assess hearing intelligibilities. For
four listeners (F, J, K, and L, indicated by solid cir-
cles), the maximum intelligibility scores obtained in the
four dichotic conditions are higher than the intelligi-
bility scores obtained in the Diotic−6 dB condition by
8% or more. Moreover, for three of these four listeners
(F, K, and L), the intelligibility scores obtained in the
Diotic−6 dB condition are lower than those obtained
in the 67-S monosyllable test by 20% or more. These
results suggest that dichotic listening might be effec-
tive for listeners whose intelligibility of VCV syllables
is worse than monosyllables, because temporal masking
was caused by the preceding vowel. We, therefore, ex-
amined the correlation between the degradation of intel-
ligibility by adding the preceding vowel and improving
the intelligibility by dichotic listening, as shown in Fig-
ure 5. The abscissa is the ratio of intelligibility scores
obtained in the 67-S monosyllable tests (S67S) to that
obtained in the Diotic−6 dB condition (Sdiotic), and the
ordinate is the ratio of the maximum intelligibility scores
obtained in the four dichotic conditions (Max(Sdichotic))
to Sdiotic. There is a negative correlation between Sdiotic

/ S67S and Max(Sdichotic) / Sdiotic (r = −0.69), which
means that dichotic listening is more effective for listen-
ers whose intelligibility of VCV syllables is much worse
than monosyllables.

4.2 Auditory filter bandwidth measure-
ment

4.2.1 Experimental procedure

The measurement of auditory filter bandwidth was per-
formed in accordance with the method by Nakaichi et
al. [13]
Probe signals were pure tones of 500, 1000, and 2000 Hz.
The signal duration was 500 ms, including 50 ms onset
and offset ramps. The signal was repeated, followed by
an interval of 400 ms, during each measurement.
The maskers were notched noises, generated by passing
a white noise through band-stop filters shaped by 8192-
tap FIR filters. The upper and lower cutoff frequencies
were symmetrical about the signal on a linear frequency
scale; cutoff frequencies were 950 and 1050 Hz when the
probe signal was a 1000 Hz pure tone and the bandwidth
was 100 Hz.
Auditory filter bandwidth measurements were performed
after speech intelligibility tests for each listener. Mea-
surement outlines were as follows:

1. Measurement of probe threshold. The just-audible
level of the probe signal was measured three times,
using the ascending method of the limits, and the
averaged level is defined as probe threshold T [dB SPL].
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2. Determination of masker level. The probe level is
set to T + x [dB SPL], and a masker (without a
notch) is added, whose level is increased gradu-
ally in steps of 2 dB. The sound pressure levels of
the masker are measured three times, where the
listener cannot detect the probe signal. The aver-
aged level is defined as masker level L [dB SPL].

3. Measurement of notch bandwidth. Probe and masker
levels are set to T +x−a and L [dB SPL], respec-
tively. The notch bandwidth is increased gradu-
ally by steps of g(= Δf/(2fc)) = 0.01. Value g is
recorded three times, where the listener can detect
the probe signal again, and then averaged.

In this study x and a were set to 20 and 10 [dB SPL],
respectively.
The listeners were the same as in Section 4.1.

4.2.2 Results and discussion

Figure 6 shows examples of auditory filter bandwidths,
measured for Listeners F and L, Panels (a) and (b), re-
spectively. For comparison, auditory filter bandwidths
measured for a normal listener are shown in Panel (c).
The up arrow indicates that value g exceeds 0.9; the au-
ditory filter cannot be measured with this study’s exper-
imental scheme. The auditory filter bandwidths of Lis-
teners F and L are extremely wide on higher (2000 Hz)
and lower (500 Hz) center frequencies, respectively, com-
pared with a normal listener. Referring to Figure 4, in-
telligibility scores improved when the dividing frequen-
cies of dichotic listening are high (1200 and 1500 Hz)
and low (600 Hz) for Listeners F and J, respectively.
These results suggest that dichotic listening would be
effective when the dividing frequency is set to where the
auditory filter bandwidth is wide.

5 Conclusion

Previous studies suggested that dichotic listening fun-
damentally improves speech intelligibility. This paper
reported three psychoacoustic experiments that clari-
fied further details on the effect of dichotic listening.
The results indicate the following: (1) Simple dichotic
presentation with two bands basically improves the in-
telligibility of hearing-impaired listeners. In noisy condi-
tions, however, the effect seems relatively small; (2) The
influence of the upward spread of masking is reduced
with a dichotic listening process; (3) Dichotic listening
is more effective for listeners whose intelligibility of VCV
syllables is worse than monosyllables; and (4) Dichotic
listening seems effective when the dividing frequency is
set where the auditory filter bandwidth is wide.
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