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e-mail: jen@amu.edu.pl, oleksek@amu.edu.pl

(received May 5, 2004; accepted January 27, 2005)

This study is concerned with the influence of spatial separation of disturbing sources of
noise on the speech intelligibility. Spatial separation of speech and disturbing sources without
changing their acoustic power may contribute to the significant improvement in the speech
intelligibility. This problem has been recently analysed in many papers [1–5]. These works
have confirmed an important role of the spatial configuration of sources. However, there have
been no work investigating this problem for nonsense words (logatoms) that may provide more
rigorous tests of this phenomenon. Moreover, this problem has not been analysed for Polish
speech. It is important to emphasize that the acoustic and phonetic properties of Polish speech
are somewhat different from those of English one. Therefore, the attempt to investigate the
influence of the spatial separation of sound sources was made in this study. In the situation with
more than one spatially separated disturbances, there may occur a so-called spatial suppression
phenomenon, that is “mutual suppression” of disturbing sounds in the auditory system that
brings about an increase in the speech intelligibility. This phenomenon is also called the spatial
unmasking of speech [5, 6].

The research consist in determination of the speech intelligibility in the presence of one or
two statistically independent speech-shaped noise sources varying in configuration. Only two
pairs of the spatial configurations were investigated.

Character of the dependences obtained in the study implies that the spatial suppression
occurs in certain configurations of sources only. This effect brings about an increase in the
speech intelligibility and can be explained on the basis of the binaural masking level dif-
ference (BMLD). It seems then that the BMLD may be a more general phenomenon and
includes not only difference in the detection threshold of a pure tone masked by noise but also
the improvement in the speech intelligibility, while speech is presented at the background of
disturbing signals.
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1. Introduction

Natural environments typically contain sound sources other than the sources of inter-
est (e.g. speech) that may interfere with the ability of the listeners to extract information
about the target source. Therefore, a communication becomes often difficult, because
the target sounds are masked by the coexisting disturbances. It is necessary to keep in
mind that the auditory system is capable of separating out the incoming signals (coming
form different directions) to some extent and to extract the desired information. This
phenomenon is often called the “coctail party effect”.

Many works were related to the influence of the binaural masking level difference
(BMLD) on speech reception threshold (SRT) or to the spatial unmasking of speech
[5, 7–10]. It was revealed that the SRT strongly depended on the mutual spatial config-
uration of the speech and the masker sources preserving the same SNR [2, 11–13]. The
results of the works mentioned above proved that the spatial separation of sources has a
very strong influence on the improvement of the speech intelligibility.

Furthermore, in the case where there exist more than one disturbing source, the so-
called spatial suppression may occur, that is the “mutual suppression” of disturbances
in the auditory system that brings about an increase in the speech intelligibility [1, 2, 5,
6]. This phenomenon is also called the spatial unmasking of speech or the release from
masking. It should be emphasized that this effect is only a psychological phenomenon
and has no connection with the physical suppression or mutual attenuation. It means
that two (or more) spatially separated sources of noise are often less effective maskers
than one noise at the same sound pressure level.

Beside the spatial suppression, the present study implies also the opposite effect: two
spatially separated disturbances can sum up in the way that they become more effective
maskers than one disturbance with the same level.

So far, most of the papers dealing with the spatial suppression phenomenon were
based on the use of the word or short sentence tests. These types of tests are often
used in the speech intelligibility analysis for normally hearing and hearing-impaired
people [14] due to the redundancy, that characterizes these types of utterances. The
acoustic waves of the speech signals conveying any semantic information, contain much
more information than it is necessary for the utterances to be understood and repeated
correctly. This “information overflow”, however, is effectively used by all the subjects.

As described by BOCCA and CALEARO [15], the subjects are able to perceive speech
due, in part, to the extrinsic redundancy within the speech signal and the intrinsic re-
dundancy within the auditory system. The extrinsic redundancy refers to the numerous
overlapping cues within the speech itself; the intrinsic redundancy, on the other hand,
refers to the multiple central auditory nervous system pathways and the sources of in-
formation that the human system possesses for the speech processing. It is because of
these redundant cues that the message becomes somehow predictable, and it is this pre-
dictability which makes the transmission of information powerful.

Logatoms, i.e. nonsense syllables or words, are characterized by much lower re-
dundancy, since in a given language, they have no meaning and they do not convey
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any semantic information. Understanding and correct repetition of a logatom is possi-
ble only in the case when a subject can hear all successive phonemes occurring in the
logatom. So the knowledge of the language rules and reach vocabulary or mental ability
do not help markedly in performing the logatom intelligibility tests. Thus, it seems that
the logatom tests provide the most robust and the most objective measure of the speech
intelligibility and thus they are more often used than the other test types, especially
when the speech transformed in some way is analyzed or presented at the background
of any disturbing (masking) sounds.

Due to the above-mentioned reasons, in testing of the spatial suppression phenom-
enon we decided to use logatoms rather than short sentences or words. In the present
study, a phonetically balanced Polish low-redundant logatom tests were used as the
speech signals [16] to prevent the listeners from guessing or predicting linguistic units
presented during auditory tests. It seems that the use of the logatoms provides a more
robust, rigorous and objective test of the spatial suppression.

The spatial suppression effect is often explained on the basis of the binaural masking
level difference (BMLD). Signal phase inversion in one ear may cause the decrease in
the signal detection threshold. Furthermore, if a tone and a masker are delivered to one
ear only, adding a noise to the opposite ear also decreases the detection threshold [17].
A general conclusion from the research on BMLD is that the interaural phase difference
(IPD) is very significant for the speech intelligibility. LICKLIDER [7] revealed that in
the case when the signal phase is inverted, the speech intelligibility increases by about
25% comparing to the situation with no phase shifts. DURLACH et al. [18] revealed that
delivering uncorrelated maskers to each ear brings about an increase in the intelligibility
in comparison to the situation when the same signal was delivered to both ears.

On the basis of the previous works on this topic [19, 20] it was implied that the
speech understanding ability in the noisy environment is the lowest when the speech
and the disturbance are coming from the same place (direction) in space and, generally,
it increases with the increase in spatial separation of the sources. Therefore, the BMLD
can be generalized. It is not only the problem of signal detection threshold changes but
also the speech intelligibility changes in the case when phases or sound pressure levels
of the masked or masking signal in both ears are different.

2. Experiment

2.1. Aim

Among all the works concerned with the analysis of the influence of the spatial
separation of sources on the speech reception threshold or the signal-to-noise ratio en-
hancement, there is no work in which nonsense word tests were used. Moreover, there is
no work concerned with this topic related to Polish speech. Polish language is somewhat
different from the Western European ones and is characterized by a relatively substantial
amount of noise sounds (fricatives) [21, 22]. Therefore, in the present study the attempt
to investigate the influence of spatial separation of two sources on the intelligibility of
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logatoms was proceeded, as it may provide much more robust test to the spatial suppres-
sion phenomenon. However, in the preliminary experiment we have also used the word
tests. It was done to compare the changes in the intelligibility determined for different
configurations of disturbing sound sources for both the word and logatom tests. We did
not intend to formulate the universal conclusions concerning the spatial suppression. We
have rather concentrated on showing that the spatial suppression is not attributed to the
utterances conveying semantic information only, but it is a more general phenomenon
that shows the ability of the auditory system to extract useful information form a mean-
ingless acoustic waveform. Hence, only three normally hearing subjects participated in
the experiments carried out, as it is very common in psychoacoustical research.

The main aim of this study was to investigate whether the spatial suppression oc-
curred resulting in the increase in the speech intelligibility of nonsense words when two
disturbing sources of noise were spatially separated. If the intelligibility of speech were
improved when two spatially separated disturbing sources were used compared to the
situation with one disturbing noise only, it would imply the existence of spatial unmask-
ing of the speech that is spatial masking suppression. Comparison of the intelligibility
for all the investigated cases (four spatial configurations) may enable to find the config-
uration with the highest intelligibility and refer the results to the spatial suppression and
the BMLD assumptions.

2.2. Stimuli

The research consisted in recording of the test material in an anechoic chamber
using a dummy head. Target speech stimuli were Polish numerical and one-syllable
word tests [23] and nonsense word (logatom) tests [16]. All the tests were phonetically
and structurally balanced. The interference sounds were either one or two sources of
noise presented from the loudspeaker. Three subjects aged 20–25 with audiologically
normal hearing were asked to listen to the tests and write down all words (or logatoms)
that they heard out.

There were two stages of the research. In the first one (Experiment 1), the Polish
numerical and one-syllable word tests were used as the target speech. For these tests the
signal-to-noise ratio was adjusted to: 0, −3, −6, −9 and −12 dB. In the second one,
Polish non-sense-word (logatom) tests were used and SNR was adjusted to: 3, 0, −3,
−6, −9 dB, as there is a marked difference in the redundancy between numerical tests,
one-syllable words and logatoms. Therefore different signal-to-noise ratios (SNR) were
used.

There were ten one-syllable word tests with 20 words in each. There were also ten
numerical tests, but with ten numerals only. Each of the logatom tests consisted of 300
elements.

Due to a marked difference in redundancy we have expected that the comparison of
the intelligibility of one-syllable words and logatoms may reveal different factors that
influence the spatial unmasking.
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In natural environments the most common masker of the speech is another speech.
Therefore, one or two sources of speech-shaped noises at the constant overall sound
pressure level were chosen as disturbance sounds. The long-term spectrum of such a
noise and a real speech spectrum are identical. The only difference is that noise does not
convey any information. The speech-shaped noise spectrum is approximately constant
up to the frequency of 500 Hz and above this frequency the Power Spectral Density
(PSD) decreases by 12 dB per octave [24, 25].

It is important to keep in mind that sound pressure levels of one noise and that
produced by two sources of noise in a checkpoint (just above the dummy head) were
identical and were adjusted to 75 dB SPL. It implies that the sound pressure level of
each of the two sources of noise appearing together was 3 dB lower than that in the
configuration with one noise only.

The target speech was always presented from the loudspeaker placed directly in
front of the dummy head (0◦) because in real situations the interlocutor most frequently
is situated in front of the listener. Such a configuration made the speech signals in both
ears identical since there was no interaural phase difference nor interaural level differ-
ence.

2.3. The intelligibility determination

The number of correct answers to the number of all elements in the test ratio was
taken as a measure of the intelligibility. The speech intelligibility was determined as the
percentage of correct answers according to the equation (1):

I =
p

n
· 100%, (1)

where: I – intelligibility, %; p – number of correct answers; n – number of all elements
of a test.

Any mistake made by the subject caused that the subject’s answer was treated as an
incorrect one. Only the spelling mistakes (h-ch, u-ó, ż-rz) were not taken into consider-
ation.

2.4. Apparatus

All recordings were carried out in the anechoic chamber using Tucker–Davies Tech-
nology (TDT), System 3 device at the sampling rate of 24414.0625 Hz and the resolu-
tion of 24 bits. One speech-shaped noise was generated in a real-time by the processor
TDT-RP2 (channel 2), while the second one was played using a digital recorder Fos-
tex D824 (in Experiment 1 another TDT-RP2 was used instead of Fostex D824). Both
sources of noise were statistically independent. Next, the signals were amplified using
PIONEER A-505R to the level of 75 dB SPL and delivered to the three-way loudspeak-
ers ZG-60 placed in the anechoic chamber.
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The target speech signals (numerical, one-syllable word and logatom tests) previ-
ously stored on the hard drive of the PC as a 24 bit binary files, were fed to the processor
TDT-RP2 used as a D/A converter (channel 1). Next the speech signal was fed to the
programmable attenuator, TDT-PA5, enabling the adjustment of SNR and amplified by
the SONY STR-DE475 amplifier to the level of 78 dB SPL. Then the signal was deliv-
ered to the three-way loudspeaker ZG-60 placed in the anechoic chamber. The proper
SNR was adjusted using programmable attenuator (TDT-PA5).

The generated signals were recorded using the dummy head, NEUMAN (separate
channels for each ear) connected with two microphone amplifiers, TDT-MA2. Next both
signals were fed to two inputs of the TDT-RP2 used as a A/D converter, delivered to the
PC and saved on the hard drive as 24-bit binary files (one file for each ear).

During the listening sessions the signals recorded in the above described way were
presented to the subjects in double-walled, acoustically isolated chambers. The signals
stored on the hard drive were fed to the TDT-RP2 processor and then amplified in the
headphone buffer, TDT-HB7, to the level of 75 dB SPL at the tympanic membrane.
Next, the signals were delivered to the Sennheiser HDA580 headphones and presented
binaurally to the subjects. All the recordings and presentations were carried out using
MatLab 5.3 computing language.

The subject’s task was to write down all the heard words, numbers or logatoms in a
specially prepared form. Next, the intelligibility for all four spatial configurations was
determined.

To determine whether the spatial suppression occurred, the speech intelligibility in
two pairs of the spatial configurations were compared. If the intelligibility in the case
with two sources of noise were higher than that with one noise only, it could imply the
occurrence of the spatial suppression effect.

2.5. Spatial configuration of the sound sources in the anechoic chamber

In each of the spatial configurations of the sound sources used in the experiments,
the speech (target) signal, S, was always presented from a loudspeaker placed directly
in front of the dummy head (0◦) and 3 m away from it. The dummy head was at a height
of 1.5 m. The noise sources were also 3 m away from the dummy head, but they were
varying in number (one or two) and in spatial configuration. The azimuth angle of the
first noise source, N (1), varied (0◦ or −60◦ clockwise) while the azimuth of the second
noise, N (2), was fixed at 45◦ (see Fig. 1 and 2).

The notation of the different configurations is as follows: the upper index stands for
the number of the noise source, whereas the lower one stands for the azimuth of the
noise source (e.g. SN

(1)
−60 stands for the target coming from the front, and one noise

source at the azimuth of −60o, whereas SN
(1)
0 N

(2)
45 stands for the signal coming from

the front and two noise sources coming from 0◦ and 45◦ respectively).
Two pairs of spatial configurations of the source(s) of noise were used i.e.

{
SN

(1)
0 ,

SN
(1)
0 N

(2)
45

}
and

{
SN

(1)
−60, SN

(1)
−60N

(2)
45

}
. These configurations are schematically de-

picted in Fig. 1 and 2.
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Fig. 1. Spatial configuration of the first pair of the compared situations. Filled circle and asterisk with solid
lines refer to the notation in Fig. 3 and 4.

Fig. 2. Spatial configuration of the second pair of the compared situations. Empty triangle and square with
dashed lines refer to the notation in Fig. 3 and 4.

2.6. Experiment 1: The numerical and the one-syllable word tests intelligibility
masked by one or two disturbing sources of noise

In this experiment phonetically balanced one-syllable word tests and numerical tests
were used [23]. It was a preliminary experiment in a sense and was carried out to in-
vestigate whether the spatial suppression effect is noticeable for spatially separated dis-
turbing sources.

It must be emphasized that generally, the numerical tests intelligibility was much
higher than one-syllable word tests. It is fully consistent with the results presented by
other authors [26]. The intelligibility of the numerical tests was close to 100% and
decreased to about 80% for the lowest SNRs only. For this reason the analysis of the
intelligibility changes was carried out for one-syllable word tests only.
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The results of this part of the study, i.e. the speech intelligibility as a function of the
SNR for different spatial configurations of noise sources

(
SN

(1)
0 , SN

(1)
0 N

(2)
45 , SN

(1)
−60

and SN
(1)
−60N

(2)
45

)
, are depicted in Fig. 3. Successive panels of the figure show the data

gathered for individual subjects and the last panel depicts the average for three sub-
jects. All results for both pairs of the compared spatial configurations i.e. SN

(1)
0 with

SN
(1)
0 N

(2)
45 (circles and asterisks, respectively, connected with solid lines) and SN

(1)
−60

with SN
(1)
−60N

(2)
45 (triangles and squares, respectively, connected with dashed lines) are

presented there. In spite of some intersubject scatter, the results for all subjects are quali-
tatively consistent with each other. The pattern of the dependences obtained in the study
and mutual relations of the intelligibility for all spatial configurations are analogous.
Generally, regardless of the spatial configuration, the significant increase in the intel-
ligibility along the increase in the SNR is noticeable. This is fully consistent with the
results presented by other authors (e.g. [7, 26]).

Let us analyse the situation in which the speech signal (always from the front) was
masked by one noise only, i.e. the configurations SN

(1)
0 (circles) and SN

(1)
−60 (triangles).

As it can be noticed in Fig. 3, the noise coming from the same direction as the speech
signal is a very effective masker, since the speech intelligibility reaches the lowest values
for this case. For the SN

(1)
−60 (the noise was placed at the azimuth of −60◦), the speech

intelligibility values are much higher. They were actually the highest values gathered in
this experiment. Although the level of the masker in both configurations was the same,
the masker placed at −60◦ was significantly less efficient. It is worth to emphasize
that the difference in speech intelligibility for both configurations is not constant as
a function of signal-to-noise ratio and reaches the largest values (up to 40%) for the
lowest SNRs. These experimental findings seem to be fully consistent with the binaural
masking level difference (BMLD) and are quite easy to explain on the basis of this
phenomenon. In the SN

(1)
0 case there is no interaural phase nor level difference between

the signals reaching the left and the right ear, so the intelligibility is the worst. However,
in the SN

(1)
−60 case, the time courses of the noise in the left and in the right ear are

different (delayed relatively to each other) and have different levels as a result of a
significant acoustical shadow of the head, while the speech signals in both ears are
identical. Thus, it is a typical situation in which the BMLD occurs contributing to the
enhancement in SNR and as a consequence, in the speech intelligibility.

The data gathered in theses two spatial configurations were subjected to a within-
subject analysis of variance (ANOVA). The influence of the signal-to-noise ratio and the
spatial configuration of the maskers on the speech intelligibility were tested. As it was
expected, the influence of the SNR was proved to be statistically significant [F (4, 8) =
163.22, p < 0.001]. The spatial configuration (i.e. SN

(1)
0 or SN

(1)
−60) was also proved

to be statistically significant: [F (1, 2) = 25.44, p = 0.037]. The interaction between
these two factors was proved to be marginally statistically significant [F (4, 8) = 3.19,
p = 0.076]. This implies that the difference in the intelligibility in both spatial configu-
rations was only slightly dependent on SNR.
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Fig. 3. One-syllable word tests intelligibility as a function of signal-to-noise ratio (SNR) for all four
spatial configurations. Successive panels of the figure depict data gathered for individual subjects. SN
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0

(circles connected with a solid line) , SN
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Next, the influence of the number of disturbing noise sources was analyzed. This
analysis was divided into two parts, as two spatial configurations were compared, i.e.
SN

(1)
0 with SN

(1)
0 N

(2)
45 and SN

(1)
−60 with SN

(1)
−60N

(2)
45 . For the first pair of configura-

tions, e.g. SN
(1)
0 (circles) with SN

(1)
0 N

(2)
45 (asterisks), for all subjects the addition of the

second noise at the azimuth of 45◦ brought about a significant increase in the speech in-
telligibility by about a dozen percent. This increase can be also explained on the basis of
the BMLD phenomenon. Addition of the second noise resulted in the fact that the time
patterns of the noise (that is the superposition of two sources of noise N

(1)
0 and N

(2)
45 )

and their levels were not identical in the left and in the right ear while the speech signals
in both ears had the same phase and level. When the second noise was added at 45◦ a
significant increase in the speech intelligibility was noticed because in the lateralization
process the “picture” of the noise was shifted away from the center of the head while the
“picture” of the speech signal remained at the same position. The data gathered for these
two spatial configurations were analysed using a within-subject ANOVA. The influ-
ence of the signal-to-noise ratio and the number of maskers on the speech intelligibility
was examined. The SNR was proved to be statistically significant: [F (4, 8) = 136.59,
p < 0.001]. The number of disturbing sources (i.e. SN

(1)
0 or SN

(1)
0 N

(2)
45 ) was also

proved to be statistically significant: [F (1, 2) = 9.52, p = 0.049]. However, the inter-
action between these two factors was proved to be statistically insignificant: [F (4, 8) =
0.09, p = 0.982]. That implies that the improvement in the speech intelligibility (i.e.
the difference in the speech intelligibility for the two analyzed configurations) did not
depend on SNR.

It seems that the comparison of these two configurations (i.e. SN
(1)
0 and SN

(1)
0 N

(2)
45 )

implies the existence of a spatial suppression. Addition of the second noise, in the way
that the overall level of the resulting masker was the same in both configurations, de-
creased the masking efficiency of the disturbances and increased the speech intelligibil-
ity. It seems to be reasonable to state that the spatial suppression phenomenon may be
only a generalization of the BMLD phenomenon which, by definition, is mainly con-
cerned with signal detection thresholds depending on the masking effect of noise. The
data gathered so far have revealed that the phase and the level differences of noise be-
tween both ears lead to both lower signal-threshold values and to the increase in the
speech intelligibility. Therefore, new definition of the BMLD phenomenon may be pro-
posed not on the basis of the difference in the masking levels for a tone masked by a
noise, but on the basis of the signal-to-noise ratio changes that leads to changes in the
threshold values.

For the second pair of configurations, i.e. SN
(1)
−60 and SN

(1)
−60N

(2)
45 , the masking en-

hancement was noticed instead of the spatial suppression effect. This fact is also fully
consistent with the BMLD. The speech intelligibility was significantly better for one
disturbing noise only (placed at −60◦). In this case the difference in the overall levels
of the noise in both ears was about 10 dB. This implies that the SNR in the ear that was
farther from the noise source (a “better” ear), was much higher than that in the opposite
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one. As a consequence, the intelligibility was much better for the configuration with one
noise source only. The addition of the second source of noise at the side of the better ear
decreased significantly the SNR in this ear. It is important to emphasize that the configu-
ration SN

(1)
−60N

(2)
45 corresponds very well to the almost symmetrical configuration of the

disturbing sources regarding the head: uncorrelated masking signals at the same level
were coming to both ears. In this configuration any sound coming from the front was al-
most equally masked in both ears. Furthermore this spatial localization of the disturbing
noise sources qualitatively corresponds to the SN

(1)
0 configuration, but in the latter the

disturbances in both ears were fully correlated. This qualitative correspondence of both
configurations has been proved by the results of the experiment. The comparison of the
results for SN

(1)
−60N

(2)
45 and SN

(1)
0 presented in Fig. 3 reveal that they are almost iden-

tical. This was also proved by the within-subject analysis of variance: [F (1, 2) = 2.82,
p = 0.253]. It must be reminded that the BMLD for the uncorrelated sources of noise
reaches merely 4 dB [17]. This partly results from the lack of noticeable difference in
speech intelligibility for SN

(1)
−60N

(2)
45 and SN

(1)
0 configurations.

For all four spatial configurations, the average (for three subjects) speech reception
thresholds were determined using the intelligibility curves from Fig. 3. This kind of
measure is consistent with other works on this topic [2, 13]. The values are expressed
in terms of the signal-to-noise ratio at the SRT and for successive spatial configurations
are shown in Table 1.

Table 1. The average speech reception thresholds (SRTs) expressed in terms of the signal-to-noise ratio
for 4 spatial configurations of the sources investigated in Experiment 1.

Spatial configuration SN
(1)
0 SN

(1)
0 N

(2)
45 SN

(1)
−60 SN

(1)
−60N

(2)
45

SRT (dB) −5.5 −8 −14 −6.5

As it can be seen, there is 1 dB difference in SRTs between the SN
(1)
0 and SN

(1)
−60N

(2)
45

configuration, while the SN
(1)
−60 is most convenient for speech understanding. How-

ever, PEISSIG and KOLLMEIER [2] reported that the SRT for symmetric and almost
symmetric configurations (SN

(2)
x N

(1)
105 , x range from 240◦ to 270◦) was about 2 dB

below the STR for the SN
(2)
0 N

(1)
105 (non-symmetric) case. In the present study com-

paring analogous configurations i.e. SN
(1)
−60N

(2)
45 (almost symmetric), and SN

(1)
0 N

(2)
45

(non-symmetric) the opposite effect can be noticed, that is the SRT for the symmetric
configuration is about 1.5 dB above the SRT for the other one case.

2.7. Experiment 2: The logatom intelligibility masked by one or two sources of noise

In this experiment phonetically balanced logatom tests were used [16]. Speech in-
telligibility was measured for three subjects aged 18–24 with audiologically normal
hearing. One of subjects was different from those of Experiment 1. Due to the low
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redundancy of the logatoms, it was necessary to increase the signal-to-noise ratio (3,
0, −3, −6, −9 dB) so that the intelligibility would be measurable. The same spatial
configurations as those in Experiment 1 were used.

The results of this part of the study, i.e. the logatom intelligibility as a function of
SNR for different spatial configurations of noise source(s)

(
SN

(1)
0 , SN

(1)
0 N

(2)
45 , SN

(1)
−60

and SN
(1)
−60N

(2)
45

)
, are depicted in Fig. 4. Successive panels of the figure depict the

data gathered for individual subjects. All results for both pairs of the compared spatial
configurations, i.e. SN

(1)
0 with SN

(1)
0 N

(2)
45 (circles and asterisks connected with a solid

line respectively) and SN
(1)
−60 with SN

(1)
−60N

(2)
45 (triangles and squares connected with a

dashed line respectively) are presented in this figure.
The results for all subjects are qualitatively consistent with each other, however

the intersubject scatter may be noticed. These results are also analogous to the results
obtained in the Experiment 1. Generally it may be stated that the intelligibility is a
monotonically increasing function of the SNR. However, the logatom intelligibility val-
ues are significantly below the one-syllable words intelligibility. This fact reflects the
difference in the redundancy of these two tests.

Let us analyse the situation in which the speech signal was masked by one noise
only, i.e. the configurations SN

(1)
0 (circles) and SN

(1)
−60 (triangles). As it can be noticed

in Fig. 4, the noise coming from the same direction as the signal is, again, a very ef-
fective masker since the speech intelligibility reaches the lowest values. However, when
the noise was coming from the azimuth of −60◦ (the SN

(1)
−60 configuration), the speech

intelligibility was much higher, i.e. the highest values of the intelligibility were gathered
for this configuration. Despite the fact of the same overall level of the masker in both
configurations, the masker placed at −60◦ was significantly less efficient. The differ-
ence in the logatom intelligibility between these two configurations is approximately
constant and does not depend on the SNR and reaches about 25%. This result is also
consistent with the result of Experiment 1 and may be interpreted on the basis of the
BMLD. In the SN

(1)
0 case there is no interaural phase nor level difference between the

signals reaching the left and the right ear, so the intelligibility is the lowest. However, in
the SN

(1)
−60 case the time patterns of the noise in the left and in the right ear are different

while the time courses of the logatoms are still identical in both ears. Thus, it is a typi-
cal situation in which the BMLD occurs contributing to the enhancement of the speech
intelligibility.

The intelligibility difference between these two spatial configurations
(

i.e. SN
(1)
0

and SN
(1)
−60

)
was subjected to the within-subject analysis of variance (ANOVA). The

influence of the signal-to-noise ratio and the spatial configuration of the maskers on
the speech intelligibility was examined. The effect of SNR was proved to be statisti-
cally significant [F (8, 4) = 89.24, p < 0.001]. The effect of spatial configuration was
also proved to be statistically significant: [F (1, 2) = 373.59, p = 0.003]. The inter-
action between these two factors was proved to be marginally statistically significant
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[F (4, 8) = 3, 60, p = 0.058]. This implies that the difference in the intelligibility in
both spatial configurations was only slightly dependent on SNR.

Addition of the second noise at the azimuth of 45o to the noise coming from 0◦

(SN
(1)
0 N

(2)
45 configuration) contributed to a significant increase in the logatom intel-

ligibility from a few to a dozen percent (compare SN
(1)
0 – circles and SN

(1)
0 N

(2)
45 –

asterisks in Fig. 4). This situation is analogous to that of the one-syllable word tests and
may be explained in the same way. Addition of the second noise resulted in the fact
that the time pattern and the level of the noise (that is superposition of two noises from
two independent sources, N

(1)
0 and N

(2)
45 ) in the left and in the right ear were not iden-

tical while the speech signals in both ears had the same phase and level. Therefore, the
addition of the second noise at 45◦ brought about a significant increase in the logatom
intelligibility.

The analysis of variance in which the influence of the signal-to-noise ratio and the
number of maskers on the logatom intelligibility was investigated revealed that the SNR
was statistically significant: [F (4, 8) = 57.05, p < 0.001]. The number of disturb-
ing sources (i. e. SN

(1)
0 or SN

(1)
0 N

(2)
45 ) was also proved to be statistically significant:

[F (1, 2) = 45.36, p = 0.021]. However, the interaction between these two factors was
proved to be statistically insignificant: [F (4, 8) = 0.34, p = 0.847].

Comparison of the SN
(1)
0 and SN

(1)
0 N

(2)
45 configurations and the statistically signif-

icant difference in the logatom intelligibility for these two cases implies the existence
of the spatial suppression, since the addition of the second noise situated in the place
different than the first one (in the way that the overall level of the masker was equal in
both configurations) brought about the increase in the logatom intelligibility. These re-
sults are fully consistent with the data gathered by PEISSIG and KOLLMEIER [2]. They
showed a significant improvement in the signal-to-noise ratio of short sentences when
the second noise was added while the first one was fixed at 105◦. The improvement,
however, was much less prominent for azimuths from the range (240◦, 270◦), that is the
symmetric or almost symmetric configuration, but still the SRT was about 2 dB below
the SRT for SN

(2)
0 N

(1)
105 configuration.

Similarly to the results of Experiment 1, for the second pair of configurations, i.e.
SN

(1)
−60 and SN

(1)
−60N

(2)
45 , the masking enhancement occurred, that is the opposite effect

to the spatial suppression phenomenon. The logatom intelligibility was significantly
better for one disturbing noise only, placed at −60◦ (see triangles in Fig. 4). This can
be also explained in the same way as in Experiment 1. In this case the difference in the
overall levels of noise in both ears was about 10 dB. This implies that the SNR in the
“better” ear was much higher that in the opposite one. As a consequence, the intelligi-
bility was much higher for the configuration with one noise source only. The addition
of the second source of noise at the side of the “better” ear decreased significantly the
SNR in this ear.

It is important to emphasize that the configuration SN
(1)
−60N

(2)
45 corresponds very

well to a symmetrical configuration of the uncorrelated disturbing sources of speech-
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shaped noise regarding to the head: uncorrelated masking signals at about the same
level were coming to both ears. The BMLD for the uncorrelated sources of noise reaches
merely 4 dB [17]. This partly corresponds to the lack of difference in the speech intelli-
gibility for SN

(1)
−60N

(2)
45 and SN

(1)
0 configurations revealed by the ANOVA.

Again, the comparison of the data gathered in the experiments carried out for the
SN

(1)
−60 and SN

(1)
−60N

(2)
45 conditions with the data presented by PEISSIG and KOLLMEIER

[2] shows a qualitative agreement. However, it is difficult to state that this agreement is
also quantitative. They showed that the addition of the second noise source generally
brings about the increase in the speech reception threshold. For some of the positions
of the second noise source, the second noise did not influence the SRTs whose values
were very close to that measured with one noise source only. The data gathered in our
experiments showed that the change in the speech intelligibility strongly depended on
the spatial position of the first source of noise. In the PEISSIG and KOLLMEIER’s [2]
case, however, the position of the first source of noise was fixed at 105◦ while in our
case the position of the first noise source was 45◦. For this particular position of the first
noise source, a marked decrease in the speech intelligibility was noticed after the sec-
ond source of noise at the position of−60◦ was added. Thus, it seems that the existence
of the spatial suppression is strongly influenced by mutual positions of the disturbing
sound sources and the position of the speech source. In general it may be stated that
when the positions of the disturbing sounds are approximately symmetrical, the spatial
suppression may not occur at all. Moreover, the opposite effect may occur, that is the
masking enhancement resulting in decrease of the speech intelligibility.

Similarly to the Experiment 1, the speech reception thresholds were determined
using the intelligibility curves form Fig. 4. The values are shown in Table 2.

Table 2. The average speech reception thresholds (SRTs) expressed in terms of the signal-to-noise ratio
for 4 spatial configurations of the sources investigated in Experiment 2.

Spatial configuration SN
(1)
0 SN

(1)
0 N

(2)
45 SN

(1)
−60 SN

(1)
−60N

(2)
45

SRT (dB) 0 −2.5 −7 −1.5

Again, there is 1.5 dB difference in SRTs between the SN
(1)
0 and SN

(1)
−60N

(2)
45 con-

figuration while the SN
(1)
−60 is the most convenient for speech understanding and the

SN
(1)
0 case is the most inconvenient one. Moreover, the difference in SRTs between the

almost symmetric case (SN
(1)
−60N

(2)
45 ) and the non-symmetric (SN

(1)
0 N

(2)
45 ) configura-

tion observed in Experiment 1 was confirmed: the SRT for the symmetric configuration
is about 1 dB above the SRT for the other one case while in data obtained by PEISSIG
and KOLLMEIER, this dependence is reversed and reaches about 2 dB.

The data gathered in the first and the second experiment are in a good agreement.
The only difference between these two experiments was the type of the test material
used. Based on the gathered results it is possible to state that the spatial suppression
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was noticed for both word tests and for the logatom tests. Also the effect opposite to
the spatial unmasking was similar for these two types of speech sounds. Thus, it seems
reasonable to state that the existence of the spatial suppression is not attributed to the
utterances conveying any semantic information. It is rather a general ability of the au-
ditory system to extract some information enclosed in acoustic waves. However, this
ability is strongly influenced by exact position of the disturbing sources. Once the dis-
turbing sources are more or less symmetrical, the spatial suppression does not occur.

As the spatial position of the disturbing sound sources is related to the interaural
phase differences of sounds coming to the left and to the right ear, the results of our
experiments imply an important role of phase preservation in the hearing aids. There
should not be any phase shift between the input and the output signal. Otherwise the
localization of the sound sources in the space as well as the speech intelligibility may
be decreased as the spatial suppression may not occur at all. Furthermore, in some cases
the masking enhancement may be noticed.

3. Conclusion

The carried out experiments enable us to formulate the following conclusions:
• All results are fully consistent with the binaural masking level difference and

can be explained on the basis of this phenomenon. Therefore, it can be stated
that the spatial suppression (in the first pair of spatial configuration) and masking
enhancement (in the second pair) is only a generalized case of the BMLD.

• The decrease in speech intelligibility is consistent with the data on the decrease
in the signal-to-noise ratio obtained by other authors.

• The results gathered in the present study revealed a significant difference be-
tween the speech reception thresholds determined by the authors and PEISSIG
and KOLLMEIER [2] in analogous spatial configurations. However, in the present
study more rigorous and objective tests were used for the speech intelligibility
determination.

• The present study implies that the spatial suppression occurs only in certain cases
(i.e. SN

(1)
0 and SN

(1)
0 N

(2)
45 ). In some other spatial configurations the masking

enhancement may occur (e.g. SN
(1)
−60 and SN

(1)
−60N

(2)
45 ) .

• The logatom tests were proved to be more rigorous tests compared to the one-
syllable word tests what can be seen from the comparison of the speech reception
thresholds for those tests. However, the results obtained for both types of test
are fully consistent with each other and across all the subjects. Even though the
speech intelligibility differs for those two kinds of tests, the character of the de-
pendences are similar and the spatial suppression and the masking enhancement
are noticed to the same extent. It implies that the spatial suppression is not at-
tributed to the utterances conveying semantic information only, but it is more
general phenomenon that shows an ability of the auditory system of extracting
useful information form a meaningless signal.
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• In the SN
(1)
−60 case there was a significant difference in the overall levels of noise

in both ears leading to a much better signal-to-noise ratio in one ear. Therefore,
this configuration was most convenient for speech understanding.

• Data for both SN
(1)
−60N

(2)
45 and SN

(1)
0 cases are almost identical. This fact can be

also explained on the basis of BMLD. The SN
(1)
−60N

(2)
45 case qualitatively corre-

sponds to the SN
(1)
0 configuration, but in the latter the maskers in both ears were

fully correlated whereas in the first one it could be assumed that the uncorrelated
masking signals at the same level were coming to both ears. According to [17]
when uncorrelated rather than correlated maskers of the same level are coming to
separate ears, the BMLD value reaches merely 3–4 dB. This small value explains
the lack of significant statistical difference in the intelligibility between spatial
configurations SN

(1)
−60N

(2)
45 and SN

(1)
0 .

• Since in the presented experiments Polish speech was used, it is possible to state
that the spatial suppression was similar to that observed for the other languages.
It suggests, then, that spectral structure of the speech signals is not an important
factor for the spatial unmasking occurrence. Spatial position of the disturbing
sound sources (which is related to the interaural phase and level differences) plays
a primary role in the spatial suppression occurrence that may improve the speech
intelligibility.
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