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Abstract: Lexical tone recognition in multiple-talker babbles (N=1, 2, 4, 8, 10, or 12) and
in speech-shaped noise at different signal-to-noise ratios (SNRs= —18 to —6 dB) were tested
in 30 normal-hearing native Mandarin-speaking listeners. Results showed that tone percep-
tion was robust to noise. The performance curve as a function of N was non-monotonic.
The breakpoint at which the performance plateaued was N =8 for all SNRs tested with a
slight improvement at N > 8§ at —6 and —9 dB SNR. ©2020 Acoustical Society of America
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1. Introduction

Multiple-talker babbles (MTBs) and speech-shaped noise (SSN) have been widely used as
maskers in studies on speech perception in noise. Two types of masking were suggested to
explain the differences in the masking effects of different types of maskers: (1) energetic masking
(EM) that derives from the inaudibility of the target due to the overlap of energy between the
target and masker across time and frequency regions and (2) informational masking (IM) that
arises from the similarity between the target and noise when both are audible and includes many
aspects that are beyond peripheral processing (e.g., Brungart et al., 2001).

The total masking effect in MTB is a mixture of EM and IM and is highly dependent on
the number of talkers (N) in the babble. As N increases, EM increases monotonically due to the
reduced chance for dip-listening [i.e., listeners making use of the temporal-spectral regions with
favorable signal-to-noise ratios (SNRs) to extract information of the target of interest]. Recent evi-
dence suggested that EM essentially arises from the interaction of modulation between target and
masker rather than their energy in spectro-temporal domain (Stone er al., 2012). Consequentially,
dip-listening results from the release from such modulation masking (Stone and Canavan, 2016).
EM does not increase anymore after reaching a large-enough N because the energy (modulation)
in the temporal-spectral domain saturates. This case can be approximated by SSN that is gener-
ated by modulating a random noise with the long-term average spectrum of the speech. IM peaks
at a much smaller N (i.e., 2 or 3 talkers; Brungart et al, 2001; Freyman et al, 2004) and has a
much more profound impact on speech intelligibility than EM (Brungart et al, 2006). Many
important aspects of IM have been demonstrated in previous studies such as the speaker-masker
gender (i.e., voice information coded in the pitch) (Brungart etz al., 2001), the relative spatial loca-
tion between the target and masker (Freyman et al, 1999, 2004; Rakerd et al, 2006), and the
acoustic-phonetic masking and the lexical interference (Hoen et al, 2007). IM barely contributes
to the overall masking when N is greater than 128 (Simpson and Cooke, 2005).

Using various speech materials as targets, many studies have investigated perceptual per-
formance in babble maskers. Recognition performance was almost always a non-monotonic func-
tion of N, that is, a rapid decrease to its minimum at a relatively small N followed by a plateau
with gradual improvement as N becomes greater. Rosen et al. (2013) addressed this common find-
ing among separate studies and named the N separating the performance curve into different
trends (i.e., slopes) as a “breakpoint.” At the breakpoint, the performance was usually the poorest.
In Miller (1947), the breakpoint in masking isolated English words was at N=6. Carhart et al.
(1975) observed that the perception of spondees was worst at N=3. The breakpoint in Rosen
et al. (2013) was at N =2 where natural English sentences were used as targets. The perception of
vowel-consonant-vowel (VCV) syllables yielded a breakpoint at N =8 (Simpson and Cooke, 2005).
Although the breakpoint varied among target materials, an improvement in performance at N
greater than the breakpoint was almost always present at —6dB SNR. Rosen ez al. (2013) attrib-
uted the improved performance to the release of the overwhelming effects of IM.
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Nevertheless, most of the investigation of speech perception under MTB was conducted
in non-tonal languages such as English. It remains unknown if this would also be the case for
lexical tones. Mandarin Chinese has four distinct lexical tones that are typically termed as Tone
1 (high and flat), Tone 2 (rising), Tone 3 (falling and then rising), and Tone 4 (falling). Lexical
tones function just as vowels and consonants do in non-tonal languages, that is, to discriminate
the meaning of the monosyllable. The perception of lexical tones has been found to be relatively
robust to degraded listening environments (Xu et al., 2002; Kong and Zeng, 2006; Krenmayr
et al., 2010; Lee et al., 2013; Qi et al., 2017). According to Qi et al. (2017), for example, the tone
perception was approximately 60% correct at —12dB SNR in SSN and 55% correct at —18 dB
SNR in two-talker babbles. These results are expected given that voice contrasts are relatively
robust in noise for non-tonal language (Miller and Nicely, 1955).

The purposes of the present study were to compare the psychometric functions of tone
recognition in SSN and MTB and to determine how lexical tone perception in MTBs is affected
by N. The majority of studies on English speech perception in noise used SNRs that were greater
than —12dB in order to avoid floor performance (Miller, 1947; Brungart ez al, 2001; Freyman
et al., 2004; Simpson and Cooke, 2005; Rosen et al., 2013). Based on Qi et al. (2017) and our pilot
experiments, we chose —18 to —6dB SNRs in the present study to avoid floor or ceiling effects in
tone perception performance. To determine the performance of lexical tone perception in babbles
as a function of N and to compare that to the existing results of studies on the English language,
we examined the intelligibility of lexical tones in babbles consisting of 1, 2, 4, §, 10, and 12 talkers
and in SSN.

2. Methods
2.1 Subjects

Thirty native-Mandarin-speaking adults (15 males and 15 females) were recruited to participate
in the study. All listeners were university undergraduate or graduate students in Beijing. Most of
them were Beijingese who speak standard Mandarin Chinese and Beijing dialect. A few of them
were from other provinces but they had stayed in Beijing for more than 3 years and were fluent
in standard Mandarin Chinese. The age of the participants ranged from 18 to 45years [25.3
+ 3.1, mean and standard deviation (s.d.)]. All participants were screened for normal hearing
(<20dB hearing level) at octave frequencies between 250 and 8000 Hz. No participant had any
history of speech or hearing disorders. The use of human subjects was reviewed and approved by
the Institutional Review Board of Ohio University.

2.2 Materials

The stimuli for the tone recognition test consisted of ten monosyllables: /fu/ “fu,” /t¢i/ “ji,” /ma/
“ma,” /tchi/ “qi,” luan/ “wan,” /¢i/ “xi,” /¢ien/ “xian,” /ien/ “yan,” /ian/ “yang,” and /i/ “yi,”
with each of them being in four tones. The tokens were recorded from one male and one female
native Mandarin speaker. The mean FO for the male and female speakers were 137 and 257 Hz,
respectively. In total, there were 80 tone tokens (10 syllables x 4 tones x 2 speakers). The dura-
tions of the four tones of each syllable were equalized to the mean duration of the four tones of
each syllable using the method of the pitch-synchronous overlap-add method (Boersma and
Weenink, 2016). All tone tokens were then adjusted to the same root-mean-squared (RMS)
amplitude and an interval of 300-ms silence was added both before and after the duration-
equalized tone token.

The SSN was generated by filtering a white noise to the long-term average speech spec-
trum of the 80 tone tokens used in the present study. To generate MTB, narrative speech in
Mandarin Chinese was recorded from 12 native speakers of Mandarin Chinese (6 females and
6 males). The speakers were all broadcasting major undergraduate seniors aged between 22 and
24 years old. The mean FOs of the 6 male speakers were 93, 99, 103, 107, 124, and 148 Hz and
those of the 6 female speakers were 138, 159, 196, 210, 212, and 253 Hz. The number of talkers
(N) for MTB included 1, 2, 4, 8, 10, and 12. A particular number of narrative speech segments
(corresponding to N) with an appropriate length was randomly selected from the 12 possible
speech recordings, some from the females and the rest from the males. For the even number of
talkers (i.e., 2, 4, 8, 10, and 12), equal numbers of female and male talkers were selected ran-
domly. For the odd number of talkers (i.e., 1), a female or a male talker was selected randomly.
The RMS amplitude of those speech segments from different talkers was equalized before use.

On each presentation, the SSN or MTB with appropriate length was mixed together
with the tone token at a specific SNR (i.e., —18, —12, =9, or —6dB). The RMS amplitude of
tone tokens was fixed and the RMS of the SSN or MTB was manipulated to achieve the desired
SNRs. The masker was present 300 ms before the tone tokens and 300ms after the end of the
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tone tokens. A 50-ms cosine ramp was applied to the onset and offset of the target-masker
mixture.

2.3 Test procedure

The tone-masker mixtures were presented binaurally to participants through Sennheiser HD280
Professional headphones (Sennheiser, Wedemark, Germany) in a double-walled sound booth with
noise levels <30dB (A). The intensity of presentation was adjusted to the participant’s most comfort-
able level. A custom MATLAB program was used to conduct the tone recognition test. Before the formal
testing, a practice session was conducted to allow familiarization of the testing procedure and stimuli.

The test was conducted using a four-alternative forced-choice procedure, in which four
Chinese characters with the same syllable and the PINYIN with tonal marking were displayed
on the screen and the participants were asked to select one out of the four tones based on what
they heard. There were a total of 28 test conditions [i.e., (1 SSN 46 MTB) x 4 SNRs]. For each
participant, the order of the 28 test conditions was randomized. In each condition, 80 tokens (10
syllables x 4 tones x 2 speakers) were used and the order of tone token presented was also ran-
domized. Each participant completed a total of 2240 trials (80 tokens x 28 conditions). The test
took approximately 60 to 80 min to complete.

2.4 Data analyses and statistical methods

Data analysis was performed in MATLAB with the Statistics Toolbox. The percent-correct scores
of the tone-perception test were binomial data and thus were analysed using a generalized linear
mixed model (GLMM) (Warton and Hui, 2011) to examine the effects of (1) the number of talk-
ers (N), (2) SNRs, and (3) the interaction between N and SNR. The number of correct responses
out of 80 for each condition for each listener was entered into the GLMM model. The Pearson
chi-square dispersion statistic (the ratio of the Pearson chi-square statistic to its degrees of free-
dom) was calculated to evaluate dispersion in GLMM. Planned comparisons on N were con-
ducted at each SNR separately. Specifically, the performance at each N to that of SSN for a par-
ticular SNR were paired and compared. The Bonferroni correction was used to control the
familywise type I error rate at 0.05.

3. Results and discussion

Figure 1 shows the tone-recognition performance as a function of SNR. The Pearson chi-square
dispersion statistic in GLMM was 1, indicating that no overdispersion was detected. The GLMM
analyses revealed significant main effects of SNR and the type of maskers (both p <0.0001). The
two-way interaction between SNR and the type of noise was also significant (p < 0.0001), indicat-
ing that the impact of the type of masker on tone recognition changed as the SNR varied.
Specifically, while tone perception performance was fairly good at —6dB SNR for all maskers,
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Fig. 1. (Color online) Group mean tone-recognition scores as a function of SNR. Each line represents the recognition perfor-
mance in SSN or MTB of a specific N. Error bars indicate *1 standard error (S.E.).
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decreases in SNR led to much greater decrements in performance for higher numbers of talkers in
the babble (or SSN), in comparison to babbles with fewer talkers. This is also reflected by the
steeper slope of tone recognition performance as a function of SNR at a greater NV in the babble.

These results demonstrated that lexical tone perception was robust to both MTB and
SSN. A previous study showed that speech reception thresholds (SRTs, the minimum SNR
required to reach 62.5% correct) of Mandarin tones in SSN were, on average, between —13.6
and —12.9dB SNR (Krenmayr et al., 2010). From Fig. 1, it can be estimated that the SRTs for
SSN from the present study was consistent with those reported in Krenmayr et al. (2010). The
percent-correct scores in SSN were also comparable to those reported in Qi ef al. (2017). In com-
parison to one MTB condition (i.e., N=2) that was tested in Qi er al (2017), the present study
showed a slightly higher score of about 5-10 percentage points at comparable SNRs. The reason
might be due to the fact that we used natural tone tokens in the present study whereas in the Qi
et al. (2017) study, the tone tokens went through the chimera processing and were resynthesized.
This process might have caused decreased recognition performance in noise conditions.

The sex of the speakers of the tone tokens showed a significant effect on tone-
recognition performance. Figure 2 displays the mean tone-recognition scores separated by the sex
of speakers of the tone tokens in various types of maskers. Results from all SNRs (i.e., —18,
—12, -9, and —6 dB) were pooled together. The paired z-test indicated that on average, the tone
recognition score was higher when the speaker was a female than it was a male for all MTB con-
ditions (all p <0.0001) and for the SSN condition (p < 0.05). Averaged across all masking condi-
tions and SNRs, tone recognition using female tone tokens was 16.6 percentage points higher
than that using male tone tokens.

Although it is difficult to draw solid conclusions about the difference in performance
relating to the sex of speakers given the limited number of speakers used in the present study
(one male and one female), many studies in non-tonal languages have reported similar results in
speech perception in noise. Krenmayr et al. (2010) showed that tone recognition in SSN with the
female speaker yielded a lower SRT than with the male speaker. The SRTs were —13.6 and
—12.9dB SNR for the female and male speakers, respectively. Female voice is different from
male voice in many acoustic parameters such as FO (Fry, 1979), formant frequencies (Peterson
and Barney, 1952), and the degree of acoustical contrasts (Koopmans-van Beinum, 1980).
English-speaking females were reported to use rising intonation more than males (Jiang, 2011).
Although the relationship between these parameters and speech intelligibility is still under debate,
studies on non-tonal languages showed that the female voice produced higher speech intelligibil-
ity scores than the male voice (Kwon, 2010; Bradlow et al, 1997; Byrd, 1994). However, the
influence of these parameters on lexical tone perception in noise was not clear. Presumably, a
female voice has a higher FO than a male voice and thus a greater separation of higher harmon-
ics. Such spaced-out harmonics might be easier to be resolved in the auditory system in noise
conditions, which in turn might facilitate lexical tone recognition. The effects of speaker sex or
voice F0 on tone recognition in noise will be comprehensively investigated in our future research.

Figure 3 displays tone-recognition scores as a function of N of the MTB. For compari-
son, we also plotted in Fig. 3 the recognition performance of English VCV syllables (Simpson
and Cooke, 2005), words (Miller, 1947), and sentences (Rosen et al, 2013). Tone-recognition
scores of the present study at —6, —9, and —12dB SNRs were better than the perception scores
measured using English VCV syllables, words, or sentences at —6dB SNR. At —18dB SNR,

ek *kk
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Fig. 2. Group mean tone-recognition scores separated by the sex of speakers at different N of the MTB and in SSN. Data
were pooled from all SNRs (i.e., —18, —12, —9, and —6 dB). Error bars indicate 1 s.d., *** represents a significance level of
p<0.0001, and * p <0.05.
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Fig. 3. (Color online) Group mean speech-recognition scores as a function of N of MTBs. Recognition performance in SSN
is arbitrarily plotted beyond N = 512. Solid lines with filled symbols are tone-recognition scores at different SNRs in the pre-
sent study. Error bars indicate =1 S.E. Dashed lines without symbols are fitted curves from the exponential regression.
Dotted lines with unfilled symbols are speech-recognition scores with different speech materials from previous studies on the
English language: VCYV syllables (Simpson and Cooke, 2005), words (Miller, 1947), and sentences (Rosen ez al., 2013).

tone recognition scores were slightly poorer than that of English VCV syllables at —6dB SNR
but were still better than those of other English speech materials. Note that the chance perfor-
mance in tone recognition task is 25% (1/4), which is much higher compared to the chance per-
formance in consonant perception (1/16, about 6.3%) and word and sentence perception that are
open-set tests.

Next, the tone recognition scores as a function of N of MTBs were fit with an exponen-
tial regression function, y =ae”” "9 4+ d, in which y is the percentage correct scores and 7 is the
number of talkers that was used to fit the group mean score curves at each SNR, separately. The
values of the parameters of the exponential function were determined based on the ordinary least
square method (Xu and Zheng, 2007). The breakpoint for each of the fitting curves was defined
as the number of talkers at which 90% of the performance plateau is reached. Note that our
method of calculating breakpoint was different from that used in Rosen et al. (2013). In the lat-
ter, the breakpoint was defined as the number of talkers at which slopes of two fitted straight
lines of the performance data differed the most. The breakpoint was found at approximately
eight talkers for all SNR conditions in the present study. The improvement of tone-recognition
performance after the breakpoint occurred only in the conditions where SNR was more favorable
(i.e., —6 and —9 dB) but not in the least favorable conditions (i.e., —12 and —18 dB).

An overall good performance was observed at N=1 and 2 (see also Fig. 1). The effects
of IM and EM were minimum for these values of N. Brungart (2001) and Brungart ez al. (2001)
suggested that listeners were able to tack the voice of speaker when N = 1. It is likely that our
listeners also used such pitch information of target speakers (i.e., one male and one female) to
track target tones. The rapid decrease in performance when N was <8 was monotonic. Apart
from the monotonic increase in EM, this may also be addressed by one of the aspects in IM: the
acoustic-phonetic masking, which refers to the masking effect due to the presence of acoustic-
phonetic information (such as acoustic correlates of phonemes) in the background babble. Note
that acoustic-phonetic masking is independent of the meaningfulness (or lexicality) of maskers. A
timely-reversed speech babble (i.e., not meaningful) has the same amount of acoustic-phonetic
masking as a natural speech babble (meaningful) when they have the same N (Hoen et al., 2007).
As N increases from 1 to 8, the acoustic-phonetic information in babbles increases monotonically
(Hoen et al., 2007). Such acoustic-phonetic information in babbles of the present study was likely
to be the acoustic correlates of lexical tones: the FO contour and amplitude contours (Whalen
and Xu, 1992). Presumably, another aspect of IM contributing to the rapid decrease in perfor-
mance might be the distraction due to the background lexicality (i.e., being meaningful). The lex-
icality in the background causes failure in object selection that is directed by a top-down process
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(Shinn-Cunningham ez al., 2007). In the present study, the lexical information in babbles may
have preoccupied listeners’ attention over a single tone target.

The breakpoint occurred at approximately eight talkers in all SNR conditions (see Fig. 3).
This was comparable with that observed in English VCV perception (Simpson and Cooke, 2005),
but was greater than those in English word recognition (Miller, 1947) and sentence recognition
(Rosen et al., 2013). Perhaps the amount of IM is different in situations whether the targets activate
the semantic processing (as in word and sentence recognition) or not (as in VCV and tone
recognition).

The improvement of tone recognition performance on the plateau only occurred at better
SNR conditions (i.e., —6 and —9 dB), but not at poorer conditions (i.e., —12 and —18 dB). This
may imply a shift of the role that IM plays as SNR changes, that is, IM is stronger when SNR
is more favorable. Similarly, Brungart (2001) observed the worst performance resulting from gen-
der similarity at a positive SNR but not a negative SNR. Considering conditions where IM is
stronger, the release from IM due to the increment of N should have greater magnitude.
Therefore, our result is consistent with the notion of Rosen ez al (2013) in that the improvement
in performance occurred when the release from IM overwhelms EM that monotonically increases
with N under more favorable SNR conditions.

In summary, the present study demonstrated the robustness of lexical tones under SSN
and MTB consisting of N=1, 2, 4, 8, 10, and 12. Under all masking conditions, tone recognition
using female tone tokens was higher than that using male tone tokens. Across all masking condi-
tions and SNRs tested (i.e., —18, —12, —9, and —6dB), tone recognition was approximately 16.6
percentage points higher with the female voice than with the male voice used in this study. Tone-
recognition performance as a function of N was non-monotonic in various SNRs tested. The
breakpoint observed in our study was N =38, similar to that in English VCV syllable recognition
reported by Simpson and Cooke (2005) but greater than those reported in English word and sen-
tence recognition (Miller, 1947; Rosen et al., 2013). The improvement of performance after
breakpoint was only observed in better SNR conditions but not in the poorer SNR conditions.
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