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Abstract

The present work quantifies the Lombard effect across native speakers of Mandarin Chinese using the Matrix sentence
test, which is optimized for precisely assessing speech recognition thresholds (SRTs) in noise. Specifically, we studied the
effects of speaker gender, fundamental frequency (FO), formant frequencies (FI and F2), the duration and rate of voiced
segments, and frequency-specific energy redistribution characterized by alpha ratio and speech-weighted signal-to-noise
ratio (swSNR) on the recognition of Mandarin in plain and Lombard speech. The Mandarin Chinese matrix test was re-
corded with plain and Lombard speech from | | native-Mandarin speakers. SRTs in stationary noise were measured with
native-Mandarin, normal-hearing listeners. Results showed that on average, Mandarin Lombard speech was more intelli-
gible than Mandarin plain speech for both female and male speakers, and the Mandarin Lombard gain of female speakers
was larger than that of males. In addition, various acoustic analyses involving all speakers showed that (a) only swSNR was
significantly correlated with the SRT of the Mandarin plain speech; (b) most acoustic measures were significantly corre-
lated with the SRT of the Mandarin Lombard speech; and (c) alpha ratio and swSNR were significantly correlated with the
SRT Lombard gain. In addition, a gender effect was found in the correlational analysis between acoustic parameters and
SRT as well as Lombard gain in SRT. The findings highlight the impact of increased high-frequency energy on the observed
Lombard gain in Mandarin speech, whereas the changes in individual acoustic parameters (e.g., FO and F|) appear to play
only a minor role.
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quiet, Lombard speech exhibits a higher FO and a higher first
formant frequency (F1), an increased (Junqua, 1993) or de-
creased (Pisoni et al., 1985) second formant frequency (F2),
a flattened spectral tilt (Cooke and Lu, 2010; Lu and Cooke,
2009), an increased intensity (Cooke and Lu, 2010;
Kleczkowski et al., 2017), and a greater vowel duration
(Alghamdi et al., 2018; Junqua and Anglade, 1990). These
acoustic and phonetic modifications may lead to increased in-
telligibility of Lombard speech. The gender difference in the
Lombard effect has also been explored in several studies.
Junqua (1993) reported that in the presence of additive babble
noise, the Lombard speech of female speakers was more intel-
ligible than that of male speakers, while the plain speech of
male speakers was more intelligible than that of female
speakers.

To date, the phenomena of Lombard effects have been ob-
served in different languages (e.g., Kleczkowski et al., 2017;
Uma Maheswari et al., 2021). However, most of the early
work focused on Lombard speech in English (e.g., Dreher
and O’Neill, 1957; Pisoni et al., 1985; Van Summers et al.,
1988), and the studies in Chinese languages were limited
(e.g., Ng and Tsang, 2019; Tang et al., 2017a, 2017b; Yang
et al., 2022; Zhao and Jurafsky, 2009). The present work fur-
ther studied the Lombard effect on Mandarin speech, and the
unique contributions of the present work are reflected in the
following aspects:

1. Mandarin, as a tonal language, differs in several as-
pects from non-tonal languages (e.g., Chen et al.,
2013). It is unclear how important acoustic cues
(e.g., FO) for Mandarin speech perception contribute
to the perceptual advantage (if any) of Mandarin
Lombard speech. The findings of this work contribute
to understanding the language effect or specificity of
Lombard speech.

2. Earlier work studied the Lombard gain under specific-
ally selected SNR conditions (e.g., Cooke at al., 2014;
Lee et al., 2017). That is, the Lombard gain was only
reported for fixed SNR level(s). Psychometric curves
are commonly used to reflect the influence of external
noise interference on speech perception, whereas the
noise (or SNR) level varies over a wide range. The
psychometric curve and its characteristics, including
slope and speech recognition threshold (SRT, the
SNR level at which a speech perception rate of 50%
is found), may provide a more comprehensive view
of the relation between speech perception and noise
interference (e.g., Plomp and Mimpen, 1979).
Furthermore, SRT measurements make it possible to
avoid the ceiling- or floor effect that is typically ob-
served in fixed SNR measurements. An established,
efficient method for SRT determination is the Matrix
sentence test (see Kollmeier et al., 2015 for a review)
which is available in more than 20 languages including
Mandarin (Hu et al., 2018). Therefore, the present

work used SRT determined by the Matrix sentence
test to characterize the influence of noise on speech
comprehension and Lombard gain in Mandarin. Due
to the high comparability of carefully constructed
Matrix sentence tests across languages, this study
has the potential to serve as a reference study for com-
paring the Lombard effect across different languages.

3. In addition to the impacts of FO and SNR conditions,
many other cues (e.g., low-frequency region (Fogerty
and Chen, 2014), formants (Han and Chen, 2017),
etc.) also demonstrate specific contributions to
Mandarin speech perception, which may differ from
those contributions observed in non-tonal languages.
The present work carried out an acoustic analysis to in-
vestigate the changes of speech cues (e.g., FO and en-
ergy distribution across frequency bands) between
Mandarin Lombard and plain speech.

4. Most of the previous studies reported the perceptual
gain of Lombard speech, but they did not specifically
investigate the effect of speaker on the observed gain.
The present work recorded the Mandarin Lombard/
plain speech from a total of 11 native-Mandarin speak-
ers, and studied the Lombard gain for each individual
speaker. In addition, correlation analysis was carried
out between existing acoustic analyses (e.g., FO, F1,
F2, and energy distribution across frequency bands)
and Lombard gain. The findings of this work provide
insights into important acoustic correlates of the per-
ceptual gain of Mandarin Lombard speech.

Methods

Speech Material and Recording

This work used the Mandarin Chinese matrix sentence test
(CMNmatrix, Hu et al., 2018) as testing materials, which
was compatible with matrix tests for other major languages
(Kollmeier et al., 2015 for a review) and was developed based
on the ICRA guidelines (Akeroyd et al, 2015). The
CMNmatrix is based on two- or three-syllabic words that
are frequently used in spoken Mandarin speech. It contains
10 each of the following: names, verbs, numerals, nouns,
and adjectives. These 50 words are combined into grammat-
ically correct but semantically neutral and unpredictable sen-
tences (e.g., “BKARFA W—AN @ 1)7K4F” in Mandarin, or
“Zhangwei saw one ordinary kettle” in English).

For the purpose of this study, the speech material of the
CMNmatrix was recorded from 11 native-Mandarin speakers
(5 females and 6 males, denoted in the following as SF1-5 and
SM1-6, respectively) using both plain and Lombard speech.
All speakers spoke fluent standard Mandarin. One hundred
sentences (ten base lists of ten sentences) of the
CMNmatrix were recorded from each speaker in both plain
and Lombard speaking styles (each base list containing all
50 words). The 100 sentences were divided into 10 blocks
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of 10 sentences each, and the plain and Lombard blocks were
presented in alternating order. The order of the sentences
within a block was randomized. The recording took place in
a double-walled, sound-attenuated booth fulfilling ISO
8253-3 (ISO 8253-3, 2012), using a Neumann 184 micro-
phone with a cardioid characteristic (Georg Neumann
GmbH, Berlin, Germany) and a Fireface UC soundcard
(with a sampling rate of 44,100 Hz and resolution of 16
bits). The recording procedure generally followed the proce-
dures of Alghamdi et al. (2018). A Mandarin-native speaker
and a phonetician participated in the recording session and lis-
tened to the sentences to control the pronunciations, inton-
ation, and speaking rate. During the recording, the speaker
was instructed to read the sentence presented on a frontal
screen. The speaker was asked to utter the sentences in an
intermediate speaking rate, which was facilitated by a pro-
gress bar on the screen. In case of any mispronunciation or
change in the intonation, the speaker was asked via the screen
to repeat the sentence again, and on average, each sentence
was recorded twice. In Lombard conditions the speaker was
regularly asked (every three to five sentences) via a prompt
to repeat a sentence, to keep the speaker in the Lombard com-
munication situation. For the plain-speech recording blocks,
the speakers were asked to pronounce the sentences with nat-
ural intonation and accentuation. Furthermore, the speakers
were asked to keep the speaking effort constant and to avoid
any exaggerated pronunciations that could lead to unnatural
speech cues. For the Lombard speech recording blocks,
speakers were instructed to imagine a conversation to another
person in a pub-like situation. Throughout the whole record-
ing session, the speakers wore headphones (Sennheiser
HDAZ200) that reproduced the speaker’s audio signal. The le-
vel of the playback of the speakers’ speech was adjusted indi-
vidually (as described by Alghamdi et al., 2018). Briefly, the
perception of the own voice with and without headphones was
compared. Therefore, the speaker wore the headphone over
one ear, leaving the other ear uncovered. The speaker was
asked to speak while the playback of his/her voice was pre-
sented at gradually increasing levels through the headphones.
The speaker’s task was to indicate the level at which the sig-
nals were perceived equally loud in both ears. This level was
recorded individually and used as the presentation level of the
playback during recordings. In the Lombard condition, the
stationary speech-shaped noise ICRA1 (Dreschler et al.,
2001) presented at a level of 80 dB SPL was mixed with
the speaker’s playback. Calibration of the noise signal was
done using a Briiel & Kjer (B&K) 4153 artificial ear, a
B&K 4134 0.5-inch inch microphone, a B&K 2669 preamp-
lifier, and a B&K 2610).

Previous studies showed that the masker level of 80 dB
SPL induced a robust Lombard speech without the danger
of inducing hearing damage (Alghamdi et al., 2018). The re-
cording session lasted about one hour thirty minutes in total.
This included some breaks between the recording blocks. For
half of the recording session the talker was exposed to the

masking noise. By that, the exposure to the noise (considering
the presentation level of the noise and its duration) was sub-
stantially below the recommended exposure limits.

The sentences were cut manually from the recording, high-
pass filtered (60 Hz cut-off frequency) and set to the average
root-mean-square level of the original speech material of the
CMNmatrix (Hu et al.,, 2018). Then, the best version of
each sentence was chosen by native-Mandarin speakers so
that the selected sentences were comparable in terms of pro-
nunciation, tempo, and intonation.

The Lombard and plain speech with different speakers is
available at Zenodo (Hu et al. 2022).

Listening Experiment: Listeners

Thirteen native-Mandarin-speaking listeners (9 male and 4 fe-
male) aged between 21 and 34 years (mean 24.4 years) parti-
cipated in the listening experiment. All listeners were
normal-hearing with pure-tone thresholds of 20 dB hearing le-
vel or better at audiometric octave frequencies between 125
and 8,000 Hz. All listeners provided written informed con-
sent, as approved by the Ethics Committee of the Southern
University of Science and Technology. Listeners received
an hourly compensation for their participation.

Listening Experiment: Measurement Procedure

The measurements took place in a double-walled and
sound-attenuating booth. Speech recognition measurements
were administered using the Oldenburg Measurement
Applications software (Ho6rTech gGmbH, Oldenburg,
Germany). The speech and noise were presented monaurally
(to a single ear) through free-field-equalized Sennheiser
(HDA300) headphones (Sennheiser, Germany) via a laptop
and external sound card MAYA 22. The measurement setup
was calibrated to dB SPL using a Bruel & Kjaer artificial
ear 4152, type 4144 microphone, and a 2250 sound-level
meter.

The sound pressure level of the noise was kept constant at
65 dB SPL; thus the SNR was determined by the speech-
signal level. The noise signal started 500 ms before and ended
500 ms after the presentation of each sentence, and was gated
with 50 ms rising and falling ramps (using a Hann window).
An adaptive procedure suitable for concurrent estimation of
SRT and slope was applied (Brand and Kollmeier, 2002).
This procedure converged to a so-called pair of compromise
target values corresponding to 20% and 80% correct
responses.

Each listener attended 22 listening conditions [=11 talkers
X 2 speaking styles (plain and Lombard)]. In order to obtain
sufficient accuracy of SRT and slope estimates, test lists of
30 sentences were used for each listening condition.
Therefore, three randomly selected test lists of 10 sentences
were concatenated. The order of both the sentences within a
list and the listening conditions was randomized. Note that
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the 22 listening conditions were tested on two consecutive
days (11 conditions per day) using the same ear. The listeners
were asked to repeat the words they heard and the test in-
structor marked the correct responses in the software. The
word-correct rates were recorded during the adaptive proced-
ure for the estimation of SRT and slope. Prior to the first
measurement, two lists of 20 sentences and one list of 20 sen-
tences were conducted on day one and day two, respectively,
to account for the training effect (Hu et al., 2018). For training
purposes, the original version of the CMNmatrix was used
(Hu et al., 2018), and the feedback of correct responses
were provided to the listeners. Each listening condition
(with 30 sentences) took about 6 min, and a 5-min break
was given every 30 min to avoid listening fatigue. Each lis-
tener took about 1.5 h to finish the experimental procedure
each day.

Acoustic Analyses

Motived by earlier studies (e.g., Alghamdi et al., 2018), seven
acoustic parameters were used in this work to study the acous-
tic difference between the Mandarin plain and Lombard
speech, including alpha ratio, FO, F1, F2, the mean length
of voiced segments, the number of continuous voiced seg-
ments per second, and speech-weighted SNR (swSNR).

The four acoustic parameters of alpha ratio, FO, the mean
length of voiced segments, and the number of continuous
voiced segments per second were obtained using the publicly
available openSMILE toolkit (http:/audeering.com/technology/
opensmile/, last viewed on 01 August 2021), which was used
in earlier studies to analyze the acoustic parameters of
Lombard speech (e.g., Alghamdi et al., 2018). Specifically, the
alpha ratio was defined as the ratio between the speech energies
of 1 to 15 kHz and 50 to 1,000 Hz frequency regions computed
in the openSMILE toolkit (Sundberg and Nordenberg, 2006).
The trajectories of F1 and F2 of sentence materials were ex-
tracted using PRAAT, and the PRAAT script to implement
the above processing is available at (https:/phonetics.
linguistics.ucla.edu/facilities/acoustic/SWS.txt, last viewed on
17 October 2024). Note that the PRAAT script extracted three
formants (i.e., F1, F2, and F3) but, consistent with early studies
(e.g., Alghamdi et al., 2018), only the first two formant frequen-
cies were analyzed in this study. The maximum frequencies in
formant tracker were set to 5,500 and 5,000 Hz for female and
male speech, respectively. The mean values of FO, F1, and F2
correspond to the mean across the matrix sentences. The
openSMILE toolkit was also used to extract the mean length
of voiced segments and the number of continuous voiced seg-
ments per second.

swSNR is another measure characterizing the spectral
difference across the plain and Lombard speech. In con-
trast to the alpha ratio, however, it considers spectral char-
acteristics of both speech and noise signals. swSNR is a
measure of an effective SNR taking into account the rela-
tive contributions of different regions of the frequency

spectrum to speech intelligibility (Greenberg et al.,
1993). To calculate the speech-weighted SNR, speech
and noise signals were first divided into octave bands.
Then, the SNRs in each frequency band were weighted ac-
cording to their contribution to speech intelligibility. The
frequency-weighting function represented the average
speech and was taken from Table III of the speech intelli-
gibility index (SII) standard (ANSI, 1997). For calcula-
tions of the swSNR the actual speech signals were
replaced by a stationary speech-simulating noise generated
from all the sentences (separately for each talker and
speaking style, i.e., plain and Lombard). In this way, the
noise had the same long-term frequency spectrum as the
speech signal. The intrinsic variance of speech would re-
quire very long signals and/or multiple predictions with
different speech signals in order to make the variability
of the prediction independent of the specific speech sam-
ple. This is a commonly used method in calculation and
comparisons of speech and noise signals (Beutelmann
et al., 2010). Therefore, for each talker and speaking style
only one value of swSNR is provided.

For statistical analysis, the mean values (utterances-per-
speaker, or all utterances across all speakers) of those acoustic
parameters were computed to characterize the Mandarin plain
and Lombard speech. Paired r-test was used to compared the
difference (significance level was set at P<.05) between
paired SRT scores (or acoustic parameters) of plain and
Lombard speech.

Results

Lombard Effect of Male and Female Mandarin Speech

Figure 1(a) shows the mean SRT scores (with corresponding
standard error of the mean) of all female and male speakers
under the plain and Lombard conditions. Statistical signifi-
cance was determined by using SRT as the dependent variable
and using the gender (female and male) and speaking style
(plain and Lombard) as two within-subject factors.
Two-way repeated-measures analysis of variance (ANOVA,
via SPSS toolkit) indicated a significant effect of gender
(F1, 12=183.15, P<.005), a significant effect of speaking
style (F1, 12=20.92, P<.005), and a non-significant inter-
action between these two within-subject variables (F; 2=
0.96, P=.345). As seen in Figure 1(a), on average, plain
speech resulted in SRTs of —15.8+0.6 dB and —13.9 +0.8
dB for female and male speakers, respectively. The mean
SRTs for Lombard speech were —17.7 +0.7 dB and —14.5
+0.7 dB for female and male speakers, respectively.
Post-hoc paired #-tests revealed statistically significant (P<
.05, a=.05) difference between plain and Lombard speech
for female speaker’s group (P<.0001) and male speaker’s
group (P=.01). Figure 1(b) shows the empirical Lombard
gain (i.e., the difference between the SRTs of plain and
Lombard speech) for female and male speakers. Paired #-test


http://audeering.com/technology/opensmile/
http://audeering.com/technology/opensmile/
http://audeering.com/technology/opensmile/
https://phonetics.linguistics.ucla.edu/facilities/acoustic/SWS.txt
https://phonetics.linguistics.ucla.edu/facilities/acoustic/SWS.txt
https://phonetics.linguistics.ucla.edu/facilities/acoustic/SWS.txt

Chen et al. 5
(a) ()
-13- x ]
C—1Plain c 31
£ *
14 T I [ ombard g
_ * °
m
T -15 é 2
m
e T S=
o -164 w
L 14
=
17 2
£ ,__I;\
= u
-18 0
Female talker Male talker Female talker Male talker
Condition Condition
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Figure 2. SRTs with corresponding standard errors of the Mandarin plain and Lombard speech of all speakers. Asterisks denote that the
SRTs difference between plain and Lombard speech are significant (P <0.0045) or non-significant (P> 0.0045), respectively. ‘SF’ and ‘SM’

denote female and male speakers, respectively.

shows that the female speakers group demonstrates a signifi-
cantly (P<.05) larger Lombard gain than the male speaker’s
group, that is, 1.9 dB versus 0.5 dB.

Figure 2 shows the mean SRTs with corresponding stand-
ard error of the mean (across listeners) of the Mandarin plain
and Lombard conditions for each speaker. Mauchly’s test in-
dicated that the assumption of sphericity was violated for the
main effect of speaker (°(54) =95.09, P<.005). Therefore,
degrees of freedom were corrected using Greenhouse—
Geisser estimates of sphericity. All effects were significant,
that is, P<.05. There were significant main effects of speak-
ing style (plain and Lombard) (¥}, 1; = 68.06, P <.05), and of
the speaker (Fy g3, 53.08=00.97, P<.05) on SRT. Also, the
interaction between speaking style and the speaker was statis-
tically significant (F¢, 110 =3.80, P=.006). Multiple paired

comparisons with Bonferroni correction were run between
the SRT values of plain and Lombard speech of each speaker.
The Bonferroni-corrected statistical significance level was set
at P<.0045 (a=.05). Paired #-tests revealed statistically sig-
nificant Lombard gain for 2 out of 11 speakers (indicated by
the symbol “*” in Fig. 2). That is, for two female speakers
(i.e., SF02 and SF03), there were statistically significant (P
<.0045) differences in SRTs measured with plain and
Lombard speech, P=.0008 and P<.0001 for SF02 (-16.5
+2.3 dB vs. —18.7+2.4 dB) and SF03 (-14.6 + 1.5 dB vs.
—17.8 £ 2.4 dB), respectively.

Note that both the SRT and slope of the psychometric
curve reflect the effect of noise interference on speech com-
prehension. While this work primarily focused on the SRT
difference between the Mandarin plain and Lombard speech,
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experimental results also provided slopes of the psychometric
curves corresponding to different speakers. Specifically, the
mean slope for plain speech (11 speakers) was 11.4%/dB, ran-
ging from 9.3%/dB (F01) to 14.9%/dB (M05). Corresponding
mean slopes for female and male speakers were 10.5 + 1.4%/
dB and 12.1 + 1.8%/dB, respectively. Slightly steeper slopes
were observed for the Lombard speech with a mean slope
of 12.8 +1.8%/dB and 13.8 + 0.8%/dB for female and male
speakers, respectively.

Acoustic Analysis for Mandarin Lombard and Plain
Speech

Figure 3 shows the acoustic parameters, introduced in section
“Acoustic analyses,” analyzed for each speaker group (i.e.,
all, female, male). The mean alpha ratio was significantly
(all P<.05) lower for the plain speech than for the Lombard
speech for conditions with female (-10.9 vs. —7.4), male (-
11.5 vs. =9.7) and all speakers (—11.3 vs. —8.7), and the mag-
nitude of this difference was statistically larger (P <.05) for
female speakers (3.5) than for male speakers (1.8). The
same trends were observed for the swSNR-based results. On
average, the mean of swSNR was significantly (all P<.05)
higher for Lombard speech than for plain speech for condi-
tions with female- (4.3 dB vs. 3.2 dB), male- (2.8 dB vs.
2.0 dB) and all-speakers (3.5 dB vs. 2.5 dB), and this differ-
ence was slightly higher for female speakers (1.1 dB) than for
male speakers (0.8 dB). The average FO and F1 were signifi-
cantly (all P<.05) increased from plain speech to the
Lombard speech for conditions with female (FO: 37.0 Hz
vs. 39.3 Hz, F1: 683.3 Hz vs. 714.7 Hz), male (FO: 28.2 Hz
vs. 30.7 Hz, F1: 611.5 Hz vs. 625.9 Hz) and all speakers
(FO: 32.2 Hz vs. 34.6 Hz, F1: 644.1 Hz vs. 666.3 Hz), but
there was no significant (P>.05) difference between F2 s of
plain and Lombard speech for conditions with female
(1,774.8 Hz vs. 1,772.3 Hz), male (1,579.7 Hz vs. 1,571.2
Hz) and all speakers (1,668.4 Hz vs. 1,662.6 Hz). For
Lombard speech, the duration of voiced segments was signifi-
cantly (all P<.05) increased, and the rate of voiced segments
was significantly (all P<.05) reduced for conditions with
female (duration: 0.23 s vs. 0.28 s, rate: 3.3 vs. 2.8), male
(duration: 0.18 s vs. 0.22 s, rate: 4.0 vs. 3.6) and
all speakers (duration: 0.21 s vs. 0.25 s, rate: 3.7 vs. 3.3).

Relationship Between Acoustic Parameters and SRT

To test the relation between acoustic parameters and the ob-
served SRT values, a correlation analysis was performed be-
tween the mean values of the selected acoustic parameter
and the mean SRT values under the “all” condition (i.e., in-
volving all 11 speakers), or the male speaker or female
speaker condition, respectively. Table 1 gives the Pearson
correlation coefficients of the 7 acoustic parameters under
both the plain and Lombard conditions under all, male

and female conditions. For plain speech involving all speak-
ers, only swSNR yielded a significant (P <.05) correlation
coefficient r=-0.85 [see scatter plot in Figure 4(a)]) as op-
posed to other measures (all |7/ <0.6, all P>.05). The correl-
ation coefficients of alpha ratio, FO, F1, and F2 ranged from
r=-0.51to r=-0.56, and those of voiced segment duration
and rate were —0.35 and —0.30, respectively. For plain
speech involving 6 male speakers, again only swSNR
yielded a significant (P<.05) correlation coefficient r=—
0.85 (see scatter plot in Figure 4(b)). For plain speech in-
volving 5 female speakers, none of those acoustic para-
meters significantly correlated with the mean SRT values,
that is, all P>.05. Note that a gender effect is seen in
Table 1, that is, the correlation analysis applied to the con-
dition of male or female speakers produces clearly different
results. For the condition of male speakers, only the alpha
ratio and swSNR yielded significant (P<.05) correlation
coefficients, that is, —0.92 and —0.93, respectively. On the
other hand, for female speakers, only F1 significantly corre-
lated with the SRT of the Lombard speech.

Notably, the correlation coefficients increase when in-
volving all speakers, that is, performing correlation ana-
lysis between the mean values of the selected acoustic
parameter and the mean SRT values of Lombard speech.
Specifically, swSNR also yielded the highest correlation
coefficient r=-0.96 (P<.05), followed by alpha ratio (r
=-0.81, P<.05). Other acoustic parameters (except
voiced segment duration) were also significantly (P <.05)
correlated with the SRTs of Lombard speech, ranging
from r=0.61 (voiced segment rate) to r=-0.75 (FO0).
Hence, swSNR was significantly—and best—correlated
with the SRT of the Mandarin plain or Lombard speech
when involving all speakers. Figure 4 shows the scatter
plots between the swSNR measure and the SRT value of
the Mandarin plain or Lombard speech under all, male
and female conditions.

Table 1 also shows the results when using a selected acous-
tic parameter to correlate with the empirical SRT Lombard
gain. The empirical SRT Lombard gain was determined as
the difference between the SRT wvalues of plain and
Lombard speech, that is, SRTpjin—SRTombara. For the
acoustic parameters, the Lombard gain was similarly defined
as the difference between the plain and Lombard speech. It is
seen in Table 1 that both swSNR (r=0.71) and alpha ratio (r
=0.78) yielded the highest correlation coefficients (both P<
.05). Both are higher than the correlation coefficients of other
acoustic parameters, ranging from 0.36 (F0) to 0.66 (F2), with
only F2 being significant. Furthermore, a gender effect can be
observed, as both alpha ratio and F2 yield non-significant (P>
.05) correlation coefficients under the male condition, and
swSNR yields non-significant (P>.05) correlation coefficient
under both male and female conditions. Figure 4 also shows
the scatter plots between the swSNR measure and the empir-
ical SRT Lombard gain under three gender conditions (i.e.,
all, male, and female).
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Table |. Pearson Correlation Coefficients (r) Between the Selected Acoustic Parameter and the SRT or Lombard Gain in SRT Under Three Gender
Conditions (i.e., All, Male, and Female). Correlation Coefficients in Black Denote That There was a Significant (P < .05) Correlation Between the Selected
Acoustic Parameter and the SRT or SRT Lombard Gain Across Speakers. Note That the Difference of the Respective Acoustic Parameter Between Plain and

Lombard Speech was Correlated With the SRT Lombard Gain.

SRT (Plain) SRT (Lombard) SRT Lombard gain
All Male Female All Male Female All Male Female
alpha ratio -0.56 -0.74 —-0.06 —0.81 -0.92 -0.19 0.78 0.40 -0.97
(P=.071) (P=.09¢) (P=.924) (P=.003) (P=.009) (P=.76l) (P=.005) (P=.433) (P=.005)
swSNR —0.85 —0.85 -0.52 —0.96 —-0.93 -0.76 0.71 0.24 0.82
(P<.001) (P=.033) (P=.365) (P<.001) (P=.007) (P=.133) (P=.024) (P=.643) (P=.091)
FO —-0.55 —-0.18 -0.78 —0.75 —-0.09 -0.59 0.36 0.51 0.24
(P=.082) (P=.731) (P=.118) (P=.008) (P=.865) (P=.292) (P=.275) (P=.306) (P=.696)
Fl —0.55 —-0.53 0.31 —0.71 —-0.67 0.88 0.46 0.30 0.04
(P=.083) (P=.282) (P=.616) (P=.015) (P=.147) (P=.049) (P=.155) (P=.559) (P=0.951)
F2 —-0.51 —-0.02 —-0.40 -0.73 —-0.14 -0.23 0.66 0.91 0.43
(P=.107) (P=.977) (P=.499) (P=.011) (P=.797) (P=.706) (P=.028) (P=.011) (P=.467)
Voiced segment duration —0.35 -0.30 0.04 -0.57 —-0.36 0.70 0.36 0.38 0.66
(P=.294) (P=.563) (P=.946) (P=.065) (P=.478) (P=.186) (P=.280) (P=.455) (P=.227)
Voiced segment rate 0.30 0.13 —0.14 0.61 0.47 —0.68 0.40 0.41 0.64
(P=.367) (P=.802) (P=.825) (P=.048) (P=.34¢) (P=212) (P=.223) (P=.421) (P=.245)

Discussion

The Lombard effect has been widely noted for English, Dutch,
Polish, and other non-tonal languages (e.g., Bosker and Cooke,
2020; Cooke and Lecumberri, 2012; Kleczkowski et al., 2017),
but a systematic acoustic and perceptual investigation of the
Lombard effect for a tonal language like Mandarin is still lack-
ing. Due to the language difference, the mechanisms of under-
standing Mandarin and English speech have many differences,
which have been extensively reported in earlier studies (e.g.,
Fogerty and Chen, 2014). The current work studied the
Mandarin Lombard effect by human speech recognition mea-
surements with the Matrix sentence test which has been opti-
mized to efficiently and precisely determine the SRT in a
way compatible with more than 20 languages (Kollmeier
et al, 2015). In addition to empirical measurements, this
work investigated several factors influencing speech recogni-
tion of plain and Lombard speech, including the gender effect,
speaker variance, as well as acoustic and phonetic parameters.

In contrast to earlier studies of the Lombard effect that in-
vestigated speech intelligibility at fixed levels or SNR, the
current study assessed speech recognition thresholds, mea-
sured with the CMNmatrix test, to characterize the respective
average speech recognition performance across a group of in-
dividuals with normal hearing. The advantage of the SRT
measurement is that it provides a representative score (i.e.,
SNR Ilevel at 50% word correct rate) that is not influenced
by the selected SNRs of the test conditions. Although our ex-
periments study the Lombard effect for Mandarin, some find-
ings of the present work were largely consistent with earlier
results. First, the Mandarin Lombard speech provided a better
speech recognition, that is, a lower SRT, which clearly de-
monstrated the perceptual advantage of Mandarin Lombard
speech and was thus similar to the findings for non-tonal lan-
guages (Lu and Cooke, 2008; Pittman and Wiley, 2001; van

Summers et al. 1988). Second, this work showed substantial
differences in SRTs for plain and Lombard speech, as well
as in Lombard benefit across the speakers. Generally, record-
ings from female speakers resulted in better intelligibility and
Lombard gain was larger for female than male speakers, in
agreement with findings of earlier studies for non-tonal lan-
guages (e.g., Ferguson, 2004; Junqua, 1993).

The present study analyzed seven acoustic parameters to
illustrate differences between the Mandarin plain and
Lombard speech. Note that of the many important acoustic
parameters that could have been compared, this work specif-
ically analyzed the frequency spectrum and voicing informa-
tion (FO, F1, and F2). This choice of observables was mainly
due to the importance of voiced segments on Mandarin speech
perception. For instance, lexical tone identification (carried
out in voiced segments) is important for Mandarin speech
comprehension in noise (e.g., Chen et al., 2014), and vowels
carry more perceptual importance than consonants (e.g., Chen
et al., 2013). Considering the changes in the energy distribu-
tion across frequencies between plain and Lombard speech,
the outcomes of this study confirm the effects demonstrated
in the past for non-tonal languages (Cooke et al., 2014; Lu
and Cooke, 2008, 2009). This indicates that the shift in energy
towards higher frequencies for Lombard speech is a character-
istic feature change in the speech signal for both tonal and
non-tonal languages. The current work showed a significant
increase of FO and F1 in Lombard speech relative to plain
speech, which is again in agreement with previous studies
analyzing phonetic changes in Lombard speech for non-tonal
languages (Alghamdi et al., 2018; Lu and Cooke, 2008). The
significant differences in acoustic parameters observed be-
tween plain and Lombard speech apply to both female and
male speakers. Notably, for parameters characterizing the
frequency-specific energy distribution (i.e., alpha ratio and
swSNR), the magnitude of these differences was larger for
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Figure 4. Scatter plots between SRT and swSNR for the plain speech of (a) all speakers, (b) male speakers, and (c) female speakers, and for
the Lombard speech of (d) all speakers, (e) male speakers, and (f) female speakers. The lowest row depicts scatter plots between empirical
Lombard gain in SRT and Lombard gain in swSNR for (g) all speakers, (h) male speakers, and (i) female speakers.

female speakers than for male speakers. However, such a gen-
der effect was not observed for FO, duration, or the rate of
voiced segments.

The next step examined how the changes in the acoustic
and phonetic parameters were related to the speech intelligi-
bility of Mandarin plain and Lombard speech, and whether
they can sufficiently predict the Lombard benefit. The shift
in energy to higher frequency regions for Lombard speech,
as characterized via the alpha ratio and swSNR, correlated
well with the Lombard speech SRTs and Lombard benefit.
This demonstrates that, as for non-tonal languages (Lu and
Cooke, 2008), the spectral properties of the speech and noise
are crucial for speech intelligibility and can be characterized
by rather simple acoustic measures. The low correlation va-
lues between Lombard gain in SRT for male speakers and
the alpha ratio or swSNR can be explained by the fact that
Lombard gain was nearly absent for male speakers, averaging
only 0.5 dB. However, what differs across non-tonal and tonal
languages is the contribution of changes in FO to intelligibil-
ity. In most of the previous studies for non-tonal languages,
the contribution of FO changes to improved intelligibility of
Lombard speech was negligible (Lu and Cooke, 2009). In
the current study, a significant correlation between FO and
the SRT of Lombard speech was observed (i.e., r=-0.75
in Table 1). However, this significant correlation disappeared

when the analysis was conducted separately by gender.
Therefore, the observed correlation between FO and SRT is
likely to reflect the impact of gender on SRT. However, since
a larger change in FO is observed between both genders than
within each gender group, this gender effect on SRT cannot be
separated from an independent effect of FO on SRT. The im-
pacts of increasing FO and middle- and high-frequency speech
energy on improving speech recognition could be partially at-
tributed to the better perception of pitch information. Future
investigations could extend the analysis of FO-related aspects
by considering the FO dynamics, which may differ between
tonal and non-tonal languages. Remaining acoustic and phon-
etic parameters considered here, that differed significantly be-
tween plain and Lombard speech, that is, the increased
duration of voiced segments and a low rate of voiced syllables
for Lombard speech, were not significantly related to
Lombard gain in terms of SRT. Also for non-tonal languages,
little or no role of the durational increases seen in Lombard
speech was related to the Lombard intelligibility benefit
(Cooke et al., 2014).

A high variability in SRT across the speakers in plain and
Lombard speech was observed within this study. Considering
plain speech only, the SRT variability across the speakers
could be partially explained by swSNR (with »=-0.85).
All remaining acoustic and phonetic measures were
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statistically not related to the SRTs of plain speech and are
therefore weak measures to characterize the speaker-specific
SRTs for speech produced in quiet. Interestingly, a significant
(P<.05, except voiced segment duration) and moderately
high correlation (from »=-0.71 to »=-0.96) with the SRT
of Lombard speech was found. Hence, parameters considered
here may provide useful insights into the design of
speech-intelligibility indices for predicting Lombard speech
intelligibility. This could be extended in future studies by ap-
plying auditory models to our data in order to better under-
stand the underlying principles for understanding plain and
Lombard speech, as well as the variability across speakers.
Candidates are the SII model (ANSIS3.5, 1997), glimpsing
model (Cooke, 2006), or automatic speech-recognizer-based
models such as the framework of auditory discrimination ex-
periments (Schédler et al., 2015, 2016) The SII relies on a de-
composition of speech and noise into spectral components,
and has proven itself to be a simple and yet powerful predictor
for speech recognition in non-tonal languages such as in
English or German (Hargus & Gordon-Salant, 1995;
Lopez-Poveda et al., 2017; Wardenga et al., 2015). SII type
models have been optimized and adapted in the past to predict
speech recognition for tonal languages such as Mandarin.
This adaptation is achieved by the notion of the so-called
language- and gender-specific band importance function
(Chen et al., 2016; Du et al., 2018). However, it is not clear
if the differences between the frequency band importance
functions arise from differences across languages or rather re-
flect and characterize a particular talker. Furthermore, speech
produced with normal, raised or loud vocal effort is also char-
acterized by different frequency band importance functions
based on the ANSI standards (1997). Again, it is not clear if
these functions are valid for a specific language and talker
only or if the differences across the speech with different vo-
cal effort can be transferred to other languages. These ques-
tions could be addressed by SII simulations of the SRT data
described in this paper. Furthermore, simulations with the
automatic speech-recognizer-based model (Schidler et al.,
2015, 2016) could contribute to better understanding of the
importance of different features for speech recognition of
plain and Lombard speech as well as Lombard gain. Speech
recognition can be simulated using different representation
of the speech and noise signals, for example, using the
Log-Mel-Spectrograms, or separable Gabor filterbank with
only spectral, only temporal or both spectro-temporal fea-
tures. Comparisons of simulated SRTs obtained with different
representation of speech and noise signals may provide valu-
able information about which features are crucial to account
for the effects observed in the present study.

Conclusions

The present work examined the perceptual benefit of the
Lombard effect for Mandarin, and related the subjective
data to the acoustic analyses of the speech signals.

Particularly, acoustic factors such as FO, F1, F2, duration
and rate of voiced segments were considered, as well as the
distribution of the energy across the frequencies (i.e., alpha ra-
tio and swSNR). The main conclusions are:

1. Using SRT to study the Mandarin Lombard gain
across genders and speakers, the findings demon-
strated that the Lombard effect for Mandarin was
more evident for female speakers, since the empirical
Lombard gain of female speakers was significantly lar-
ger than that of male speakers.

2. For Mandarin Lombard speech, acoustic analyses dem-
onstrate that FO and F1, but not F2, were increased in
comparison to plain speech. Similarly, the alpha ratio
and swSNR increased. The Mandarin Lombard speech
showed increased voiced-segment duration and de-
creased voice-segment rate. These findings were largely
consistent with those previously reported for English
speech materials (e.g., Alghamdi et al., 2018).

3. For the Mandarin Lombard speech, among the acous-
tic parameters examined in this work, alpha ratio,
swSNR, F0, F1, F2 and voiced-segment rate were
well correlated with the SRT scores of Lombard
speech. For plain speech, the SRT was only signifi-
cantly correlated with swSNR. However, a gender ef-
fect was observed for the correlation analysis: Many
significant correlation relationships disappeared for
male speakers in comparison to female speakers indi-
cating a strong influence of gender on SRT which,
however, cannot be separated from an independent ef-
fect of FO on SRT.

4. Among all factors examined, it was found that both
measures reflecting the distribution of the energy across
the frequencies, that is, alpha ratio and swSNR, were
well correlated with the Mandarin Lombard gain.
Again, a gender effect was found when correlating al-
pha ratio or swSNR with Lombard gain. These findings
highlight the importance of the spectral changes to pro-
duce SRT changes via the Lombard effect, whereas the
other features appear to play a smaller role.
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