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ABSTRACT:

We examine the acoustic characteristics of clear and plain conversational productions of Mandarin tones.
Twenty-one native Mandarin speakers were asked to produce a selection of Mandarin words in both plain and
clear speaking styles. Several tokens were gathered for each of the four tones giving a total of 2045 productions.
Six critical tonal cues were computed for each production: fundamental frequency (F0) mean, slope, and second
derivative, duration, mean intensity, and a binary variable coding whether the production involved creaky voice.
A linear mixed-effects regression model was used to explore how these cues changed with respect to the clear
versus plain distinction for each tone, with speaking style as the fixed effect and speaker being a random effect.
The strongest effects detected were that duration and mean intensity increased in clear speech across speakers
and tones. Tones 2 and 3 increased in mean F0O and Tone 4 increased its slope. An additional finding was that, for
contour tones, speakers accomplished the increase in duration by stretching out the tone contours in time while
largely not changing the F0 range. These results are discussed in terms of signal-based (affecting all tones) and

code-based (enhancing contrast between tones) change. © 2021 Acoustical Society of America.
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I. INTRODUCTION
A. Background

We modify our speech styles to suit different communi-
cative contexts. In adverse listening environments (e.g.,
background noise) or to accommodate specific target audi-
ences (e.g., hearing-impaired or non-native listeners), we
use a clarified speaking style, known as “clear speech,” rela-
tive to plain, conversational style, in order to enhance intel-
ligibility (Summers et al., 1988).

Such clear speech involves a more enunciated speaking
manner, e.g., with increased duration, fundamental fre-
quency (F0), and intensity, as well as more exaggerated and
more dynamic temporal and spectral changes resulting from
hyperarticulation (Leung et al., 2016; Maniwa et al., 2009).
These characteristics are shared by numerous audience- and
environment-appropriate styles, such as infant-directed
speech (IDS), foreigner-directed speech, pet-directed
speech, and Lombard speech (Grieser and Kuhl, 1988; Han
et al., 2019; Smiljani¢ and Bradlow, 2009; Uther et al.,
2007; Xu et al., 2013). In this paper, we present our findings
on the clear-speech changes in the acoustic characteristics
of Mandarin tone productions in terms of signal-based and
code-based modifications.
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B. Signal-based and code-based modifications

Articulatory and acoustic modifications in these speech
styles may serve different communicative functions. For
instance, an overall increase in duration, F0, or intensity has
been found to be associated with heightened attentional and
affective components with the aim of gaining the audience’s
attention or conveying positive affect (Kuhl er al., 1997,
Uther et al., 2007; Xu et al., 2013); on the other hand,
hyperarticulation, which enhances contrastivitiy of speech
sound categories, such as expansion of vowel space, serves
linguistic and didactic functions to aid speech intelligibility
(Burnham et al., 2010; Ferguson and Kewley-Port, 2002,
2007; Kuhl et al., 1997; Xu et al., 2013).

Thus, clear speech can be seen to involve two levels of
modifications (Bradlow and Bent, 2002; Redmon et al.,
2020; Zhao and Jurafsky, 2009). The first is signal-based,
changes that apply to the entire speech signal itself and are
not dependent on properties of the language, which essen-
tially serves attentional and affective functions. These may
include increased overall duration, 0O, and intensity, result-
ing in enhancement of the saliency of the speech signal
rather than distinctions of specific speech sounds. The sec-
ond is code-based, changes that enhance linguistic contrasts,
and are therefore phoneme-specific. An example would be
increased F2 for front vowels and decreased F2 for back
vowels (Leung et al., 2016). As such, code-based modifica-
tions are critical to distinguishing one word from another
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and thus enhance speech intelligibility (Baese-Berk and
Goldrick, 2009; Wedel et al., 2018). It should be noted that
changes in the same acoustic cues may entail either signal-
based or code-based modifications, or both, depending on
language or speech context. For example, increased duration
across vowels is generally considered a signal-based change.
However, greater clear-speech lengthening of tense com-
pared to lax vowels in English would result in enhanced
contrasts between tense and lax vowels and is thus consid-
ered a code-based modification (Leung et al., 2016).
Likewise, an increase in F1 may be either a signal-based
change across vowels in Lombard speech or a code-based
change specifically for low vowels (Junqua, 1996; Tang
etal.,2017).

Effective clear-speech modifications must involve
coordination of signal- and code-based strategies to
enhance as well as preserve phonemic category distinctions
(Moon and Lindblom, 1994; Ohala, 1995; Smiljani¢ and
Bradlow, 2009; Tupper et al., 2018). Such modification
may be challenging in cases where cues that are modified
in signal-based changes such as F0O also serve code-based
functions, as in the case of lexical tone. As such, lexical
tone provides a unique platform for testing the clear-
speech principles with respect to the extent to which sig-
nal- and code-based cues are adopted in clear-speech
modifications. While substantial research focuses on clear-
speech perception at the segmental level, little attention
has been paid to lexical tone. Previous research (Wong
et al., 2017; Yang, 2015) including our own study (Tupper
et al., 2020) has shown that both general acoustic cues
(FO, duration, and intensity) that are universal across tones
and critical tonal cues (mean FO, FO slope, FO second
derivative) that are specific to individual tones are relevant.
While little research has examined clear-speech tone, stud-
ies on tone production in IDS, Lombard speech, and
emphatic speech may lend some references.

First, findings have shown signal-based tone-universal
modifications in hyperarticulated tones. For example,
Cantonese and Mandarin tones produced in noise (Lombard
speech) exhibit increased /'O compared to tones produced in
quiet across all tones (Tang et al., 2017; Zhao and Jurafsky,
2009). Likewise, all hyperarticulated tones in Cantonese or
Mandarin infant-directed relative to adult-directed speech
appear to be indexed by higher FO and longer duration
(Grieser and Kuhl, 1988; Liu et al., 2007; Xu Rattanasone
et al., 2013). Moreover, in teaching (language instruction
setting) compared to natural style, Mandarin tone production
exhibited an overall expanded FO range (Papousek and
Hwang, 1991), and longer average duration (Han et al.,
2019). Consistently, research on sentential-level emphasis in
Mandarin tone productions (Chen and Gussenhoven, 2008)
reveals that in a focused position compared to non-focused
position, tone-bearing syllables show a systematic increase
in duration, suggesting signal-based changes serving pro-
sodic functions. In contrast, FO variation, which is critical in
tonal category distinctions, is shown to be restricted in con-
veying such prosodic information.

J. Acoust. Soc. Am. 150 (6), December 2021

On the other hand, research also demonstrates code-
based tone hyperarticulation. IDS studies have generally
revealed expanded FO range (Grieser and Kuhl, 1988; Liu
et al., 2007) and expanded tone space (defined by the area
formed by FO onset/offset plots of different tones, Xu
Rattanasone et al., 2013), reflecting increased tonal cate-
gory contrasts. Likewise, tone-specific expansion of FO
range was identified for emphatic relative to non-emphatic
sentences, with the (Mandarin) falling tone expanding more
than the rising and level tones(Chen and Gussenhoven,
2008), showing that the direction and nature of modifica-
tions are aligned with the intrinsic features of these tones.
As well, changes in FO contours were found to be adapted
to neighboring tones to maximize distinctions between
tonal categories (Chen and Gussenhoven, 2008). Code-
based modifications have also been identified when tonal
hyperarticulation interacts with other linguistic domains. In
particular, Xu and Burnham (2010) show that FO0 modifica-
tions in hyperarticulated Cantonese tones and intonation
appear to be modulated independently such that enhanced
category distinctions among tones are not affected by exag-
gerated intonation. Further, modifications of Mandarin
tones in IDS have been found to interact with prosodic
focus, showing expanded tone space for tones occurring in
the utterance-final but not utterance-medial positions (Tang
et al., 2017). Additionally, the extent of FO modifications
for individual tones tends to differ as a function of lexical
frequency, with low-pitched tones involving heightened
and more dispersed FO in low-frequency words (Zhao and
Jurafsky, 2009).

Apart from FO and duration, non-modal, creaky phona-
tion also potentially displays both signal- and code-based
modifications. Previous research (Kuang, 2017) demon-
strated that non-modal phonation covaried with F0 and was
not a tone-specific feature for Mandarin. In addition, creaky
phonation can be found in all Mandarin tones (Huang et al.,
2018). Therefore, any modifications with creaky phonation
can be regarded as signal-based. However, creakiness is
sometimes produced with certain tone categories only. For
instance, Kuang (2017) only found creaky phonation in
Mandarin Tone 3 (dipping) and 4 (falling), which involved a
low phonetic pitch target. The two tones were produced
with more creakiness when FO range was lowered. Since
tone hyperarticulation involves an expanded FO range
(Papousek and Hwang, 1991), it should potentially lead to
an increase in creaky phonation for tones with low pitch tar-
gets only (i.e., Tone 3 and 4). Consequently, it increases the
contrast between tone categories with high and low pitch
targets and indicates a code-based modification. In addition,
for tone productions at the sentential level, the FO lowering
in emphasis position led to increased creakiness for low
tone productions (Chen and Gussenhoven, 2008). The
amount of creaky voice increased in focus position com-
pared to non-focus position, along with an increase in FO,
and occurred for Tone 4 only (Huang et al., 2018). As a
result, creaky phonation modification either enhances high-
low pitch contrast (Chen and Gussenhoven, 2008) or the
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contrast between Tone 4 and other tone categories (Huang
et al., 2018) and therefore is regarded as code-based.

Although these studies have found both signal- and
code-based evidence of hyperarticulation in tone production,
no research has systematically (and separately) examined
clear-speech features of individual tones. Presumably, if
clear speech is intended to make the signal more salient, we
would expect signal-based modifications of the same acous-
tic features across all tones. Based on similar findings from
IDS studies, signal-based modifications may involve overall
increase in FO, intensity, and duration across tones.
Alternatively, if clear speech is to enhance tone category
distinctions, we would expect code-based modifications
where features that distinguish tones would be modified so
as to increase contrast. Specifically, we expect code-based
enhancement to be aligned with individual tone characteris-
tics; for example, with high tone being higher and low tone
being lower in clear compared to plain speech.

C. The present study

In the present study, “clear speech” is defined in the fol-
lowing contexts:

As reviewed, a variety of clear speech style modifica-
tions (e.g., IDS, foreign-directed speech, pet-directed
speech, Lombard speech) share similar characteristics, and
studies on these speech styles have addressed similar signal-
and code-based strategies to enhance and preserve phonemic
category distinctions (Moon and Lindblom, 1994; Ohala,
1995; Smiljani¢, 2021; Smiljani¢ and Bradlow, 2009;
Tupper et al., 2018). Therefore, we place the current
research in a broad context, relating it to previous findings
across speech styles.

Clear-speech elicitation instructions in previous studies
vary extensively, including “speak clearly,”
“hyperarticulate,” “speak to a nonnative speaker,” or “speak
to someone who is hearing impaired” (e.g., Ferguson and
Kewley-Port, 2007; Lam et al., 2012; Moon and Lindblom,
1994). In this study, we adopt a previously established pro-
cedure (Burnham et al., 2010; Leung et al., 2016), involving
clear-speech productions in response to a simulated auto-
matic speech recognition program (see Sec. II for details).
Clear speech elicited as such can be defined as “corrective”
clear speech (cf. Chen and Gussenhoven, 2008) and involves
similar adjustments compared to human-oriented hyperarti-
culated speech (Burnham et al., 2010). However, given that
different types of instructions may still impact the magni-
tude of clear-speech modifications (Lam et al., 2012), the
current findings are interpreted within the scope of the type
of clear speech used in this study.

We take productions from 21 native Mandarin speakers
of both clear and plain words containing all four tones of
Mandarin. We systematically examine which acoustic fea-
tures characterize clear-speech tones. We predict that both
types of modification will be apparent to some degree, and
explore their interplay. We expect that universal signal-
based clear-speech tone attributes, including general
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features such as overall FO, duration, and intensity, will
increase across all tones (e.g., proportional lengthening of
tones in clear relative to plain styles). On the other hand,
code-based tone modifications will involve changes that not
only preserve tone-intrinsic properties but also increase
tonal category distinctions (e.g., high tones getting higher
while low tones are getting lower, an increase in creakiness
for Tone 3 and 4).

In addition to examining how cues of the four tones are
modified in the change from plain to clear speech, our study
provides an opportunity to study how increased duration is
implemented in a clear speech style change. We can imagine
two possible ways to implement increased duration for tone
contours. One, GoSlower, simply stretches out the tone con-
tour without modifying the tone values attained. The other,
DoLonger, maintains the same rates of change of pitch dur-
ing enunciation but just does them for longer, thereby
expanding the range of pitch values attained for contour
tones. We investigate which is a better model of how dura-
tion increases are implemented, and discuss how this relates
to signal-based versus code-based changes.

Il. METHODS
A. Participants

The participants were 21 native Mandarin speakers (11
Female, 10 Male) who were raised in Northern China or
Taiwan during the first 12 years of life (aged 18-28, mean
22.6). Although Mandarin spoken in Northern China and
Taiwan differs in terms of vowel space, pitch range, and
mean pitch (Shi and Deng, 2006), both groups of native
Mandarin speakers were recruited because previous studies
showed similar modifications for the hyperarticulation of
Mandarin tones in IDS and Lombard speech (e.g., increased
mean F0 and FO range) (Liu et al., 2007; Tang et al., 2017).
They were recruited from the undergraduate and graduate
population at Simon Fraser University and indicated that
standard Mandarin was their native and dominant language.
They reported normal hearing and no history of speech or
language disorders.

B. Materials

The participants produced the monosyllable /¥/ with
four Mandarin tones in plain and clear speech. The four
tones are real Mandarin words with the meaning of
“graceful” (/x1/), “goose” (/¥2/), “nauseous” (/¥3/), and
“hungry” (/¥4/). The monosyllables /i/ and /u/ were used as
fillers. Only /¥/ items were analyzed because it is a mid-
central vowel and the production involves the least tongue
movement among the three vowels. Presumably, it has the
least interaction with the larynx that may influence tone
production.

C. Procedures

The participants produced the speech materials in a
sound-attenuating booth in the Language and Brain
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Laboratory at Simon Fraser University. The recordings were
conducted digitally using Sonic Foundry Sound Forge 6.4 at
a sampling rate of 48kHz. A Shure KSM microphone was
placed at a 45 degree angle, about 20cm away from the
speaker’s mouth. Prompts, instructions, and feedback were
displayed on a computer screen.

The elicitation sessions followed the procedures devel-
oped by Maniwa et al. (2009) and Leung et al. (2016).
Participants were told that we were testing a speech recogni-
tion computer program, which was actually a simulated
interactive computer software that seemingly attempted to
perceive and recognize the tokens produced by a speaker,
developed using matLAB (MATLAB, 2013). Participants
were instructed to speak naturally first, as if in casual con-
versation, when a prompt showed up on the screen. Then,
the program would “guess” and indicate on the screen what
they produced. The participant would then indicate whether
the guess was correct by clicking a box on the screen. If the
guess was considered correct, the program would move on
to the next stimulus. Otherwise, the program would instruct
the participant to repeat the stimulus as clearly as possible.
In the acoustic analyses of such “incorrect guess” trials, the
productions in response to the initial prompts served as the
“plain speech,” whereas the repeated productions were the
“clear speech.” It was possible that participants would be
tempted to produce the items in a clear, enunciated speaking
style whenever they saw a prompt, so as to avoid being
“corrected” by the computer program. To ensure distinct
productions of plain versus clear speech, participants were,
therefore, reminded that they should always return to their
habitual speaking style, as if in casual conversation, at the
beginning of each trial in order to test the computer pro-
gram’s ability to recognize plain as well as clear speech.
Prior to the elicitation session, participants were familiar-
ized with this task as well as the two speaking styles in a
short practice session. During the practice session, we
ensured that participants were able to produce a plain-clear
distinction during the task.

Each elicitation session contained 180 trials described
above in total, and there were 25 trials in which the “guess”
was correct. Among the remaining trials, a total of 98 /¥/
productions were obtained in 49 elicitation trials, i.e., 49
pairs of plain-clear speech items ([11 (/x1/) 4+ 12 (/¥2/)+ 15
(/s3/)+ 11 (/x4/)] X 2 styles). The prompts were presented
in three blocks (15 randomly selected trials in the first block
and 17 each in the other two) and speakers took a 3-min
break after each block. The /i/ and /u/ words were mixed
with /¥/ words in the recordings. There were 110 produc-
tions of /i/ (55 trials) and 102 productions of /u/ (51 trials).
The order of prompts and responses was the same for each
participant.

Each speaker’s productions were evaluated by two pho-
netically trained native Mandarin evaluators in a goodness
rating task. The evaluators were asked to rate the quality of
each tone on a scale of 1-5, where 1 referred to poor pro-
nunciation and 5 to excellent pronunciation. Incorrect or
missing productions were given a rating of 0. The mean
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ratings of the two evaluators for each item were obtained.
Thirteen items with a rating below 3 were excluded due to
poor pronunciation or production errors (11 clear speech
items). There were 2045 /x/ words in total (21 speakers
X 49 trials x 2 styles — 13 items).

D. Acoustic analysis

The onset and offset of a tone contour were first deter-
mined by the beginning and cessation of periodicity of the
waveform. Then, a tone contour was divided into 100 equi-
distant intervals. F0 values were obtained at each of the 101
sampling time points in Praat using the autocorrelation
method (pitch range: 50-450Hz; time step = 15ms)
(Boersma and Weenink, 2017). The FO values were manu-
ally checked for accuracy by phonetically trained research
assistants. If there were more than ten consecutive sampling
time points containing inaccurate or missing data, the FO
values were manually measured by taking the inverse of the
duration of a single period at selected time points. These
time points with manual measurements were equidistant
from each other. The remaining time points were treated as
containing missing data. Eventually, all portions with miss-
ing data contained fewer than ten time points. Missing data
were replaced by values obtained by a linear interpolation to
obtain a uniformly sampled vector of length 101 of FO val-
ues for all tokens. In total, there were 420 plain and 399
clear items that had missing F0 data.

The fact that speakers have quite different F0 ranges is
not problematic since we are only interested in differences
within the productions of each speaker between their plain
and clear styles; however, we normalized FO data to make
different speakers comparable. For each speaker, we applied
the T-value logarithmic transform [Eq. (1)] to each FO
value,

logx —logh

T=5
x loga —logh’

6]

where x represents the observed F0, a and b are the maxi-
mum FO and minimum FO of the speaker across all their
productions, both clear and plain (Wang et al., 2003). This
choice of normalization requires some interpretation and has
some different consequences in comparison to the alterna-
tive: normalizing only on the basis of a speaker’s plain pro-
ductions. In particular, the scale of normalized FO values is
determined by the more extreme productions, whether they
are clear or plain. However, relative differences in FO
between clear and plain productions, which are our primary
interest, are affected little by the choice of these two differ-
ent normalization choices, since the effect of extreme values
of FO are similar between clear and plain productions.

We also normalize time values, so that all utterances
could be compared on the same unit time interval; see Xu
(1997, 2015) for examples of this procedure. This allows FO
curves of a given tone to be averaged over different utteran-
ces. Furthermore, since we retain the duration of each tone
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in our subsequent analysis, no information is lost in this
normalization.

Based on our previous acoustic analysis of Mandarin
tones (see Tupper et al., 2020 for details), we examined
three FO cues that efficiently characterize Mandarin tones:
FO mean, slope, and FO second derivative which we call
curve. These cues were obtained by fitting a parabola [Eq.
(2)] to each tone contour and finding the best coefficients
co,C1,Cp in the least squared sense (Rivlin, 1981) in the
expression

f0) ot elt—1/2) + |- 1727 —1/12]. @

The resulting cq, ¢; and ¢, are FO mean, slope and curve,
respectively. Importantly, these coefficients are computed
using time-normalized data. In Sec. III C, we discuss why
this choice appears to be most appropriate for the data. Note
that of all our cues, only the values slope and curve are
affected by this choice.

Other measures included total duration, which was the
temporal difference between the onset and offset of a tone
contour, and mean intensity obtained using the mean energy
method in Praat based on the mean power between the onset
and offset of a tone contour (Boersma and Weenink, 2017).
A binary creakiness variable was created by applying a
value of 1 to creaky productions and a value of 0 to non-
creaky productions. The productions were determined to be
creaky auditorily by the second author. In addition, these
creaky productions were characterized by double pulses in
the wideband spectrogram and missing or discontinuous F0
track (cf. Yu and Lam, 2014). When manual measurement
of FO values was possible, these creaky productions showed
low FO below 70 Hz (Drugman et al., 2014; Keating et al.,
2015; Titze, 1994) and/or a decrease in FO over 15Hz
between two consecutive sampling time points. A complete
list of acoustic cues is displayed in Table I.

Other cues have been studied in the context of speech-
style changes, but changes in these other cues are detectable
by changes in the cues described in Table I. For example,
pitch range has been reported to increase in emphasized
speech (Chen and Gussenhoven, 2008). However, typically
the only way to increase pitch range is to modify either
slope or curve; emphasized tones in Chen and Gussenhoven
(2008) clearly show an increase in the magnitude of slope.
Pitch range has a disadvantage compared to slope as a cue

TABLE 1. List of acoustic cues used in the present study and their defini-
tion. FO always refers to transformed FO (T-values).

Cue name Definition
1 Duration Duration of tone (ms)
2 Mean Mean value of FO
3 Slope Mean slope of FO
4 Curve Mean second derivative of FO
5 meanlntensity Mean intensity (dB)
6 Creakiness Whether the tone is produced with creaky voice
4468  J. Acoust. Soc. Am. 150 (6), December 2021

to study, in that a rising tone and a falling tone may have
identical pitch ranges, even though there is clearly a salient
contrast.

Some of these cues we expect to be modified in purely
signal-based changes: duration, F0 mean, and meanIntensity
may all increase across tones in a signal-based change in
style from plain to clear. In a code-based change, we may
expect some features to change so as to exaggerate differ-
ences between tones. For example, the mean FO of Tone 1
could increase while the mean FO of Tone 3 decreased in
clear speech, making it easier to distinguish these tones.
Similar effects would happen in a code-based change for the
cues FO slope and curve. Finally, since creakiness is a dis-
tinctive feature of Tones 3 and 4 for many speakers, we
could expect an increase in creakiness for these tones under
a code-based change in style.

lll. RESULTS
A. Population averages

We first show the normalized FO contours for plain and
clear styles averaged over all speakers and productions.
Figure 1 shows the averages with the duration of all produc-
tions normalized to the same length, so that the x axis shows
a percentage of the way through the tone. This of course
obscures any effect speech style has on duration. In Fig. 2
we show the same data but with each average scaled by the
average duration for all productions for that given tone and
style, so that the x axis indicates time.

A visual comparison of tone contours in these figures
suggests that there are limited plain-to-clear modifications
for mean, slope, and curve (Fig. 1) (Note that slope and
curve were obtained using time-normalized data). In con-
trast, there is an increase in duration for clear productions as
compared to plain productions of all tones (Fig. 2). To fur-
ther examine these observations, we proceed with a

15 1 1 1 ! 1 L 1 L 1 |

0 10 20 30 40 50 60 70 80 90 100
Time (%)

FIG. 1. (Color online) Normalized FO contours averaged over all speakers
and all tokens for each of the four tones. Time information was normalized
so that all contours were of standard duration. The solid lines show plain
productions. The dashed lines show clear productions.
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FIG. 2. (Color online) The data as in Fig. 1 except each average is scaled in
time by the average duration of the productions of each tone. The solid lines
show plain productions. The dashed lines show clear productions.

quantitative analysis of the effect of clearness on these four
cues, as well as mean intensity and creakiness.

B. Examining individual cues

For each of 21 speakers and four tones, we determine
how strongly the difference between plain and clear speak-
ing style affects each of the six cues. We use Cohen’s d as a
measure of the effect size for each cue (Cohen, 1988).
Given two groups of stimuli, Cohen’s d is a normalized dif-
ference between the means of the stimuli. It measures how
large the difference between the means is, but scaled by the
variability of the stimuli. Suppose category 1 has n; data
points with mean g, and variance s3, and likewise for cate-
gory 2. Then Cohen’s d is

d:/ﬁ*llz

N

)

where s the pooled standard deviation is given by (Patten
and Newhart, 2017)

o \/("1 —Dst+(m—1)s3

n+n —2

For our study, we let category 1 consist of all the plain
cues of a particular speaker and tone, and category 2 consist
of all clear cues from the same speaker and tone. A positive
value of d shows that clear productions have greater values
of the cue than plain productions, whereas a negative value
shows that they have a smaller value. We compute a d for
each cue, for each tone, and for each speaker.

Figure 3 displays d for the four tones. In each panel, the
top plot shows a heat map of d for each cue and speaker.
The colour of each rectangle in the plot shows d for a partic-
ular cue for a particular speaker, with the colour bar at the
side indicating the value. The bottom plot shows the
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distribution of d across the speakers for each cue using a
box plot. Each cue is given its own boxplot showing the var-
iation among speakers. Outliers are shown as red crosses,
whiskers go to maxima and minima excluding outliers. The
box and its dividing line show quartiles.

Clearness has a large effect on duration for all tones for
most speakers. One way to measure if there was a consistent
effect across speakers is to ask for which cues more than
75% of the speakers had a Cohen’s d in the same direction.
This can be seen by whether the quantile box is on one side
of the x axis. This happens with duration for all tones, mean
intensity for Tone 1 and 2, and mean FO for Tone 2. Other
cues were not systematically modified for particular tones
by speakers, since more than 25% of speakers modified the
cue in a different direction from the majority of the
speakers.

We then performed a statistical analysis to determine if
the clear style has any consistent effect across all speakers.
For each tone, we performed a linear mixed-effects model
with clearness as the independent variable and each cue
(except for creakiness) as the dependent variable using the
MATLAB fit1me. Since creakiness was a binary variable, a
generalized linear mixed-effects model was carried out
instead with a binomial distribution and logit linking func-
tion (MATLAB fitglme) (MATLAB, 2020). The random
intercept and slope of clearness on speaker were included in
the models with the following syntax:

CueName ~ clearness + (1 + clearness|speaker).

Table II shows the results, with + or — indicating the direc-
tion of the effect of clearness on the variable for each tone. All
tones showed a significant increase in duration (Tone 1: f
= 0.126, standard error (SE) = 0.033, #(456) = 3.76, p < 0.001;
Tone 2: f = 0.115, SE = 0.041, #(501) = 2.79, p = 0.005; Tone
3: f = 0.133, SE = 0.050, #625) = 2.65, p = 0.008; Tone 4: f§
= 0.105, SE = 0.024, 1(455)=4.43, p < 0.001) and mean
intensity (Tone 1: f = 1.26, SE = 0.327, #(456)=3.85, p
< 0.001; Tone 2: f = 0968, SE = 0.356, #(501)=2.72,
p = 0.007; Tone 3: f = 1.09, SE = 0.397, #(625)=2.75, p
= 0.006; Tone 4: f = 0.594, SE = 0.280, #(455)=2.12,
p = 0.034). The other significant effects were an increase in
mean FO for Tones 2 (f = 0.052, SE = 0.015, #501)=3.41, p
< 0.001) and 3 (f = 0.079, SE = 0.024, 1(625)=3.21, p
= 0.001), and a decrease in slope for Tone 4 (f = —0.196, SE
= 0.098, #(455) = -2.01, p = 0.045), making it more steeply
downwards for clear-speech productions.

C. Two interpretations of the clear-speech modifica-
tion of duration

The largest effect of clearness, and the most consistent
one across speakers, is that duration increased in the clear
style versus the plain style. Increased duration is a well-
known feature of clear speech. Among many possibilities,
there are two very simple ways in which increased duration
might be implemented for tone contours. The first, which
we call Go Slower, involves maintaining an F0 contour in
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FIG. 3. (Color online) Speakers’ use of the six cues in our study in the distinction between clear and plain tones. For each of the four tones, the top heat
map shows d for each cue (see Table I for details) and speaker. The lower boxplot shows the distribution of d over speakers for each cue. In each bar, the red
line shows the median, and the limits of the bar show the first quartile and the last quartile. The whiskers show the range of the distribution excluding

outliers.

the same pitch range using a longer duration, so that the
duration is increased without expanding the range of pitch.
Under Go Slower, once time is normalized so that all con-
tours occur on a unit interval of time, there is no difference
between the plain and clear productions. The second we call
Do Longer, which involves instead maintaining the same
rate of change with respect to time throughout the tone. So
for longer productions, there is an expanded pitch range, as

TABLE II. Overview of significant fixed effects of clearness on the values
of each cue for each tone. + and — indicate the direction of the effect. Blank
cells indicate no fixed effect.

Cue name Tone 1 Tone 2 Tone 3 Tone 4
1 Duration + + + +
2 Mean + +
3 Slope _
4 Curve
5 meanlIntensity + + + +
6 Creakiness
4470  J. Acoust. Soc. Am. 150 (6), December 2021

seen for Mandarin tones emphasized in the context of cor-
rective focus in Chen and Gussenhoven (2008). In fact,
under Do Longer, the pitch range for each tone should
increase by the same factor as the duration does. When plot-
ted with normalized time, clear productions of contour tones
should therefore have a larger range than plain. This could
be interpreted as a code-based change to the FO slope and
curve. A glance at Figs. 1 and 2 shows that, averaged over
the population, Go Slower appears to describe the data well.
The range of FO does not increase substantially with clear
productions, with the possible exception of Tone 4, and this
is despite substantial increases in the duration of the tone
contours. We examine if this holds at the level of individual
members of the population.

For each speaker and each tone we compute the error of
the Go Slower and Do Longer models for explaining plain
versus clear styles. For Go Slower for each speaker and each
tone we compute the average tone contour of all the plain
tokens and the average tone contour of all the clear tokens,
both of which are vectors of length 101. We then center
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each vector (subtracting off the mean) so that any shifts up
or down in pitch are not included, and then take the root
mean squared difference between the two vectors to get the
error of Go Slower. This should be zero if Go Slower is per-
fectly accurate. For Do Longer, the procedure is the same
except that we multiply the plain vector by the ratio between
the average duration of the clear productions and the plain
productions for that speaker and tone before computing the
error. If Do Longer is perfectly accurate, then this error
should be zero, since the amount by which tones are
stretched in FO should match the amount by which their
duration is extended. In Fig. 4, we show the errors of these
two models for each speaker and tone. We see that there are
many cases where both models have low errors (both when
duration is not increased much and for Tone 1 which is
almost flat) but that in cases where there is much difference
Go Slower performs better than Do Longer. The one excep-
tion is one speaker’s production of Tone 4. We conclude
that Go Slower is a better model of how duration increases
are implemented by speakers in clear speech, indicating that
longer duration in clear speech did not automatically expand
the pitch range.

There are other ways to implement longer duration
while maintaining roughly the same F0 range. In our model,
Go Slower assumes a uniform slowing through the whole
production. Our calculations here are exploratory, so we did
not investigate more complicated models of slowing, though
we would expect strong nonuniform slowing to be apparent
in larger differences between the time-normalized clear and
plain productions in Fig. 1.

IV. DISCUSSION

The goal of our investigation was to see what differ-
ences Mandarin speakers implemented in tone production
when changing style from plain to clear speech. In particu-
lar, we wanted to examine the extent to which speakers

error of Do Longer
N\

&

B
k;% L L L 1 1 1 1 1 I

0 2 4 6 8 10 12 14 16 18
error of Go Slower

0

FIG. 4. (Color online) The mean squared error of the Go Slower and Do
Longer models for each speaker and tone. Each speaker is represented by a
different color.
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performed signal-based or code-based changes in their
clear-speech tone productions (Bradlow and Bent, 2002;
Redmon et al., 2020; Zhao and Jurafsky, 2009). Compared
to previous segment-based clear-speech studies, our
research provides a unique testing case of clear-speech prin-
ciples in that FO, previously identified as a signal-based
acoustic cue, primarily serves code-based functions in lexi-
cal tone production.

We used two different ways to assess if a cue changed
among speakers in a systematic way with the change of
style. One was to look at which way cues changed on aver-
age, and see if more than 75% of speakers changed their
productions in the same direction for a given cue and tone.
We found that by this standard, duration increased for all
tones, mean intensity increased for Tones 1 and 2, and mean
FO increased for Tone 2. We also performed a statistical
analysis to see if there was a significant change in any of the
cues for each of the tones using a linear mixed effects
regression. Summarized in Table II, we found increase in
duration for all tones, increase in mean intensity for all
tones, increase in mean FO for Tones 2 and 3, and a height-
ened slope for Tone 4.

Overall, there is strong evidence for signal-based
changes in production in the change of style from plain to
clear and limited evidence for code-based change. Duration
and intensity are generally not contrastive features in
Mandarin tones so those changes cannot be code-based, and
they changed in the same direction for all tones, so it is
unlikely that any between-category tone contrast was
induced. Duration and intensity increases in clear speech
coincided with what was found for IDS in Liu et al. (2007)
and Tang et al. (2017), for Lombard speech in Tang et al.
(2017), and for foreigner-directed speech in the language
instruction setting in Han et al. (2019).

Signal-based change where mean FO increases across
all tones has been observed in IDS and Lombard speech
(Grieser and Kuhl, 1988; Liu et al., 2007; Tang et al., 2017,
Xu Rattanasone et al., 2013; Zhao and Jurafsky, 2009), but
not in foreigner-directed speech (Han et al., 2019). The cur-
rent results are consistent with the patterns observed for
foreigner-directed speech in that we did not observe a statis-
tically significant increase in mean FO across tones. These
differences are presumably because, unlike IDS, foreigner-
directed speech and the current corrective type of clear
speech do not necessarily need to engage overall FO changes
to gain attention or convey positive affect (Burnham et al.,
2010). Thus, signal-based changes in F0 can be restricted
(Chen and Gussenhoven, 2008) to prioritize its primary
code-based function in tonal category distinctions.

Indeed, some IDS studies have observed code-based
changes in mean FO (Liu et al., 2007; Xu and Burnham,
2010). Since mean FO is a critical cue distinguishing
Mandarin tones, it was certainly conceivable that contrast
could have been enhanced by, for example, lowering Tone 3
and raising Tone 1. However, in the current study, speakers
may be reluctant to further increase mean FO for Tone 1,
since the tone contour is inherently high. The lack of
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increase in FO for Tone 1 may be taken as evidence of a
code-based constraint in clear-speech modifications due to
the intrinsic characteristics of T1. The inherently high-pitch
nature of Tone 1 may make it more resistant to further
increase in FO. This is consistent with segmental clear-
speech findings. For example, the high-front tense vowel /i/
has demonstrated limited capacity for further articulatory
excursions in clear speech because of its intrinsically
extreme articulation (Granlund et al., 2012; Leung et al.,
2016). The code-based modification resulting in enhance-
ment of category distinction lies in the steeper slope and
increased F0 range for Tone 4 in clear speech. This change
also demonstrates that clear-speech modifications are
aligned with the dynamic nature of Tone 4, as was also
observed in IDS studies (Liu et al., 2007). The finding of an
increase in FO range for Tone 4 only is consistent with the
result from Chen and Gussenhoven (2008) that different
tones revealed different limits on FO range expansion, with
Tone 4 expanding much more than the other tones.
Together, these patterns suggest that clear speech production
is modulated by code-based enhancements and constraints,
in that individual tones are in tune with their inherent attrib-
utes to enhance as well as preserve category distinctions.

Consistent with these observations, GoSlower was
observed to be the predominant strategy for manipulating
duration in the form of clear speech of this study, meaning
that duration was increased without a corresponding
increase in the range of pitches attained, consistent with a
signal-based change.

Regarding non-modal phonation, this study did not find
clear-speech modification for creakiness across four
Mandarin tones. It is not surprising since creaky phonation
is expected to covary with FO (Kuang, 2017). The increase
in creakiness was found to be accompanied by a lowering of
FO (Chen and Gussenhoven, 2008; Kuang, 2017) or an
increase in FO for Tone 4 specifically (Huang et al., 2018).
These modifications were not found in the current study
(Table II).

Taken together, placing the current results of clear-
speech tone modification in the context of other goal-
oriented speaking styles such as IDS, Lombard speech, and
foreigner-directed speech, it appears that lengthened dura-
tion and increased intensity are universal signal-based strat-
egies to enhance signal saliency in hyperarticulated tones.
The use of FO exhibits more complex patterns, involving
either signal-based overall increases when serving prosodic
functions to convey attentional and affective components, or
code-based modifications of individual tones to enhance cat-
egory distinctiveness (as revealed by the stretching of tone
space or steepening of tone contour slope). Such dual func-
tions that FO has to serve dictate that the use of FO in clear-
speech modifications may be restricted as FO variations are
primarily reserved for use as tone-intrinsic cues for category
distinctions. Our results consistently suggest that speakers
primarily rely on signal-based duration and intensity
changes in clear-speech modifications, rather than on code-
based F0 changes that enhance the contrast between tones.
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