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Abstract

Shanghai Chinese has a complicated tone system conditioned
by phonological onset voicing and syllable structure. Checked
tones in Shanghai Chinese are acoustically realized with tenser
phonation, shorter duration and a more central vowel space than
their unchecked counterparts. The present study examines
whether these cues also play a role in speech perception. A
three-alternative forced-choice experiment was conducted in
which 40 native listeners chose among three Chinese characters
representing an open /CV/, a nasal-ending /CVN/ and a glottal-
ending /CV?/ syllable according to the word they heard. Results
show main effects of phonation type, vowel quality and
duration as well as the interaction between the former two, on
both decisions and reaction time. For reaction time, two-way
interactions between duration and the other two cues were also
detected. From the non-overlapping confidence intervals of the
three main effects we tentatively conclude that tenser phonation
is the primary perceptual cue to checked tones, while a more
central vowel space and shorter duration are secondary, in line
with findings in other tonal languages like Vietnamese and
Cantonese. Additionally, we found that the low vowel pair /e/
and /a/ and high register tones tend to bias perception towards
checked tones.

Index Terms: speech perception, tone, phonation, vowel
duration, Shanghai Chinese

1. Introduction

Fundamental frequency (f0) is usually a primary perceptual cue
to lexical tones, as is the case in Mandarin Chinese. However,
in many tonal languages, f0 is often accompanied by other cues,
including but not limited to phonation type, onset voicing and
duration, rhyme structure and duration as well as vowel quality.

Phonation types (or voice quality, see [1], a review on
phonation contrasts), for instance, are an essential cue to tone
identification, particularly in languages in which the f0 contour
patterns of several tones closely resemble one another. Three
among the seven lexical tones in Green Hmong share similar
duration, f0 height and a falling contour, while intended breathy
and creaky tones are identified with higher accuracy than the
modal tone [2]. In North Vietnamese, which has six lexical
tones but only four f0 contours, voice quality (modal vs. mid-
laryngealized) plays a key role in tone identification; final
glottalization even overrides f0 in the perception of a low tone
[3]. Similarly, creakiness is also the primary cue to a low tone
in Cantonese by increasing its accuracy in identification and
biasing another tone with a similar f0 contour towards it [4].

Duration is another common cue but usually co-occurs with
others. Tones in Vietnamese with final glottalization are shorter
than other tones [5]. However, duration is often considered
secondary (e.g., [3], [6]) as a result of glottalization. In a related
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vein, three of the six tones in Cantonese have checked allotones
closed with a stop coda and thus have shorter duration than their
unchecked counterparts, whereas their f0 contours are nearly
the same [7]. These checked allotones originated from the
checked tones in Middle Chinese, whose remnants can also be
seen in Shanghai Chinese, a subvariant of Wu.

As a tonal language, today’s Shanghai Chinese has a rather
complicated tone system with five tones [8], [9], in which T1,
T2 and T4 reside in the high register, while T3 and T5 reside in
the low one. The high tones are associated with phonemically
voiceless onsets and start at a higher f0, whilst the low tones are
associated with voiced onsets and start with a lower f0 [10].
However, voiced obstruents in the initial position of a prosodic
unit have been acoustically devoiced in most cases as a result
of diachronic sound change [9]-[11]. Instead, they are mainly
realized with shorter closure or constriction duration than
voiceless (unaspirated) ones [12] and with slight breathiness at
the release as well as the following vowel onset [13], [14]. More
recently, the phonation contrast between the two registers tends
to fade away among the young generation [14], [15].

In the 19" century, each register comprised four pitch
contours, yielding eight tones in accordance with Middle
Chinese [16]. Nowadays, only five remain after diachronic tone
mergers. Compatible with open /(C)V/ or nasal-ending /(C)VN/
syllables, T1 is a high-falling tone with no counterpart in the
low register, T2 is high-rising and T3 is low-rising. By contrast,
T4 and TS5 only occur in syllables closed with a glottal stop /?/
on a phonological level, and are known as checked tones. Table
1 summarizes the registers, pitch contours and syllable
structures of these five tones.

Table 1: The five tones in Shanghai Chinese sorted by
their registers, pitch contours and syllable structures.

syllable structure — /(C)V(N)/ (C)V?/
register onset falling rising checked
High [-voice] | Tl T2 T4
Low [+voice] | — T3 T5

However, the glottal coda is often acoustically realized not
as a full but as an incomplete glottal closure, bringing tenser
phonation (stronger vocal constriction and slightly higher f0)
than unchecked tones to the nucleus, as demonstrated by both
acoustic and articulatory measures of voice quality of T3 versus
T5 [17]. In addition, syllables with a checked tone (checked
syllables) are shorter than those with an unchecked tone
(unchecked syllables). Chen’s [18] production study compared
vowels in unchecked open syllables with vowels in checked
syllables when embedded in a sentence and revealed that the
former are about 1.5 times longer and exhibit a more extensive
vowel space than the latter, hence a difference in vowel quality.
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The current study aims to investigate whether the three
acoustic cues shown by [17], [18], i.e., phonation type, duration
and vowel quality would also play a role in the perception of
checked tones T4 and TS in monosyllabic Shanghai Chinese
words. Based on the f0-contour similarities between T2 and T4
and between T3 and T5 [9], [19], [20], we attempt to understand
under what circumstances T2 and T3 are biased towards T4 and
TS5 respectively, and vice versa. For this purpose, we conducted
a three-alternative forced-choice (3AFC) word identification
task, in which native listeners heard a monosyllabic word and
then had to choose among three Chinese characters representing
the three possible syllable structures (open, nasal-ending and
glottal-ending).

2. Methods

2.1. Participants

Forty native listeners of Shanghai Chinese (27 females and 13
males, average reported age = 27.00 years, SD = 9.53 years)
with normal hearing and no reading difficulties participated in
the task. All were born and had spent most of their lifetime in
the urban (26 participants) or close-by suburban areas in
Shanghai. They all self-reported to actively communicate in
Shanghai Chinese in their daily lives. All participated in this
task on a voluntary basis with consent obtained prior to the test.

2.2. Stimuli

The monosyllabic words were produced in isolation by a male
native speaker with an urban dialect of Shanghai Chinese.
Alveolar fricatives were used as onsets for all stimuli. Since
voiceless onsets only co-occur with high tones, while voiced
onsets only co-occur with low tones, voiceless /s/ was used for
T2 and T4 (T1 is excluded from this study) and voiced /z/ was
used for T3 and T5. Since the voiceless onset /s/ is longer than
the voiced onset /z/ (as high tones have longer onsets compared
with low tones [12]), we fixed the frication duration of /s/ and
/z/ at 200 ms and 150 ms respectively, for all stimuli.

Two vowel pairs with relatively close F1 and F2 values
were chosen to construct stimuli: the middle pair /o/—/o/ and the
low pair /e/—/a/. We refer to /o/ and /e/ as checked vowels, as
they are always followed by a glottal coda and hence bear the
checked tones T4 and T5; they are somewhat centralized in
terms of the acoustic vowel space. We refer to /o/ and /a/ as
unchecked vowels as they only occur in open or nasal-ending
syllables (with an unchecked tone T2 or T3 in this study); these
vowels are more peripheral in the vowel space.

All four vowels were produced with both modal phonation,
which ought to be associated with unchecked tones, and tense
phonation (as the result of an incomplete final /?/), which is a
marker of checked tones. By applying the eight combinations
to the two registers (High: higher f0 + voiceless onset vs. Low:
lower 0 + voiced onset), we created 16 syllables. Among these,
eight syllables had well-formed Shanghai Chinese phonetic
implementations, as their vowel quality was congruent with
phonation type: in [so?, se?] with T4 and [zo?, ze?] with TS,
both cues should indicate a checked tone; and in [so, sa] with
T2 and [z, za] with T3, both cues should indicate an unchecked
tone. The other eight syllables were phonetically ill-formed,
because the two acoustic cues they contain are contradictory:
four checked vowels mismatched with modal phonation (*[so,
se] with T2 and *[zo, ze] with T3), and four unchecked vowels
mismatched with tense phonation (*[so?, sa?] with T4 and
*[z0?, za?] with TS).

389

Vowel duration in these 16 syllables was manipulated in
Praat [21]. The shortest duration for the /o/—/o/ pair was set as
130 ms, and that for /e/—/a/ as 120 ms. The longest duration was
410 ms for the former and 450 ms for the latter. These four
values were approximately the average of these four vowels
from a pilot monosyllabic word production study. In each of
these two continua, three extra duration values were inserted,
yielding five values on each continuum whose logarithms were
equidistant, as shown in Figure 1. However, the largest value in
each continuum was eliminated because the checked vowels /o/
and /e/ extended for over 3 times sounded unnatural.

< > /of
130ms 173ms 232ms 311 ms 446-ms
/e/ < » /a/

120ms 167 ms 232ms 323 ms 4560-ms

Figure 1: Duration values on the two vowel continua.

Altogether, there were 64 stimuli (2 tone registers x 4
vowels [i.e., two on each continuum] x 2 phonation types x 4
duration steps). Another 16 nasal-ending words (2 registers x 2
rhymes [commonly notated as /or)/ and /d/] x 4 duration steps)
served as fillers. Each stimulus and filler was played twice
during the experiment. Each participant thus heard 160 words
in total, whose order was randomized during the test.

2.3. Procedure

The 3AFC word identification task was conducted fully online.
Participants were instructed to sit in a quiet room with their
headphones on. During the experiment, they listened to the
sound and then decided which Chinese character on the screen
was (best) associated with the syllable they heard by pressing
the button corresponding to the character as quickly as possible.
Decisions and reaction times (RTs) were recorded.

At the beginning of each trial, there was a black fixation
cross in the center of the white screen. The fixation cross
disappeared after 500 ms, and the audio of the syllable was then
played automatically. Then three Chinese characters appeared
horizontally in the middle of the screen at the same time. The
one on the left represented an unchecked open syllable, the one
in the middle represented an unchecked nasal-closed syllable
and the one on the right represented a checked glottal-ending
syllable; for instance, the three options for stimulus [zo] with
T3 and duration step 2 were /zo/ with T3, /zoy/ with T3, and
/zo?/ with TS (all legit). Their positions on the screen were
fixed, and they corresponded to the “A”, “S” and “D” keys on
the keyboard respectively. Each syllable was played twice with
two different sets of characters (homophones) during the entire
experiment. Once the decision was made, the trial ended.

Prior to the test, there was a training session that consisted
of five trials to familiarize the participants with the voice of the
speaker and the experiment setting. Immediate feedback on
their decision was given only during the training session but not
during the test. Instructions were written in Chinese. The entire
experiment lasted around 15 to 20 minutes per participant.

3. Results

The distribution of all 6400 responses (40 participants X 160
items) is summarized in Figure 2, categorized according to the
presence of two auditory cues, tense phonation [+tense] and
final nasality [+nasal], in the stimuli. Most stimuli acoustically



realized with a nasal ending (and modal phonation) (96.95%)
were identified as nasal-closed syllables regardless of duration.
Functioning as fillers in the task, all stimuli with final nasality
were excluded from further analysis. A large number of stimuli
with tense phonation (87.30%) were identified as glottal-ending
(i.e., checked) syllables regardless of other factors.

‘:z T e
ik

20
[ 1ense| [-nasal] [ —tense] |+ndsal| [+tense] [—nasal]
Phonation type and final nasality as auditory cues in stimuli

Perceived syllable B3 open ES nasal-ending E5 glottal-ending

Percentage of responses (%)

Figure 2: Distribution of decisions per stimulus type.

All stimuli perceived as nasal-closed syllables were also
excluded from the analysis of decisions. Thus, there were 4833
(94.39%) responses remaining for the analysis of decisions. All
responses with an RT longer than 5125 ms were excluded from
the analysis of RT as outliers, leaving 4630 responses.

3.1. Decisions

A generalized linear mixed-effects regression (g/mer) model
was constructed in R version 4.3.1 [22] with the ImerTest
package [23] to analyze the 4833 binary outcomes in which a
stimulus is perceived as either an unchecked (0) or a checked
tone (1) across various conditions.

Vowel pairs (either the /o/—/o/ pair, coded as —0.5, or the
/e/—/a/ pair, coded as +0.5) and tone registers (the high tones T2
and T4 were coded as —0.5, while the low tones T3 and T5 were
coded as +0.5) were included as fixed effects. Since neither
were involved in our research question, we did not consider
their interaction. The three factors that function as acoustic cues
to checked tones [17], [18], together with their interactions,
were incorporated into the model. Phonation type (tense =+0.5;
modal = —0.5) and vowel quality (checked vowels = +0.5;
unchecked vowels = —0.5) were both binary factors. Duration
was an ordinal variable with four levels, on which orthogonal
polynomial coding was applied to explore the potential linear
(the four levels were coded as —1/2, —1/6, +1/6, +1/2 in
ascending order), quadratic (+1/2, —1/2, —1/2, +1/2) and cubic
(=1/6, +1/2, —1/2, +1/6) trends. There was a random intercept
per participant. More complicated models failed to converge; a
series of likelihood ratio tests based on the Irtest() function in
the /mtest package [24] found no significant effect of random
slopes on the performance of the model.

Five main effects and a two-way interaction were revealed.
The first main effect is vowel pair: Shanghai Chinese native
listeners are estimated to have a 1.73 to 2.45 times greater odds
(the 95% CI of the odds ratio, based on the exponentiated
coefficients) of perceiving a stimulus as a checked tone (rather
than an unchecked tone) when the vowel falls in the /e/~/a/
category than in the /o/~/o/ category (point estimate of the odds
ratio = 2.06, z = +8.221, p = 2.0 x 107!6). Tone register also
plays a role in the perception of checked tones: people have a
1.24 to 1.74 times greater odds of perceiving a syllable with a
high register tone T2 or T4 together with the voiceless onset /s/
as a checked (as opposed to unchecked) tone than a syllable

390

with a low register tone T3 or T5 together with the voiced onset
/z/ (point estimate = 1.47, z = —4.423, p = 9.7 x 10°%; note that
negative z- or t-values are based on the given contrast coding
scheme, our report being adjusted for the sake of interpretation).

The three factors of main concern all turned out to have
significant effects. Phonation type is crucial to perception:
stimuli with tense phonation have a 23.42 to 35.79 times greater
odds of being perceived as checked (rather than unchecked)
tones than those with modal phonation (point estimate = 28.95,
z = +31.098, p = 2.5 x 107212). Vowel quality also biases
perception: stimuli with more centralized /o/ and /e/ have a 7.59
to 11.51 times greater odds of being perceived as checked tones
than stimuli with more peripheral /o/ and /a/ (point estimate =
9.35,z=+21.014, p = 4.9 x 107%®). A main effect of the linear
trend of duration was revealed: stimuli with the shortest
duration have an odds between 2.78 to 4.89 times greater of
being identified as checked tones than those with the longest
duration (point estimate = 3.68, z=-9.032, p = 1.7 x 10719).

A negative interaction between phonation type and vowel
quality was detected (see Figure 3): the odds of a stimulus with
inconsistent phonation and vowel quality cues (i.e., the average
of tense phonation + unchecked vowels and modal phonation +
checked vowels) identified as a checked tone is between 8.03
and 18.39 times greater than the odds of one with consistent
phonation and vowel quality (the average of tense phonation +
checked vowels and modal phonation + unchecked vowels)
(point estimate = 12.15, z=—-11.816, p = 3.2 x 1072).

ek

1

.

w
1§

)
=

Vowel quality
! checked
. ﬁ/o/ and /e/

unchecked
El/o/ and /a/

>

Stimuli perceived as checked tones
oo

-

modal

(=

tense
Phonation type

Figure 3: Distribution of responses across vowel
quality and phonation type (32 is the maximum).

3.2. Reaction time (RT)

A linear mixed-effects regression (/mer) model was constructed
to analyze the 4630 values of RT under 5125 ms. The fixed and
random effects and their contrast coding were the same as in the
model reported in Section 3.1 (no random slopes either).

All five main effects and the two-way interaction found in
the model on decisions were also significant with respect to RT.
Decisions are made between 277 and 375 ms faster on stimuli
with vowel /o/ or /o/ than with vowel /e/ or /a/ (point estimate
=326 ms, 4571.02] = +12.997, p = 5.9 x 1073¥). Tone register
also makes a difference in the sense that stimuli with T3 or T5
are estimated to take 49 to 148 ms longer to respond to than
stimuli with T2 or T4 (point estimate = 99 ms, #[4571.00] =
+3.933, p=8.5 x 107).

Tenser phonation takes native listeners between 27 and 125
ms longer to make their decision than modal phonation (point
estimate = 76 ms, 7[4570.95] = +3.031, p = .0024). Similarly,
the more centralized checked vowels /o/ and /e/ turn out to take
24 to 122 ms longer to respond to than the unchecked vowels



/a/ and /a/ (point estimate = 73 ms, [4571.08] = +2.922, p =
.0035). And the longer the duration of a stimulus, the longer the
RT turns out to be: from the shortest to the longest stimulus
duration, the RT is estimated to rise by 112 to 244 ms (point
estimate = 178 ms, #[4571.19]1=+5.282, p= 1.3 x 1077).

The RT difference between checked and unchecked vowels
is 328 to 525 ms larger in stimuli with modal than tense
phonation (point estimate = 426 ms, #[4571.83] = —8.491, p =
2.7 x 107'7). The shorter-RT advantage of unchecked vowels
gets weakened when phonation is tense. In other words,
listeners hesitate when auditory information on vowel quality
and phonation type conflicts.

For RT we also found two interactions that were not shown
in the analysis of decisions, namely duration x phonation type
and duration x vowel quality. The RT difference between the
two phonation types enlarges by 85 to 350 ms as duration goes
from the shortest to the longest (point estimate = 217 ms,
1[4570.96] = +3.228, p = .0013). The shorter-RT advantage of
unchecked vowels over checked vowels grows by 60 to 324 ms
as duration escalates from the shortest to the longest (point
estimate = 192 ms, #[4571.06] = +2.843, p = .0045). We found
no three-way interaction.

4. Discussion

The current study investigated the perceptual cues to checked
tones in Shanghai Chinese and found that all three cues in
production (i.e., voice quality, vowel quality and duration) also
have an effect on perception. Apart from that, the two
conditional factors in our experiment, vowel pairs (/e/~/a/ vs.
/0/—/a/) and tone registers (T2 and T4 vs. T3 and T5) also make
significant differences with respect to both decisions and RTs.

Tenser phonation, a more central vowel space and shorter
duration are signals of checked tones. Not separating glottal
constriction and f0 in our design, we could only argue that voice
quality as a whole plays a crucial role in perception. Tense
phonation biases syllables towards T4 and T5 with a longer
decision time. In a similar vein, vowel quality has a main effect
in checked tone perception: more centrally distributed checked
vowels bias listeners towards perceiving a checked tone, but
also take them longer to make a decision compared to more
peripheral unchecked vowels. Both phonation type and vowel
quality cues to checked tones seem to require longer processing
time. Nonetheless, this difference in RT is difficult to interpret
in the current study. As expected, duration indeed biases the
perception of checkedness with a linear trend: the shorter the
rhyme, the more likely the syllable is perceived to have a
checked tone. Our results also demonstrate that the shorter
duration of rthymes gives rise to shorter RTs.

With respect to interactions, the one between phonation
type and vowel quality is seen in both decision and RT. When
vowel quality and phonation type provide contradictory
information on whether a syllable has a checked or unchecked
tone, it takes native listeners much longer to make the decision.
Yet an average syllable with two conflicting auditory cues (i.e.,
checked vowel + modal phonation and unchecked vowel +
tense phonation lumped together) has a higher chance to be
perceived as a checked tone than an average syllable with two
consistent cues (i.e., checked vowel + tense phonation and
unchecked vowel + modal phonation lumped together).

Two more two-way interactions were observed in the
model on RT, one between duration and vowel quality and the
other between duration and phonation type, with a common
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pattern: the shorter-RT advantages of unchecked over checked
vowels and of modal over tense phonation enlarge with the
increase of duration. Note that the current study did not find
evidence that these two interactions involving the effect of
duration on RT would influence decision making, and that these
findings are based on a monosyllabic word identification task.
Duration may function differently on the sentence level.

Which of the three auditory cues to checked tone (tenser
phonation, centralized vowel quality, and shorter duration)
could be the strongest? When looking at the 95% confidence
intervals of the odds ratios of these three main effects, we see
that the interval for phonation type runs from 23.42 to 35.79,
whereas the interval for vowel quality runs from 7.59 to 11.51.
These intervals don’t overlap as the upper boundary for vowel
quality does not reach the lower boundary for phonation type,
which means that for the current stimuli the phonation type is a
stronger cue than vowel quality (note that the vowel quality
differences, namely in /o/ versus /o/, as well as in /e/ versus /a/,
were rather small, so the result might be different for other
vowel pairs). The interval for duration runs from 2.78 to 4.89
and doesn’t overlap with either of the other two, indicating that
duration is an even smaller cue than vowel quality. We can
therefore tentatively conclude that tenser phonation seems to be
the primary cue in the perception of checked tones in Shanghai
Chinese monosyllabic words and that vowel quality and
duration are secondary cues. This is generally in line with
findings that phonation is primary while duration is secondary
to tone perception in other tonal languages with complex tonal
systems as Vietnamese [3], [6] and Cantonese [4], and also in
line with a recent production study which showed that checked
tones in Shanghai Chinese are acoustically realized with tenser
phonation and shorter duration of the rhyme [17].

Interestingly, we also found significant effects of the two
factors that weren’t a priori regarded as cues. Syllables with a
low vowel /e/ or /a/ also bring about more checked-tone
responses and longer RTs than those with a middle vowel /o/ or
/a/, like the effect exhibited by checked vowels that are more
centralized. The main effect of this factor on RT implies that
the low vowel pair seems more confusing than the middle
vowel pair for native listeners to distinguish. A plausible
explanation might be that the vowel quality difference between
/e/ and /a/ is smaller than that between /o/ and /o/ in terms of F1
as shown in [18], hence longer processing time is required.
However, this needs to be further confirmed with more possible
checked—unchecked vowel pairs.

Finally, high tones are more likely and more quickly than
low tones to be perceived as checked tones. This could be due
to any of the various phonetic dimensions that distinguish the
two registers. First, high tones have higher f0 onsets and longer
consonant onsets than low tones (also in this study). Second,
there is slight breathiness at the beginning of vowels with low
tones T3 and TS5 [13], [14], albeit fading away gradually among
the young generation [14], [15]. Unfortunately, since this study
did not include T1, which also belongs to the high register, it
remains unclear whether it is the f0 contour of T2 or other
features shared across the high register that cause the bias
towards perceiving this register as checked tones. It is therefore
difficult to draw a conclusion on which factors result in the
decision and RT differences between the two registers.
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