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Abstract—In connected speech, syllables are believed to be 

prosodically organized into groups. Such groups are thought of 

as either the basic units of speech rhythm or a prosodic 

hierarchy. In this study we investigated the nature of syllable 

organization by examining syllable duration, tonal undershoot 

and F0 height in Chinese as related to speaking mode, group 

position in sentence, syllable position in group, and number of 

syllables in the group. The results showed polysyllabic shortening 

and constituent-edge lengthening previously reported for 

languages with lexical stress despite the fact that no lexical stress 

was involved in the present study. 
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I. INTRODUCTION 

In tone languages, F0 patterns are used to distinguish words 
that are identical in their segmental structures [1]. Lexical tone 
is therefore a major source of F0 patterning in a tone language. 
One particular aspect of F0 variability in tone languages, 
however, is much less understood, namely, variability related 
to syllable grouping, i.e., whether and how a sequence of 
syllables are phonetically organized into groups. It has been 
suggested that syllables in Chinese are organized into prosodic 
or rhythmic units, referred to as feet [2, 3]. A foot in Chinese 
has been proposed to vary in size, from 1 to 3 syllables [2, 4]. It 
has also been suggested that sometimes two adjacent feet are 
further organized into a super foot [3]. 

In the Stem-ML model proposed by Kochanski et al. [5], 

tones are realized as deviations from lexically determined 

tonal templates. But this also means that the fullness of target 

realization, and hence the measured prosodic strength, is 

partially attributable to syllable duration. This raises the 

question as to whether the same patterns of prosodic strength 

also correspond to the duration patterns found in previous 

studies. The goal of the present study is to investigate the 

separate contributions of syllable duration and articulatory 

strength to patterns of F0 variation as they are related to 

potential syllable grouping patterns in Chinese.  

II. METHOD

The design of the study is to examine tone sequences of 

varying lengths that can show durational patterns related to 

syllable grouping, which at the same time can readily reveal 

any possible patterning in articulatory strength. Because 

syllable grouping is potentially related to meaning, we need to 

use real words and meaningful phrases instead of nonsense 

sequences. This also means that we have to use sequences in 

which the component syllables differ slightly in their 

segmental structures, although such differences may 

potentially confound the main effects. To reveal evidence of 

articulatory strength, tone sequences consisting of all Rising 

(R) tones and all Falling (F) tones are used. In these tone 

sequences, the degree of target undershoot could potentially be 

sensitive to changes in articulatory strength as indicated by the 

ratio of peak velocity to movement amplitude. 

A. Stimuli 

The key words of the stimuli were composed of syllables 
with dynamic tones, including R tone only (all-R) and F tone 
only (all-F). Both the R tone stimuli and F tone stimuli include 
one, two, three and four syllable sequences. Key words of the 
R tone are nán, yún nán, yún nán rén and yún nán rén mín, and 
those of the F tone are yòng, wài yòng, wài yòng yào and wài 
yòng yào liàng. They are recorded in two conditions, with 
following carrier (non-final) and without following carrier 
(final). To ensure continuous F0 contours, and to reduce F0

perturbation by consonants, only words with initial sonorant 
consonants were used. 

Two speaking modes were used during the recording as a 
way of cross-validating the effect of articulatory effort. (a) 
Quiet conversation: The subject was comfortably seated in 
front of the microphone, and read aloud the sentences as if 
speaking to a person standing one meter away. (b) Public 
lecture: The subject stood in front of the microphone and read 
aloud the sentences as if speaking to a large audience in a 
lecture hall. 

The target sentences and their precursor questions were 
repeated five times, and printed in Chinese in random order. 

B. Subjects 

To guarantee minimal dialectical variability, only native 
Chinese speakers born and raised in Beijing participated as 
subjects. They were eight university students, aged 19-22. Four 
of them were females, and the other four males. They were 
recruited from universities in the city of Guangzhou and were 
paid for their participation. None of them reported having any 
speech disorders. 

C. F0 extraction 

The acoustic analysis was done by a procedure using a 
custom-written Praat script, which allowed us to generate vocal 
pulse markings. The vocal pulse markings generated were 
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manually corrected for errors such as missed or double marked 
cycles. 

D. Measurements 

From the F0 curves of the dynamic tone sequences 
produced by each subject, the following measurements were 
taken. 

• MaxF0 (st) — Highest F0 in semitone in each 
unidirectional pitch movement. There is one MaxF0 for 
each syllable. The conversion from Hz to semitone was 
done with the following equation: 

st =12log
2

f
0
                              (1) 

• MinF0 (st) — Lowest F0 in semitone in each 
unidirectional pitch movement. There is one MinF0 for 
each syllable. 

• Excursion size (rise or fall) — F0 difference (in st) 
between adjacent MaxF0 and MinF0.

• Mean excursion size — Average of the transition and 
the tone proper excursion sizes. 

• Excursion duration (rise or fall) — Time interval 
between adjacent F0 maximum and minimum. 

• Peak velocity — Positive and negative extrema in the 
velocity curve corresponding to the rising and falling 
ramps of each unidirectional pitch movement. A 
velocity curve was computed by taking the first 
derivative of an F0 curve after it has been smoothed by 
a 100 ms triangular window. 

• Stiffness = peak velocity / excursion size. This is an 
index of the total amount of muscular force in the 
direction of the F0 movement as discussed in the 
Introduction. There are two stiffness measurements for 
each syllable, one for the transition, and the other for 
the tone proper. Stiffness for the transition is the result 
of peak velocity divided by excursion size of that part, 
and that of the tone proper is obtained in similar way. 

• Mean stiffness of a syllable — Average stiffness of the 
transition and the tone proper.   

• Mean up-down cycle duration — Sum of Excursion 
durations of transition and tone proper in each syllable, 
as an indicator of syllable duration. 

III. ANALYSES AND RESULTS

Quantitative analyses of different effects are shown in 
Table 1, which displays the means of various measurements 
broken down by Speaking mode, Location in sentence and 
Tone. For sequences of more than one syllable, the 
meansurements are the means of all the syllables. Detailed 
observations will be discussed together with the results of 
statistics analyses. 

A. F0 is higher in lecture mode 

When speaking mode is observed, it is found that F0 is 
higher in lecture mode than in conversation mode, and the 
excursion size is larger in lecture mode than in conversation 
mode. Statistics show that speaking mode has a significant 
effect on MaxF0, MinF0 and Mean excursion size, but not on 
mean stiffness or up-down cycle duration. That both MinF0 and 
MaxF0 significantly increased from conversation mode to 
lecture mode indicates that there may be an increase of 
subgottal pressure in the lecture mode [6]. 

B. Syllables are longer at sentence final location 

As for location in sentence, it affects mostly the overall F0

of the later part of the sequence. The duration of the sentence 
final curves is also slightly longer than those of the non-final 
ones. As the number of syllables in a phrase increases, the 
overall duration also increases. But the two increments are not 
proportional to each other. As shown in Fig. 1a, as phrase 
length increases, the duration of individual syllables decreases, 
although the decrease slows down between three and four 
syllables. Because of the decrease, the total duration of the 
phrase does not increase proportionally with the number of 
syllables in the phrase (Fig. 1b). These patterns are largely 
consistent with the pattern of polysyllabic shortening in 
English as reported by Lehiste [7]. 

C. Duration is longer for the all-R sequences 

When observing the effect of tone sequence, it is found that 
the overall duration of the all-R sequences is longer than that of 
all-F sequences. As seen in Fig. 1a, the durational difference 
between the two tones becomes smaller as Phrase length 
increases. This pattern is consistent with the finding of Xu and 
Sun [8] that pitch rises take longer to execute than pitch falls 
only when excursion size is large; and as excursion size 
decreases the difference between rises and falls become smaller 
or even reversed at extremely small excursion sizes. From Fig. 
1c it can be seen that there is an interaction between Tone and 
Phrase length on MaxF0 (F[1,7] = 9.56, p < 0.001), which is 
due to its reduction in F tone as Phrase length increases, but 
lack of change in R tone. 

D. Syllables are longer at constituent-final position 

Fig. 2a and 2b display bar graphs of up-down cycle 
duration and mean excursion size at different positions in 
phrases of different lengths. Fig. 2c shows the corresponding 
mean stiffness values. In all multisyllabic unit the final syllable 
is the longest, while the first medial syllable is always the 
shortest. The same durational pattern can be found for all-Level 
tone sequences. The mean stiffness values, however, do not 
show the same pattern. In fact larger excursions were produced 
with lower stiffness. Fig. 2 seems to suggest that what should 
be positively correlated with excursion size is syllable duration, 
while stiffness is negatively related to F0 cycle duration. In 
other words, longer syllables, which have larger F0 excursions, 
actually have lower stiffness. The decrease in stiffness is 
related to duration rather than to a particular syllable position. 
The final position shows the greatest decrease mainly because 
of its much longer duration than any other positions. 
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IV. DISCUSSION AND CONCLUSION

There is no word stress in Mandarin Chinese, unless the 
neutral tone is treated as weak stress. This makes it possible to 

study the effect of syllable grouping independent of word 
stress. In addition, Mandarin has two other advantages for 
studying syllable organization. First, the local pitch patterns in 
Chinese are lexically specified and so are easy to 
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Figure 1. (a) Syllable duration of all-R and all-F sequences as a function of phrase length. (b) Mean total duration of those sequences as a function of 

phrase length, as compared to a function (open circles) with full proportional change in sequence duration. (c) MaxF0 of all-R and all-F sequences. (d) 

Mean stiffness of all-R and all-F sequences.            

TABLE I. MEAN VALUES OF THE MEASUREMENTS 

Speaking mode 

lec-  conver- 

ture sation   

Location in 

sentence  

non-final final 

Tone sequence 

all-R    all-F 

Phrase length 

1 2 3 4 

Maxf0 (st) 93.44   91.79 

F(1,7) = 14.09 

p = 0.007 

93.26   91.97 

F(1,7) = 34.12 

p = 0.001 

91.59   93.63 

F(1,7) = 71.93 

p < 0.001 

93.54   92.54   92.33   92.04 

F(3,21) = 28.63 

p < 0.001 

Minf0 (st) 88.7    87.7 

F(1,7) = 7.58 

p = 0.028 

89    87.4 

F(1,7) = 42.27 

P < 0.001 

87.8   88.59 

F(1,7)  = 0.45 

p = 0.026 

86.79   88.07  88.67  89.26 

F(3,21) = 51.02 

p < 0.001 

Mean excursion 

size (st) 

3.69    3.09 

F(1,7) = 26.97 

p = 0.001 

3.38    3.4 

F(1,7) = 0.009 

p = 0.927 

3.45     3.34 

F(1,7) = 0.29 

p = 0.606 

5.63  3.45  2.45  2.03 

F(3,21) = 90.67 

p < 0.001 

Mean stiffness 29.58   30.25 

F(1,7) = 0.34 

p = 0.579 

29.61    30.22 

F(1,7) = 0.21 

p = 0.658 

28.69   31.14 

F(1,7) = 3.87 

p = 0.09 

24.83  28.23  32.62  33.98 

F(3,21) = 7.29 

p = 0.002 

Up-down cycle 

duration 

247.8  240 

F(1,7) = 1.97 

p = 0.165 

236.4   251.3 

F(1,7) = 3.42 

p = 0.107 

271  216.9 

F(1,7) = 61.14 

p < 0.001 

314.9  245.3  215.4  200.1 

F(3,21) = 112.64 

p < 0.001 

                                 

                                 Mean values of Maxf0, Minf0, mean excursion size and mean stiffness of all the tone sequences under the effects of Speaking mode, 

Location in sentence and Tone. Also displayed are the F and p values of the main effects in a 4-factor ANOVA. 
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experimentally manipulate according to the purpose of the 
study. Second, patterns of contextual tonal variations in 
Chinese have been empirically established in previous research 
[5, 9], which provide a solid ground for separating established 
patters from newly found ones. The similarity between 
polysyllabic shortening and constituent-edge lengthening found 
here and what has been reported for languages like English [10] 
suggest that the kind of syllable organization reflected in the 
current Mandarin data is similar to that in English, despite the 
lack of lexical stress in Mandarin. 

Intriguing results were obtained when  articulatory  
strength was measured in terms of stiffness. The duration 
patterns and the closely corresponding patterns of F0 excursion 
size are not matched by stiffness patterns, as seen in Fig. 2. 
Analyses showed that variation of F0 excursion size was well 
predicted by syllable duration, but not by stiffness. In fact, 
stiffness was negatively related to both excursion size and 
syllable duration. This can only mean that effort could have 
been a negative contributor to the excursion size variation in 
the present data. If we assume articulatory strength to be a 
direct correlate of stress, we will then have to conclude that, at 
least as far as tone-related F0 patterns in Chinese are concerned, 
variability related to syllable organization is not mediated by 
stress. 

The findings of the present study have opened up a rather 
different perspective for viewing the various phenomena 
investigated in previous research. First, the current data, 
together with previous reports [10] demonstrate clear tendency 
of polysyllabic shortening, which is consistent with the core of 
the rhythm hypothesis: a general tendency for certain event, 
stress, syllable or mora, to occur at equal temporal intervals. 
But the current data more clearly show that the isochronous 
tendencies for supra-syllabic and syllabic units are different in 
nature. The former, manifested as polysyllabic shortening, is a 

tendency for comparable supra-syllabic units to become equal 
in duration, whereas the latter, as seen in the asymptotic trend 
in Fig. 1a, is likely a consequence of incompressibility of 
individual segments that make up the syllable [7, 11], which, 
according to Klatt [11] is “the property of an absolute 
minimum duration Dmin that is required to execute a 
satisfactory articulatory gesture.” Thus syllable organization is 
unlikely to be mediated by prominence. We conclude, based on 
these findings, that syllable organization in Chinese is encoded 
directly through adjustment of syllable duration. 
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Figure 2. (a) Mean up-down cycle durations at different syllable positions with different phrase lengths. (b) Corresponding mean excursion sizes. 

(c) Corresponding stiffness values. 
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