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Abstract 
The present study compared the duration of Mandarin tones in 
three types of speech contexts: isolated monosyllables, formal 
text-reading passages, and casual conversations. A total of 156 
adult speakers was recruited. The speech materials included 44 
monosyllables recorded from each of 121 participants, 18 
passages read by 2 participants, and 20 conversations conducted 
by 33 participants. The duration pattern of the four lexical tones 
in the isolated monosyllables was consistent with the pattern 
described in previous literature. However, the duration of the 
four lexical tones became much shorter and tended to converge 
to that of the neutral tone (i.e., tone 0) in the text-reading and 
conversational speech. The maximum-likelihood estimator 
revealed that the durational cue contributed to tone recognition 
in the isolated monosyllables. With a single speaker, the 
average tone recognition based on duration alone could reach 
approximately 65% correct. As the number of speakers 
increased (e.g., ≥ 4), tone recognition performance dropped to 
approximately 45% correct. In conversational speech, the 
maximum likelihood estimation of tones based on duration cues 
was only 23% correct. The tone duration provided little useful 
cue to differentiate Mandarin tonal identity in everyday 
situations. 
Index Terms: tone recognition, Mandarin Chinese, duration 
cues, maximum-likelihood estimator  

1. Introduction 
Mandarin (in the present study, we refer to Standard Chinese or 
Putonghua) is a tonal language in which four types of F0 
(fundamental frequency) contours are adopted to differentiate 
lexical meanings for a given stressed isolated monosyllable. 
These four categories of lexical tones are labeled as tone 1, tone 
2, tone 3, and tone 4 with pitch contours being high-level, mid-
rising, low-dipping, and high-falling, respectively. For 
example, the stressed syllable “ba” (/pa/ in IPA) may mean 
“eight”, “pull”, “target”, and “dad” for tone 1 through tone 4, 
respectively. In addition to the four lexical tones in stressed 
isolated monosyllables, there is a fifth tone, usually called a 
neutral tone or tone 0. It normally occurs in unstressed syllables 
in multisyllabic words or connected speech. 

So far, a large number of studies have shown that the 
main acoustic correlate of Mandarin tones is F0 [1-5]. In 
addition to F0 patterns, previous studies revealed that Mandarin 
tones also vary in intrinsic duration and overall amplitude 
contour of the vowels [6-9]. However, controversy surrounds 
which part of a syllable carries the tone. Some researchers 
[1,10] pointed out that tone is carried by the voiced portion of a 
syllable in which the voiced initial consonant, if any, should be 

included. Some other researchers [11] noted that tonal identity 
was only related to the syllable nucleus, i.e., vowel. The initial 
voiced consonants and nasal ending should be excluded. In the 
present study, we followed Howie [7] who suggested that 
syllable rhyme including vowel and/or nasal endings carry the 
tones. Howie [7] also suggested that the voiced consonant 
preceding the nucleus could be viewed as a tonal transition.  

In Mandarin words, the rhymes that carry individual 
tones vary in duration. Among the four lexical tones, many 
studies have reported that tone 3 has the longest duration; tone 
4 has the shortest duration and tones 1 and 2 fall in between [2, 
9]. In comparison to isolated monosyllables, the durational 
features of Mandarin lexical tones were less consistent and less 
distinguishable in connected speech. Tseng reported that while 
tone 3 was still the longest, tone 4 was no longer the shortest in 
connected spontaneous speech [12]. Deng et al. suggested that 
the durations of four lexical tones in the sentence medial and 
sentence-final position followed such a pattern: tone 2 > tone 1 
> tone 3 > tone 4 [13]. Chang measured the duration of 
Mandarin lexical tones in sentence-final positions and found 
that tone 2 was the longest followed by tone1, tone 4, and tone 
3 [14].  

The aforementioned studies measured the durations of 
target words located at different places of designed sentences. 
However, how the durational features of Mandarin lexical tones 
are reflected in a more natural setting, such as conversational 
speech, remains vague. In addition, as connected speech 
contains a large number of words with neutral tones (i.e., tone 
0), except for a general consensus of shorter duration for tone 0 
than for the other four tones, few studies have reported data on 
the extent to which the durational feature of tone 0 differs from 
the four lexical tones in different speech contexts. More 
importantly, as pitch information is inadequately coded in 
modern multichannel cochlear implants, researchers turned to 
examine the contribution of the secondary cues of tone duration 
and amplitude to tone recognition in CI recipients [15-24]. To 
date, almost all tone perception tests used monosyllables 
produced by a small number (usually one or two) of speakers. 
If the pattern of tone durations in other types of contexts from a 
larger number of speakers differs from that in monosyllables by 
individual speakers, caution should be exerted when 
generalizing previous findings of tone perception in CI users. 

To address these issues, the present study aimed to 
provide a detailed investigation of tone duration by comparing 
the duration of Mandarin tones from a relatively large number 
of speakers in both isolated citation forms and connected speech 
that includes formal text-reading and casual conversational 
speech. In addition, a maximum-likelihood estimator was 
adopted as an ideal observer for tone recognition based on the 
durational features.  
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2. Method 

2.1. Participants  

A total of 156 Mandarin-speaking adults was recruited for 3 
different speech production tasks: (1) 121 speakers (46 males 
and 75 females) between 18 to 34 years of age (Mean=24, 
SD=3) were recruited for the production of isolated 
monosyllables; (2) 33 speakers (15 males and 18 females) 
between 20 and 50 years of age were recruited for the 
production of conversational speech; and (3) 2 speakers (one 
24-year-old male and one 23-year-old female) were recruited to 
read text. None of the participants reported having any speech-
language or hearing impairments. 

2.2. Speech Materials 

For the isolated monosyllables, 44 tokens composed of 11 
syllables in all four tones were recorded from each of the 121 
speakers. The consonant and vowel contexts across the 11 
syllables were not controlled in the present study. For the 
connected speech, a total of 12,085 syllables were obtained 
from 18 passages of read text by the 2 speakers and 21,945 
syllables were obtained from 20 conversations among the 33 
speakers. Because the speech contexts in both text-reading 
passages and conversations were not designed, the consonant 
and vowel contexts for the tone productions were not controlled 
either.  

2.3. Recording and Duration Measurement 

For the production of monosyllables and text-reading passages, 
all participants were recorded separately in a quiet room or 
sound-attenuated booth. For monosyllables, each speaker was 
provided a list of monosyllables and was asked to produce tones 
1 through 4 for each syllable. For text-reading speech, each 
speaker was provided a number of randomly selected passages 
and was required to read each passage with no breaks. All 
productions were recorded to a digital recorder with a 44.1-kHz 
sampling rate and a 16-bit quantization. The productions of 
conversational speech were selected from the customer service 
phone recordings in the corpus of Discourse-CASS, which were 
recorded with a 16-kHz sampling rate and a 16-bit quantization. 
The recorded sound files were annotated with Chinese 
characters and Pinyin. An automatic segmentation program was 
then applied to determine the locations of individual syllables, 
onset and rhyme of each syllable. Praat was finally used to 
manually check the boundary locations of the phonetic units. 
The duration of each tone was measured as the time interval 
between the onset of the vowel and the offset of the syllable. 

2.4. Maximum-Likelihood Estimator  

This study adopted a computational model, namely maximum-
likelihood estimator [25] to determine the optimal outcome of 
tone recognition on the basis of tone durations alone. In this 
procedure, based on the mean and standard deviation of the 
duration data for each tone, a normal probability density 
function from 0 to 1000 ms was derived. The probability 
density values at every 10-ms step were compared among the 4 
tones in the monosyllabic speech or 5 tones in the connected 
speech. The maximum values of the probability density at all of 
the 10-ms steps were then summed and the sum was divided by 
the total probability density between 0 and 1000 ms of all the 4 
or 5 probability density functions to derive a percent-correct 
value for the ideal observer.  

3. Results 
Pre-analysis of the tone durations yielded subtle differences 
between male and female speakers (the gender difference on 
tone duration was less than 10 ms for the four lexical tones and 
less than 20 ms for tone 0). Given that the gender difference on 
tone duration was subtle and not of interest in the present study, 
the durational data was collapsed across gender for the 
subsequent analyses. Table 1 presents the means and standard 
deviations of tone duration in the isolated monosyllables, text-
reading speech, and conversational speech. Note that the 
isolated monosyllables only contained 4 lexical tones while 
connected speech contained 5 tones. Normal probability density 
functions were used to estimate the overall distributional 
patterns of the Mandarin tones in the three contexts (see Figure 
1). It was shown that the durations of the four lexical tones were 
longer and more widely dispersed in the isolated monosyllables 
than in the text-reading speech or conversational speech. In the 
text-reading and conversational speech, the four lexical tones 
were not only significantly shorter than those in isolation but 
also narrowly distributed within a much smaller range. In 
addition, tone 0 was shorter than the four lexical tones in the 
text-reading speech. In conversational speech, the difference 
between tone 0 and the four lexical tones tended to diminish. A 
one-way repeated-measures ANOVA was used to compare the 
subject-mean durations of the four lexical tones in the isolated 
monosyllables and the five tones in the conversational speech, 
respectively. When a significant effect of tone was yielded, 
pair-wise sample t tests with adjustment for multiple 
comparisons were conducted to compare the differences of 
duration between individual tone pairs. Consistent with our 
observation for the isolated monosyllables, the four lexical 
tones showed significantly different durations in citation form 
(F(3,360)=449.466, p<0.0001). All tone pairs were 
significantly different on duration except for tone 1 and tone 2. 
In conversational speech, the five tones also showed 
significantly different durations (F(4,128)=7.272, p=0.001). In 
particular, tone 0 was significantly shorter than tone 1, tone 3, 
and tone 4, but no significant difference was found among the 
four lexical tones. Note that there were only two speakers in the 
text-reading speech, the repeated-measures ANOVA was not 
applied to the speech samples in this condition.   

Regarding the durational pattern of the four lexical 
tones, in the monosyllables, tone 3 has the longest duration 
while tone 4 has the shortest duration. Tone 1 and tone 2 
showed similar durations in between tone 3 and tone 4. This 
pattern was consistent with the results reported in earlier studies 
[5,6,10]. In the text-reading speech, tone 2 was the longest and 
tone 1 was the shortest, which was different from the pattern in 
the isolated monosyllables. In conversational speech, all five 
tones tended to converge on the durational feature even though 
tone 0 was still significantly shorter than the four lexical tones. 
The durations of the four lexical tones were similar. Close 
comparison of the four lexical tones revealed that tone 1 had the 
longest duration and tone 2 had the shortest duration. This 
pattern was different from that in the text-reading speech or 
isolated monosyllables. These observations suggested that 
Mandarin tones’ durations tend to converge as the speech style 
changed from citation form to casual speech. In addition, the 
durational pattern normally described in isolated monosyllables 
does not apply to other contexts. 

In the following analysis, we adopted a maximum- 
likelihood estimator as an ideal observer to estimate to what 
extent the Mandarin tones can be distinguished solely based on 
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Table 1. The mean and standard deviation (in ms) of the durations of the four Mandarin lexical tones in the isolated monosyllables, 
text-reading speech, and conversational speech. 
 

 Tone 0 Tone1 Tone2 Tone3 Tone4 

 M SD M SD M SD M SD M SD 
Monosyllables   416.2 90 417.7 87.7 484 97.7 307.8 92.4 
Text-reading  106.2 59.6 149.2 69.3 169.6 65.6 157.3 62.6 152.8 65.7 
Conversations 96.9 49.6 115.6 56.4 107.6 51 112.3 54 111.2 60.1 

durational features in isolated monosyllables or conversational 
speech. Figure 2 displays the maximum-likelihood recognition 
accuracy of Mandarin tones in isolated monosyllables and 
conversational speech as a function of increasing number of 
speakers. The number of speakers ranged from 1 to 15. For each 
number of speakers, the tone duration data of the desired 
number of speakers were chosen and fed into the maximum-
likelihood estimator. This process repeated 30 times. Each time 
different sets of speakers were chosen randomly with 
replacement. Therefore, 30 maximum-likelihood recognition 
scores were obtained for each number of speakers. As shown in 
Figure 2 for the four lexical tones in the isolated monosyllables, 
the average maximum-likelihood recognition was 
approximately 65% correct when there was only one speaker. 

 

 
Figure 1. Probability density function of tone durations in the 
isolated monosyllables (top panel), text-reading speech (middle 
panel), and conversational speech (bottom panel). 

For certain speakers who showed clearly distinct durational 
features on the four lexical tones, the accuracy could reach as 
high as 80% correct solely based on tone durations. However, 
for other speakers who did not show distinctive durational 
features, the maximum-likelihood recognition accuracy 
dropped to approximately 45%. As the number of speakers 
increased, the average maximum-likelihood score gradually 
decreased from approximately 65% to 45% correct. In addition, 
the maximum-likelihood recognition scores showed less 
variability as the number of speakers increased. When the 
number of speakers increased to 5 or above, the average 
maximum-likelihood score remained relatively stable. When 
the number of speakers increased to 10 or above, the average 
score dropped to 45% correct, which was similar to the score of 
42.7% correct for all 121 speakers. 

For conversational speech, the highest maximum-
likelihood recognition accuracy in one speaker condition only 
reached 35% correct. The average maximum-likelihood 
recognition scores, in the range between 24 and 28% correct, 
showed little change regardless of the number of speakers (1 to 
15), which was close to the overall maximum-likelihood 
recognition score of 23% correct for all 33 speakers (Figure 2). 
However, the variability of maximum-likelihood recognition 
scores for the conversational speech was much smaller than that 
for the isolated monosyllables. 

 

 
Figure 2. The maximum-likelihood recognition score of 
Mandarin tones based on tone durations in the isolated 
monosyllables (red) and conversational speech (blue). For 
each number of speakers, the maximum-likelihood estimator 
was implemented 30 times. Each box shows the horizontal lines 
at the lower quartile, median, and upper quartile values. The 
whiskers show the range of the data. The circles represent the 
average recognition scores. The pink dashed line represents the 
overall maximum-likelihood recognition score of the 121 
speakers in the isolated monosyllables while the cyan dashed 
line represents the overall maximum-likelihood recognition 
score of the 33 speakers in the conversational speech. 
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Since the text-reading speech samples were recorded 
from only two speakers, an overall maximum-likelihood score 
for these two speakers was calculated. Associated with the 
significantly shorter duration in tone 0 than in the other four 
lexical tones, the overall maximum-likelihood recognition 
score was approximately 27% correct in the text-reading 
speech, slightly higher than the score in the conversational 
speech but much lower than the score in the isolated 
monosyllables.  

4. Discussion and Summary  
The four lexical tones in the isolated monosyllables showed 
distinctive durational features, which was consistent with the 
pattern described previous studies. However, the maximum-
likelihood computational model revealed that tone durations did 
not always provide a reliable cue in tone recognition. As the 
number of speakers increased from one to four, the average 
optimal recognition score dropped from approximately 65% to 
50% correct. This result suggested that the contribution of the 
durational cue to tone recognition decreased as a result of the 
inter-speaker variability of tone durations. It is worth noting 
that when the number of speakers increased to 10 or above, the 
optimal recognition score maintained at a relatively stable level 
of 45% correct despite further increase of the number of 
speakers. This result illustrated that although the absolute 
values of tone durations differ in various speakers, the relative 
durational pattern in the isolated monosyllables may still 
provide certain perceptual cue for tone recognition.  

In comparison to the isolated monosyllables, the 
duration pattern of the longest tone 3 and the shortest tone 4 
does not exist anymore in the text-reading or conversational 
speech. Some previous studies reported that Mandarin lexical 
tones showed a different duration pattern in sentence context 
relative to isolated citation form. The present study revealed 
that the durations of all four lexical tones became highly similar 
in connected speech when a large number of tokens (e.g., N > 
10,000) were collected. In addition, the tone durations were 
dramatically shortened from isolated monosyllables to formal 
text-reading speech and casual conversations. This pattern 
conforms to the findings of shorter speech units in more casual 
spontaneous speech than in formal speech [26, 27]. Although 
the four lexical tones were apparently longer than tone 0 in the 
formal text-reading speech, the difference between tone 0 and 
the four lexical tones decreased substantially in the 
conversation speech. In such a case, the optimal recognition 
score based on the durational cues alone for the five tones 
dropped to approximately 23% correct. This result suggested 
that tone duration was no longer a reliable cue to differentiate 
Mandarin lexical tones in connected speech.  

The results of the present study have important 
implications in the development of tone recognition tests. To 
date, several Mandarin tone recognition tests have been 
developed to evaluate the identification and differentiation of 
Mandarin lexical tones in hearing-impaired listeners [28-32]. 
All these tests were based on a limited number of isolated 
monosyllables produced by only one or two speakers. As 
illustrated in Figure 2, the optimal tone recognition score in 
isolated monosyllables based on the durational cues alone 
varied from 45% to 80% correct with only one speaker. 
However, when the number of speakers increased to 4 or more, 
the optimal tone recognition score demonstrated much less 
variability and stabilized at around 45% correct (i.e., 20 
percentage points above chance performance). Therefore, when 
we develop such tone perception tests, stimuli from multiple 

speakers (≥ 4 speakers) should be used to reduce the influence 
of inter-speaker variability on the test outcome and the 
contribution of the duration cues to the performance should be 
considered.  

In addition, modern multichannel cochlear implants are 
widely used in people with a severe-to-profound hearing loss. 
As pitch information was poorly coded in current signal 
processing strategies, a large number of perceptual studies were 
conducted to examine the tone perception of cochlear implant 
recipients. While a few studies normalized the tone duration in 
their perceptual tests [16-19], many studies did not equalize the 
tone durations for tone recognition [20-24]. As the four lexical 
tones exhibited distinctive durational features in isolated 
monosyllables, it was very likely that when cochlear implants 
users listened to the speech stimuli, the tone durations might be 
more weighted in tone recognition in lieu of the poor F0 
information provided by the cochlear implant devices [15]. 
Indeed, the tone-recognition scores in cochlear implant users 
are generally higher when the tone durations were not equalized 
than when they were equalized. However, as the durational 
features are not distinctive in the spontaneous speech (shown in 
Figures 1 and 2) and the tone durations do not provide a reliable 
perceptual cue for tone recognition, it is reasonable to predict 
that the recognition accuracy of lexical tone in natural 
connected speech will decrease significantly. In such a case, the 
relatively high recognition accuracy of the four tones in isolated 
monosyllables does not necessarily represent the actual 
perceptual ability of lexical tones in everyday situations. 
Furthermore, if the purpose of the research is to investigate 
pitch-related perception, the unequal tone duration may 
function as a confounding factor and should be eliminated. Xu 
et al. reported in a vocoder study that tone recognition of 
isolated monosyllables dropped by approximately 15 
percentage points with tone duration equalized relative to that 
with the original tone duration preserved [5].  

In sum, the present study showed distinctive duration 
patterns of Mandarin tones in various speech contexts. The 
durations of the four lexical tones in the isolated monosyllables 
varied significantly, with tone 3 being the longest and tone 4 
being the shortest. In text-reading and natural conversation, the 
duration of the four lexical tones tended to converge and 
approximated the duration of the neutral tone. Consistent with 
different durational patterns in various contexts, the tone 
recognition rate based on the durational cues alone varied 
significantly. The durational cue provided reliable cue to the 
tone recognition in the isolated monosyllables with a small 
number of speakers, but contributed little, if any, to the tone 
recognition in connected speech. The results in the present 
study suggested that speech tokens from multiple speakers (≥ 
4) should be used for tone recognition test using monosyllables 
to avoid the biased recognition outcome caused by inter-
speaker variability. In addition, tone duration may be a 
confounding factor when the purpose of the research is pitch-
related perception and such a confounding effect can be avoided 
with equalized tone durations.  
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