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A B S T R A C T   

Previous research on acoustic entrainment has paid less attention to tones than to other prosodic features. This 
study sets a hierarchical framework by three layers of conversations, turns and tone units, investigates prosodic 
entrainment in Mandarin spontaneous dialogues at each level, and compares the three. Our research has found 
that (1) global and local entrainment exist independently, and local entrainment is more evident than global; (2) 
variation exists in prosodic features’ contribution to entrainment at three levels: amplitude features exhibiting 
more prominent entrainment at both global and local levels, and speaking-rate and F0 features showing more 
prominence at the local levels; and (3) no convergence is found at the conversational level, at the turn level or 
over tone units.   

1. Introduction 

In conversation, two speakers entrain, align or accommodate their 
prosody to that of their interlocutors, becoming similar in speaking for 
smooth and cooperative communication. This prosodic entrainment is 
essential for social interaction. It reveals the alignment of cognitive, 
expressive, and comprehensive layers in interaction, by which commu
nication is fulfilled accurately and effectively (Boylan, 2004; Parrill and 
Kimbara, 2006; Pickering and Garrod, 2004, 2006; ). In addition, ac
commodation in prosody improves interaction by establishing rapport 
(harmonious relation and mutual attention) and affiliation (Sheperd 
et al., 2001; Lakin and Chartrand, 2003; Pickering and Garrod, 2006; 
Tickle-Degnen and Rosenthal, 1990; Miles et al., 2009; Kopp, 2010; Lee 
et al., 2010). 

1.1. Research motivations 

This study aims to investigate prosodic entrainment in Chinese 
conversations at multiple levels, from global conversations to local turns 
and tones. There are three major motivations for this work. 

First, more work on prosodic entrainment in Chinese is needed. The 
target language in most previous studies of prosodic entrainment has 
been English (Natale 1975; Gregory and Hoyt 1982; Gregory et al., 

1997; Levitan and Hirschberg 2011; Looze et al., 2011; Levitan et al., 
2012; Levitan 2013; Levitan et al., 2016). Other languages are Slovak 
(Reichel et al., 2018), Japanese (De Looze et al., 2014), Swedish 
(Edlund et al., 2009), Arabic (Gregory et al., 1993), and Dutch (Levelt 
and Kelter 1982), but there is little study in Chinese. Different from the 
languages mentioned, Chinese is a tone language. In Mandarin Chinese, 
tones are distinguished by their distinctive shapes, or contours, with 
each tone holding a different internal pattern of rising and falling pitch. 
The pitch variations in Chinese form both tones and intonation and play 
essential roles in distinguishing lexical, grammatical and pragmatic 
meaning in communication. Some research has begun to investigate 
prosodic entrainment in Mandarin conversations, including the general 
cross-linguistic comparison with English (Xia et al., 2014), preliminary 
entrainment patterns (Ma et al., 2015) and the influence of gender on 
Mandarin entrainment (Xia and Ma 2016a; Xia and Ma, 2016b). How
ever, more thorough work is needed in Mandarin entrainment compared 
to the studies in non-tonal languages. It is of importance in linguistics to 
explore comprehensively how the prosody of a tone language works in 
entrainment. 

Second, the ubiquity and uniqueness of entrainment in conversation 
make research on prosodic entrainment a necessity in studies of Chinese 
prosodic interaction.  Researchers have done considerable work on how 
prosody functions in Chinese interaction. These studies have initially 
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focused on the referential meaning of broad/narrow focus or intonation 
within sentences (Wu 1982; Shen 1994; Cao 2002; Lin 2004; M.C. 2006; 
Jia 2009; Chen and Shi 2011), as well as discourse prosody extending 
beyond the sentence boundary to paragraphs or passages (Tseng et al., 
2005; Li et al., 2007; Yang et al., 2011; Zhao et al., 2011).  At the same 
time, interactive prosody has gotten increasing attention. Li (2002) 
compared read and spontaneous Chinese speech and proposed a C-ToBI 
labelling system for Chinese prosody. Xiong (2003) studied a corpus of 
973 Chinese telephone conversations and found a close relationship 
between prosodic features at sentence boundaries and their communi
cative functions. In addition, the interpersonal meaning of prosody in 
interaction has been studied. Li (2005) has analysed friendly speech in a 
Chinese dialogue corpus and found that the acoustic patterns of pitch 
and duration of friendly declarative and interrogative utterances were 
different from those of neutral utterances, and that tonal pitch was the 
most important means for a better expression of friendliness. Li et al. 
(2008) examined the relationship between gesture and speech in spon
taneous Chinese speech and found that stressed expression usually ac
companies stronger hand gestures with compensatory hand and head 
gestures. Various aspects of emotional intonation have also been studied 
(Xu and Cai 2009; Zhong et al., 2011).  However, all the studies 
mentioned above involve the performance of only one-sided or sepa
rated speakers.  Research on prosodic entrainment involves two-sided 
influence and alignment between interlocutors in conversation. There
fore, investigating the dynamic adaptation of pairs in dialogues is 
needed to further explore Chinese prosodic function in interaction. 

Third, research on prosodic entrainment can support the improve
ment of Spoken Dialogue Systems in Mandarin Chinese. Implementing 
entrainment in Spoken Dialogue Systems is important to improve the 
naturalness of human-computer interaction. However, developing 
automatic dialogue systems for human-like language production and 
perception is not easy, because a complete understanding of social, 
psychological, or linguistic interaction in human communication has not 
been achieved yet. According to Vinciarelli (2009), it is a difficult and 
ongoing process to create automatic dialogue systems capable of 
recognizing and understanding social cues and behaviors; there are still 
unsolved issues related to social cue extraction, temporal and spatial 
alignment of extracted data as well as measurement and output repre
sentation and interpretation. The prosodic alignment is essential in 
human-computer dialogues, and some researchers have begun to 
explore prosodic entrainment in human-computer interaction. Kousidis 
(2010) proposed a method of monitoring accommodation during a 
human-computer dialogue and a new dialogue representation to provide 
monitoring accommodation of temporal features. Levitan et al. (2016) 
proposed an architecture and an algorithm for implementing 
acoustic-prosodic entrainment in Spoken Dialogue Systems, showing 
that speech produced in this way in English conforms to the feature 
targets observed in human-human conversations. Beňuš et al. (2018) 
developed a new scenario design to explore how prosodic entrainment 
relates to the trust of human-computer interaction. 

For Chinese, previous research on the recognition and generation of 
Chinese prosody highlighted the prosodic features of a tone language. 
Tone nucleus modelling has been used for recognition and generation of 
Chinese lexical tone (Zhang and Hirose 2004) and F0 contours Sun et al. 
(2012). Wang (2005) pointed out that prosodic prediction was one of the 
major factors accounting for the naturalness of speech synthesis in the 
analysis of the prosodic chunking of Chinese spontaneous speech; Yu 
et al. (2008) proposed a Mandarin dialogue prosody model and devel
oped a prosody generation method for Mandarin dialogue speech syn
thesis in order to promote applications of text-to-speech systems. 
However, little work has been done on the prosodic entrainment of 
Chinese automatic dialogue systems to their human users. Before mak
ing machines produce human-like communication, it is necessary to 
know how humans interact. Therefore, the present research focuses on 
the human interaction, aims to explore the rules of prosodic alignment 
in Chinese conversation, and expects to supply references to the future 

studies of human-machine entrainment in tone languages. 

1.2. Prosodic features 

Prosodic features have been the key elements in previous studies of 
prosodic entrainment. This section supplies a brief review. 

Earlier studies of prosodic entrainment have primarily focused on a 
few individual prosodic features. Matarazzo & Wiens (1967) studied 
adaptation (increasing or decreasing) in the silence duration of an 
interviewer according to the interviewee’s response-time latency. 
Natale (1975) found that subjects entrained in intensity levels in 
perception experiments when they were engaged in open-ended con
versations with interviewers and that this entrainment increased over 
the course of the conversation. Street et al. (1983) found that in
terviewees converged towards their interviewers on response latency 
and speech rate. Similarly, Giles et al. (1991) also found that in
terlocutors tended to align on speech rate. Gregory et al. (1993) found 
when examining pitch and intensity that similarity was greater in true 
conversations than in conversations simulated by splicing together ut
terances from speakers who did not actually interact. Ward & Litman 
(2007) found by measuring RMS amplitude and fundamental frequency 
(F0) through regression analysis that students in tutorial dialogues 
converged to their tutor on maximum and mean amplitude but diverged 
on minimum pitch. 

Recent research has involved more comprehensive examinations of 
larger numbers of prosodic features. Levitan & Hirschberg (2011) 
investigated four acoustic and prosodic dimensions (including 
speaking-rate, F0, amplitude and voice quality) in research on entrain
ment at multiple levels (global and local) and found differences in 
speakers’ coordination with each other in these dimensions over the 
conversation as a whole as well as on a turn-by-turn basis. Looze et al. 
(2014) measured three prosodic parameters including pitch range (in 
octave scale), voice intensity and articulation rate and proposed an 
automatic system for the capture of dynamic manifestation in prosodic 
entrainment.  Features beyond acoustic-prosodic ones have also been 
studied. Reichel et al. (2018) examined entrainment in cooperative 
game dialogues for feature sets describing register stylization, pitch 
accent shape, and rhythmic aspects of utterances (RMS amplitude) and 
found out that feature sets undergo entrainment in different quantitative 
and qualitative ways. Nasir et al. (2022) used deep unsupervised 
learning to model vocal entrainment in conversational speech over three 
sets of prosodic features (F0, RMS amplitude), spectral features and 
voice quality. 

In the studies mentioned above, prosodic features lie mainly in two 
groups. One is from perception, in which the terminologies are pitch, 
intensity, and loudness; the other is from production, in which the ter
minologies are F0, amplitude, and speaking-rate. The former group 
possesses more linguistic characteristics for discovering rules in 
human’s prosodic entrainment, and the latter group is usually preferred 
for the modelling or implementing acoustic-prosodic entrainment in a 
conversational avatar or agent. 

With reference to the previous studies, for thorough investigation 
and future application in machine implementation of prosodic entrain
ment in Mandarin Chinese, this study tested seven features from three 
main aspects of prosody: speaking-rate, three F0 features (F0 min, F0 
mean and F0 max) and three amplitude features (amplitude min, 
amplitude rms, and amplitude max). 

1.3. The forms of entrainment 

In previous literature, several types of entrainments over time be
tween two interlocutors in conversation have been proposed. The forms 
of proximity, convergence, and synchrony have been defined in the 
work of Edlund et al. (2009) and Levitan & Hirschberg (2011) as illus
trated in Fig. 1. 

In Fig. 1, the x-axis represents time, and the y-axis represents the 
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value of a prosodic feature. The circles and crosses in the first two figures 
represent values from two different speakers partnered in a conversa
tion. Proximity refers to the overall similarity between two in
terlocutors in a conversation.  Convergence refers to the increase of 
similarity over the course of a conversation, reflecting ongoing coordi
nation over time. Synchrony refers to synchronous coordination be
tween two interlocutors. These three forms of entrainment are adopted 
in the present study. 

Therefore, in this study, we tested prosodic proximity, convergence 
and synchrony at levels of global conversation, local turns and tone 
units. In detail, Section 3 discusses the examination proximity and 
convergence at the holistic conversational level. Section 4 discusses the 
examination of proximity, convergence and synchrony at the turn level 
by the data from turn transitions. Section discusses the investigation of 
proximity, convergence and synchrony over the target tone units. Based 
on these parallel analyses, we identify multiple-level comparisons in 
terms of proximity, convergence and synchrony in Section 6, although 
synchrony is not defined at the conversational level. 

2. Data 

2.1. Corpus 

The analysis of Chinese prosodic entrainment is conducted on the 
Tongji Games Corpus, similar in its design to the Columbia Games 
Corpus (http://www1.cs.columbia.edu/~agus/games-corpus/). The 
Tongji Games corpus contains 117 spontaneous and task-orientated 
Mandarin conversations (approximately 12 h), which were elicited 
using two forms of computer games: Picture Ordering Games (60 con
versations by 58 subjects) and Picture Classifying Games (57 conversa
tions by 48 subjects). All the subjects were undergraduate students in 
grade two or three in Jiangsu Normal University of China and each of 
them had a National Mandarin Test Certificate level 2 Grade A or above, 
which shows their good proficiency in Mandarin speaking without the 
influence of dialects. 

Subjects were required to play the games with verbal communication 
between partners to put the pictures in certain positions or to classify 
them into different groups. Specifically, in the Picture Ordering Game, 
one interlocutor as the information giver instructed the other as the 
information follower to put the disordered 18 pictures into their proper 
positions respectively. For example, Fig.3 shows one layout of pictures 

for their information giver and under his/her instructions, the infor
mation follower should put the pictures in the same positions as Fig.3 
shows. All the pictures were put in an excel file with horizonal and 
vertical axis, by which the location of each picture could be easily 
identified. In the Picture Classifying Game, the pair of subjects con
ducted discussions, supplied the reasoning, and finally made agreement 
in the classification of 18 pictures. 

In the Tongji Games Corpus, the names of the 18 pictures were 
designed as the target tone units, and the carrier sentences were used to 
contain all these target tone units for valid comparisons of local tone 
units (more details in Section 2.3). Therefore, two interlocutors were 
asked to produce the carrier sentences at the beginning of the ordering 
or of classifying of each picture in each game. The number of pictures 
was set as 18 to increase the complexity of the tasks and to cover more 
target tone units. Subjects followed the ordering from picture 1 to 18 in 
both the Picture Ordering Game and the Picture Classifying Game. Thus, 
every conversation in the Tongji Games Corpus contains 18 sections, 
each of which focuses on one picture’s ordering or classifying. 

In a soundproof booth, the two interlocutors each faced a computer 
screen and played the games with a curtain between them, so they could 
only communicate by voice without any additions from their facial ex
pressions or body movements. With a head-mounted microphone 
(Sennheiser, PC166), each interlocutor was recorded on an individual 
laptop with Cool Edit (Pro. 2.0) in which the parameters were set as 
44,100 HZ (Sample Rate), 16-bit (Resolution), single track (Channel). 

2.2. Identification of turns 

Spontaneous speech is dynamic yet complex, especially with the 
occurrence of spontaneous speech phenomena such as repairs, restarts, 
back-channels, overlapping, or interruptions. The current research 
adopted the methods of Caspers (2003) and Liu (2004) for the identi
fication of turns in Chinese spontaneous conversations. Fig. 2 shows 
Caspers’ method (2003. p.261), in which “hold” means that the same 
speaker continues after a pause of 100 ms or more, while “change” 
means that a turn change has happened, with or without an intervening 
pause. 

In Fig. 2, the boxes following S1 depict stretches of speech uttered by 
speaker1.  S2 indicates the speech by speaker2. The dotted line marks 
the time course, and the arrow indicates the relevant IPU boundary. 

2.3. Tone units 

In this study, target tone units were located in carrier sentences 

Fig. 1. Three forms of entrainment.  

Fig. 2. Schematic Representation of Turn Transition Types.  
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produced by interlocutors at the beginning of the ordering or classifying 
of each picture, as the corpus description indicates in Section 2.1. The 
carrier sentence was "下一个图标是 x" (the next picture is x), where x 
was the name of each picture and also the target tone units. Thus, the 
same linguistic environment is guaranteed by the carrier sentence for all 
target tone units to make their comparison feasible. 

The target tone units are 18 bi-syllabic words, which are the names of 
18 pictures (labelled by sequential numbers from 1 to 18), and the 
subjects followed the order from picture 1to 18 in both Picture Ordering 
Game and Picture Classifying Game. These tone units (picture names, as 
in Fig. 3) are shūbāo(书包), fēij̄ı(飞机), shātān(沙滩), huādēng(花灯), 
wūgūı(乌龟), shānpō(山坡), s̄ıj̄ı(司机), xiānhuā(鲜花), x̄ıguā(西瓜), 
shāfā(沙发), shānfēng(山峰), xiāngcūn(乡村), q̄ıngwā(青蛙), kāfēi(咖 
啡), gōngj̄ı(公鸡), ȳıshēng(医生), yānhuā(烟花), jūngūan(军官). 

All of the tone units examined in this study were bi-syllabic words, 
since bi-syllabic words represent about 80% of Chinese words (Shi, 
1986; Liu and Liang, 1990; Kong, 2001).   Also, each of the 18 bi-syllabic 
words carry the same two-first-tone combination (Tone1+Tone1). In 
Mandarin Chinese, the first tone (Tone1) is a high tone, while the other 
three tones are the second tone (Tone2, rising tone), the third tone 
(Tone3, falling-rising tone) and the fourth tone (Tone4, falling tone). 
Therefore, for the bi-syllable words, there are 16 kinds of tone combi
nations possible in Mandarin. In order to simplify tone production in this 
study, because the complexity of 4 tone combinations in Mandarin is not 
the focus of the present research, the present study focused on the 
two-first-tone combination carried by 18 bi-syllabic words, and the 
remaining 15 tone combinations could be research targets in the future 
research. 

2.4. Annotation 

IPUs (Inter-Pause-Units) are the minimal units for our analysis. An 
important step for IPU annotation is the calculation of the threshold for 
IPU length. Usually, this threshold is determined by the length of  the 
minimal pause preceding and following the IPU. The crucial task here is 
to distinguish the compression stage of a plosive from real silence pau
ses. In Chinese consonants, the compression stages of plosives are longer 
than those of affricatives, and the stages at the word initial position are 
longer than those at other positions of the word (Shih and Ao 1997; 
Chen and Bao 2003). Therefore, to find the threshold of IPUs is to find 
the maximal duration of the compression stage of plosives at the word 
initial position in our corpus. The durations of plosives including [pH], 
[p], [th], [t], [kh], [k] at the word initial positions were measured in 12 
recordings randomly chosen in the corpus. Through this calculation, the 
IPU threshold was set at 80 ms. 

The IPU segmentation was automatically labelled by SPPAS (Bigi and 

Hirst 2012) and the IPUs’ boundaries in Praat (Boersma and Weenink, 
2016) were checked by annotators. 

Fig. 4 shows an example of this annotation using Praat. Three tiers 
were annotated in the corpus for the current study. The first tier is the 
IPU annotation. In this tier, the IPUs were the inter-pause units between 
two adjacent two pauses (symbolized by #). The second tier is the 
Chinese characters tier (CC for short). In this tier, all Chinese characters 
within the IPU were labelled for identifying conversation content and 
calculating speaking-rate (defined by the number of syllables per second 
in this study), because a character carries a syllable in Mandarin. The 
third tier is the tone units’ carrier tier (TUC for short). In this tier, the bi- 
syllabic target words which carry the two target tone units were 
annotated. 

2.5. The methods of feature extraction 

For this study, data extraction was operated on the 7 prosodic fea
tures (as mentioned in Section 1.2) over each IPU in the conversations in 
Tongji Game Corpus by Praat. 

The present research studied prosodic 7 features from the 3 main 
aspects of prosody including speaking-rate, the features of Fundamental 
Frequency (F0 min, F0 mean, F0 max), and the features of amplitude 
(amplitude min, amplitude rms and amplitude max). 

The value of speaking-rate (the number of syllables per second), the 

Fig. 3. One layout of 18 pictures for the Picture Ordering Game in the Tongji Games Corpus.  

Fig. 4. One Annotation example.  
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values of the three Fundamental Frequency variables (F0 min, F0 mean, 
F0 max, by Hz) and the values of the three amplitude variables 
(amplitude min, amplitude rms, amplitude max, by Pascal) were all 
obtained using Praat over every IPU in the transcribed conversations in 
the Tongji Games Corpus.  All data extracted in this study were speaker- 
normalized using z-score normalization across all IPUs for further ana
lyses.  When analyses are made over larger units than the IPU, the av
erages were calculated over all the IPUs within these units. In this study, 
the averages are calculated in three forms: a conversation, a section (18 
sections in each conversation, mentioned in Section 2.1) and a turn. 

3. Entrainment at the conversational level 

As mentioned in Section 1.3, two analyses are conducted for speech 
at the conversational level: prosodic proximity and convergence. 

3.1. Proximity at the conversation level 

The aim of this analysis is to identify whether there is prosodic 
similarity between interlocutors over the entire conversation. In this 
analysis, we performed a series of tests between partner and non-partner 
similarities over prosodic features. There would be evidence of 
entrainment in prosodic proximity if partner similarity is larger than 
non-partner similarity. This model of partner and non-partner similarity 
comparison is shown in Fig.5 (Levitan et al., 2012), in which partner 
similarity is calculated between the two interlocutors (speaker A and 
speaker B), and non-partner similarity is computed between speaker A 
and several speaker Cs with whom speaker A never has conversations. 
Similar models are also used in the Section 4.1 for proximity at the turn 
level and Section 5.1 for proximity over tone units. 

Therefore, for each speaker, we compute ENTp (partner similarity, 
ENT is the abbreviation for entrainment) and ENTnp (non-partner simi
larity). ENTp is the negated absolute difference between the two part
ners’ values in Formula 2, in which Af and Bf are averages for prosodic 
feature f over the whole conversation between the pair of interlocutors, 
speaker A and speaker B. 

ENTp = −
⃒
⃒Af − Bf

⃒
⃒ (2) 

ENTnp is the negated absolute difference between a speaker and the 
averaged values for all of the non-partner speakers in the corpus as 
shown in Formula 3. 

ENTnp = −

∑8
i=1

⃒
⃒A f − Cif

⃒
⃒

8
(3) 

In Formula 3, Af and Cif are means for the feature f over the whole 
conversation of the two non-paired speakers A and Ci. In this analysis, 
we randomly chose 8 speaker Cs as the non-partners from speakers who 
never have had conversations with speaker A in the Tongji Games 
Corpus. For the more rigorous analyses, speaker Cs are restricted to 
those of the same gender and role as speaker A’s partner (speaker B), 
because there could be gender or role differences between two 

interlocuters in some conversations elicited by Picture Ordering Games 
and Picture Classification Games in the Tongji Games Corpus. Then,∣Af - 
Cif∣represents the distance between non-partners, and ENTnp represents 
the similarity of speaker A and the non-partners. 

As mentioned in Section 2.1, 58 subjects participated in Picture 
Ordering Games and 48 subjects in Picture Classifying Games. For all 
these 106 speakers, we compared the 7 sets of ENTp and ENTnp over 7 
prosodic features. The tests of the normal distribution assumption in 
these 7 sets of data showed that all the within-pair differences were not 
normally distributed. Therefore, the non-parametric Wilcoxon tests 
were applied to the comparison of each pair of ENTp and ENTnp over 
each prosodic feature. The results of 7 non-parametric Wilcoxon tests 
over 106 speakers’ ENTp and ENTnp for 7 prosodic features are shown in 
Table 1. 

According to Table 1, the similarities of paired speakers are signifi
cantly larger than those of non-paired speakers in all of the three 
amplitude features (indicated by **), and no significant differences were 
found at the conversation level over speaking-rate or F0 features in this 
study. For all the tests in this paper, we consider results with p< 0.05 to 
be statistically significant (indicated by **), and results with p< 0.1 to 
approach significance (indicated by *). 

3.2. Convergence at the conversational level 

While proximity at the conversational level takes a static view of 
entrainment, the analysis of convergence at the conversational level 
measures dynamic entrainment with time in order to see whether 
speakers increase their similarity in prosody as the conversation moves 
forward, as mentioned in Section 1.3.  However, we did not find 
convergence at the conversational level using several tests. We tried a 
linear comparison, which has typically been done to test convergence in 
previous studies (Jaffe and Feldstein, 1970; Natale, 1975; Suzuki and 
Katagirl, 2007; Levitan and Hirschberg, 2011; De Looze et al., 2014). 
The linear comparisons are performed between the two halves, and 
between the beginning and ending of conversations. But we found no 
convergence in these comparisons. We also tried correlation analyses 
between the similarity of interlocutors and the time index in this study. 
There would be evidence of prosodic convergence if the similarity of 
interlocutors was positively correlated with the time increase in the 
progress of conversations. But we found no evidence of this in this test. 

4. Entrainment at the turn level 

As mentioned in Section 1.3, we conducted three levels of speech at 
the turn level: prosodic proximity, convergence and synchrony. 

4.1. Proximity at the turn level 

To measure proximity at the turn level, we conducted a series of tests 
between the similarity of these adjacent IPUs at each turn exchange 
(ENTa, a referring to adjacent) and the average similarity of ten non- 
adjacent IPUs in the same conversation (ENTna, na referring to non- 
adjacent) (Levitan et al., 2012). 

Fig. 6 illustrates the relative position of adjacent IPUs for Speakers A 
and B. The horizontal lines show the stretches of speech produced by 
speaker A and B with turn transitions between them. In each stretch of 
words there are probably several IPUs by speaker A or B.  The tiny rings 
show the last IPUs of speaker A and the first IPUs of speaker B. In this 
analysis, the measurements were taken at the turn exchange positions 
over the adjacent IPUs, which are circled at the turn transitions in 
Fig.6— that is, the last IPU of Speaker A’s turn to the first IPU of Speaker 
B’s turn for each pair of turns in the conversation.   The adjacent simi
larity (ENTa) is the similarity of a prosodic feature between the last IPU 
in speaker A’s turn (IPUt, t referring to the target IPU), and the first IPU in 
turn speaker B’s turn (IPUp, p referring to partner) as in Formula 4. In 
Fig. 6, IPUt and IPUp are adjacent and each pair of them is circled Fig. 5. Model of partner and non-partner similarity.  
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together by a loop. The non-adjacent similarity (ENTna) then is the 
average similarity of a prosodic feature between IPUt and the randomly 
chosen IPUis (IPUi, i referring to any IPU not adjacent to IPUt, uttered by 
speaker B) as in Formula 5. There would be evidence of entrainment in 
prosodic proximity at the turn level then, if ENTa is larger than ENTna. 
The two parameters ENTa, ENTna, are defined by Formulas 4 and 5. 

ENTa = −
⃒
⃒IPUt − IPUp

⃒
⃒ (4) 

In Formula 4, ∣IPUt – IPUp∣ represents the difference of the adjacent 
IPUt and IPUp uttered by speaker A and speaker B respectively at the turn 
transition places. Therefore, ENTa, with the negated absolute difference, 
represents the similarity of a prosodic feature over these adjacent IPUs 
at the turn transitions uttered by two speakers in one conversation. 

ENTna = −

∑10
i=1|IPUt − IPUi|

10
(5) 

In Formula 5, ∣IPUt - IPUi∣represents the non-adjacent difference, 
which is the difference between the target IPUt and the other randomly 
chosen IPUi. Therefore, ENTna, with the negated absolute difference, 
represents the similarity of non-adjacent IPUs by the average of 10 non- 
adjacent differences.  For each prosodic feature, we performed 30 pairs 
of ENTa and ENTna over 30 conversations randomly chosen in the 
Tongji Games Corpus, 10 from female-female, 10 from male-male and 
10 from mixed gender pairs. These 30 conversations were also used in 
the analyses of convergence and synchrony at the turn level in Sections 

4.3 and 4.4.   As for 7 prosodic features, after the tests of the normal 
distribution assumption, the non-parametric Wilcoxon tests were 
applied to each pair of ENTp and ENTnp, because these data are not 
normally distributed, and the description of data and results of analyses 
are shown in Table2. 

We see from Table 2 that the similarity of adjacent IPUs is signifi
cantly larger than that of the non-adjacent IPUs in speaking-rate and 
amplitude min (indicated by **). The results of F0 max and amplitude 
max approached significance (indicated by *). There are no significant 
differences over other prosodic features. 

4.3. Convergence at the turn level 

In this section we examined at the turn level whether prosodic 
entrainment increases with the progress of a conversation. We used 
Pearson’s correlation analyses over the turn similarity and time index, 
but we did not find evidence of increasing similarity of interlocutors 
over turns with the increase of time index. We tried the Pearson’s cor
relation analyses between the interlocutors’ distance of the adjacent 
IPUs at the turn transition and time as the former study has done 
(Levitan and Hirschberg, 2011), but we did not find convergence at turn 
level, either. 

4.4. Synchrony at the turn level 

In this section, we examined whether there is prosodic synchrony, 
turn-by-turn synchronous coordination between partners, at the turn 
level. We conducted Pearson’s correlation analyses between adjacent 
IPUs (IPUt and IPUp, the same two parameters in Section 4.3) from two 
interlocuters at the turn transition locations to see whether adjacent 
IPUs change synchronously in prosody (Levitan and Hirschberg 2011). 
IPUt and IPUp are adjacent at the turn transition places, and there would 

Table 1 
The results for the test of proximity at the conversation level.  

Types of variables Mean N Std. Deviation Minimum Maximum Asymp. Sig.(2-tailed) 

Speaking-rate ENTp Speaking-rate −0.3020 106 .24534 −1.12 .00 .711 
ENTnp Speaking-rate −0.2961 106 .18194 −1.08 −0.06 

F0 min ENTp F0 min −0.3426 106 .24575 −1.18 −0.00 .647 
ENTnp F0 min −0.3198 106 .17896 −1.05 −0.09 

F0 mean ENTp F0 mean −0.3453 106 .27497 −1.26 −0.00 .150 
ENTnp F0 mean −0.3698 106 .16490 −0.84 −0.11 

F0 max ENTp F0 max −0.3410 106 . 25,808 −1.16 −0.00 .113 
ENTnp F0 max −0.3628 106 .21445 −1.08 −0.09 

Amplitude min ENTp Amplitude  min −0.4677 106 .34049 −1.52 −0.03 .001 ** 
ENTnp Amplitude min −0.5727 106 .25126 −1.52 −0.22 

Amplitude rms ENTp Amplitude rms −0.5118 106 .37858 −1.72 −0.03 1.54E-4 ** 
ENTnp Amplitude rms −0.6404 106 .26530 −1.54 −0.27 

Amplitude max ENTp Amplitude max −0.4305 106 .32897 −1.47 −0.03 .001 ** 
ENTnp Amplitude max −0.5215 106 .22774 −1.44 −0.20  

Fig. 6. Adjacent IPUs at the turn transition places.  

Table 2 
Results for the test of proximity at the turn level over 7 prosodic features.  

Types of variables Mean N Std. Deviation Minimum Maximum Asymp. Sig.(2-tailed) 

Speaking-rate ENTa Speaking-rate −0.4492 30 .37846 −1.82 −0.05 4.196E-4 ** 
ENTna Speaking-rate −0.7799 30 .31431 −1.76 −0.38 

F0 min ENTa F0 min −0.7699 30 .60872 −2.13 −0.05 .405 
ENTna F0 min −0.8300 30 .34550 −1.66 −0.30 

F0 mean ENTa F0 mean −0.8985 30 .64053 −3.29 −0.11 .829 
ENTna F0 mean −0.8738 30 .33261 −1.64 −0.24 

F0 max ENTa F0 max −0.8386 30 .77260 −2.68 −0.00 .066 * 
ENTna F0 max −1.0593 30 .56197 −3.03 −0.31 

Amplitude min ENTa Amplitude  min −0.9495 30 .77987 −2.88 −0.00 .047 ** 
ENTna Amplitude min −1.1135 30 .55797 −2.45 −0.41 

Amplitude rms ENTa Amplitude rms −0.8772 30 .62951 −2.39 −0.09 .318 
ENTna Amplitude rms −0.9394 30 .46661 −2.02 −0.24 

Amplitude max ENTa Amplitude max −0.8761 30 .78985 −3.56 −0.00 .094 * 
ENTna Amplitude max −1.0044 30 .52034 −2.59 −0.33  
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be evidence of synchrony if we find positive correlations between IPUt 
and IPUp. 

In these series of analyses, the Pearson’s correlation analyses over 
adjacent IPUs (IPUt and IPUp) of the 30 conversations are performed on 
7 prosodic features. There are 1410 turn transitions within the 30 con
versations. The results of these analyses are listed in Table 3. Table 3 
shows that 6 features indicate significant positive correlations, and all 
the three amplitude features show the stronger positive correlation (r =
0.206, 0.250, 0.238) than the three F0 features (r = 0.078, 0.106, 
0.125), although all these correlations are not very strong. Also, one 
feature, speaking-rate, shows a negative correlation (r=−0.077, p =

0.004). Based on these results we found that all the F0 features and 
amplitude features examined in this study exhibit synchrony at the turn 
level, but speaking-rate shows the opposite relation. 

5. Entrainment over tone units 

This section focuses on the analysis of entrainment over tone units 
and includes three analyses: proximity, convergence and synchrony over 
tone units. 

5.1. Proximity over tone units 

This analysis examined proximity over the target tone units 
(mentioned in Section 2.3). As Fig. 5 in Section 3.1 shows, we compared 
the paired similarities and non-paired similarities. A paired similarity is the 
similarity in the target tone unit between paired speakers in conversa
tion. A non-paired similarity is the mean of the similarities in the target 
tone unit between the two non-paired speakers. If there is prosodic 
proximity over tone units, the paired similarity should be significantly 
larger than the non-paired similarity. 

We defined paired similarity (ENTtp) and non-paired similarity 
(ENTtnp) in Formulas 6 and 7. In Formula 6, ENTtp represents the paired 
similarity as the similarity between the target tone unit (TUt) in one 
speaker’s speech and its corresponding tone unit in his/her conversa
tional partner’s speech (TUc). 

ENTtp = −|TUt − TUc| (6)  

ENTtnp = −

∑8
i=1|TUt − TUi|

8
(7) 

In Formula 7, ENTtnp represents the mean of the similarities over the 
target unit between one speaker (for example speaker A) and 8 randomly 
chosen speakers, who had no conversation with speaker A.  These 
speakers are also restricted to having the same gender and role as 
speaker A’s partner (speaker B).  In this analysis, within the 18 target 
tone units (mentioned in Section 2.3), we randomly chose shāfā (沙发) 
as the target tone unit. Similar to analyses at the turn level, all analyses 
of tone units are conducted over the same 30 conversations in order to 

keep the data consistent for the analyses of local entrainment. For each 
prosodic parameter, there are 60 pairs of ENTtp and ENTtnp.  And for all 
the 7 sets of data, all the within-pair differences were not normally 
distributed, so the non-parametric Wilcoxon tests were applied to the 
comparison of each pair of ENTtp and ENTtnp over each prosodic 
feature.  The results of 7 non-parametric Wilcoxon tests over 60 
speakers’ ENTtp and ENTtnp for 7 prosodic features are shown in Table 4. 

We see from Table 4 that, over the tone units, the paired similarity is 
significantly larger than the non-paired similarity over one prosodic 
feature, F0 min (p = 0.010, indicated by **), and the results of amplitude 
max approached significance (indicated by *). we did not find proximity 
over tone units in the other 5 prosodic features. 

5.3. Convergence over tone units 

We examined whether there is prosodic convergence over tone units 
in Mandarin conversations using Pearson’s correlation analysis of the 
similarity of tone units from the paired speakers (ENTtp) and the time 
index. However, we did not find evidence for convergence over tone 
units. 

5.4. Synchrony over tone units 

We tested the synchronous matching of the target tone-units between 
interlocutors. Pearson’s correlation analyses were conducted between 
the corresponding target tone units, Tone-unitf and Tone-unitl, in which 
f refers to the target tone unit uttered first by one speaker, and l refers to 
that uttered afterward by his/her interlocutor. If the correlation is 
positive, there is evidence of synchrony over the target tone units.  As 
mentioned in Section2.3, these target tone units are the pairs of 18 bi- 
syllabic words in the carrier sentences uttered by two interlocutors in 
conversation. We tested all 7 prosodic variables over the target tone 
units in the 30 conversations with18 tone units in each conversation. In 
this correlation analysis, 528 target tone units were tested with 12 tone 
units lost in some conversations. The results are shown in Table 5. 

Table 5 shows that there are significantly positive relations over 6 
prosodic features including speaking-rate, two F0 feature (F0min, F0 
mean), and all three amplitude features. Therefore, we found consid
erable evidence of synchrony over tone units in our data. 

6. Discussion 

This study has examined prosodic entrainment in Mandarin con
versation from the global to the local level, including analyses of entire 
conversations, turns and tone units. We use the term proximity to 
describe overall similarity between two interlocutors, the term conver
gence to describe the relationship between prosodic similarity and the 
progress of a conversation, and the term synchrony to describe syn
chronous coordination between two interlocutors within a conversation. 

Table 3 
The results of testing synchrony at the turn level.  

Types of variables Mean N Std. Deviation Pearson Correlation Sig.(2-tailed) 

Speaking-rate IPUt speaking-rate .2968 1410 .87445 −0.077 0.004 ** 
IPUp Speaking-rate −0.0174 1410 1.05018 

F0 min IPUt F0 min −0.2456 1410 .94994 .078 0.003 ** 
IPUp F0 min .0380 1410 .91216 

F0 mean IPUt F0 mean .0882 1410 .92550 .106 6.342E-5 ** 
IPUp F0 mean −0.1805 1410 .95566 

F0 max IPUt F0 max .2456 1410 .96422 .125 2.609E-6 ** 
IPUl F0 max −0.2434 1410 .98322 

Amplitude min IPUp Amplitude  min −0.1911 1410 .99187 .206 6.504E-15 ** 
IPUt Amplitude min .0598 1410 .99569 

Amplitude rms IPUf Amplitude rms −0.0115 1410 .92811 .250 1.720E-21 ** 
IPUp Amplitude rms .0717 1410 1.05939 

Amplitude max IPUt Amplitude max .1943 1410 .98865 .238 1.107E-19 ** 
IPUp Amplitude max −0.1114 1410 .99440  

Z. Xia et al.                                                                                                                                                                                                                                      



Speech Communication 153 (2023) 102961

8

The results of these analyses at the three hierarchical levels are shown in 
Table 6 for comparison. 

As in Table 6, the cross-level comparison shows the differences and 
similarities in prosodic entrainment at each level: “**” indicates that the 
prosodic feature shows significant proximity, convergence and syn
chrony, “*” indicates that the prosodic feature approaches significant 
results, and “/” indicates that no entrainment has been observed. 
Through these comparisons, we propose the following findings. 

6.1. Global and local entrainment 

In this study, we have tested prosodic entrainment at levels of global 
conversation, local turns and tone units within turns. For global and 
local entrainment, we have found that global and local entrainment exist 
independently in Chinese conversations.  In other words, some prosodic 
features show global entrainment even without local similarities, and 
some exhibit local similarities with the absence of global similarities. For 

example, in Table 6, speaking-rate shows holistic entrainment at the 
levels of local turns and tone units, but no global similarity over con
versations. Amplitude min shows holistic similarity in global conversa
tions but not in turns or tone units. This difference in local and global 
entrainment in prosody is consistent with the findings in the previous 
studies, as Levitan (2014) has found that global and local entrainment 
can occur independently of one another and Reichel et al. (2018) found 
that prosodic feature sets differ with respect to global and local 
entrainment. 

The difference between global and local entrainment might be 
explained by the three possible hypotheses in the relationship of global 
and local entrainment in conversation. The first one is that two in
terlocutors in conversation probably entrain globally but diverge at local 
positions, in which the realization of interlocutors’ adaptation in pros
ody covers large scales. The second is that interlocutors entrain locally 
but are not similar globally, in which case it would be easier for the 
speakers in dialogues to perceive prosody and produce the adaptation 

Table 4 
The results of testing proximity over tone units.  

Types of variables Mean N Std. Deviation Minimum Maximum Asymp. Sig.(2-tailed) 

Speaking-rate ENTtp Speaking-rate −0.9689 60 .63864 −2.87 −0.11 .724 
ENTtnp Speaking-rate −0.9572 60 .36713 −2.16 −0.42 

F0 min ENTtp F0 min −0.8322 60 .65377 −2.28 −0.04 .010 ** 
ENTtnp F0 min −1.0820 60 .40151 −2.48 −0.50 

F0 mean ENTtp F0 mean −1.0317 60 .78880 −2.78 −0.05 .236 
ENTnp F0 mean −1.1294 60 .43098 −2.38 −0.55 

F0 max ENTtp F0 max −1.0878 60 .71783 −2.88 −0.10 .566 
ENTtnp F0 max −1.0865 60 .59852 −3.46 −0.39 

Amplitude min ENTtp Amplitude  min −0.8477 60 .67429 −2.78 −0.03 .109 
ENTtnp Amplitude min −0.9419 60 .54383 −2.99 −0.38 

Amplitude rms ENTtp Amplitude rms −1.1478 60 .70559 −2.84 −0.02 .686 
ENTtnp Amplitude rms −1.0756 60 .44788 −2.66 −0.40 

Amplitude max ENTtp Amplitude max −0.7641 60 .60580 −2.54 −0.01 .086 * 
ENTtnp Amplitude max −0.8675 60 .41072 −2.47 −0.37  

Table 5 
Results of testing synchrony over tone units.  

Types of variables Mean N Std. Deviation Pearson Correlation Sig. 
(2-tailed) 

Speaking-rate Tone-unitf speaking-rate −0.0030 528 .96906 0.282 5.252E-11 ** 
Tone-unitl Speaking-rate .0512 528 1.01854 

F0 min Tone-unitf F0 min .0077 528 .97109 .120 0.006 ** 
Tone-unitl F0 min .0280 528 .98382 

F0 mean Tone-unitf F0 mean .0069 528 .97312 .160 2.325E-4 ** 
Tone-unitl F0 mean .0308 528 .97835 

F0 max Tone-unitfF0 max .0099 528 .97486 .060 .166 
Tone-unitl F0 max .0301 528 .98624 

Amplitude min Tone-unitf Amplitude  min .0035 528 .96950 .308 4.374E-13 ** 
Tone-unitl Amplitude min .0320 528 .98714 

Amplitude rms Tone-unitf Amplitude rms −0.0024 528 .97831 .353 6.457E-17 ** 
Tone-unitl 
Amplitude rms 

.0330 528 .98441 

Amplitude max Tone-unitf Amplitude max −0.0036 528 .97182 .448 1.722E-27 ** 
Tone-unitl Amplitude max .0315 528 .97914  

Table 6 
Multiple levels comparison of prosodic entrainment.  

Prosodic Features Proximity Convergence Synchrony  

Global Local Global Local Local 

conversation turn tone unit conversation turn tone unit turn tone unit 

Speaking-rate / ** / / / / / ** 
F0 min / / ** / / / ** ** 
F0 mean / / / / / / ** ** 
F0 max / * / / / / ** / 
Amplitude min ** ** / / / / ** ** 
Amplitude rms ** / / / / / ** ** 
Amplitude max ** * * / / / ** **  
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from the other side synchronically. The third is that interlocutors entrain 
both globally and locally, in which entrainment could be considered as a 
dynamic and cumulative process of continuous matching from the local 
units to the local ones.  All these assumptions need to be tested in future 
research. 

We have also found that local entrainment is more evident than 
global. According to Table 6, more prosodic features exhibit entrain
ment over the local levels than the global. Specifically, in terms of 
proximity, four features entrain at the turn level, two features over tone 
units, but only three features entrain at the conversation level. Similarly, 
in terms of synchrony, almost all the prosodic features show entrainment 
at the turn level and tone units. All these provide evidence that prosodic 
entrainment is more likely at local levels in Chinese conversations. This 
finding is consistent with that of Levitan & Hirschberg’s (2011) research 
as well. 

6.2. Prosodic features’ different contribution to entrainment 

Prosodic features exhibit various contribution to entrainment. Spe
cifically, amplitude features show prominent entrainment at both global 
and local levels, and entrainment in speaking-rate and F0 features are 
more prominent at the local level. 

Acoustic amplitude features exhibit the most prominent entrainment 
at both global and local levels. Specifically, three amplitude features 
show proximity over global conversations and local synchrony over 
turns and tone units. This finding is consistent with that of previous 
research on entrainment in English and Slovak (Levitan and Hirschberg 
2011; Levitan et al., 2012; Levitan 2014; Xia et al., 2014; Beňuš et al., 
2014). These consistent findings from three types of language could 
motivate the hypothesis that prosodic amplitude would show universal 
robustness in global and local entrainment during human-human 
communication, which needs to be verified in future cross-linguistic 
studies. The reason for amplitude’s prominent contribution to entrain
ment might be the attributes of this prosodic feature. Acoustic amplitude 
is the power carried by sound waves. Interlocutors might be sensitive to 
energetic changes in sound perception at the global and local levels, and 
at the same time prone to control their power to make adaptation and 
alignment at all levels in sound production for entrainment during 
conversation. 

Features of F0 exhibit more entrainment at the local level. Specif
ically, for proximity, F0 max and F0 min show holistic entrainment over 
local turns and tone units, and all three F0 features show synchrony over 
local turn and tone units. Thus, F0 features show more entrainment at 
the local level without their global similarity for proximity at the 
conversational level. This finding is consistent with previous research on 
English entrainment, which supplied evidence for pitch entrainment as a 
more continuous local adjustment rather than global similarity (Levitan 
and Hirschberg, 2011; Levitan et al., 2012). However, Beňuš et al. 
(2014) found less evidence of Slovak entrainment in pitch than for En
glish and Chinese because of the lower functional load of pitch in Slovak 
than in Chinese or English.  This difference might make the pitch range 
in Slovak decrease and thus probably limit Slovak pitch entrainment. 
Pitch plays vital roles in expressing speakers’ intention in both Chinese 
and English, although these two languages are different in their prosodic 
systems. In Chinese, pitch plays multifunctional roles. The meaning of 
an individual Chinese word comprises the phonemes for pronunciation 
and the tones in the form of pitch variation over syllables. In connected 
Chinese speech, pitch exists as one of the main cues for syntactic type, 
information structure and pragmatic uses. In English, although there is 
not a tone for each word, pitch variation, which covers a stretch of an 
utterance to emphasize focus, emotions and specific pragmatic purposes, 
plays a similarly crucial role. 

The feature of speaking-rate exhibits entrainment at local levels. 
Specifically, speaking-rate shows local proximity at the turn level, and 
local synchrony over tone units, but no global proximity or convergence 
of speaking-rate is found over conversations. By contrast, for English 

dialogues, Levitan & Hirschberg (2011) have found entrainment in 
speaking-rate at the levels of conversation and turn. The reason that 
speaking-rate occurs differently in entrainment in Chinese and English 
conversation might be language attributes. Chinese is a syllable-timed 
language, in which every syllable is perceived as taking up approxi
mately the same amount of time, although the absolute length of time 
depends on the prosody. Therefore, changes in speaking-rate might be 
difficult to perceive and produce at the global level, while the immediate 
changes in speaking-rate over local units are more interpretable for 
Chinese interlocutors. That is, it is probably much easier for in
terlocutors to perceive changes in speaking-rate over local units, and 
thus entrainment in speaking-rate would be more feasible over local 
units in interlocutors’ production. Different from the steady tempo in 
Chinese, without the limit of syllable span, speaking-rate in English, 
which is a stress-timed language, is more flexible to form rhythms and 
variable pragmatic expression. The performance of prosodic features in 
entrainment needs to be examined in more cross-linguistic research, and 
their various contributions to entrainment in human-human conversa
tions are of great importance for applications to human-machine 
interaction. 

6.3. Entrainment over time 

In this study, convergence is used to test whether prosodic entrain
ment increases with the progress of conversation. We did not find any 
convergence at the conversation, turn level and tone units; by contrast, 
in previous research, several models of convergence in conversation are 
proposed. Levitan & Hirschberg (2011) predicted a linear entrainment 
process and found gradual coordination and more entrainment over the 
course of English conversations.  Looze et al. (2014) proposed that 
speech accommodation could actually manifest itself as both a linear 
and dynamic phenomenon, since prosodic accommodation has been 
shown to increase continuously as well as to vary over the course of a 
conversation. 

To capture entrainment’s dynamic manifestation is not an easy task. 
In this study, it is more difficult to capture convergence in conversation 
than to capture proximity and synchrony. The difficulties exist mainly in 
two aspects. One aspect is the complexity of conversation. Spontaneous 
conversations involve various perspectives, and interlocutors change 
their states by the situation they are in. Any psychological, social or 
environmental factors may trigger interlocutors’ changes in speaking 
states during conversations. It is difficult to find a fixed model to capture 
all of these changes. And the other aspect is that the adaptation between 
partners might not be time-aligned; as Looze et al. (2014) pointed out, 
the similar assumption that speakers did not accommodate each other 
immediately may be due to the inherent temporally reactive nature of 
conversational speech. 

7. Conclusion 

We have investigated prosodic entrainment in Mandarin conversa
tions at three levels: conversation, turn, and tone unit. At these levels, 
the analyses were conducted mainly for proximity, convergence, and 
synchrony. We have found that global and local entrainment exist 
independently, that local entrainment is more evident than the global, 
and that variation exists in prosodic features’ contribution to entrain
ment at three levels: amplitude features exhibit prominent entrainment 
at both global and local levels, while speaking-rate and F0 features show 
entrainment at local levels.  We did not find evidence for increased 
similarity in the progress of conversation at conversation, turn level and 
tone units. 

This variation in entrainment behaviour across prosodic features has 
been observed in American English studies of entrainment, and, in 
particular, validates the suggestion of Weise and Levitan (2018) that 
entrainment on different features should be considered independent 
behaviors that may be explained by different cognitive phenomena. On 
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the other hand, this work does observe patterns of entrainment behav
iour that differ from those found in English, such as the lack of global 
entrainment on speaking-rate in Chinese. This indicates that, while the 
cognitive mechanisms underlying entrainment might lead us to expect 
similarity in entrainment behaviors across languages, the prosodic dif
ferences between languages are reflected in differences in entrainment. 
A cross-linguistic study of entrainment can therefore yield insights into 
how entrainment arises from the interaction of cognitive and linguistic 
phenomena. 

In future work, we will explore a more detailed model for global and 
local entrainment, dynamic changes in entrainment in the course of 
conversation, and prosodic entrainment over more tone combinations in 
Chinese conversation. 
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