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Abstract—Coarticulatory variations of consonant clusters 
spanning morpheme boundary and transconsonantal vocalic 
articulatory transition in Standard Chinese as a function of 
speech rates were investigated.  Eight /V1C1#C2V2/ and 
eight /V1#pV2/ disyllable sequences were uttered by a 
female speaker at slow, normal, and fast speech rate. 
Electropalatographic, electroglottographic, and acoustic 
data were recorded and the kinematic properties of 
segments and the inter-segmental temporal coarticulation 
were analyzed. Results showed articulatory duration 
shortening and increased temporal coarticulation were the 
two major motor control mechanisms involved in fast speech. 
Consonant production manner, coupling effect of tongue 
body movement in consonant production, and prosodic 
affiliation of vowels were found to affect kinematic 
properties of segments and inter-segmental coarticulation 
when speech rate is increased. In the acoustic domain, the 
F2 trajectory was found to be sensitive to the increased 
gestural overlapping in fast speech. However, the 
correlation between the linguapalatal contact in mid-portion 
of vowels and the relative same-time F2 values was vague. It 
was also found that inter-segmental coarticulation was 
independent of the suprasegmental tier, which tends to 
speak against the tenets of the time structure model. 

Keywords-speech rate; inter-segmental coarticulation; 
Standard Chinese; electropalatography 

I.  INTRODUCTION 
One of the principal objectives in studying speech rate 

effect is to find out speech motor control mechanism and 
its relevance to the linguistically based invariance. 
Previous studies have found that several articulatory 
mechanisms are responsible for articulatory variations in 
fast speech. Segment shortening and increased temporal 
coarticulation are claimed as the main articulatory 
adjustment in fast speech [1], [2]. Segment shortening in 
fast speech tends to result in phonetic target undershoot, or 
spatial reduction of articulatory target [3], which leads to 
reduced articulatory displacement toward the phonetic 
goal and slower peak velocity of participating articulators 
[4].  Speaker-specific articulatory strategies are also an 
important factor in explaining the articulatory variations 
[4], [5].  

The variation of articulatory dynamics induced by 
varying speech rates has been dealt with in different 

speech production models. Linear models consider the 
duration of articulatory movements are compressed or 
contracted proportionally by a constant factor [6]. 
Nonlinear models contend that timing of successive 
speech movements is restructured and the inter-segmental 
phasing relations are shifted with varying speech rate [1], 
[7], and target undershooting is not a necessary result of 
increased speech rate. The articulatory constraint model 
adds that inter-segmental coarticulation is conditioned by 
the articulatory constraints of segment in question [8]. In 
recent speech recognition model, the coarticulation is 
modeled through bidirectional temporal filtering, 
assuming that the rate-induced vocalic formant deviation 
from target value is the result of duration-dependent 
articulatory target reduction [9].  

The coarticulatory processes in the Standard Chinese 
exist in tonal and segmental tiers. According to the time 
structure model [10], the unit for the speech temporal 
organization is syllable with its boundaries being aligned 
with tonal target. Coarticulation can only occur between 
initial consonant and the following vowel in the syllable 
domain. Though the time structure model is the first of its 
kind to elucidate that the coarticulation is constrained 
within the tonal domain, no serious articulatory study has 
been done to examine the coarticulatory effect in 
segmental tier and articulatory adjustment as a function of 
speech rate in the Standard Chinese.  

Electropalatographic (EPG), electroglottographic 
(EGG), and acoustic data are used to examine rate-induced 
inter-segmental coarticulation in this paper. Two 
experiments are addressed: first, the relative timing 
relation of C1#C2 (# indicates a morpheme boundary) and 
kinematic characteristics of individual consonants as a 
function of speech rate are investigated. The articulatory 
and acoustic properties for flanking vowels are also 
examined, as they might be affected with the increased 
consonantal gestural overlapping. Second, the 
transconsonantal vocalic anticipatory effect is studied 
through measuring the dynamic properties of vocalic 
articulatory transitions. The articulatory and acoustic 
properties of vowels, either static or dynamic, are also 
investigated.  

The aim of the experiments is threefold: first, the 
articulatory mechanism controlling the speech rate is 
explored for comparison of the similar study for American 
English [2]. Second, the acoustic consequences of altered 
kinematic properties of segments and temporal 
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coarticulation are examined to show the acoustic 
manifestation of articulatory adjustment. Third, the inter-
segmental coarticulatory pattern in the Standard Chinese is 
tentatively put forth with small set of speech samples to 
challenge the tenets of [10].  

II. METHOD 

A. Stimuli 
The stimuli were drawn from a large EPG speech 

corpus for the Standard Chinese currently under 
construction. The stimuli for the first experiment were 
eight nonsense disyllables /V1C1#C2V2/. C1 was velar 
nasal consonant /G/ and the C2 was either unaspirated 
alveolar stop /t/ or alveolar fricative /s/. Two vowels 
contrasting in height were selected to enrich phonetic 
context. The only high vowel that can appear after /s/ is 
/i1/(The apical vowel appears after /s/) instead of /i/. The 
monotonous rising or falling tones were applied because it 
was expected that the F0 contour movement was 
independent of the coarticulatory process in the segmental 
tier.  

. In the second experiment six nonsense disyllables 
/V1#pV2/ were constructed with the vowels differing in 
tongue body specification in each disyllable. They were 
/pi#pa/, /pa#pi/, /si1#pa/, /Si2#pa/(S stands for retroflex 
fricative, and i2 for apical vowels appearing after retroflex 
fricative), /si1#pi/, and /Si2#pi/. The intervocalic 
unaspirated stop was assumed to minimally interfere with 
the transconsonantal articulatory transition. // and // are 
traditionally called apical vowels, and can only appear 
after alveolar and retroflex consonants. Symmetrical 
disyllables /pi#pi/ and /pa#pa/ were also included for 
comparing the vocalic coarticulatory pattern. 

Disyllables are imbedded in the carrier sentence 
“wo214 shuo55 ___ zhe51 ge51 ci35.” (“I say ____ this 
word”).  Additional four filler utterances with the same 
pattern as the test utterance were placed in between the 
test utterances. All utterances were randomly grouped into 
four blocks with each block started and ended with a 
dummy utterance.  

 

Figure 1.  The marking protocols for /V1C1#C2V2/ sequences. (The 
five EPG frames at the bottom row respectively indicate maximum 

contact for C1 (E1), onset frame for C2 (E2), alveolar closure frame for 
C2 (E3), maximum contact for C2(E4), and last closure frame for C2 

(E5). The pitch contour was shown in the spectrogram) 

 

Figure 2.  The marking protocols for /V1#pV2/ sequences. (The four 
EPG frames at the bottom row respectively indicate maximum contact 

for V1 (E1), onset frame for the articulatory transition (E2), offset frame 
for the transition (E3), and charateristic contact frame for /a/) 

B. Procedure 
One 27-year-old female speaker pronounced the 

utterances. A 62-electron artificial pseudo-palate was 
custom-made to place on the speaker’s palate.  The 
WinEPG system was used to acquire the linguapalatal 
contact signal every 10ms. The Kay EEG and the SONY 
ECM-44B microphone were connected to the WinEPG’s 
serial port interface, and the laryngeal and acoustic signals 
were synchronized internally with the linguapalatal 
contact signal and sampled at 22050Hz. The recording 
was conducted in a sound-attenuated room. 

The speaker was required to wear the pseudo-palate 
and practice for 15 minutes before recording. During 
recording the speaker was instructed to use self-directed 
speaking rate to read the sentence block for three times 
respectively at slow, normal, and fast rate consecutively.  
By doing so, it was observed that the speaker adopted a 
consistent rhythmic pattern after several trials.  

The EPG, EGG and acoustic signal of the test 
disyllables were excerpted from the carrier sentences in 
the Matlab-based EPG analysis platform developed at the 
Phonetics Lab of Peking University.  In total, 144 tokens 
were selected for further analysis. 

C. Marking and measurement 
The articulatory landmarks were determined by 

linguapalatal contact in specific contact area (CA) that was 
characteristic for consonantal place of articulation. The 
contact region for velar nasal was defined as the contact in 
the mid four columns of the last two rows, following [2]. 
The onset was the first frame when there were activated 
electrons in this region, and the offset the frame after the 
last frame with contacted electron on in this area. For velar 
nasal following tautosyllabic /a/, the acoustic landmarks 
served as articulatory onset and offset because no 
electrons were activated in the velar region  
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TABLE I.  LINEAR REGRESSION R2 VALUES ( SLOP VALUES FOR A LINEAR FIT) FOR LATENCY AND KINEMATIC PROPERTIES  
IN V1C1#C2V2 SEQUENCES AS A FUNCTION OF SPEECH RATE (SIGNIFICANCE LEVEL WAS SET RESPECTIVELY AT  P<0.05(*), 

 P<0.01(**), P<0.001(***), AND MARGINAL SIGNIFICANCE  P<0.1(※). THE SHADED AREA REFERS TO DATA NOT AVAILABLE.)  

Measure [iG#ta] [iG#ti] [iG#sa] [iG#si1] [aG#ta] [aG#ti] [aG#sa] [aG#si1] 
ΔONSETS 0.806*** 

(0.56) 
0.701** 
(0.66) 

0.835*** 
(0.83) 

0.766** 
(0.69) 

n.a. n.a. n.a. n.a. 

ΔPEAKS 0.84*** 
(0.71) 

0.3 
(0.21) 

0.466* 
(0.72) 

0.525* 
(0.53) 

n.a. n.a. n.a. n.a. 

C1 OLP 0.61* 
(-117.23) 

0.849*** 
(-134.71) 

0.24 
(-150.35)

0.479※ 
(-104.96) 

0.16 
(-132.66)

0.17 
(-95.74) 

0.27 
(-62.64) 

0.24 
(-194.68) 

C1 DIS 0.14 
(8.23) 

0.27 
(-4.52) 

0.24 
(24.74) 

0.27 
(18.72) 

n.a. n.a. n.a. n.a. 

C1 DUR 0.73** 
(0.6) 

0.513* 
(0.72) 

0.591** 
(0.90) 

0.651** 
(0.81) 

n.a. n.a. n.a. n.a. 

C1 MaxC 0.14 
(8.23) 

0.27 
(-4.52) 

0.24 
(24.74) 

0.27 
(18.72) 

n.a. n.a. n.a. n.a. 

C1 VEL 0.05 
(0.11) 

0.545* 
(-0.75) 

0.19 
(0.87) 

0.01 
(0.18) 

n.a. n.a. n.a. n.a. 

C2 DIS 0.886*** 
(51.77) 

0.03 
(2.82) 

0.14 
(14.54) 

0.14 
(14.67) 

0.07 
(10.15) 

0.64* 
(24.12) 

0.13 
(-8.92) 

0.16 
(-15.93) 

C2 DUR 0.746** 
(0.48) 

0.795*** 
(0.34)  

0.554* 
(0.6) 

0.859*** 
(0.6) 

0.58* 
(0.39) 

0.77** 
(0.52) 

0.9*** 
(0.58) 

0.76** 
(1.01) 

C2 MaxC 0.759** 
(45.84) 

0.007 
(1.2) 

0 
(0.51) 

0.16 
(-14.6) 

0.07 
(10.15) 

0.64* 
(24.12) 

0.13 
(-8.92) 

0.16 
(-15.93) 

C2 VEL 0.001 
(0.06) 

0.38 
(0.54) 

0.007 
(0.21) 

0.25 
(1.34) 

0.19 
(-1.07) 

0.2 
(-2.06) 

0.29 
(-0.1) 

0.26 
(1.57) 

 

The first three rows were defined as the alveolar region. 
The onset frame was determined in the same fashion as for 
velar nasal, but the offset frame was judged differently 
depending on following vowels. When /a/ was followed, 
the offset was the first frame with no activated electron in 
alveolar region. If /i/ or /i1/ was followed, the offset was 
defined as the first frame of the following vowel portion. 
The marking protocols for /V1C1#C2V2/ sequences were 
shown in Figure 1.  

The marking protocols for vocalic transition in 
/V1#pV2/ were exemplified by Figure 2. The onset was 
the last frame in the plateau of the total contact profile for 
V1, and the offset the first frame reaching the phonetic 
target for V2. The transition from apical vowels to /i/ 
involved two articulatory processes: the loosening of the 
alveolar constriction and alveolo-palatal linguapalatal 
contact change. In this case, the onset frame was the last 
frame before considerable contact change, and the offset 
frame was the first frame that approach stabilized 
linguapalatal contact for /i/, normally one or two electrons 
less than the maximum contact for /i/.  

The acoustic landmarks were marked manually for 
vowel onset and offset as well as velar nasal onset. The 
vowel onset and offset in a syllable was marked by the 
first and last detectable peaks in the first derivative of 
EGG signal. The nasal onset was determined through the 
observation of spectrogram and the formant trajectory. In 
/V1#pV2/ sequences, the F2 and F3 formant trajectories of 
V1were truncated toward the end of V1 due to lip closure 
gesture of the intervocalic consonant. Thus additional 
mark was made to delimit the end point for formant 
trajectories.  

In the first experiment, the articulatory parameters 
included latency, overlap, duration, displacement and 
average velocity. The latency was defined following [2], 
ΔONSETS was the temporal interval between C1 and C2 
onset frames, and ΔPEAKS between C1 and C2 maximum 
contact frames. C1 overlap (OLP) was the percentage of 
the C1 interval during which C2 contact also appeared. 
Duration (DUR) was the time interval of segment onset 
and offset. Displacement (DIS) was the difference 
between maximum contact frame (MaxC) and the onset 
frame. Average velocity (VEL), which was an indirect 
measure to reflect dynamic characteristics of articulators, 
was defined as the ratio of the displacement against the 
time interval between the onset of consonant gesture and 
offset of maximum contact. 

In the second experiment, displacement, duration, 
average velocity, shift of the vocalic transition, and 
maximum contact for vowels were measured. The 
displacement was the absolute margin of the contact 
between the onset and offset frames. Duration and average 
velocity were defined in similar fashion as in experiment 1. 
The shift was the percentage of the V1 period during 
which transition toward V2 was initiated. The 
linguapalatal contact for vowels in the middle portion of 
vowels (MidC) was also measure for correlating with F2 
value in the same portion.   

The speech rate measure was taken as the average of 
acoustic length of the two syllables in the test disyllable. 
The formant trajectories were obtained by using Burg 
method in Praat (20-ms window length, 5-ms time step, 5 
maximum number of formants, 6000Hz maximum 
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formant), and fed into the Matlab-based EPG analysis platform for manually adjust- 

TABLE II.  LINEAR REGRESSION R2 VALUES  ( SLOP VALUES FOR A LINEAR FIT) FOR TONGUE KINEMATIC AND ACOUSTIC  
PROPERTIES IN V1#PV2 SEQUENCES AS A FUNCTION OF SPEECH RATE 

Measure [i#pa] [a#pi] [i#pi] [i1#pa] [i1#pi] [i2#pa] [i2#pi] 
DIS 079*** 

(78.1)  
0.003 
(-3.25) 

n.a. 0.01 
(1.28) 

0.07 
(18.42) 

0.31※ 
(22.81)  

0.62* 
(42.24) 

DUR 0.65** 
(0.26) 

0.65 ** 
(0.87) 

n.a. 0.38※ 
(0.13) 

0.58* 
(0.62) 

054* 
(0.4)  

0.76** 
(0.99) 

VEL 0.03 
(-0.07) 

0.79*** 
(-0.917)  

n.a. 0.43※ 
(-0.55)  

0.20 
(-0.55) 

0.49* 
(-0.91)  

0.09 
(-0.04) 

Shift 0.87***  
(-263.47)  

0.77*** 
(-149.62)  

n.a 0.51* 
(-173.07)  

0.13 
(-87.26) 

0.66** 
(-324.21)  

0.57* 
(-277.1) 

V1 MaxC 0.53* 
(60.19)  

0.08 
(-20.28) 

0.03 
(-9.91) 

0.59* 
(34.91)  

0.01 
(-3.06) 

0.69** 
(53.18) 

0.37※ 
(30.1) 

V2 MaxC 0.27 
(-14.58) 

0.02 
(-7.9) 

0.18 
(-25.64) 

0.2 
(-5.69) 

0.29 
(40.22) 

0 
(0.28) 

0.63* 
(45.53) 

V1 MidC 0.01 
(3.34) 

0.6** 
(-17.65) 

0.06 
(-9.65) 

0.85*** 
(35.39) 

0.21 
(24.21) 

0.53* 
(45.1) 

0.49※ 
(22.62) 

V1 MidF2 0.34※ 
(803.76) 

0.17 
(489.39) 

0.84*** 
(2051.12) 

0.3 
(915.94) 

0.07 
(-316.8) 

0.76*** 
(3456.15) 

0.49* 
(1858.74) 

V2 MidC 0.52* 
(-16.58) 

0.001 
(2.0) 

0.24 
(22.94) 

0.2 
(-7.86) 

0.42※ 
(60.0) 

0.04 
(-2.45) 

0.67** 
(42.09) 

V2 MidF2 0.17 
(467.01) 

0.54* 
(1424.87) 

0.48※ 
(1576.76) 

0.32 
(-436.53) 

0.28 
(754.84) 

0.10 
(-253.49) 

0.86*** 
(1007.2) 

 

ment with reference to the cepstral spectrum. The F2 
trajectory for V1 was averaged respectively for three 
speech rates and then normalized. The mid-time F2 value 
(MidF2) was the F2 value in the original F2 trajectory 
nearest to the mid-time point.  

III. RESULTS 
All articulatory and MidF2 were regressed against 

speech rate. Systematic changes as a function of speech 
rate were evidenced in both experiments. It was also found 
that the highest or lowest point of pitch contour aligned 
well with the syllable ending, thus leaving the questions 
only in the segmental tier.  

A. Experiment 1 
Table I shows the results of the significant regression 

(r2) and goodness of a linear fit (slope value in the 
parenthesis) for the eight consonant sequences cross 
morpheme boundary.  

Speaking rate has a significant effect on the absolute 
latency for the four sequences. Both ΔONSETS and ΔPEAKS 
shorten proportionally as a function of rate. Although no 
significant correlation is achieved for ΔPEAKS in /i3#ti/, 
the interval between the two peak contact frames tends to 
increase as speech rate is reduced.  

A linear increase of temporal coarticulation is 
evidenced for three sequences in faster speech, which 
shows increased overlapping between the tongue body and 
tongue tip gestures. The gestural overlapping tends to be 
constrained by the consonant production manner and the 
lingual specification for flanking vowels. /s/ versus /t/ is 
more resistant to overlap with the preceding nasal 
consonant, indicative of the aerodynamic requirement for 

high-pressure buildup to produce an intelligible fricative. 
In /aG#tV2/ sequences a consistent larger gestural 
overlapping is observed across three speech rates, thus no 
significant increase of temporal coarticulation is found.  

The acoustic consequences as a result of the combined 
articulatory constraints are reflected in the F2 trajectory of 
V1. The F2 trajectories in /aG#ta/ and /aG#ti/ are found to 
be sensitive to the increased gestural overlapping. As 
speech rate is increased, the direction of F2 trajectory 
approaches the loci value of the /t/. The anticipatory effect 
from V2 may also affect the V1’s F2 trajectory direction, 
as is shown in Figure 3 (b). The F2 trajectories of V1 for 
other sequences tend to show a consistent pattern, which 
supports the resistance of gestural overlapping for /i/ 
before velar nasal and /s/ after velar nasal.  
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Figure 3.  Normalized F2 trajectory of V1 averaged respectively for 
three speech rates. The solid stands for fast speed, dotted line for normal 
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speed,  
and dashed line for slow speed. 

The articulatory duration for individual consonants 
shortens proportionally as a function of speech rate. The 
displacement and maximum contact for C1 have no 
significant difference across speech rate, which may be 
attributed to the ceiling effect because the electrons in this 
area show relative full contact in the four sequences. 
Linear spatial reduction as a function of rate is only found 
for displacement and maximum contact for /t/ in the 
context of flanking vowels with contrasting tongue body 
height. This may be attributed to the small set of speech 
samples. Alveolar fricative tends to be resistant to the 
effect of speech rate or phonetic contexts, which is in 
conformity with [2].  

Average velocity is an indirect measure reflecting the 
dynamic feature for participating articulators. Significant 
linear correlation is only found for velar nasal tongue body 
gesture in /iG#ti/. No significant linear relation is found 
for average velocity for C2 as a function of speech rate. 
The different average velocity is suggestive of the 
dynamical features for tongue body and tongue tip/blade. 
While tongue tip/blade movement normally involves 
precise and fast movement in consonant production, the 
movement for tongue body is relatively slower, which in 
most cases involves in vowel production [12]. 

The results of the first experiment show that strategies 
in producing consonant clusters across morpheme 
boundary are similar to that discovered in English [2]. 
Articulatory shortening and increased temporal 
coarticulation are the two speech motor control 
mechanisms in faster speech. Spatial reduction for 
consonantal gestures as a function of speech rate depends 
on consonant identity and phonetic context, and is not a 
necessary result when speech rate is increased. The tongue 
body movement velocity tends to become faster in fast 
speech, whereas tongue tip/blade movement velocity tends 
to constant across different speech rates. In the acoustic 
domain, the F2 trajectory for V1 is sensitive to the 
increased gestural overlapping, but the V1 and C2 identity 
constrains such sensitivity. 

B. Experiment 2 
Table II shows the regression results for the kinematic 

properties of transconsonantal articulatory transition 
against speech rates. The regression results for vocalic 
mid-portion linguapalatal contact and same-time F2 values 
are also included. 

Significant displacement is obtained for three out of 
six /V1#C2V2/ sequences. While the increased maximum 
linguapalatal contact for V1 in /i#pa/, /i2#pa/ may be ready 
to explain the observed larger tongue body movement 
excursion in slow speech, the transconsonantal transition 
from /i2/ to /i/ is hard to explain because the maximum 
contact for both vowels is significantly increased in slower 
speech. A possible explanation is that the near-target 
realization of /i2/ in slower speech distorts the gestural 
phase relation of the following syllable, leading to the 
delayed tongue body gesture against lip closure gesture. 
This is supported by the larger linguapalatal contact for 

the first frame of V2 in faster speech compared with that 
in slower speech.  
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Figure 4.  Normalized F2 trajectory of V1 averaged respectively for 
three speech rates. The solid stands for fast speed, dotted line for normal 

speed,  
and dashed line for slow speed. 

The articulatory transition duration is significantly 
reduced as speech rate is increased. But the shorter vocalic 
transition does not guarantee the faster articulatory 
velocity, which in part supports [11]. The significant 
regression values are inevitable result of transitional 
duration when the displacement is held relatively constant, 
as the shorter of the transition is, the faster the articulatory 
velocity becomes. 

The articulatory adjustment toward V2 is initiated 
earlier in faster speech. The only exception occurs for 
/i1#pi/, for which the tongue blade gesture of the apical 
vowel tends to be preserved toward the end of the vowel. 
This may reflects the differential coarticulatory resistance 
for /i1/ depending on the tongue height of the 
transconsonantal vowels. While the channeled tongue 
body shape is easy to go downward, it is relatively 
sluggish to respond to the tongue body front rising gesture. 
The acoustic consequence of earlier initiation of tongue 
body gesture adjustment toward V2 as speech rate is 
increased is reflected in the F2 trajectory movement in the 
left column of Figure 4 (a-d). The F2 trajectory of the pair-
wise comparison sequences are also provided in the right 
column of Figure 4 (e-h). The prime example is /a#pi/ in 
three speech rates. In Figure 4(a) both the starting point 
for F2 trajectory upward movement and the time F2 
trajectory reaching the peak value are earlier in faster 
speech than in normal or slow speech. However, the rate-
induced increased temporal coarticulation is hard to be 
observed in other sequences with the flanking vowels 
associated with differing tongue body gestures.  

Articulatory undershooting is more frequent in V1 
position as compared with V2 position. The linear 
relationship between maximum linguapalatal contact and 
speech rate is found in V1 for /i#pa/, /i1#pa/, /i2#pa/, and 
/i2#pi/. This can be attributed to the increased anticipatory 
vocalic effect of the transconsonantal V2. As speech rate 
is increased, the articulatory reconfiguration toward V2 
starts earlier, resulting in undershooting of the V1 target. 
The maximum contact for /a/ in all sequences is not a 

18



meaningful measure in describing the associated tongue 
body gesture and thus is not discussed here. Spatial 
reduction for V2 in fast speech is only found for /i/ in 
/i2#pi/, while /i/ in V2 position of other sequences tends to 
achieve the phonetic target in question. Since tongue body 
gesture is highly constrained for both /i2/ and /i/, it is 
expected that both targets would be reduced as speech rate 
is increased.  

No simple correlation is found between the MidC and 
MidF2 for individual vowels. This may be attributed to the 
coarse correlation between the linguapalatal contact index 
and the acoustic properties of vowels on the one hand and 
the small capacity of speech samples on the other.  

IV. SUMMARY AND CONCLUSION 
The results in the first experiment confirm the finding 

in [2]. As speech rate is increased, the kinematic 
properties associated with consonant clusters are 
proportionally changed. First, not only does the latency 
between the two gestures in consonant clusters become 
closer, a linear increase of temporal coarticulation is 
evidenced. But the gestural overlapping tends to be 
constrained by the consonant production manner and the 
lingual specification for flanking vowels. Second, the 
articulatory duration for consonants is significantly shorter 
in fast speech, whereas the spatial reduction as a function 
of speech rate is only found for alveolar stop in the context 
of flanking vowels with contrasting height. The consistent 
linguapalatal contact for /t/ followed by /i/ may be the 
result of the coupling effect of tongue dorsum raising 
gesture toward the following vowel during the closure 
interval, which compensates the latent spatial reduction for 
the preceding /t/. The aerodynamic requirement for the 
production of alveolar fricative is assumed to be the 
reason for the stable linguapalatal contact for /s/ across 
speech rates, which is additionally supported by the 
relative consistent gestural overlap with C1. The 
consistent linguapalatal contact for velar nasal is the result 
of ceiling effect, for full or near full contact in the velar 
region is achieved. The displacement tends to be strongly 
correlated with the maximum contact of the consonant in 
question. The average velocity of linguapalatal contact 
change for tongue body gesture and tongue tip/blade 
gesture is different, which may be attributed to the fine 
articulatory gesture associated with tongue tip/blade [12].  

The results in the second experiment shows the similar 
motor control mechanisms in fast speech: the vocalic 
articulatory transition shortens in duration and initiates 
earlier in the V1 interval as speech rate increased. The 
articulatory displacement is dependent on the maximum 
linguapalatal contact for V1 whereas the average velocity 
for tongue body movement tends to be correlated with 
either articulatory duration or displacement. Phonetic 
target undershooting is more frequent in V1 position than 
in V2 position, indicating that the target in the 
prosodically stronger position tends to resist spatial 
reduction. Coarse relationship is found between the 
vocalic mid-point linguapalatal contact and F2 values, 
which may be attributed to the insufficient vocal tract 
information as reflected by linguapalatal contact.  

The combined results of the two experiments show 
that articulatory gestural shortening and linear increase of 
temporal coarticulation are the two motor control 
mechanisms involved in fast speech. Besides, it is found 
the transconsonantal vocalic anticipatory effect becomes 
stronger as speech rate is increased. Spatial reduction is 
not a necessary result for consonants as speech rate is 
increased, whereas the tongue body gestural reduction 
associated with vowels tends to be constrained by 
prosodic position.  

The acoustic consequence of the increased gestural 
overlapping is shown in the F2 trajectory excursion in the 
V1 position in both experiments. However, the correlation 
between the altered linguapalatal contact near the mid-
portion of vowel and the same-time F2 values is hard to 
explain. More speakers and speech samples have to be 
collected.  

In both experiment, the increased gestural overlapping 
and transconsonantal anticipatory effect are shown to be 
independent of the suprasegmental tier, which speaks 
against the tenets of the time structure model. In terms of 
coarticulatory pattern, the anticipatory effect is shown to 
be dominated in both articulatory and acoustic domain. 
Anticipatory coarticulation occurs between neighboring 
segments as well as transconsonantal vowels. In fastest 
speech, the gesture associated with V2 shows anticipatory 
effect on V1 by crossing two intervocalic consonants, 
which is not manifested in slow speech.  
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