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Abstract 

This paper carried out a pilot study for the tonal effects on 

the production of monophthongal vowels in Standard Chinese. 

The electropalatographic (EPG) and acoustic signals for six 

vowels /i, u, y, i1, i2, ɤ/ in monosyllables uttered in four tones 

were recorded, and the articulatory and acoustic measures were 

taken at three time points in zero-initial syllables and 

mid-portion frame/point in non-zero-initial syllables. The results 

show: (1) the articulatory variation in vowel production was 

mainly induced by the low tone (T3) compared with other tone. 

(2) Two strategies for articulatory adjustment were identified: 

the tongue lowering and retraction was found for vowels in T3 

syllables when the post-dorsum of tongue is involved in vowel 

articulation, as shown in /u, ɤ, i1/; the increased tongue raising 

was found in T3 syllables when the pre-dorsum of tongue is 

involved in vowel production, as shown in /i, y, i2/. (3) The T3 

influence on the articulatory measures for vowels tends to be 

present in the better part of the vocalic length, regardless of the 

pitch changes. (4) Consistent tonal effect on F1 for the vowels 

was found for which T4 tends to increase the F1. This might be 

attributed to the larynx raising that leads to the shortening of the 

vocal tract. 

Index Terms: tone, vowel production, 

electropalato-graphy (EPG), Standard Chinese 

1. Introduction 

The tone-vowel interaction is manifested by the 

bi-directional influences between supra-laryngeal and laryngeal 

articulators in speech production [1]. On the one hand, the 

supra-laryngeal articulatory gestures influence the laryngeal 

gestures, exemp-lified by the intrinsic F0 of vowels, for which 

the F0 is positively correlated with the tongue body height of 

vowels [2, 3]. On the other hand, the production of tone does 

affect the supra-laryngeal gestures of vowels. In an acoustical 

study, Zee [4] found that vowels (except /a/) had higher F1 in 

high-falling tone in Taiwan Mandarin. Recent EMMA studies 

found that the tonal effect on supra-laryngeal articulators was 

not consistent compared with the robust effect of intrinsic F0 [5]; 

the tongue body for /a/ and /u/ tended to be retracted and lowered 

in low tone (T3) in Standard Chinese [6,7]. In Ningbo Mandarin 

[1] similar tonal effect was found for low vowel versus high 

front vowel in low short tone and low rising tone. The current 

paper aims at investigating the tonal effects on the vowel 

production in Standard Chinese.  

The articulatory mechanism of tonal effect of tongue 

gestures for vowels was attributed to the larynx lowering [1, 6, 7, 

8]. It is conjectured that the retraction and lowering of tongue 

body when producing low/back vowels in the T3 tone might be 

related with the downward vertical movement for the larynx, for 

which the contraction of related muscles drag the hyoid bone 

downward, and the muscles controlling the tongue configuration 

and connected to the hyoid bone are affected. This mechanism 

might explain the tongue retraction and lowering for low/back 

vowels, but for high front vowel /i/ or /y/ the situation might be 

different because the articulatory undershoot would occur if the 

tongue were retracted and/or lowered for the high front vowels. 

Thus it is still not clear the mechanism of tonal effects on the 

articulatory and acoustical properties of vowels in Standard 

Chinese. 

Recent X-ray study shows that in Standard Chinese the F0 

contour in four tones is closely correlated with the vertical 

movement of the larynx. Except the high-level tone (T1), the 

vertical larynx movement is positively correlated with the F0 [9]. 

In the Figure 3 in [9] the larynx is continually and monotonously 

rising in producing high-level tone, while in other three tones the 

trajectories of larynx vertical movement are rather similar with 

the corresponding F0 contours. The larynx vertical movement 

trajectory for the rising tone (T2) is slight different from that for 

T1 in that a slight downward movement of the larynx is found 
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for some samples, which indicates that the low tonal component 

in T2 might be physiologically realized as larynx lowering. 

These results shows that fine adjustments of larynx vertical 

positions are involved in producing tones in Standard Chinese 

with the four tones being associated with contrasting laryngeal 

movement patterns that contribute the phonemic contrasts 

among four tones.  

The voluntary and controlled larynx vertical movement 

does affect the articulatory and acoustic properties of vowels in 

Standard Chinese. The relevant articulatory studies have 

mentioned above. Acoustically, the vertical movement of the 

larynx would result in the variation of vocal tract length, which 

would affect the formant of vowels, as is shown in [4]. However, 

the combined articulatory and acoustic study on the tonal effects 

on vowel production in Standard Chinese is rare, and the 

existing results do not cover as many vowels in Standard 

Chinese. So the larynx lowering mechanism might not be able to 

explain the tonal effects on different vowel production.  

In this paper, the electropalatography (EPG) was used to 

record the dynamic process of tongue-palate contact.  On the 

one hand, such device has been rarely utilized in the tonal effects 

on vowel production, and EPG is more superior than EMA in 

reflecting the magnitude of tongue gesture, provided the 

linguopalatal contact can be captured during vowel production.  

2. Method 

The 62-electrode EPG system was used to record the 

linguopalatal contact for every 10ms, by which the 

tongue-palate contact is captured to reflect the tongue gestures 

for vowels in anterior-posterior dimension, reflected by the 

distribution of contact electrodes on the pseudo-palate, and 

high-low dimensions, reflected by the amount of contacted 

electrodes when the vowel is held constant. 

2.1 Stimuli 

The test vowels were /i, y, u, ɤ, i1, i2/ (/i1, i2/ were apical 

vowels, and their tongue configurations were respectively 

similar with the apical-alveolar and retroflex consonants). The 

above vowels were selected because meaningful linguopalatal 

contact can be registered for investigating the tonal effects on 

vowel production. Figure 1 shows the example of the 

tongue-palate contact for the six vowels in mid-portion location 

in the syllables. The vowel /a/ was not selected because no or 

little linguopalatal contact can be found for this vowel, 

regardless of the consonantal environment. 

 

Figure 1:  The linguopalatal contact patterns for 

the six vowels /i, y, u, ɤ, i1, i2/ (From (a) to( f)). 

Table 1 shows the monosyllable stimuli in the current study. 

The Chinese monosyllables that have four tones, namely, 

high-level (T1), rising (T2), low (T3), and falling (T4), or at least 

have three tones including T3, were selected as the stimuli. For 

examples, the syllable /ti/ has four tones: /ti 55/ (high-level tone, 

meaning “to kick”), /ti35/ (rising tone, meaning “to lift”), /ti214/ 

(low tone, meaning “body”), /ti51/ (falling tone, meaning “to 

take the place of”). In total, 42 syllables were selected. Among 

those 36 syllables have four tones, which corresponded to 144 

existing morphemes in Standard Chinese. Six syllables have 

three tones. Among those, two syllables (/mu/ and /ly/) do not 

have T1 tone, and four syllables (/ts/, /s/, /ku/, and /khu/) do 

not have T2 tone. In Table 1 the phonotactic combinations were 

possible in some cells, but the tone type is either less than three 

or lacking in T3. Therefore no syllables in those cells were 

selected. Some empty cells in Table 1 show that there is no 

possible syllable because of the phonotactic constraints in the 

Standard Chinese. For example, /i/ is not allowed to appear after 

the initials like apical, retroflex, and velar sounds. The inclusion 

of the monosyllables with zero initial was oriented to examine 

the tonal effects on the vowel production without the 

coarticulatory influence of the preceding initials.  

2.2 Recording and speaker 

The recording was carried out at the Phonetics Lab of 

Peking University. One female speaker, who was 27 years and 

was the announcer at the Peking University TV Station, was 

recruited in the experiment. A custom-made 62-electrode 

pseudo-palate was installed onto the speaker’s palate, and the 

speaker was instructed to practice to pronounce properly for at 
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least half an hour. Then the speaker was instructed to read aloud 

the Chinese characters in blocks on the computer screen. Each 

block contained 6 to 8 characters with a dummy token /ta51 

tu51/ at the end of the block for the temporal alignment between 

the EPG and speech signals [10]. The stimuli were designed in 

random order and each character was read at least by two times. 

The speaker was instructed to read the stimuli list by using 

normal speech rate with the inter-character interval of at least 

500ms. The unnatural production for stimuli items was marked 

by the experimenter for elimination in the following analysis, 

and re-grouped in blocks and recorded when all blocks were 

finished. The EPG, speech and electroglottographic (EGG) 

signals were simultaneously recorded. The sampling rate for 

EPG signal was 100 Hz, and for speech and EGG signals 22050 

Hz.  

Table 1. Monosyllable Stimuli.(Six consonantal 

places of articulation for the initials were considered 

regarding the phonotactic constraints and the 

availability of Chinese monosyllables with at least three 

tones (and including T3). Monosyllables with zero 

initials were also included. LA stands for bilabial 

(labial-dental), AP for apical, AL for alveolar, RE for 

retroflex, PA for alveolo-palatal, and VE for velar. The 

syllables with an asterisk on the right have no T1 tone; 

the underlined syllables have no T2 tone.) 

Vowel 
Monosyllables uttered by at least three tones 

LA AP AL RE PA VE Zero 

i /pi/ 
/p

h
i/ 

/mi/ 

 /ti/ 
 

/t
h
i/ 

/li/ 
/ni/ 

 /ʨi/ 
/ʨh

i/ 
/ɕi/ 

 /i/ 

y   /ly/*  /ʨy/ 
/ʨh

y/ 
/ɕy/ 

 /y/ 

u /pu/ 
/p

h
u/ 

/fu/ 
/mu/
* 

 /tu/ 
/t

h
u/ 

/lu/ 

/tʂu/ 
/tʂh

u/ 
/ʂu/ 

 /ku/ 
/k

h
u/ 

/xu/ 
 

/u/ 

ɤ    /tʂɤ/ 
/tʂhɤ/ 
/ʂɤ/ 

 /kɤ/ 
/k

hɤ/ 
/ɤ/ 

 

i1  /tsɿ/ 
/ts

hɿ/
/sɿ/ 

     

i2    /tʂʅ/ 
/tʂhʅ/ 
/ʂʅ/ 

   

2.3 EPG and acoustic measures 

The signal processing was conducted at the EPGAnalyzer, 

a Matlab-based EPG analysis platform developed by the 

Phonetics Lab of Peking University. The acoustic boundary of 

vowels was first demarcated by hand.  The EPG frame with the 

largest linguopalatal contact (MaxFrame) was selected for 

further analysis by the computer program from the five 

consecutive EPG frames in the mid-portion of the acoustic 

interval of vowels. In the case of the zero initials, besides the 

MaxFrame, two other frames were selected for examination: one 

was at the one third of the vocalic interval, and the other at the 

two thirds.     

The EPG parameters consisted of the contact area and 

dispersion indices for the key EPG frame(s). Total contact (TC) 

was defined as the ratio between the on-electrode number and 62.  

The contact dispersion indices included Center of Gravity (CoG), 

Contact Anteriority (CA), Contact Posteriority (CP) and Contact 

Centrality (CC). CoG was defined in [11] and other three indices 

in [12].  

The acoustic measures included the fundamental frequency 

(F0) and formant frequency (F1 and F2). The F0 contour was 

calculated with the EGG signal by the computer program. 

However, manual adjustment was involved in extracting the T3 

contour, for most samples had double-peak EGG wave interval 

when creaky voice appeared. The vocalic duration of vowels 

was normalized by using 15 points. The F1 and F2 trajectories 

were calculated by using LPC method, and manually adjusted 

for further analysis.   

2.4 Data analysis 

The F0 contours across vowels and tones were examined 

first to see the tonal variation. The consonantal environment was 

not considered because the effect of the preceding consonants on 

the realization of tones was weaker than the syllable vowels [13]; 

besides, the consonant-induced F0 perturbation is often found 

for the F0 contour onset frequency, and temporal alignment with 

the syllable onset in connected speech [14]. Two strategies were 

used for two groups of speech tokens. For vowels preceded by 

zero initials, the articulatory and acoustic measures were 

compared respectively at the one third, mid-portion, and 

nine-tenth temporal points in the vocalic interval through 

two-way ANOVA with between-group factors of Tone and 

Position. The selection of temporal points will be explained later. 

The apical and retroflexed vowels will be analyzed similarly 

with the zero-initial vowels because of the homorganic 

preceding consonants. For vowels preceded by non-zero initials 

(apical and retroflexed vowels excluded), the mid-portion 

parameters were compared through the two-way ANOVA with 

the between-group factors of Tone and Place of articulation.  
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The Bonferroni method was used in the ANOVA analysis 

3. Results 

Figure 2 shows the 15-point normalized F0 contours for 

syllables across vowels and tones. A glance at the F0 contours 

indicates that the F0 contour patterns are rather stable across 

vowels. The F0 contours for T1 syllables tend to be correlated 

with the tongue height: the F0 contour for the high vowels (/i, u, 

y/) tend to be slightly higher compared with that for the mid 

vowel and apical vowel /i1/, both of the latter two vowels 

involving low tongue body height. The F0 contours for syllable 

with other three tones are respectively interwoven across vowels, 

indicating a consistent prosodic pattern by the speaker and stable 

F0 patterns. Through the direct observation of the F0 contour 

pattern across vowels, we assume that the magnitude of the tone 

contour variation is more related to the vowel height than the 

initials that precede the vowels in question. Regarding the 

temporal point selection of zero-initial vowels, it can be found 

that the one-third point into the vocalic length has meaningful 

correspondence with the four pitch contours: the pitch contour 

for T2 starts to rise, and for T3 approaches the lowest F0 value, 

and for T4 starts to fall. The selection of nine-tenth point 

corresponds to the near-peak F0 value for T2, T3, and T4, which 

can also be compared with the result in [1]. 

Figure 2: The F0 contour patterns for four tones across vowels (The abscissa axis represents the frequency and the 

ordinate axis represents the normalized time points. The error bar stands for one standard error. ) 

3.1 Vowel /i/ 

The two-way ANOVA results show that only the main 

effect of tone is significant for all measures except CP, 

indicating that tonal effect is the only source for the articulatory 

and acoustic variation in producing /i/ regardless of temporal 

points into the vowel. The post hoc comparisons show that the 

four out of five EPG indices in T4 syllables are significantly 

lower than those in syllables with other three tones (p<0.05). 

Meanwhile the CC in T3 is significantly lower than that in T1 

(p<0.05). These results show that more linguopalatal contact in 

the anterior region of the palate and higher tongue position are 

found when the vowel is uttered in T1, T2, and T3 versus T4. 

Additionally, the tongue height is lower in T3 than in T1. 

Acoustically, the F1 in T4 is significantly higher than that in 

other tones (p≤0.05). The F2 in T3 is significantly smaller than 

that in T1 and T4 (p<0.05). Taken together, the most prominent 

tonal effect on the production of /i/ preceded by zero initial is 

manifested by the slight different tongue gesture in T4, which 

is charac-terized by lower tongue height specifically in the 

anterior part of tongue, thus leading to the F1 increase [15]. 

The lower tongue height is also found in T3 as is evidenced by 

lower CC, which might lead to F2 decrease; however, this 

result is worthy of further examination because other EPG 

indices do not differ significantly with T1 and T2.   

For /i/ preceded by non-zero initials, the Tone and Place 

(LA, AL, and PA) factors may both affect the vowel production. 

Because the focus the current paper is on the tonal effects on 

vowel production, it is expected the Tone factor affects the 

vowel production in the same pattern regardless of consonantal 

environment. Thus no Tone × Place interaction effect is 

expected to exist. However, the post hoc comparison results in 

Table 2 yielded rather inconsistent tonal effects on the vowel 

production. Similar tonal effect is found for TC and CC, which 

is shown by the significantly higher TC and CC in T2 and T3 

versus T1 and T4. The significant interaction effect calls for the 



语音乐律研究报告 2012   

26 

 

simple effect analysis when Place was held constant. Results 

show that the tonal effect on TC and CC are the same as in 

Table 2 for /i/ preceded by labial initials; only TC is found to 

be significantly different in /i/ preceded by alveolo-palatal 

initials (T3>T1,T2,T4, p<0.05); no tonal effect is found for /i/ 

preceded by alveolar initials. The lower CoG in T4 versus other 

tones resembles the results when zero initials precede /i/. The 

significant difference for CP is only found for alveolar initials. 

CA is found not to be affected by tones.  

The F1 difference basically resembles the above result, 

indicating that lower tongue height in T4 (and possibly in T1) 

might result in higher F1. The tonal effect on F2 varies in 

different initial conditions. In case of alveolar initials, the tonal 

effect is shown to be T2<T4 (p<0.01); in case of 

alveolo-palatal initials, the tonal effect is shown to be T1<T3, 

T4 (p<0.01). No tonal effect is found in case of labial initials.  

Taken together, the tonal effects on /i/ production is 

significant, though they are complicated by Place factor. In 

general, T3 induces more linguopalatal contact in case of LA 

and PA initials, and higher CP in case of AL initials, and more 

contact centrality in case of LA initials. Secondly, T4 induces 

less linguopalatal contact in case of LA and PA initials, which 

is mainly reflected by less contact in the anterior area of palate 

(smaller CoG but slightly larger CP), and less contact centrality. 

The tonal effect for T1 and T2 on /i/ is not consistent either 

articulatorily and acoustically. 

Table 2. Two-way ANOVA results for the measures 

of /i/ preceded by initials of three places (* p<0.05, 

**p<0.01, ***p<0.001; n.a. means no significant 

difference.) 

Measure 
ANOVA results 

Tone Place Interaction 

TC T1,T4<T2,T3* PA>LA,AL** * 

CoG T4<T1,T2* PA>LA>AL*** n.a. 

CA n.a. PA>LA >AL** n.a. 

CP T1<T4,T3* PA<LA<AL*** * 

CC T1,T4<T2,T3* PA> LA,AL *** ** 

F1 T4>T2,T3*** 

T1>T2*** 

n.a. n.a. 

F2 T1<T3,T4** 

T2<T4** 

PA<LA,AL*** * 

To summarize, T3 and T4 have significant effect on the 

articulation of /i/: T3 increases the linguopalatal contact and 

contact centrality while T4 decreases both. The tonal effect on 

F1 is salient for T4. The F1 is higher in T4 versus other tones. 

However, tonal effect on F2 of /i/ is not consistent. This might 

be attributed small capacity of speech samples.  

3.2 Vowel /y/ 

Like /i/, only the main effect of tone on the EPG measures 

for /y/ is found. Post hoc comparison results show that the five 

EPG measures in T3 are significantly higher than other measures 

(TC: T3>T1,T2; CoG: T3,T4,T1>T2; CA : T3>T2; CP : T3>T1; 

CC: T3>T1, T2; p<0.05). In sum, the tongue position of /y/ in T3 

is higher, more anterior, and more centralized compared with 

that in other tones. Regarding the acoustic parameters, the F1 in 

T4 is significantly higher than that in other tones (T4>T1,T2,T3, 

p<0.001). However, the Time×Tone interaction effect is 

marginally significant (p=0.07). In Figure 3 it can be found that 

the F1 contour for /y/ in T4 is not stable in the vocalic interval. 

The initial F1 is prominent high at the outset and gradually 

decreases toward the end of syllable. One-way ANOVA results 

yielded that significant difference of F1 only exist at the 

one-third and mid-portion points. Referring to Figure 2 and the 

larynx vertical position at the outset of T4 [9], the gradual 

decrease of F1 might be attributed to the vocal tract length 

variation [16] or the effect of source coupling [17].  

 

Figure 3: The F1 for /y/ preceded by zero initial across 

four tones and three positions in the syllable (Error bar 

stands for one standard error).  

Because /y/ can only be preceded by alveolar initial /n, l/ 

and alveolo-palatal initials, the tonal effect was analyzed 

through one-way ANOVA respectively for each initial place. 

When the initial is lateral /l/, there is no T1 syllable. Results 

show that T3 has significant effect on the articulatory measures 

while T4 on the acoustic measure. The production of /y/ in T3 is 

shown to have more linguopalatal contact, more advanced and 

centralized tongue position. The tonal effect on F1 is the same as 

in /i/ and /y/ with zero initial.  
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Table 3. One-way ANOVA results for the measures 

of /y/ preceded by /l/ and three PA initials. 

Measure 
ANOVA results 

Tone (/l/) Tone(PA) 

TC T3>T4 (p=0.07) n.a. 

CoG T3,T2>T4 ** n.a. 

CA n.a. n.a. 

CP n.a. n.a. 

CC T3>T4 * n.a. 

F1 T4>T2, T3 * T1,T4>T2,T3* 

F2 n.a. n.a. 

No significant difference was obtained for the articulatory 

measures for /y/ in case of non-zero initials. However, in Figure 

4 we can find that the linguopalatal contact and centralization in 

T3 is prominently higher than those in other tones. Additionally, 

the tongue is more advanced in T3, as is shown by AC in Figure 

4 and CoG (Not present). The combined findings indicate that 

tongue body is more anterior and raised in T3 versus other tones. 

The F1 of /y/ in T3 and T2 was significantly lower than in T1 

and T4. 

 

 

Figure 4: The TC and CC for /y/ with non-zero initials 

initials. 

3.3 Vowel /i2/ 

In analyzing /i2/, we compare the measures at three time 

points over the vocalic interval because it is preceded by 

homorganic initials. In general, the post-alveolar constriction for 

/i2/ becomes gradually released toward the end of the syllable. 

Meanwhile, the factor of Position seldom interacts with Tone.  

Table 4. Two-way ANOVA results for the measures of 

/i2/. In the Position column, ① ,② ,③  respectively 

stands for one-third, mid-portion, and nine-tenth point. 

Measure 
ANOVA results 

Tone Position Interaction 

TC T4,T3<T2,T1** ①②>③** n.a. 

CoG T4,T1<T3,T2** ①②>③** n.a. 

CA T4<T1,T3,T2*** ①②>③** n.a. 

CP T4,T3,T2<T1* n.a. n.a. 

CC T4<T1,T3<T2* ①②>③** * 

F1 T4,T1>T2,T3*** ②<③* n.a. 

F2 T1<T3* n.a. n.a. 

The post hoc comparison show rather complicated tonal 

effects on the articulation of /i2/, which might be attributed to 

the articulatory instability of this vowel uttered by the speaker 

[18]. Nonetheless, the vowel in T3 tends to have less 

linguopalatal contact and advanced tongue gesture. The vowel in 

T4 has lowered tongue height, which is similar as in /i, y/. The 

vowel in T1 has the highest CP, indicating an active raise of 

tongue body toward hard palate. And the vowel in T2 has the 

highest level of centralization at the three time points. By 

comparing the results for vowels above, we argue that active 

tongue advancement is evidenced in T3, while the same strategy 

tends to be adopted in T2. The tonal effect of T4 is manifested by 

the tongue height lowering with all five EPG measure being the 

lowest compared with those in other tones. The tongue gesture 

adjustment in T1 is still unclear. It might be patterned with T4 by 

having more retracted tongue gesture (CoG, CA, CP) and a 

lower tongue height (CC), though it has highest TC.  

The acoustic results resemble those for /i, y/ regarding F1. 

And the lower F2 in T1 versus T3 further indicates more 

retracted tongue body.  

3.4 Vowel /u/ 

The post hoc comparison results for /u/ preceded by zero 

initial show a much clear picture. The EPG measures in T3 are 

significantly lower than other tones (TC: T3<T1,T4,T2; CoG: 

T3<T2,T4; CA: T3<T2,T4; CP: T3<T4,T1,T2; CC : 

T3<T4,T1,T2; p<0.05). These results show that the tongue 

gesture in T3 is protrudingly lowered and retracted, which 

supports the results in the previous studies [6,7]. The tonal effect 

on F1 is the same as in the vowels above with F1 in T4 

significantly higher than that in other tones (p<0.05). The F2 in 

T4 is significantly higher than that in T1 (p=0.09).  

Table 5 shows a rather clear picture of tonal effects on the 

articulation and acoustics of /u/. Like the case in zero initials, 

tongue retraction and lowering gesture is found for /u/ in T3. 

This tongue gesture adjustment strategy may also be partially 

utilized in the production of T2, for tongue retraction, but not 

lowering, is found for /u/ in T2. The acoustic comparison results 

show that the F1 and F2 are significantly lower in T2/T3 versus 

T1/T4. However, the higher F1 in T4 (and possibly T1) is argued 

to be associated with shortened vocal tract as a result of active 

larynx upward movement or coupling effect of F0.   
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Table 5. Two-way ANOVA results for the measures of  

/u/ preceded by initials of four places 

Measure 
ANOVA results 

Tone Place Interaction 

TC T3,T2<T1* 

T3<T4*** 

LA<RE,AL** n.a. 

CoG T3,T2<T4,T1* LA<VE,RE,AL* n.a. 

CA T3,T2<T1*** 

T3<T4* 

LA<RE,AL** n.a. 

CP T3<T2,T4,T1* n.a. n.a. 

CC T3<T1,T2* n.a. n.a. 

F1 T2,T3<T4,T1*** LA>RE,VE,AL* n.a. 

F2 T2,T3<T4,T1*** n.a. n.a. 

3.5 Vowel /i1/ 

Like the retroflexed vowels /i2/, the apical vowel /i1/ is 

preceded by the homorganic apical initials, thus we compared 

the measures at three time points.  

Table 6. Two-way ANOVA results for the measures of 

/i1/.  

Measure 
ANOVA results 

Tone Position Interaction 

TC T3<T4, T1,T2** ①②>③*** ** 

CoG T3>T1,T4* n.a. n.a. 

CA T3<T1, T2* ①②>③*** *** 

CP T3<T4, T2, T1*** n.a. n.a. 

CC T3<T1, T2* ①②>③** *** 

F1 T2<T1,T3<T4** ②<③* *** 

F2 T3,T2,T1<T4* n.a. n.a. 

 

As shown in Table 6 four out of seven measures are 

unstable in the vocalic interval, which is mainly caused by 

articulatory perturbation toward the end of /i1/. However, the 

tonal effect is rather clear-cut for the articulation of /i1/, with T3 

induces less linguopalatal contact in the posterior area on the 

palate, indicating a lowered tongue body gesture. Meanwhile, 

the lesser degree of centralization in T3 is caused by less anterior 

contact as indicated by lower CA (r=0.983, p<0.001). The 

highest CoG in T3 is negatively correlated with reduced 

posterior contact (CP, r=-0.702, p<0.001, also shown in Figure 

5).   

 

Figure 5: The palatograms of the mid-portion frame /i1/ in the 

syllable /tsɿ/ uttered in four tones (From left to right are the 

palatograms in T1, T2, T3, and T4 tones). 

The tonal effect on F1 is similar with the results above, and 

F2 variation as a result of tonal conditions resembles that for /u/.  

Taken together, the tonal effects on /i1/ are represented by 

lowered tongue body and tongue tip gestures in T3. The 

retraction of tongue in T3 is not supported because CoG is not 

reduced as is in /u/. T4 has significant effect on F1/F2, which 

might be associated with either larynx upward movement in T4 

or F0 coupling effect.  

3.6 Vowel /ɤ/ 

Table 7 shows the post hoc comparison results for /ɤ/ 

preceded by the zero initial. In general, the articulatory measures 

decrease monotonously toward the end of the vowel, and the F1 

increases and F2 decreases toward the end of the vowel, 

indicating the gradual releasing of the vowel gesture in the 

vocalic interval. However, the effect of T3 is consistent along 

the vowel length for four out of five EPG measures, showing a 

lowered and retracted tongue gesture in T3 (and possibly T2). 

Since the interaction effect is significant for CA, Figure 6 shows 

that the significant difference exists between T1/T4 and T2/T3 

(p<0.001) at the onset, but the difference turns marginally 

significantly at mid-point (T2<T4, p=0.07), and is nullified 

toward the end of the vowel.  Acoustically, the effect of T4 on 

F1 is significant, making a higher F1 than in T2 and T3. The F2 

variation is a reflection of tonally- and temporally-conditioned 

vocalic gesture: lower F2 is found for T2 versus T1 at least 

toward the mid-point of the vowel, but no difference is found 

near the end of the vowel.  

Table 7. Two-way ANOVA results for the measures of 

/ɤ/.  

Measure 
ANOVA results 

Tone Position Interaction 

TC T3<T4 T1* ①>②>③*** n.a. 

CoG n.a. ①②>③** n.a. 

CA T2,T3<T4** ①>②>③** ** 

CP T3<T1* ①>②>③* n.a. 

CC n.a. ①>②>③* n.a. 

F1 T2, T3<T4* ①②<③* n.a. 

F2 T1>T2* n.a. n.a. 
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Figure 6: The CA for /ɤ/ across four tones at three 

temporal points over the vowel interval. 

For /ɤ/ preceded by non-zero initials, only syllables with 

velar (VE) and retroflex (RE) initials were selected. Thus 

one-way ANOVA was carried out respectively for these two 

types of initial condition. No tonal effect is found for /ɤ/ 

preceded by VE initials. However, the tonal effect on F1 is 

consistent to the findings above, with the highest F1 in T4. Tonal 

effect is significant for /ɤ/ preceded by RE, which is shown by 

the lowered and retracted tongue gesture in T3 compared with 

other tones. The tonal effect on F1 is similar to the result above. 

In sum, the tonal effect on the production of /ɤ/ is rather 

similar to that of /u/: on the one hand, the lowered and retracted 

tongue gesture is found in T3 versus other tones; and higher F1 

in T4 versus other tones on the other. 

Table 8. One-way ANOVA results for the measures of 

/ɤ/ preceded by VE and RE initials. 

Measure 
ANOVA results 

Tone (VE) Tone(RE) 

TC n.a. T3<T2,T1,T4* 

CoG n.a. n.a. 

CA n.a. T3<T1** 

CP n.a. T3<T2,T1,T4*

** 

CC n.a. n.a. 

F1 T2<T1,T3, T4* 

T1<T4 (p=0.05) 

T2<T1,T3, T4* 

F2 n.a. n.a. 

4. Discussion and Conclusions 

To summarize, several patterns are found for the tonal 

effects on the vowel articulation and acoustics in the present 

paper: (1) the articulatory variation in vowel production was 

mainly induced by the low tone (T3) compared with other tone. 

(2) Two strategies for articulatory adjustment were identified: 

the tongue lowering and retraction was found for vowels in T3 

syllables when the post-dorsum of tongue is involved in vowel 

articulation, as shown in /u, ɤ, i1/; the increased tongue raising 

was found in T3 syllables when the pre-dorsum of tongue is 

involved in vowel production, as shown in /i, y, i2/. (3) The T3 

influence on the articulatory measures for vowels tends to be 

present in the better part of the vocalic length, regardless of the 

pitch changes. (4) Consistent tonal effect on F1 for the vowels 

was found for which T4 tends to increase the F1. This might be 

attributed to the larynx raising that leads to the shortening of the 

vocal tract. 

The results of the current paper basically confirm the 

previous results of tonal effects on the vowel articulation 

[1,5,6,7] and vowel acoustics [4, 16]. Furthermore, the current 

paper augments the previous research in that two articulatory 

strategies might be involved in vowel production. Apart from 

the lowered and retracted tongue gesture in T3 for vowels by 

which the posterior tongue is active in vowel production, the 

high and front vowels tend to involved heightened, or advanced, 

tongue gesture in vowel production in T3. Meanwhile the tonal 

effect of rising tone (T2) on the vowel production tends to be 

patterned with T3, which, in many cases, differ significantly 

from T1 and T4. This indicates that tongue gesture is associated 

with the starting pitch value in that the tongue gesture might be 

different depending on whether the initial F0 is high or low. 

However, this hypothesis should be called into caution because 

only one speaker and one type of speech task is involved in this 

study. The final conclusion is still pending before more stimuli 

are to be analyzed and data from more speakers are collected.   

The tonal effect on the vowel acoustics is mainly 

manifested by F1. T4 shows a consistent effect in raising F1. In 

Figure 2 it can be conjectured that this may be associated with 

high starting F0 that is often much higher than that in T1. This 

result may be attributed to the both constriction size and vocal 

length in vowel production [19], as lowered tongue gesture is 

found in high and front vowel on the one hand, and the active 

larynx vertical rise shortens the vocal tract length on the other.  
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