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Abstract

This study investigates some of the articulatory changes that
occur due to the tonal conditions of the syllable; specificaly,
jaw, tongue and formant frequency changes. Articulatory and
acoustic data were collected using the electromagnetic
articulatograph (EMA) at NTT Research Laboratories (Atsugi,
Japan) from two native female speakers of Mandarin Chinese
producing Tones 1 and 3 on monosyllabic words containing
the vowel /a/ (ba, ma, pa). Measurements of both acoustics (FO,
F1) and pellet positions (tongue tip, tongue dorsum, and jaw)
were made at the center of the syllable, i.e., at the time when
the jaw was lowest.

T-tests show that supralaryngeal articulation is significantly
different for the two tones. For the low Tone 3 compared to
high Tone 1, for both speakers, the jaw and tongue are
significantly more retracted and F1 is significantly higher.

This study provides useful data for exploring the interactive
control between laryngeal mechanisms and articulation of
vocal tract shape, which a speaker of atone language must
access to produce tones. It also provides interesting data
applicable to current issuesin phonology and phonetics about
the interaction between prosody and articulation.

1. Introduction

Currently there is much interest among phonologists and
phoneticians about the effect of prosody on articulation. A
conventional way of treating tones and vowels in phonology is
as phonemic units. Within this viewpoint, it is often assumed
that the vowel’s formant frequencies will be constant across
tona contrasts. However, work with other languages, such as
English, for instance, has shown that formant frequencies
change due to stress conditions of the syllable. Specificaly,
Erickson (2002) suggested that stress-related changes in
formant frequencies were a consequence of prosodicaly-
induced changes in articulation (jaw and tongue movement
patterns). This viewpoint is in keeping with that proposed by
Fujimuras C/D Model of articulatory implementation in
which syllable characteristics are strongly affected by the
prosodic input to the spoken utterance (e.g., Fujimura, 2000).
As concerns a tone language, such as Mandarin Chinese, what
are some articulatory and formant frequency changes that
occur due to the tonal conditions of the syllable?

An essential acoustic correlate of Mandarin tones is their FO

pattern (e.g., Howie, 1974). For instance, Tone 1 is
characterized by a high FO, Tone 3, by alow FO. Tone 3 aso
may be accompanied by laryngealization toward the middle of
the syllable (Hirayama, 1975; Belotel-Grenié& Grenié, 1997).
Articulatory studies have shown that the FO underlying tonal
contrasts in Chinese are primarily due to changes in laryngeal
muscle tension (e.g., Hallé et a., 1990). Specifically, high FO
is the result of tensing the vocal folds, primarily by using the
cricothyroid muscle. Low FO (below the speaker’s mid range)
may involve extra laryngeal strap muscles, i.e., sternohyoid,
sternothyroid and thyrohyoid (see Hallé, 1994; Sagart et al.,

1986; Iwata et al. for Suzhou tones, 1991; and Erickson for
Thai tones, 1976, 1991).

The changes in FO underlying tonal contrasts are recognized
as primarily due to changes in laryngeal muscle tension and
basically independent from supralaryngeal articulation.
However, recent studies show there aso may be
supralaryngeal articulatory changes during the production of
tones in Mandarin Chinese. Specifically, Torng (2000) has
shown an interaction between supralaryngea articulation and
laryngeal control, which may account for intrinsic FO
differences of high and low vowels.

In this study, we investigate the following three questions:
(1) What is the effect of tone height on jaw and tongue
articulation? (2) What is the effect on formant frequencies? (3)
What is the relationship of FO of tones to jaw and tongue
articulation of tones?

2. Methods

Articulatory and acoustic data were collected using the
electromagnetic articulatograph (EMA) a NTT Research
Laboratories (Atsugi, Japan) from two native female speakers
of Mandarin Chinese producing tones on monosyllabic and
disyllabic words containing the vowel /al asin /bal, Imal, /pal.
This paper focuses only on Tones 1 and 3, as representative of
the extremes of FO change, and only monosyllabic words. For
the EMA data analysis, we examined the x-y tracings recorded
from the movement of the receiver coils attached to (1) the
surface of the lower incisor (as representative of the jaw
position) and (2) the four receiver coils (T1, T2, T3, T4)
attached along the longitudinal sulcus of the speaker's tongue
(see Figure 1).
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Fig. 1. Placement of coils on jaw and tongue (T1, T2, T3, T4).

Measurements of both acoustics (FO and F1) and coil
positions (T1, T2, T3 and jaw) were made during the syllable
at the time when the jaw was at its lowest position. T4 was not
measured because this coil was dislodged during recording for
one of the speakers. Figure 2 shows a sample display of the
acoustic and articulatory data. The vertical line running
perpendicular through the syllable indicates the point in the
syllable where measurements were made. For Tones 1 and 3,
the maximum jaw opening was generally at the center of the
syllable.
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Fig. 2. Sample articulatory and acoustic data for /bal/ and
/ba3/. In the top panels, jx and jy indicate jaw-x and jaw-y
positions; the next 8 panels indicate the tongue x-y positions.
Increased x-values indicate greater retraction; decreased y-
values, greater lowering. Spectrograms and FO are shown in
the bottom two panels.

3. Results

3.1 Effect of tone height on FO

Asshown in Table 1, the FO mean, as measured at the time of
maximum jaw opening, was significantly higher for Tone 1
than Tone 3. Thisis as expected, since Tone 1 is a high tone,
and Tone 3, alow tone.

Table 1. Mean FO of Tones 1 and 3 for 2 speakers

Speaker Tonel Tone 3
1 280.5 Hz (N=13) | 120.6 Hz (N=14)
2 271.8Hz (N=21) | 182.3 Hz (N=18)

3.2 Effect of tone height on tongue dorsum articulation

In addition, the tongue is more retracted for Tone 3 than Tone
1. Mean vauesof T1, T2, and T3 are shown for Tones 1 and
3 for each of the speakersin Table 2 below. A double asterisk
indicates significance of a one-sample t-test testing against the
null hypothesis of mean difference = 0 with alpha= 0.01; a
single asterisks, with alpha = 0.05. For both speakers T2 is
significantly more retracted for Tone 3 than Tone 1 (p<.01)
and for speaker 1, the tongue tip (T1) is significantly more
retracted (p<.05). For Speaker 2, the tongue dorsum (T3) is
significantly more retracted (p<.01).

Table 2. Mean tongue x-positions (mm) for Tones 1 and 3

Speaker 1 Speaker 2
Tonel | Tone3 Tonel | Tone3
T1x* 8.51 8.59 T1x 8.72 8.93
T2x** | 9.44 9.54 T2x** 9.83 10.06
T3x 10.32 10.36 T3x** 10.86 11.11

The x-y positions of the tongue for Tones 1 and 3 are
shownin Figs. 3, 4, and 5. below.

Fig. 3. X-y tongue positions (T1) for Tone 1 and Tone 3 for
Soeaker 1 (left panel) and Speaker 2 (right panel). The x-y
axis values (mm) are displayed so that the leftmost bottom
corner of the figures represents forward and downward
position of the tongue and jaw, as if the speaker were facing
to the | eftside of the page.

Fig. 4. X-y tongué positions (T2) for Tone 1 and Tone 3 for
Soeaker 1 (left panel) and Speaker 2 (right panel). Axes are
the same asfor Fig. 3.



Fig. 5. X-y tongue positions (T3) for Tone 1 and Tone 3 for
Soeaker 1 (left panel) and Speaker 2 (right panel). Axes are
the same as for Fig. 3.

For both speakers, we see the tongue is more retracted for
Tone 3 than for Tone 1. For Speaker 1 especialy, the tongue
is also lower for Tone 3 than Tone 1, as shown in Table 3
below.

Table 3. Mean tongue y-positions (mm) for Tones 1 and 3
Speaker 1 Speaker 2

Tonel | Tone3 Tonel | Tone3

Tly** | 1295 1275 Tly* 1194 121.2

T2y** | 1284 126.8 T2y 128.1 128.6

T3y** | 136.1 134.6 T3y 130.6 131.5

3.3 Effect of tone height on jaw articulation

In addition to tongue retraction for Tone 3, the jaw is aso
more retracted. Mean jaw-x values for Tones 1 and 3 for each
speaker are shown in Table 4 below. Speaker 2 especially
shows jaw retraction for Tone 3. A t-test shows that the
difference between Tone 1 and Tone 3 is dightly more
significant for S2 (p<.01) than for S1 (p<.05).

Table 4. Mean jaw-x positions (mm) for Tones 1 and 3

Tone 1 (jaw-x)

Tone 3 (jaw-X)

Speaker 1*

8.04 mm

8.12 mm

Speaker 2**

7.02 mm

7.10 mm

As for vertical position of the jaw, only for Speaker 1 is
the jaw lower for Tone 3 than Tone 1. This difference is
significant (p<.01), as shown in Table 5 below.

Table 5. Mean jaw-y positions (mm) for Tones 1 and 3

Tone 1 (jaw-y) Tone 3 (jaw-y)
eaker 1** 11.5mm 11.31 mm
Sp
eaker 2 11.54 mm 11.59 mm
Sp

3.4 Effect of tone height on F1
F1 is significantly higher for Tone 3 than Tone 1 for both
speakers (p<.01) as shown in Table 6 below.

Table 6. Mean F1 values (Hz) for Tones 1 and 3

Tonel Tone 3
Speaker 1 ** 1157 Hz 1212 Hz
Speaker 2 ** 1113 Hz 1162 Hz

3.5 Interspeaker differences with respect to lowering and
backing of articulators

Although both speakers show increased F1 for the low Tone 3
compared with the high Tone 1, it is only Speaker 1 who
lowers the jaw significantly more for Tone 3, as can be seen

in Fig. 6 below. This speaker shows a positive correlation
between amount of jaw opening and F1. For this speaker, the
lower the jaw, the higher was the F1.

Fig. 6. F1 (H2) and jaw-y (mm) for Tone 1 and Tone 3 for
Soeaker 1 (left panel) and Speaker 2 (right panel). The F1
axis is reversed in order to show the vowel space; the
articulatory axisisthe same asin Fig. 3.

Fig. 7 shows that for Speaker 1 in producing Tone 3 the
changein vertical position of the jaw is more pronounced than
that of the horizontal position, whereas for Speaker 2, it is
primarily the horizontal position that changes. (See also
Tables4 and 5.)

Fig. 7. X-y jaw positions (T3) for Tone 1 and Tone 3 for
Soeaker 1 (left panel) and Speaker 2 (right panel). Axes are
thesame asin Fig. 3.

3.6 Interspeaker differences with respect to jaw-FO
relationship

Fig. 8 below shows a comparison of the productions of
Speaker 1 vs. Speaker 2 of Tone 3 vs. Tone 1 in terms of jaw-
y and FO values. We see that for Speaker 1 compared to
Speaker 2, the jaw position for low Tone 3 is lower than for
Tone 1; moreover, the difference in mean FO between the low
Tone 3 and high Tone 1 is much greater (160 Hz). Compared
to Speaker 2, the high tone for Speaker 1 is higher, and the
low tone is lower. For Speaker 2, the jaw position does not
change, and the difference in mean FO is not so large (90 Hz).
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Fig. 8. Jaw-y (mm) and FO (Hz) for Tone 1 and Tone 3 for
Soeaker 1 (Ieft panel) and Speaker 2 (right panel).

4. Discussion

To produce the low Tone 3 in contrast to the high Tone 1, the
tongue and jaw are more retracted, and F1 is raised.
Retraction of tongue and jaw in the presence of low FO has
been reported previously by Honda et al. (1999). For low back
vowels, it is compatible with articulatory modeling work by
Dang and Honda (1997) that the acoustic consequence of
changing the vocal tract space by retracting the jaw and
tongue, (i.e., by increasing the ratio of the frontal and back
cavities) is a raised F1. In addition, the retraction of the
articulators may  contribute to the characteristic
laryngealization associated with Tone 3. The tongue-jaw
mechanism is also involved in the intrinsic FO of low vowels
(e.g., Zawadzki and Gilbert, 1989), as a so reported by Torng
(2000) for Mandarin for high and low vowels.

Interesting interspeaker differences in terms of effects of
tone height on articulation are seen in this data. For Speaker 1
to produce Tone 3 vs. Tone 1, both the jaw and FO are lower
than that seen for Speaker 2. Speaker 1 tends to change
vertical jaw position whereas Speaker 2, changes horizontal
tongue dorsum position.

5. Conclusion

For both speakers, we see changes in articulation due to the
tonal conditions of the syllable. For the low Tone 3, the tongue
and jaw are more retracted and F1 raised. This may be
explained by the tongue-jaw-larynx linkage, such that during
low FO, the jaw and tongue are retracted. It also may be related
to the laryngealization characteristic of Tone 3. This needs to
be investigated further.

In addition, there are interspeaker differences in jaw
articulation. The speaker who showed the lowest FO for Tone 3
also tended to lower the jaw considerably more than the other
speaker for this tone, who primarily retracted the jaw (and
tongue).

Our current project involves investigating other tones and
other vowels--the effect of tone height on not only low vowels
(asinthis study), but aso high vowels. We are aso examining
the effect of lexical and phrasal stress, as well as syllable
position, on articulation. Examination of a large humber of
speakers is very interesting given the interspeaker variations
found in this study.

The fact that both vocalic and tonal specifications interact
to yield the phonetic constellation of the syllable suggests that
it may be useful to think of the syllable, rather than phonemes,
as the domain of linguistic information. Our findings about
the effect of tone height on supralaryngeal articulation suggest
an interaction between phonetics and phonology that needs

further exploration.
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