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ABSTRACT

This study aims to examine whether the pre-nasal
vowel change that commonly occurs with the pho-
nologization of nasalization, such as the raising and
possibly fronting (e.g. Latin ‘manus’ to French /mg/),
extends beyond the language family and can be gen-
eralized to where the nasal trace is lost (e.g. /an/-rime
with nasal coda loss in the Chengdu dialect). To do
so, real-time MRI was applied to obtain vocal tract
aperture signals in the palatal and hyperpharyngeal
areas in different rimes (/a, an, i, o/) from four L1
Chengdu speakers. The distances of /a, an/ to anchors
/i, o/ were compared in a transformed articulatory
space, demonstrating that the vowel in /an/-rime is
raised and fronted compared to that in /a/-rime. This
concomitant vowel shift leads us to conclude that the
universal pre-nasal vowel shift does extend to the na-
sal loss cases where the VN has become an oral
vowel.

Keywords: Chengdu dialect; sound change; vowel
raising; vowel fronting; /an/-rime

1. INTRODUCTION

In a vowel-nasal (VN) sequence, the degree and tem-
poral extent of nasalization on the preceding vowel
can vary due to anticipatory nasalization [1]; this
coarticulatory variation can evolve into sound
changes [2], [3] that ultimately result in the reduction
of the nasal consonant [4]. As a result, the VN se-
quence can turn into either a nasal vowel V [5] or a
raised plain oral vowel Y [6].

Phonologization of nasalization or nasal loss is
commonly accompanied by the pre-nasal vowel
height shift, where the vowel is alleged to be higher
for low vowels and lower for high vowels, leading to
vowel height centralization [7]. This nasal-induced
shift in vowel height is thought to result from the in-
tra-speaker interplay between perception and produc-
tion of speech. Specifically, when low vowels are
nasalized, they are perceived as phonetically higher
[8], which can lead to tongue dorsum raising [9] dur-
ing its production.

This nasal-induced vowel height shift is a well-
documented phenomenon in phonetics [10] and pho-
nology [11]-[13] but has not been extensively inves-
tigated in the VN — V cases [6]. One example of such
cases exists in the Chengdu dialect of Mandarin Chi-
nese [14], in which the nasal consonant of /(V)an/-
rime has been lost, and the whole rime has become
oral. Considering that sound changes often involve
the reweighting of multiple cues [15], an unresolved
issue is whether the loss of the nasal consonant is as-
sociated with changes in vowel quality.

Vowel height/backness are often estimated from
the first two formant frequencies in studies of dialect
variation [16] and sound changes [17], [18]. How-
ever, the relationship between formants and the artic-
ulatory data can be non-linear and sometimes
ambiguous [19], [20]. To overcome this limitation,
researchers have increasingly turned to advanced
technology to investigate the configuration of the vo-
cal tract. Techniques such as ultrasound [21], electro-
magnetic articulography (EMA) [22], and real-time
MRI [23]-[25] can provide clearer visual representa-
tions of the vocal tract and its movement, allowing for
more accurate interpretation of vowel quality in terms
of physiological tongue position.

Many studies [24], [26] on vowel and consonant
quality go well beyond examining values at specific
moments by investigating the dynamic shape of the
signal trajectory, using methods such as functional
principal component analysis (FPCA) and discrete
cosine transform (DCT) [27], [28]. For example, [29]
examined the /u/-fronting in the 3D space composed
by the first three DCT coefficients of the F2 and com-
pared the relative Euclidean distance of the /u/ to two
anchors /a, i/ between younger and older speakers.
Another study [30] analyzed /s/-retraction in the sibi-
lant of /str/ by examining the first spectral moment
(M) trajectory; they compared the first 3 DCT coef-
ficients using the normalized orthogonal projection
onto the line connecting the canonical /s/ and /f/ for
each speaker.

This study compares the vocal tract constriction in
the palatal and hyperpharyngeal regions (relating to
tongue height and backness) between the vowels in
the historically nasalized /an/-rime, which has be-
come oral [14], and those in /a/-rime followed by a



nasal. The aim is to investigate whether there are
changes in vowel quality accompanying the nasal loss
in this dialect [14], similar to the vowel height shift in
cases where nasality has been preserved [2].

2. METHODOLOGY
2.1. Participants and experiment settings

This study recruited four first-language speakers of
the Chengdu dialect (2 females, with an average age
of 25.75 years) with no self-reported speech-language
disorders. Prompt texts and videos explaining the ex-
periment procedures were sent to the participants in
advance, who also signed the consent forms prior to
the experiment.

The experiment took place at the Max Planck In-
stitute for Multidisciplinary Sciences in Gottingen,
Germany. Real-time MRI data were collected with a
3T MRI system, with the participant in a supine posi-
tion in the machine and the head placed in a head coil.
The monitor showed images of the randomized
prompt texts, which were reflected through a set of
mirrors to the participants’ vision. The texts were split
into blocks of PowerPoint slides, with each block
consisting of about 16 slides and lasting about one
minute; any block with mistakenly pronounced to-
kens was repeated.

2.2. Speech materials

The speech material included four types of sentences
differing in the target segments. Each target segment
consisted of a CV NV, sequence, where C is an onset
consonant /p, ph, f/, V1 is anucleus vowel /a, 1, o/ with
four tones, N is an alveolar nasal /n/, and V; is /a/ if
VN is tautosyllabic, or /ai/ if V|N is heterosyllabic.
The meaning of the sentence was either “she is called
<X> aunty” or “she is called <X> grandma”, both of
which have the same syntactic structure and convey
similar semantic meanings. An example set of sen-
tences with C being /p/, and V, varying in /a, i, o/ are
shown with characters and respective pronunciations
in [PA in Table 1.

A total of 301 tokens were analyzed, excluding all
the mispronounced ones. The target interval in each
utterance was segmented and labeled using Praat
[32]. In the CViN.V; cases, where the nasal coda was
claimed to be lost [14] (realized as CV1.V>), the target
interval began at the voice onset of V| and ended at
the V-V, transition; in the CV.NV; cases, the inter-
val also began at the voice onset of V| and ended at
the transition from V; to N, where the nasal damped
the intensity and caused the formation of anti-reso-
nance. The reason for /i, o/ being the anchors is that
they form the most peripheral contrast in height and
backness in the vowel inventory of this dialect, so that

/a, an/-rimes could be compared more accurately in
both dimensions.

Target segments IPA of the sentences

Vi(N)-rime iy X (1 CH
CVIN).Va | pa(n).V> | tha teiav  pa(m) a i
X

Vi-rime i ny o
CViNV, panVy | tha teiau  pa nar nar
anchors: pinVa | tha teiav  pi nar nar

ol ponVz | tha teiav  po nar nai

Table 1: An example set of sentences (with onset
being /p/) in IPA, with target segments in bold and
target vowels underlined. The nasal consonant is
presumed to be lost in the /an/-rime words.

2.3. Real-time MRI and vocal tract aperture

The real-time MRI data were reconstructed by means
of [33] with a frame rate of 50 fps. The MR images
were recorded synchronously with noise-suppressed
audio so that the time stamps derived from the audio
segmentation could be mapped onto the image-de-
rived time series signals.

Figure 1: An example of the grid lines used to
measure the aperture along the vocal tract (red: al-
veolar, yellow: palatal, green: velar, purple: hyper-
pharyngeal, blue: hypopharyngeal)

The analysis of the vocal tract configuration was
based on the methods in [24]. The first step of pro-
cessing the MR images was image registration, which
eliminated the influence of any possible slight head
movement. Then 28 grid lines were mapped onto the
MR image, 20 of which were semi-polar lines extend-
ing from the alveolar ridge to the pharynx, 8 of which
were horizontal lines from the pharynx to the glottis.
The 28 gridlines were divided into five articulatory
regions: alveolar, palatal, velar, hyperpharyngeal, and
hypopharyngeal. For each articulatory region, the
measure of vocal tract constriction was derived based
on the average pixel intensity along the gridlines in
each region. This measurement in the respective re-
gion increases when there is more high-intensity
tongue tissue and decreases when there is more low-
intensity air; see [25] for more details. For each



speaker, the value of each articulatory signal was nor-
malized to [0, 1] based on the overall minimum and
maximum occurring in the whole corpus.

2.4. Discrete Cosine Transform

In each articulatory region, the derived vocal tract dis-
placement signal within the vowel interval was
resampled to 1000 data points using the function in
the fdasrsf package [34] in Python. The first DCT
coefficient (k0) for each resampled curve was then
calculated with the function (1):

M) k=230

To establish a transformed articulatory space, we
used the k0 hyperpharyngeal and k0 palatal values
from each vowel interval as the coordinates on the x-
and y-axis, respectively. In this two-dimensional
space, a token with a more raised and fronted tongue
position would locate closer to /i/, and a token with a
lowered and more retracted tongue position would lo-
cate closer to /o/.

2.5. Orthogonal projection ratio and statistics

To determine the vowel quality differences between
/a/-rime and /an/-rime for each speaker, the orthogo-
nal projection ratio (op ratio) was calculated with /i,
o/ as anchors in the following manner. The centroids
of the two anchors were determined on the <k0 hy-
perpharyngeal, k0 palatal> space and were then con-
nected. The op ratio onto this line was then calculated
for each token; the two centroids of /i, o/ have an op
ratio of 1. For any token, a positive op ratio denotes
proximity towards /i/, a negative op ratio denotes
proximity towards /o/, and an op ratio = 0 means this
token is of equal distance towards /i/ and /o/.

A linear mixed-effect model was applied to the op
ratios using the lmer function in the lmerTest
package [35] from R to test the proximity of the /a,
an/ tokens to the anchors /i, o/. The op ratio of each
/a, an/ observation was set as the response, the RIME
as the fixed factor, and the SPEAKER, ONSET, and
TONE as the random factors. The model was then ap-
plied with ANOVA to test the difference between /a,
an/ in this transformed articulatory space.

3. RESULTS
3.1. Movement trajectories and DCT coefficients

The degree of tongue height/backness during the in-
terval of /a, an, o, i/, denoted by the articulatory signal
in the palatal/hyperpharyngeal region, was resampled
and plotted as a function of time in Figure 2. The left

panel shows the tongue displacement in the palatal re-
gion: the larger the value, the higher the tongue posi-
tion. The right panel shows the tongue displacement
in the hyperpharyngeal region: the larger the value,
the more retracted the tongue.

articulator = palatal articulator = hyperpharyngeal
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Figure 2: The tongue displacement as a function
of time. The larger the value, the higher (left) / re-
tracted (right) the tongue.

In the palatal region, the overall tongue displace-
ment of the vowel in /an/-rime was larger than that in
/a/ rime, showing a higher tongue position for /an/
than /a/. In the hyperpharyngeal region, the overall
tongue displacement of the vowel in /an/-rime was
less than that in /a/-rime, showing a fronter tongue
position for /an/ than /a/.

To compare the degrees of tongue height and
backness between /a, an/-rimes for each speaker, the
DCT coefficient k0 for both the palatal and hyper-
pharyngeal regions were plotted in a 2D space in Fig-
ure 3. Each point represents one utterance token, with
the DCT coefficient k0 of the hyperpharyngeal signal
on the x-axis, and the k0 of the palatal signal on the
y-axis.
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Figure 3: The DCT k0 space (hyperpharyngeal x
palatal) of each utterance token from each speaker,
in which speaker S2 and S4 were female.

3.2. Orthogonal projection

The means of /i/- and /o/-rimes in the DCT k0 _hyper-
pharyngeal x k0 palatal space were calculated and
centered at =1 in the orthogonal projection ratio plot,
respectively colored in black and gray. In this trans-
formed articulatory space, the /an/-rime was closer to



/i/ and farther from /o/, compared to the /a/-rime, de-
noting a more raised and fronted tongue position for
/an/-rime. See Figure 4.
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Figure 4: The orthogonal projection ratio in DCT
kO hyperpharyngeal x k0 palatal space.

3.3. Statistics

If vowels in /an/-rime words in the Chengdu dialect
were produced with a more raised and fronted tongue
position than that in /a/-rime words, then their op ra-
tios should differ in the DCT &0 space. The random
factor ToNE caused a lack of convergence and was
thus not included in the model. The output of the
model (Table 2) with 162 observations showed that
the average op ratio was 0.59 higher (SE =0.07, 95%
CI=[0.37,0.81]) for the vowels in /an/-rime than that
in /a/-rime.

Est. |Std.E [df |tval. | PrClt])
(Inter- | 526 1005 |3.02|-17.11 | 0.000 ***
cept)
rime.an | 0.59 | 0.07 | 3.00 | 8.11 0.004 **

Table 2. The results for the 1mer model:
op ratio ~ rime + (rime | speaker) + (1 | onset).

The results of the Imer model showed that there
was a significant difference in the op ratio between
/a/- and /an/-rime (F[1, 3.00] = 65.75, p <0.01).

4. DISCUSSION

The result of this study shows that in the Chengdu di-
alect of Mandarin Chinese, the vowels in /an/-rimes
are pronounced with a significantly higher and fronter
tongue position than that in /a/-rime in a transformed
articulatory space. This finding of the concomitant
vowel raising and fronting with the nasal coda loss in
/an/-rime [14] (VN — V.) is consistent with other ev-
idence showing vowel height centralization accompa-
nying synchronic vowel nasalization [7].

This sound change does not seem to be derived
from language contact because, in the more dominant
common language — standard Mandarin, the nasal

coda in /an/-rimes has been maintained. It would be
necessary for a future investigation on the interaction
between vowel quality change and nasal coarticula-
tion, specifically in other Mandarin varieties that may
have varying degrees of nasality in the /(V)an/-rimes.
Further investigations are also needed to establish the
diachronic sequence of vowel raising and nasal loss,
i.e., whether the changes in the present study corre-
spond to VN— V.N—V. or VN-V— V.,
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