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Abstract. This paper investigates the dynamic properties of seven ris-
ing diphthongs in Hefei Mandarin among the younger generation, em-
ploying and comparing two methods of quantifying the entire formant
trajectories. This study focuses on two questions to validate the findings
reported in previous research. The first question examines how the for-
mant trajectories of the rising diphthongs differ based on their positions
in the carrier sentence. The second question explores whether the rising
diphthongs are onset or offset-dominant. To address these questions, we
employ generalized additive mixed modeling and the four-parameter lo-
gistic function. These methods have not been widely used in the study
of diphthongs in Chinese dialects, and therefore, our paper also serves
to demonstrate their utility in this area of research. The results show
that [ja], [jO], [jW], and [wi] show significant differences with regard to
their positions in the carrier sentence; both [jW] and [wa] exhibit an
onset-dominant pattern in all or some contexts under investigation.
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1 Introduction

This paper probes into the dynamic properties of diphthongs in Hefei Man-
darin among the younger generation, employing and comparing two methods of
quantifying the entire formant trajectories, namely, generalized additive mixed
models (GAMM) [1] and the four-parameter logistic function (also known as
the Boltzmann function) [2]. The results obtained in this preliminary report will
provide a basis for further investigations into the articulatory properties of Hefei
diphthongs.

Hefei Mandarin is a variety of Jianghuai Mandarin, spoken in Hefei, the
capital of Anhui Province. Hefei Mandarin has a large vowel inventory, but the
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exact vowels in the inventory and their properties remain controversial in the
literature, particularly the diphthongs. Diphthongs can be defined as vowels
that involve changes in quality within the same syllable [3]. Though traditional
descriptive works list finals as a single unit, we can identify 14 diphthongs in
Li [4] ([ja, wa, jE, wE, we, ůe, jO, jW, jã, wã, wæ̃, j̃I, ů̃I]), all of which are rising
diphthongs. In contrast, Kong et al. [5] analyze 9 diphthongs ([eI, jW, jO, wi, wE,
wa, jã, wæ̃, wã]), excluding [ja] and [jE] while including an additional falling
diphthong [eI]. Considering the environment of distribution, the prenuclear glide
in [ja] and [jE] is arguably the formant transition of the nuclear vowel [5]. Overall,
the inventory and properties of Hefei diphthongs remain contentious, especially
the status of [ja] and [jE].

The acoustic study of Hefei diphthongs is generally limited, despite vari-
ous studies on the properties of diphthongs in other Chinese dialects, including
Ningbo [6], Hakka [7], Suzhou [8], Taiyuan [9], Hangzhou [10], Xiangxiang [11],
Chengdu [12], among others. In addition to Kong et al. [5], Wan [13] provides
a detailed discussion and analysis on Hefei diphthongs, focusing on [ja, wa, jE,
wE, we, ůe, jO, jW], the non-nasalized series in Li [4]. Similar to prior research
on diphthongs in other Chinese dialects [6–12], Wan analyzes Hefei diphthongs
by examining pre-selected discrete time points of formants, and investigates the
temporal structure of Hefei diphthongs. Wan concludes that the formants of the
diphthongs do not have a significant difference with regard to their positions in
the carrier sentence. The onglide in Hefei diphthongs is short, and all rising diph-
thongs are offset dominant, namely, the sonorant part exhibits greater stability
[13].

This paper probes into the dynamic properties of [ja, jE, jO, jW, wa, wE,
wi] in Hefei Mandarin among the younger generation. Building on the findings
of previous research, our study focuses on two questions. The first question
examines how the formant trajectories of the rising diphthongs differ based on
their positions in the carrier sentence, aiming to validate Wan’s [13] previous
findings. The second question explores whether the rising diphthongs are onset
or offset-dominant. Although Wan’s [13] study suggests that all rising diphthongs
in Hefei are offset dominant and have short onglides with rapid transitions, our
perception indicates that at least [jW] has a clear and stable onglide. To address
these questions, we employ GAMM [1] and the four-parameter logistic function,
each offering unique benefits in quantifying dynamic linguistic data [2, 14–17].
These methods have not been widely used in the study of diphthongs in Chinese
dialects, and therefore, our paper also serves to demonstrate their utility in this
area of research. For the rest of the paper, §2 introduces the method; §3 presents
the results; §4 discusses the findings and concludes the paper.

2 Methods

2.1 Speakers

Ten native speakers of Hefei Mandarin were recruited in the study (five males
and five females), aged between 18 and 22 at the time of the experiment. The
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speakers are college students and they were all born and raised in Hefei. All of
them speak Hefei Mandarin at home with their families, but they use Standard
Chinese at school.

2.2 Materials and recording procedure

The materials were prepared by the authors, one of whom is a native speaker of
Hefei Mandarin. The syllables that are analyzed in this paper include [ja53, jE24,
jO53, jW53, wa53, wE53, wi53] (the superscript digits indicate tones). The tones
are well controlled except for [jE24] due to an accidental gap. It is noteworthy
that we transcribe [we] in [13] as [wi] in our study, following [5]. In addition, the
diphthong [ůe] is excluded since it shows variations between [ůe] and [y] among
the younger speakers, as also reported in previous studies [13], [5]. We did not
find the falling diphthong [eI] described in Kong et al. [5].

Each word is embedded in a carrier sentence [X, tu@P5 X tsę21] (“X, read X”),
where the first token appears in an isolated position (labeled as “A position”),
while the second one is embedded in the phrase (labeled as “B position”). Each
sentence is repeated 10 times in a randomized order. The data were acquired in
a quiet room in Hefei. The recordings were made onto a laptop using a Zoom
H6 recorder and Praat software [18]. The sampling rate used was 44,100 Hz.

2.3 Data processing and acoustic analyses

The target diphthongs in each carrier sentence were extracted from the audio
files and subsequently annotated by trained research assistants. The diphthongs
were labeled from their onset to offset of the formants, with reference to both
the spectrogram and waveform. The lowest three formants were extracted and
time-normalized automatically using the script FormantPro [19] in Praat. The
formants were further normalized using the Lobanov method [20]. A total of 10
sentences were excluded due to disfluencies in production or errors in pronunci-
ation, yielding 690 sentences for data analysis.

In line with previous studies [2, 21–23], the dynamic aspects of diphthongs
are expressed through the range and rate of spectral change for the second for-
mant (F2). The first formant (F1) is not considered significant in reflecting the
transitions between vowels, and the third formant (F3) has minimal influence on
vowel recognition. Thus, F2 is utilized as the primary measurement to charac-
terize the diphthongs in this study. In particular, the 10% - 90% portion of each
F2 trajectory was used in the analyses.

2.4 Statistics

Two statistical models were employed. First, GAMMs were constructed following
the procedure in [26]. The application of GAMMs in phonetic studies has been
increasingly popular recently due to their capabilities to fit non-linear models
and better interpret data through fixed and random effects. In this study, the
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models for [jV] ([ja, jE, jO, jW]) and [wV] ([wa, wE, wi]) series were constructed
separately, using the bam function in the mgcv package [24] in R [25]. In each
model, the dependent variable was normalized F2, and the parametric factor was
the interaction between sentence positions and diphthongs. The fixed effect in-
cluded a smooth over time (trajectories) for each level of the interacting variable
(sentence positions and diphthongs). The random effects included by-speaker
variations in F2 trajectories. To formally test the difference between positions
for each diphthong, we further re-specified the models using ordered factors. An
ordered factor was created for each diphthong for positions A and B.

Second, the fitted smooth of each diphthong at A and B positions that we
obtained in the modeling above was further quantified by the four-parameter
logistic function (Boltzmann function) in (1) [2], using the nls function in R.

f(x) =
A1 −A2

1 + e
x−x0
dx

+A2 (1)

Jiao [2] uses this function to quantify formant trajectories and discusses the
linguistic implications of each of the four parameters. A1 and A2 are the lower
and higher asymptotes respectively, which are defined as the ideal targets of a
diphthong. dx relates to the rate of change. x0 is the inflection point, relating to
the displacement on x-axis, and it is viewed as an indicator of the proportion of
the onset/offset of a diphthong. Jiao [2] argues that an offset-dominant diphthong
has a x0 value greater than 0.5, because it demonstrates leftward displacement
on x-axis, thereby reducing the portion of the onset.

3 Results

3.1 F2 trajectories at different positions

The model for [jV] series explained 84.1% of the variance in F2, while the one
for [wV] series explained 87.5% of the variance in F2. The by-speaker random
effect was significant. The smooths obtained for the diphthongs are visualized in
Figure 1. The smooths illustrate the patterns of F2 trajectories of the diphthongs
at different positions. From visual inspection, for each diphthong, the starting
and ending points at positions A and B are similar.

To assess whether these diphthongs statistically differ in F2 patterns at dif-
ferent positions, the summary of the re-specified models with ordered factors is
presented in Table 1. The results indicate that the diphthongs, except for [jE],
[wa], and [wE], show significant differences regarding the F2 trajectories in dif-
ferent positions. To better visualize the results, the difference smooth for each
diphthong, obtained from the models with ordered factors, is illustrated in Fig-
ure 2. For [jE], [wa], and [wE], the differences between trajectories at positions A
and B are not significantly different from zero. This is indicated by the inclusion
of the horizontal line at 0 within the 95% confidence interval (the shaded bands).
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Fig. 1. GAMM fitted smooths with 95% confidence intervals illustrating normalized
F2 values as a function of normalized time. The random effect term is excluded.

Fig. 2. Difference between trajectories at positions A and B for each diphthong. The
95% confidence intervals are indicated by shaded bands.

Table 1. Summary of smooth functions.

edf F p-value edf F p-value
s(Time): s(Time):
ja.A.Ordered 2.702 2.603 < 0.05 wa.A.Ordered 2.716 1.549 0.27
jE.A.Ordered 2.119 1.201 0.38 wE.A.Ordered 2.703 1.589 0.18
jO.A.Ordered 3.836 6.895 < 0.001 wi.A.Ordered 3.930 6.413 < 0.001
jW.A.Ordered 3.183 4.769 < 0.01

3.2 Parameters of F2 trajectories

By quantifying the F2 trajectories using the four-parameter logistic function,
the parameters A1, A2, x0, and dx are provided in Table 2. The goodness-of-fits
are illustrated in Figure 3. To save space, we only present the diphthong models
at A position. For each diphthong, the red dots represent the fitted smooth of
F2 obtained from the GAMM, and the dashed lines indicate the upper and lower
boundaries of the 95% confidence interval for each trajectory. The blue dashed
lines indicate the logistic curve of the trajectory. All the logistic curves, except
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for [jE], fall within the confidence interval, indicating a good predictive ability.
Details will be discussed in §4.

Table 2. Parameters of logistic functions.

ja jE jO jW wa wE wi
A position A2 1.473 1.707 1.502 1.592 -0.222 -0.164 -0.202

A1 0.691 1.456 0.039 0.491 0.613 1.371 2.134
x0 0.438 0.866 0.415 0.569 0.541 0.417 0.453
dx 0.106 0.045 0.092 0.080 0.223 0.132 0.128

B position A2 1.520 1.756 1.497 1.564 -0.622 -0.251 -0.165
A1 0.648 1.490 0.058 0.581 0.692 1.384 2.135
x0 0.381 0.856 0.362 0.519 0.296 0.363 0.384
dx 0.103 0.046 0.083 0.068 0.267 0.104 0.102

Fig. 3. Logistic models and F2 trajectories (dashed lines: 95% confidence interval)

4 Discussion and conclusion

By quantifying the entire F2 trajectories, we investigate the dynamic proper-
ties of Hefei diphthongs from novel perspectives. Regarding the first question,
contrary to the conclusion in Wan’s [13] study, the GAMMs indicate that [ja],
[jO], [jW], and [wi] show significant differences with regard to their positions in
the carrier sentence. As shown in Figure 2, the differences mainly exhibit in the
transitional part of the rising diphthongs.

Regarding the second question, though previous studies suggest that all rising
diphthongs in Hefei are offset dominant [13], we have made different observations.
Again, in Figure 1, [jW] has a clear and stable onset portion, which aligns with
our perception in the fieldwork. Though GAMMs offer greater advantages in
formally assessing non-linear differences, the internal structure can be further
quantified using the four-parameter logistic function. By following the criteria



Dynamic properties of rising diphthongs in Hefei Mandarin 7

defined in [2], values of x0 greater than 0.5 are in bold in Table 2, indicating a
greater proportion of the onset part. Therefore, [jW] consistently shows onset-
dominant patterns at both positions in the carrier sentence, with x0 > 0.5, while
[wa] has a parameter of x0 > 0.5 only at the A position. Though [jE] also has an x0

greater than 0.5, the logistic model does not accurately capture the F2 trajectory,
according to Figure 3. It is worth noting that Jiao’s [2] study briefly discusses the
dynamic properties of Hefei diphthongs, but it is conducted on a small dataset
collected from one single speaker (only one token for each diphthong). Instead,
the current study provides a more informative analysis with a larger dataset.

Through these statistical models, we have observed certain dynamic prop-
erties of the formant trajectories that cannot be obtained by formant measure-
ments at specific time points. When comparing the results of the GAMMs and
the logistic models, we find that the diphthongs exhibiting significant difference
at both positions in the carrier sentence tend to have a larger onset-offset differ-
ence (i.e., greater |A2 −A1| in Table 2). Further, the results show an interesting
asymmetry that most [jV] diphthongs show variations by position (3 out of 4),
while most [wV] diphthongs do not show such variations (2 out of 3). This leads
to speculation that [j] and [w] may differ in their intrinsic properties. Since it
has been argued that the labial gesture is consonantal in English (a “C-gesture”),
which is different from the tongue back gesture ([j]) [27], we speculate that [w] in
Hefei could also be more consonantal than [j]. Thus, [wV] is in a consonant-vowel
coupling relation, which is more stable in terms of gestural coordination [28] and
may exhibit less variation in different contexts.

Nevertheless, as a short preliminary report, there are still details that need
to be explored in future work. The raw duration of the diphthongs will be con-
sidered, and the onset and offset targets will be compared with relevant monoph-
thongs, and the hypothesis regarding the intrinsic properties of [j] and [w] also
needs careful examination. Additionally, the special pattern of [jE] warrants fur-
ther investigation. These additional investigations will help to further demon-
strate the utility and predictive capabilities of the statistical models employed
in this paper.
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