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ABSTRACT

This study examines the application of two Mandarin tone sandhi rules on
real and wug words varying in degrees of phonological and semantic
dependency. Using two statistical methods, we examined the surface f0
contours and underlying pitch targets. For the third tone sandhi, a lexical
effect was discovered on the relationship between “word-likeness” of
stimuli and completeness of rule application. The degree of application for
the half-third sandhi tone, however, was less consistent. This study offers
new insights in the debate between categorical and gradient views of sandhi
rules. We propose three hypothesized situations and argue that the
Mandarin tone sandhi rule application involves computation of sandhi
forms, though it becomes more incomplete on wug words containing more
illegitimate morphemes. Finally, between the two rules, the application of
the third tone sandhi rule is less phonetically motivated and more biased in
wug words, exhibiting differences between real words and wug words.
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1. INTRODUCTION
1.1 Mandarin Tones and Tone Sandhi

Mandarin Chinese has four tones, which can be described by Chao
tone numbers (Chao 1948). The tone numbers reflect the starting and
ending point of tones on a one-to-five scale, where one indicates the lowest
pitch of a speaker, and five the highest, as shown in (1).

(1) Tone 1 (T1) U /ma/ high-level (55) “mother”
Tone 2 (T2) K /ma/ high-rising (35) “hemp”
Tone 3 (T3) £ /ma/ low-dipping (213) “horse”
Tone 4 (T4) % /ma/ high-falling (51) “to scold”

Tone sandhi is the tonal alternation of a tone triggered by certain
phonological environment (e.g., Chen 2000). There are two well-known
tone sandhi rules in Mandarin as described in many studies (e.g., Chao
1948, 1965; Cheng 1968). They are shown in (2).

(2) a. T3(213) > T2 (35)/___ T3(213) (third-tone sandhi)
b. T3(213) > 21/ {T1(55), T2(35), T4(51)} (half-third
sandhi)

In the tone sandhi rules in (2), (a) describes that the first T3 in a
disyllabic combination T3 + T3 changes into T2. Rule (b) states that the
second half of the first T3 is truncated in disyllabic combinations T3 + T1,
T3 + T2 and T3 + T4. These rules are considered to be phonological for
two reasons (Zhang and Lai 2010): first, they concern language-specific
tone changes, and secondly, they are not due to tone co-articulation, which
influences the beginning and ending of a tone (e.g., Chen, Wiltshire and Li
2018; Xu 1997).

1.2 Neutralization of the Third Sandhi Tone and T2 on Real Words
Myers and Tsay (2003) note two existing views of Mandarin third-tone
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sandhi on real words—the categorical view and the gradient view—which
differ at the phonetic level. They admit that the third-tone sandhi rule can
be applied to novel phrases, and that the application seems sensitive to
prosodic factors defining the domain of tone sandhi (Cheng 1968; Hsiao
1992; Shih 1986; Wan and Jaeger 1998). The categorical view holds that
there is a substitution of T3 by T2, similar to the allomorphy “a/an” in
English. However, the gradient view states that there is a modification of
T3, which results in sounds more similar to the lexical T2.

These two views are largely dependent on the analysis of acoustic
data. Three hypotheses on the degree of application were proposed in the
literature: (1) the third tone sandhi is similar to the original T3; (2) the third
tone sandhi is not neutralized with T2; (3) the third tone sandhi is
neutralized with T2. Early studies argued for the first possibility.
Kratochvil (1986) conducted a discriminant analysis considering f0 and
amplitude at six points, and showed that sandhi tone was grouped with
lexical T3 rather than with lexical T2.

Some studies found evidence supporting the second possibility that
acoustic differences exist between the third sandhi tone and T2. Zee (1980)
found that neutralization of T2 and the sandhi T3 did not occur where the
third tone sandhi is 34 instead of 35. Shen (1990) reported that the average
f0 sandhi tone was 6 Hz lower than T2, and with a shallower slope. Xu
(1993) and Peng (2000) also found the sandhi tone to be lower in f0 with
statistical significance. In a corpus of conversational speech, Yuan and
Chen (2014) noted a difference in the magnitude of fO rise and the
percentage of f0 rise duration. However, the discovered differences found
might be due to variation in intonation and intrinsic f0 effects (Zhang and
Peng 2013).

The third hypothesis on the possibility of neutralization was tested
in more recent studies. Zhang and Peng (2013) demonstrated that the f0
contour of the third sandhi tone was not significantly different from T2
after controlling the intrinsic fO0 effect.0Xu and Prom-on (2014) used a
Mandarin corpus and compared the synthesis accuracies from simulating
three third tone sandhi hypotheses. Their results showed that the underlying
tonal target of the sandhi tone has either changed to another tonal category
or was the same as the rising tone, though the results slightly favored the
former. In addition, Chen, Wiltshire and Li (2019) revealed that in real
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words, there were no statistically significant differences between the
underlying pitch target of the third sandhi tone and that of T2 despite
significant differences on the surface fO contours.

1.3 Underlying Pitch Targets

It is beneficial to conduct analyses of tonal contours both on the
surface and underlying pitch targets for a better understanding of phonetic
and phonological processes (Chen, Zhang, McCollum and Wayland 2017,
Chen, 2019) and especially in tone sandhi processes (Chen et al., 2019). A
conceptual framework of underlying pitch targets was first proposed by Xu
and Wang (2001), where they define an underlying pitch target as “the
smallest articulatorially operable units associated with linguistically
functional pitch units such as tone and pitch accent.” The pitch targets
consist of two types, a static pitch target specifying the register such as
[high] or [low], and a dynamic pitch target specifying a linear movement
such as [rise] or [fall] (Xu and Wang 2001).

The quantitative Target Approximation (qTA) model was proposed
by Prom-on, Xu and Thipakorn (2009), where communication functions
such as lexical tones are modelled as the driving force of a linear system.
A statistical testing procedure was later proposed by Chen et al. (2017) to
test the differences in lexical tones. Chen et al. (2017) showed that despite
phonetic variability on the surface fO contours, the underlying pitch targets
might barely show statistical differences. Xu and Prom-on (2014) also
stated that although contextual variability can be found on surface f0
contours, the surface fO contours converge to a corresponding underlying
tone (high-level for the High tone, rising for the Rising tone, low-level for
the Low tone and falling for the Falling tone). The current study uses
statistical testing of both surface f0 contours and underlying pitch targets
in examining tone sandhi rule application.

1.4 The Application of Tone Sandhi Rules on Wug Words

In addition to real words, the application of Mandarin tone sandhi
rules was also examined on wug words (Berko 1958). Although tone sandhi
rules in Taiwanese show inconsistent applications (Hsieh 1970, 1975, 1976;
Zhang, Lai and Sailor 2011), the third tone sandhi in Mandarin can be
applied to novel words (Xu 1997; Zhang and Lai 2010) and even in
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Chinese-English code-switching sentences (Cheng 1968). Zhang, Xia and
Peng (2015) highlighted the debate between a lexical and computation
mechanism in production of tone sandhi rules, where the former believes
that the encoding of tone sandhi only applies to real words since the
mechanism involves lexical representations attached to phonological
representations (Hsieh 1970, 1975, 1976), and the latter believes that the
sandhi forms of tones are computed based on phonological context (Zhang
and Lai 2010; Zhang and Peng 2013). Results from an ERP study suggested
a computation mechanism governing the phonological encoding of third-
tone sandhi (Zhang, Xia and Peng 2015).

Moreover, the application of tone sandhi rules may differ on real
versus wug words. Zhang and Lai (2010) used a wug test to examine two
patterns of tone sandhi rules (third-tone and half-third sandhi) in Mandarin
Chinese. They found that the contour shapes of the third sandhi tones (the
first tone in T3+T3) were significantly different between real words and
wug words, and the wug words had a lower and later turning point and a
longer duration. Zhang and Peng (2013) having tested third tone sandhi on
wug words, showed that the average f0 on the sandhi tone was significantly
lower than in T2. They also reported significantly different fO contours in
wug words but not in real words, which indirectly shows discrepancy in
the application of the third tone sandhi rule on real and wug words. They
believe that the subtle fO differences are more phonetic than phonological.
However, no agreement has been reached about acoustic differences of T2
and the third sandhi tone, which might be due to the degree of controlling
other factors affecting fO contours (Peng 2000; Xu 1997; Zee 1980; Zhang
and Peng 2013). Moreover, none of these studies used more advance
statistical techniques to capture variation on the surface fO contours nor did
they examine the differences of underlying pitch targets, which may prove
similar between real and wug words. We aim to model the whole surface
tonal contour as well as the underlying pitch targets of real and wug words,
and statistically test whether they differ on real and wug words with stimuli
highly controlled for consonants and vowels. We hypothesize three
situations regarding the rule application on real words versus wug words.
The first situation is plotted in Figure 1(a), where neither the underlying
pitch targets nor the surface fO contours has significant differences. The
second situation in Figure 1(b) shows a situation where the surface
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contours are significantly different, but the underlying pitch targets have
no significant differences. Figure 1(c) describes a situation where both the
surface contours and underlying pitch targets are different. The first
situation indicates that computation mechanism is involved in application
of tone sandhi rules on wug words. The second and third situations indicate
that the computation might not be complete, leading to differences either
on the surface contours or underlying targets.
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Figure 1 (a) Neither surface f0 contours nor underlying pitch targets differed
significantly between real and wug words; (b) Surface fO contours differ
significantly between real and wug words, but the underlying pitch targets do not;
(c) Both surface f0 contours and underlying pitch targets differ significantly; Solid
lines stand for surface f0 contours and dotted lines represent underlying pitch
targets.

The current study aims to answer the following research questions:
(1) Are T2 and T3 neutralized on the surface fO contours of different types
of wug words? (2) Does the underlying pitch target of T2 differ from that
of T3 on different types of wug words? (3) Does the third tone sandhi rule
apply in the same manner on real versus wug words in terms of surface f0
contours and underlying pitch targets? (4) Does the half-third sandhi rule
apply in the same manner on real versus wug words in terms of surface f0
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contours and underlying pitch targets? (5) Does the third tone sandhi rule
apply less accurately than the half-third sandhi rule on wug words?

2. METHODOLOGY
2.1 Stimuli

Based on the wug tests proposed by Zhang and Lai (2010) and
Zhang and Peng (2013), we designed six blocks of minimal pairs by taking
into consideration the phonological and morphological dependency of
monosyllabic structures. Each block contains 8 pairs of bi-syllabic words
contrasting in tones that the initial syllables bear (T2+T3 versus T3+T3).
The six blocks are: (1) real words consisting of actual occurring
morphemes, referred to as AO-AO, (2) non-occurring sequences consisting
of real morphemes, referred to as *AO-AO, (3) sequences of a real
morpheme and a syllable of an accidental gap, referred to as AO-AG, where
AG stands for an accidental gap (The accidental gap refers to missing
combination of a legal syllable with certain tones in the Mandarin lexicon,
e.g., [s¥en] is a legal syllable, which can bear T1 (55) “sour” g and T4
(51) “garlic” 7, but it cannot bear the second or the third tone), (4)
sequences of a syllable of an accidental gap and a real morpheme, referred
to as AG-AO, (5) sequences of two syllables of accidental gaps, referred
to as AG-AG, and (6) sequences of two pseudo syllables. Segmental
components of such syllables are all legitimate in Mandarin, but their
combination to form a syllable is not.

Our design of stimuli differs from that of previous research in that
we included both accidental gaps as well as pseudo words to examine two
Mandarin tone sandhi rules: the third tone sandhi and half-third sandhi rule.
Also, the vowels across all six blocks were highly controlled and kept as
similar as possible to reduce the intrinsic f0 effect of vowels (IF0). In order
to minimize effects of tonal and lexical influence on participants, filler
words consisting of real and wug words were designed to match the
experimental stimuli (*AO-AO, AG-AG, etc.) in each block. There were a
total of 1344 stimuli (6 block * 16 items * 14 speakers) and 1344 fillers (6
block * 16 fillers * 14 speakers). The test stimuli can be found in the
Appendix.

2.2 Subjects
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Participants were 14 native speakers of Mandarin (eight males and
six females; age: 26 + 4.86 (Mean + SD)) who had lived in Beijing for most
of their lives before coming to Hong Kong (20.14 £ 3.38 (Mean + SD)).
None of them reported any history of speaking, hearing or language
difficulty. All participants wearing a GMH C 8.100 D headset were
recorded at the speech lab of the Hong Kong Polytechnic University using
Audacity on a laptop with a sampling rate of 44.1 kHz. All participants
were paid for participating in the experiment and signed informed consent
forms in compliance with a protocol approved by the Human Subjects
Ethics Sub-committee at the Hong Kong Polytechnic University.

2.3 Experiment Procedure

Monosyllables of all the target stimuli and filler words were first
read by a native speaker of Mandarin, who grew up in Beijing. Then we
normalized the intensity of all the recorded monosyllables. Pairs of
recorded monosyllables were presented to each speaker randomly using E-
prime, with an Inter-Stimulus Interval (ISI) of 800ms. After hearing both
monosyllables, participants were instructed to put them together to produce
a disyllabic word in Mandarin. They were also instructed to speak at a
normal speaking rate and were allowed to repeat themselves when
necessary. All participants practiced this procedure in a training session
before the experiment.

2.4 Methods of Data Analysis

We used both acoustic examination and statistical analysis to
examine the degree of application of the two Mandarin tone sandhi rules.

We performed the acoustic examination in the following steps. First,
vowels in the valid tokens were segmented and extracted for acoustic
analysis. The segmentation criteria followed the procedure described in
Jangjamras (2011), where the vowel onset is defined as “the first zero
crossing at the beginning of voicing in the waveform,” and the vowel offset
is “at the downward zero crossing immediately following the final glottal
pulse in the waveform”. After proper segmentation, fO values at 20
normalized time points in each segmented interval were obtained by the
Praat script called Prosodypro (Xu 2013). We proceeded to perform a
logarithmic Z-score normalization on the extracted fO values to normalize
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variation in f0 values across gender (Rose 1987; Zhu 1999). The
normalized f0 values were then subject to statistical analysis, including
growth curve analysis of the surface fO contours and a statistical procedure
to compare underlying pitch targets.

Growth curve analysis, also known as “hierarchical linear
modelling” and “mixed-effects model” (Mirman 2016, 22; Raudenbush and
Bryk 2002), is usually used to capture detailed phonetic differences in
contours on surface fO contours (e.g., Chen et al. 2017).

In this study, we started to fit a simple linear mixed effects model
with no quadratic terms as in equation 1 where i represents the i‘* f0
contour and j is the jt" time point where the f0 value was extracted, ¥,
stands for the population mean of the intercept, {,; models variability of
individual’s intercept, y;, is the population mean of the slope, {;; models
variability of individual’s slope and ¢;; are the error terms. (Mirman, Dixon
and Magnuson 2008).

Yij = oo + oi) + (Y10 + Gui) * Timey; + &5 (1)

In fitting each pair of surface fO contours, we used orthogonal polynomials
to avoid correlation between the linear and quadratic terms (Mirman 2016,
52). Then we included the quadratic terms as the fixed effect and the
random effect modelling variation if they reached statistical significance
by likelihood ratio tests. After optimizing the model for a pair of f0
contours, we conducted a likelihood ratio test to examine differences in
each pair of surface fO contours. Specifically, we fit a model treating the
pair of surface fO contours as the same and a model treating them as
different, and we compared the two models using a likelihood ratio test. If
significant differences were found in the model comparison, then it
indicates a difference between the members of the pair under examination.

Next, based on this idea of separating surface fO contours and
underlying pitch targets, we proceeded to investigate differences in
underlying pitch targets. In this study, we followed a recently proposed
statistical procedure in testing underlying pitch targets (Chen et al. 2017).
The procedure is based on quantitative models (Sun 2001; Prom-On et al.
2009) proposed to quantify Xu and Wang’s (2001) conceptual model. Both
Sun (2001) and Prom-On et al. (2009) propose a linear underlying pitch
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target in the form of equation 2 where the parameter ¢ stands for time point,
a is the slope and b is the intercept of the underlying target.

T =at+b (2)

Sun (2001) used a second order critically damped system, as shown in
equation 3 where fo(t) stands for the fO contour on the surface, the
parameter ¢ stands for time point, the coefficient § is the distance between
fO contour and the underlying pitch target when t = 0, the parameter A
represents the rate of approaching the target.

fo(t) = Pexp(—At) + at+b 3)

Prom-On et al. (2009) used a third order critically damped system as in
equation 4 where fy(t) is the response of frequency, A represents the rate of
approaching the target. The three parameters are determined by the initial
f0 values, initial velocity and initial acceleration.

fo®) = (i+ct +cstDe ™ +at+ b (4)

Since the underlying pitch target might be curvilinear in some
languages (Xu 2005), Chen et al. (2017) proposed a model selection
procedure comparing models that use quadratic and linear pitch targets. In
addition, Prom-On et al. (2009) showed the fourth and higher order linear
systems did not improve the model fitting compared to lower order linear
system, and that a critically damped linear system was better than an
overdamped system. Chen et al. (2017) also took both second and third
critically damped system into consideration. Therefore, we chose to fit the
following four models as proposed by Chen et al. (2017) and selected the
optimal one, which has the least Akaike’s Information Criterion (AIC; a
smaller AIC indicates a better fit (Kim and Timm 2006)):

1) The second order linear system with linear underlying targets
(sim_1) as in equation 5 where f;(t) represents fy values, /1 is the rate
of approaching the underlying pitch target, a is the slope of the
underlying target, and b is the intercept of it.
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fo®) = e +at+b (5

2) The third order linear system with linear underlying targets
(com_1) as in equation 6 where f,(t) represents fy values, A
represents the rate of approaching the underlying pitch target, a is
the slope of underlying pitch target, b is the intercept of it, ¢;, ¢2 and
c3 are transient coefficients.

fot) = (4t +cstDe ™ +at+b  (6)

3) The second order linear system with polynomial of the second
degree in the underlying targets (sim_2) as in equation 7 where f;(t)
represents fp values, A represents the rate of approaching the
underlying pitch target, d is the quadratic coefficient of the
underlying pitch target, a is the slope of it, and b is the intercept of
1t.

fot) =Be M +dt?+at+b (7)

4) The third order linear system with polynomial of the second
degree in the underlying targets (com_2) as in equation 8§ where
fo (t) stands for fj values, A is the rate of approaching the underlying
pitch target, d is the quadratic coefficient of the underlying pitch
target, a is the slope of it, b is the intercept of it, c¢;, ¢2 and c3 are
transient coefficients.

fot) = (ci+cpt + cst?)e ™ +dt? +at + b (8)

We used nonlinear regression to fit all the above four models. A
nonlinear regression model requires initial estimates of parameters, and the
model was iteratively solved (Huet et al. 2006). The initial estimates of
parameters were found by plotting the function and adjusting the values so
that the shape of the contour was closer to the mean f0 curve. The model
fit was then improved by adjusting the values of initial estimates until the
improvement is small and negligible. After optimizing the underlying pitch
target model, we statistically tested pairs of underlying pitch targets
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following the procedure proposed in Chen et al. (2017). We first fit the
chosen optimal model for each speaker and obtained all parameters of the
underlying pitch target for each speaker. We excluded any outliers of the
coefficients identified by the Hampel identifier. Then we proceeded to
conduct a non-parametric Wilcoxon signed rank test to test whether the
obtained coefficients of the pair of underlying targets were statistically
significant. We used the R language (R Core Team 2017) to conduct all the
statistical analyses.

Note that in solving traditional phonological problems like tone
sandhi, the experimental design usually requires that the phonological
environment to be more controlled. Compared to fitting the underlying
pitch targets using data containing more contextual variation, fitting the
underlying pitch targets using data with less contextual variation may be
more likely to have overfitting problems. However, the current paper used
the analysis of underlying pitch targets to better examine the tone sandhi
rule application on different types of wug words and compare the
underlying pitch targets to those of real words. The aim of the current paper
is not to derive invariant underlying pitch targets from various contexts,
but to conduct a comparison of underlying pitch targets on real and wug
words, where the tonal contexts are more controlled.

3. RESULTS
3.1 Surface Contours of the Third-Tone Sandhi

First, we analysed surface f0 contours of the first T3 in T3 + T3
(henceforth T33a) in real and wug words. Specifically, we used growth
curve analysis to test whether surface f0 contours of T33a in real words
were statistically different from those of T33a in each type of wug word.
The fitted contours are plotted in Figure 2.

For the comparison of f0 contours of real words versus *AOAO wug
words, no term was found statistically significant. For the comparison
between real words versus AOAG (slope: (1) = 12.94, p < 0.001) and
real words versus AGAO (slope: ¥*(1) = 9.10, p = 0.003), only the slope
term was significantly different. For real words versus AGAG (quadratic:
v*(1) = 19.45, p < 0.001) and real words versus Pseudo words (quadratic:
¥2(1) = 13.39, p < 0.001), only the quadratic term reached significance.
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Secondly, we found that surface fO0 contours of T33a were
statistically different from those of T23a in wug words in general since the
slope term reached significance (x*(1) = 72.51, p < 0.001). We further
tested each type of wug word to assess whether the third tone sandhi T33a
and T23a were neutralized in the surface fO contour. Statistical significance
was found in the slope term of the type *AOAO (x*(1) = 11, p < 0.001),
AOAG (¥*(1) = 38.55, p < 0.001), and AGAG (¥*(1) = 16.13, p < 0.001),
and in both the slope (x*(1) = 30.06, p < 0.001) and quadratic terms (x*(1)
=6.42, p = 0.01) of the type pseudo words. Figure 3 shows a comparison
of T23a and T33a in each type of wug word.

3.2 Underlying Pitch Targets of the Third-Tone Sandhi
Following the procedure proposed by Chen et al. (2017), we fitted
four models to fO values extracted from each pair (e.g., T33a (real) and
T33a (*AOAO)) and chose the optimal model by referencing the AIC.
The model “com_2” as depicted in equation 8 was chosen for each
pair, and the fitted parameters are presented in Table 1.

Table 1 Fitted coefficients of underlying pitch targets for T33a

A d a b
T33a (real) 0.24 -0.098 4.87 -61.83
T33a (*AOAO) 0.18 -0.13 7.33 -112.31
T33a (AOAG) 0.17 -0.13 7.44 -116.53
T33a (AGAO) 0.15 -0.11 6.94 -114.74
T33a (AGAG) 0.15 -0.09 5.24 -84.48
T33a (pseudo) 0.16 -0.13 7.92 -134.31

We proceeded to compare the underlying pitch targets of T33a in
real words with those in each type of wug word. The results showed that
underlying pitch targets were different only among three types of wug
words, as reported in Table 2. All of the three types of wug words showed
significant differences in the quadratic term and some types in the slope
and intercept terms.

Finally, in order to test whether T23a and T33a are neutralized in
the underlying pitch targets, we fitted four models to f0 values extracted
from each pair (e.g., T23a (AOAG) and T33a (AOAG)) and chose the
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optimal model. The model “com2” for each pair was chosen and the fitted
parameters are shown in Table 3. We proceeded to compare the underlying
pitch targets of T23a and T33a in each type of wug word. The results
showed that underlying pitch targets were different only among pseudo
words. The quadratic (V= 5, p = 0.001), slope (V= 97, p =0.003) and
intercept (V= 13, p = 0.01) terms all reached significance. All the other
types of wug words showed neutralization of T23a and T33a in their
underlying pitch targets.

Table 2 A comparison of underlying pitch targets of T33a on real versus wug
words

Pair Quadratic term Slope Intercept

Real (D) (D) S)

versus V=14, p=0.01 V=91,p=0.01 V=30,p=0.17
AGAO

Real (D) (D) D)

versus V=11,p=0.0067 V=98 p=0.002 V=20,p=0.04
AGAG

Real (D) (D) (D) (marginal
versus V=12, p=0.009 V=093,p=0.009 significance)
Pseudo V=25 p=0.09

Same: S; Different: D

Table 3 Fitted coefficients of underlying pitch targets for T23a

Tone A d a b

T23a (*AOAO) 0.17 -0.14 8.16 -126.17
T23a (AOAG) 0.20 -0.15 8.06 -112.82
T23a (AGAO) 0.16 -0.11 6.20 -98.63
T23a (AGAG) 0.15 -0.12 6.88 -112.74
T23a (pseudo) 0.18 -0.17 9.08 -132.61

3.3 Surface Contours of Half-Third Sandhi

We tested whether fO contours of T3 in the disyllabic combinations
of T3+ T1, T3 + T2 and T3 + T4 (T3T124a henceforth) were statistically
different in real words and in each type of wug word. Figure 4 shows a plot
of T3T124a for all types of words.

The results showed significant differences on the quadratic term for
real words versus *AOAO (3*(1) = 4.39, p = 0.036) and real words versus
pseudo words (x*(1) =4.52, p=0.03). For a comparison between real words
versus *AOAO (x2(1) = 12.78, p < 0.001), real words versus AOAG (*(1)
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=4.61, p = 0.032) and real words versus AGAO (y3*(1) = 4.74, p = 0.029),
the slope term showed statistical significance. For a comparison between
real words versus AOAG (y3*(1) =4.12, p = 0.04), real words versus AGAO
(¥(1) = 8.22, p = 0.004), real words versus AGAG (¥*(1) = 28.69, p <
0.001) and real words versus pseudo words (3*(1) = 32.50, p < 0.001), the
intercept term reached significance. The degree of incompleteness is shown
in wug words and is similar as that found in the third tone sandhi rule: the
rule application to pseudo words resulted in significantly different surface
fO0 contours from those arising from the application to real words, on
higher-order quadratic terms. However, greater dissimilarities in stimuli
between real words and wug words did not all lead to more different surface
fO contours in half-third sandhi rule application. For example, the wug type
AGAG showed fewer differences on the surface contour than in AOAG
and AGAO.

3.4 Underlying Pitch Targets of Half-Third Sandhi

We fitted four models to fO values extracted from each pair (e.g.,
T3T124a (real) and T3T124a (*AOAQ)) and chose the optimal model. The
model “com2” for each pair was chosen and the fitted parameters are
presented in Table 4.

Table 4 Fitted coefficients of underlying pitch targets for T3T124a

Tone A d a b

T3T124a (Real) 0.037 0.28 -18.27 -6.21
T3T124a (*AOAO) 0.04 0.29 -17.85 -6.70
T3T124a (AOAG) 0.035 0.26 -17.85 -5.47
T3T124a (AGAO) 0.037 0.28 -18.26 -6.45
T3T124a(AGAG) 0.036 0.27 -18.25 -5.80
T3T124a (pseudo) 0.04 0.32 -19.73 -8.57

We tested the underlying pitch target of T3T124a in real words and
of T3T124a in all types of wug words. The underlying pitch targets on
*AOAO, AOAG and AGAO were not statistically different from those of
the real words. The intercept term of the underlying pitch target in AGAG
(V= 13, p = 0.04) and the slope (V= 17, p = 0.09) term of the underlying
target in pseudo words were significantly or marginally different from that
on real words.
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Plot of T3T124a (real) vs. T3T124a (AOAO) Plot of T3T124a (real) vs. T3T124a (AOAG)
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Figure 4 Growth curve analysis of T3T124a (real) versus T3T124a on each type
of wug word. The mean and error bar of observed f0 at each time point are plotted.
The solid and dotted lines represent the fitted values of the growth curve models.
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4. DISCUSSION
4.1 The Third Tone Sandhi Rule Application

Our results suggest that the application of the third tone-sandhi rule
might not be complete in some types of wug words. Based on the analysis
of surface f0 contours, the degree of tone sandhi rule application varies for
different types of wug words. Except for *AOAO, all the other types of
wug words exhibited significant differences.

The more distant phonetically and morphologically the stimuli were
from real words, i.e., containing more non-legitimate components in
Mandarin, the more incomplete the third tone sandhi rule application
became. Recall that the type *AOAO is an illegal sequence of two legit
morphemes, whereas AGAO and AOAG both contain a non-legitimate
morpheme AG (accidental gap involving missing tonal combination with
legal segments).

Both AGAO and AOAG demonstrated significant differences in the
lower-order slope terms. When both morphemes are non-existing in
Mandarin lexicon, as in AGAG or in pseudo words, the higher-order
quadratic terms showed significant differences. In sum, the degree of
completeness of the third tone sandhi rule on different types of wug words
can be represented as *AOAO > AGAO, AOAG > AGAG, pseudo (‘“>”
means more complete application and more similar to the application on
real words).

Xu (2005) proposes that speech melody could be understood better
if two aspects are considered: (1) communicative information that speech
conveys; (2) biophysical properties of human articulators. The surface
acoustic forms are achieved by converting the communicative function
such as tones and focus through target approximation. Underlying pitch
targets are assumed to be associated with communicative functions such as
lexical tones, the driving force of the linear system (Prom-On et al. 2009).
Then, significant differences in the underlying pitch targets indicate
differences in the communicative function, i.e., tones in our case. If the
underlying pitch targets are different, then the implementation of them,
which are surface fO contours are also likely to be different. However,
surface f0 contours are more subject to phonetic perturbation (Chen et al.
2017) or contextual variation (Xu 1993, 1994; Xu and Wang, 2001).
Therefore, even if the surface fO contours are different, the underlying pitch
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targets may still remain similar with no statistical difference. The analyses
of underlying pitch targets further demonstrated that the application of tone
sandhi rules on three types of wug words (AGAO, AGAG and pseudo
words) was not complete since not only the surface f0 contours differed
from those of real words, but also the underlying pitch targets were
different. Therefore, we can infer from the results that although there might
be computation involved in applying the third tone sandhi rules on wug
words, the degree of application differs on different types of wug words.

Moreover, this study is among the first to test whether the sandhi T3
and T2 were neutralized on all types of wug words. For the surface contours,
the two tones were only neutralized for AGAO types of wug words. For
the underlying pitch targets, the sandhi T3 and T2 were different only on
pseudo words, where all the quadratic, slope and intercept terms were
found to be significant. The results confirmed that the application of the
third tone sandhi rule was the most different on the real versus pseudo
words because (1) the sandhi T3 (T33a) differed on real versus pseudo
words on the surface fO contours and underlying pitch targets; (2) the
sandhi T3 and T2 were neutralized in the underlying pitch targets on all
other types of wug words but not on pseudo words.

4.2 The Half-Third Sandhi Rule Application

Similar to the third tone sandhi rule application, we also examined
surface fO0 contours and underlying pitch targets of the half-third sandhi
rule application on real and all types of wug words. We found that the
application of this rule was not complete for some types of wug words. For
the surface fO0 contours, all types of wug words showed significant
differences from real words. However, the degree of incompleteness in the
rule application did not increase as consistently as the third tone sandhi
rule when more non-real components were involved. Specifically, both
*AOAO and pseudo words showed significant differences on the higher
order quadratic term. The types AOAG and AGAO had significantly
different slope and intercept terms, but the type AGAG involving two non-
real morphemes only showed a significantly different intercept term.

The analysis on the underlying pitch targets revealed significant or
marginally significant differences on two types of wug words AGAG and
pseudo words. The conclusion from the results of both surface f0 contour
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and the underlying pitch targets was that computation mechanism might be
involved in the application on wug words, but incompleteness was shown
on wug words that are made up of more non-real components. A summary
of degree of application in the two sandhi rules is presented in Table 5.

Table 5 Degree of application completeness across stimuli types and levels of
analysis
(a) The third tone sandhi rule
Neutralization with the sandhi  Neutralization = with  the
Stimuli type tone in real syllables (surface sandhi tone in real syllables

f0 contour) (underlying pitch target)
Wug:*AOAO Y Y
Wug: AOAG N Y
Wug: AGAO N N
Wug: AGAG N N
Wug: pseudo N N

(b) The half-third tone sandhi rule
Stimuli type Neutralization with the sandhi Neutralization with the
tone in real syllables (surface f0 sandhi tone in real

contour) syllables (underlying pitch
target)
Wug:*AOAO N Y
Wug: AOAG N Y
Wug: AGAO N Y
Wug: AGAG N N
Wug: pseudo N N

4.3 Theoretical Implications

Neutralization of Mandarin T2 and the sandhi T3 in tone sandhi
cases has been investigated extensively. Previous studies reported that the
sandhi T3 and T2 were not neutralized on the surface fO contours. The
sandhi T3 was either reported to have a lower mean f0 than T2 (e.g., Peng
2000; Shen 1992) or it differed from T2 in the magnitude of f0 rise and the
percentage of f0 rise duration (Yuan and Chen 2014). Zhang and Peng
(2013) found that the sandhi T3 showed significantly lower fO than T2 on
pseudo words but not on real words. More recently, Xu and Prom-on (2014)
compared the synthesis accuracies obtained from simulation for three
hypotheses about the result of the tone sandhi rule: (1) T3 stays unchanged;
(2) T3 becomes another derivational tone; or (3) T3 becomes T2. They
found that it is unlikely that T3 remains unchanged, and T3 may become
another derivational tone or T2. Chen et al. (2019) also found neutralization
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in the underlying pitch targets of T2 and T3 despite significant differences
on surface fO contours.

The current study tested both the surface fO contours and the
underlying pitch targets of the sandhi T3 and T2 on various types of wug
words for the first time. Our results confirmed Zhang and Peng’s (2013)
findings of non-neutralization of surface f0 contours on pseudo words.
More specifically, we found that the sandhi T3 and T2 were only
neutralized for AGAO on the surface f0 contours. However, the underlying
pitch target of the sandhi T3 and that of T2 were significantly different on
pseudo words, but not other types of wug words. The results also showed
that the types of wug words have a strong influence on the results of
neutralization. If the wug words only contain real morphemes (AQ) or
some accidental gaps (AG) that are made up of real syllables with a tone it
cannot bear accidentally, then the third tone sandhi rule is likely to apply
more categorically with neutralized underlying pitch targets despite
variation on the surface. If a wug word is genuinely pseudo, i.e., composed
of illegal combination of Mandarin consonants and vowels, then the tone
sandhi rule may not apply categorically, nor result in tonal neutralization,
in either surface f0 contours or underlying pitch targets. In sum, the third
tone sandhi rule applied more categorically on wug words consisting of
legitimate CV syllables (AO or AG type of wug words) than on genuine
pseudo words.

Moreover, our results may shed light on the debate of lexical versus
computation mechanism. Recall that lexical mechanism refers to that
surface sandhi tone contours are stored as exemplars. The computation
mechanism, on the other hand, holds that the sandhi and non-sandhi forms
(phonological alternation) are stored as part of the abstract tonal category.
Our results suggested that for surface fO contours, the third tone sandhi rule
applied similarly on *AOAO, but not other types of wug words. The
underlying pitch targets were not neutralized on three types of wug words,
when we compared the underlying targets of real words and those of
AGAO, AGAG and pseudo words. Taking into account the results of both
surface f0 contours and underlying pitch targets, we may conclude that
computation is more complete in wug words that have only a few non-
legitimate components such as in *AOAO where real morphemes are put
in non-existing combination to form a word. For the half-third sandhi tone,
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all types of wug words showed significant differences from real words on
the surface, but only the underlying pitch targets of AGAG and pseudo
words were different from real words. The results support three
hypothesized situations we proposed in the introduction section (Figure 1).
We can infer that computation mechanism is involved in applying these
two rules on wug words. However, the computation of these two tone
sandhi rules was not complete either for surface fO contours or for
underlying pitch targets if the wug words involved more non-real
components such as AGAG (two accidental gaps) or non-existing syllables
(pseudo words). For these two types of wug words, both the surface f0
contours and underlying pitch targets showed significant differences. The
results we found may be attributed to that lexical representations being
more available in encoding and accessing sandhi tones for legitimate real
morphemes (AO) than AG types of wug or pseudo morphemes. Therefore,
our acoustic analysis yielded results that indicate that more than one
mechanism may be playing a role for native speakers in encoding and
accessing sandhi tones.

Finally, we improved the experimental methods to effectively
compare the results of these two tone sandhi rules. Regarding the third tone
sandhi rule application, Zhang and Lai (2010) showed consistent
differences in fO contours between real words and wug words. However,
such differences were not found consistently in the application of the half-
third sandhi rule on the same real and wug words. They argued that the
third tone sandhi rule is phonetically less motivated than the half-third
sandhi tone, and then proposed that the wug-testing paradigm could help
test how relevant phonetics is with respect to synchronic phonology. Their
results of less accuracy in the third tone sandhi rule application than on the
half-third sandhi tone rule indicated a bias against phonetically less
motivated rules (i.e., the third tone sandhi rule in this case). We have
improved the design of stimuli in the current study by adding more types
of wug words and controlling phonetic environments across those types in
most cases to reduce intrinsic FO effects. The repeated-measures ANOVA
used by Zhang and Lai (2010) has also been criticized for not being able to
model individual deviation in the slope over time (Gibbons, Hedeker and
DuToit 2010). We improved the statistical analyses by using a more recent
statistical technique, growth curve analysis, to test the surface fO contours
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in addition to a statistical procedure to test underlying pitch targets. The
limitations of repeated measures of ANOVA exist for both longitudinal
variations discussed by Gibbon et al. (2010) and the temporal variations in
tone production. Essentially, both types of data have correlated
measurements across time. Repeated measures ANOVA has a more
restricted assumption about the structure of the correlation, which is called
the compound-symmetric form, where the growth curve analysis has the
advantage of not assuming the compound-symmetric form. Moreover,
compared to the repeated measures ANOVA used in Zhang and Lai (2010),
where only one interaction term was used to determine the tonal shape, we
included both linear and quadratic terms to better determine the shape of
tonal contours, in addition to one term determining the average of f0 values
using growth curve analysis. An anonymous reviewer pointed out although
Zhang and Lai (2010) did not add quadratic terms, these terms could also
be subjected to ANOVA.

To compare the results of the two methods, we tested on T3 using
traditional methods employed by Zhang and Lai (2010). They conducted a
two-way repeated-measures ANOVA with two independent variables
Word Group and Point. The Word Group variable indicates that the pitch
values are from two different group (e.g., real versus wug). Therefore, a
significant main effect suggests that the two word groups have different
average pitches. The Point variable stands for the time points where f0
values are extracted. Thus, a significant interaction between the variables
Word Group and Point suggests different shapes of the two curves. We
have listed the results in Table S1 and Table S2 in the appendix. Using
growth curve analysis, we may have two terms (quadratic and linear terms)
to determine the shape of f0 contours, where there is only one term
(interaction) claimed to determine the shape of fO contours. Using repeated
measures ANOVA, there was no difference between real words versus
*AOAG, where the growth curve analysis yielded significant slope
differences between the two. Using repeated measures ANOVA, we could
obtain a similar trend turning from no significance to significance in f0
shapes as the wug type became less word-like, but the results were not so
clear as the growth curve analysis, where more significant differences are
indicated by significances in quadratic terms. Note that we do not intend
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to argue that obtaining more significant terms identified by growth curve
analysis is necessarily an advantage of it.

From our results, we noted that both the third tone sandhi rule and
the half-third sandhi rule showed significant differences between real
words and most types of wug words. Further examination on the underlying
pitch target revealed that more types of wug words were significantly
different for the third tone sandhi rule than for the half-third sandhi. These
new results are also important evidence in support of Zhang and Lai’s
(2010) claim that the third sandhi is less phonetically motivated and applies
less accurately.

5. CONCLUSIONS

Our study set out to assess the degree of application of two Mandarin
tone sandhi rules. This is among the first to apply quantitative methods to
examine both the surface fO contours and underlying pitch targets in order
to examine applications of Mandarin tone sandhi rules on wug words. The
study used five types of wug words and strictly controlled consonants and
vowels in the design of stimuli. We found that the more dissimilar the
stimuli were from real words, the more incomplete the third tone sandhi
rule application became. However, the relationship between the degree of
incompleteness and types of stimuli was not as consistent in the application
of the half-third sandhi rule.

Moreover, this study offers new insights in many theoretical aspects.
With respect to the debate of categorical and gradient view of the third tone
sandhi rule, our results showed that for tone sandhi rule application on wug
words, the types of wug words strongly affected whether the sandhi T3 and
T2 neutralized in the underlying pitch target. On wug words containing real
morphemes or accidental gaps, tone sandhi rule applied more categorically
than on pseudo words.

In addition, our results confirmed the three hypothesized situations
about the potential differences between tonal application on real and wug
words. Our results also shed light on the debate of a lexical and
computation mechanism in production of tone sandhi rules. The Mandarin
tone sandhi rule application involves computation with neutralized
underlying pitch targets between many types of wug words and real words.
However, if the wug words contained more non-real morphemes, the
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computation was shown to be incomplete with non-neutralized underlying
pitch targets. In addition, based on a comparison of the underlying pitch
targets in applying the third tone sandhi and half-third sandhi rule on reals
versus wug words, we confirmed that there is a bias in application on wug
words for the less phonetically motivated third tone sandhi rule.

APPENDIX

Table S1 A comparison of T33a on real versus different types of wug words using
repeated measures ANOVA

Pair Wd Gr Point Wd Gr Point
(FO average) (FO shape)
Real versus *AOAO (S) (D) (S)
F(1,13)=0, F(19,247)=31.13, F(19,247)=0.60,
p=1 p <0.001 p=0.90
Real versus AOAG  (S) (D) (S)
F(1,13)=0, F(19,247)=38.94, F(19,247)=1.16,
p=1 P <0.001 p =030
Real versus AGAO  (S) (D) (D)
F(1,13) =0, F(19,247)=41.16, F(19,247)=1.95,
p=1 P <0.001 p=0.011
Real versus AGAG  (S) (D) (D)
F(1,13)=0, F(19,247)=34.94, F(19,247)=1.90,
p=1 p <0.001 p=0.015
Real versus Pseudo  (S) (D) (D)
F(1,13)=0, F(19,247)=21.26, F(19,247)=2.29,
p=1 P <0.001 p =0.002
Table S2 T2/T3 + T3 (Real Words)
T2+T3  English gloss T3+T3 English gloss Transcription
FLn Common/ normal A Feedback faen ean
music
T Hand in hand 5F A writer cjo sau
A+ To bury with dirt K+ To buy dirt mai thwu
=% A wise i A ninja zan {s¥
humanitarian
FiES Spiritual beauty/ HE Aesthetics san moai
fairness
pi58Ti] Plum wine EH Quality wine mai tejou
WK Profit K Containing water  jou swai
£ Perfectionism H3E Magnificent wai moai
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Table S3 T2/T3 + T3 (Wug words *AO-AO)

T2+T3 T3+T3 Transcription

JLH ] fzen lan

T BE5 cee fou

L S mai k™uu

.- os 7on §¥x¥

Pl 42 G son loi

MR, e moi gou

HI 8% A% Jou x™ai

I HE 145 BE waoi fai
Table S4 T2/T3 + T3 (Wug words AO-AG)

T2+T3 T3+T3 Transcription

AO-AG

JL niang J% niang fzen nian

 cou 5 cou cee tshou

H su K su mai s"uu

1~ me Z me zon myy

i hei B hei son xoi

# diu % diu moi tiou

W dui H dui jou toi

ME hei 1# hei wai xoi
Table S5 T2/T3 + T3 (Wug words AG-AO)

T2+T3 T3+T3 Transcription

suan M suan M sVan ean

mie T mie T miee sou

sai &= sai &= sai t"™uu

sen & sen & son {s¥¥

te 35 te & thyy moi

hei /H hei 15 xai teau

diu 7K diu 7K tiou §“oi

dui £ dui £ t“Voi moai
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Table S6 T2/T3 + T3 (Wug words AG-AG)
T2+T3 T3+T3 Transcription
suan niang suan niang sVeen nian
mie cou mie cou miee ts"ou
sai su sai su sai sVuu
sen me sen me son myy
te hei te hei thyy xoi
hei diu hei diu xai tiou
diu dui diu dui tou t¥oi
dui hei dui hei tVoi xoi
Table S7 T2/T3 + T3 (Pseudo words)
T2+T3 T3+T3 Transcription
muan diang muan diang mYan tian
fie bou fie bou flee pau
fai fong fai fong fai fYuy
ten fe ten fe thon fyy
fe rei fe rei f¥y zoi
rei miu rei miu za1 misu
fiu lui fiu lui flau 1Voi
lui rei lui rei [Vai zpi
Table S8 T3 + T1/T2/T4 (Real words)
Tones Chinese Transcription ~ Tones Chinese Transcription
diagram diagram
3+1 SN moi thien  3+4 e mai Liii
every day beauty
ts“en  son L35 tsven  thup
turn around roll
[l o ts"en  son S IE feen {sen
produce anyhow
B sou cen FAR sou sYuu
first surgery
BR fsey  then B tson  kuy
all day entire
GIEiS kbyy eii GIK S| kbyy phaa
unfortunate terrible
58 teaa fs%ap B teaa piii
pretend Counterfeit
money
IK fR sVoi teay JKIH sVoi mien
crystal water

surface
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Table S8 (continued)

Tones Chinese Transcription
diagram

3+2 EH moi k™oo0
U.S.A
e fs"een i
transfer
T feen or
contrary
FE sau tsvuu
brothers
B fson  teee
tidy
nJgE khyy narg
possible
frtn teaa  zYuu
if
KF s*ei  phep
level

Table S9 T3 + T1/T2/T4 (Wug words *AO+AO)

Tones Chinese Transcription Tones  Chinese Transcription
diagram diagram

3+l REHR moi tshvuy 34 E = moi thyy
L fs*en  ken A ts¥en  p“uu
FES tshen tshaen Ml fen tshwoi
LEEf sou ts"aa ERH sou fou
g {sen ts"oi L tson xaa
IR Khyy xvag A kbyy xai
A% teaa son (B teaa liee
K& §voi Xoi K% s¥oi tsou

3+2 e maoi piee

A tsven  ghou
&7 feen tshwon
Fhe sou nay
O tsop  lap
/2] khyy kou

Bk teaa liay
K] grol  fshau
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Table S10 T3 + T1/T2/T4 (Wug words AO+AG)

Tones Chinese Transcription Tones Chinese Transcription
diagram diagram
3+1 den moi ton 3+4 % dei moi toi
¥  liang sven lap ¥  zhua  (s“@n  (s¥aa
7 mei fshen  moi X keng fzn khay
H  mu sou m“uu F  nin sou niin
 mai tson mai #  qiu tsen tehou
Al kuo  kdtyy  ktwoo Al ca khyy  tshaa
4 re teaa ZX% 1’ sen teaa son
K shun  gvoi s¥on /K mang svei mar
3+2 %  mie  moi miee
¥ ot fs¥en thaa
X ka faen khaa
F  suan  sou svaen
 dui tson tvoi
A diu khyy  tou
R te teaa thyy
K cui svoi ts"voi
Table S11 T3 + T1/T2/T4 (Wug words AG+AO)
Tones  Chinese Transcription ~ Tones  Chinese Transcription
diagram diagram
3+1 hei K xoi thien  3+4 hei W xoi Liii
shuan B gs¥en son shuan Zjj g¥en thup
pan 4= phen  sop pan 1IE  phen tsen
cou e tshou cen cou A tshou  ghuu
sen K son thigen sen A~ son kyy
te T thyy cii te o thyy phaa
xia A gaa ts%ap xia M caa piii
dui gmo tvei tea dui M tvei mizn
342 hei Xl koo
shuan %% sven i
pan M phen  or
cou & tshou  tsvuu
sen V&  son teee
te fe thyy noy
xia i eaa Z¥uu
dui o tval phian
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Table S12 T3 + T1/T2/T4 (Wug words AG+AG)

Tones Chinese Transcription Tones Chinese Transcription
diagram diagram
3+1 hei den  xai ton 3+4 hei dei Xai tai
shuan liang gs“ven liag shuan zhua g“@n {g¥aa
pan mei  pten moi pan keng pten kbop
cou mu tsPfou  m“uu cou nin tshou  niin
sen mai son mai sen qiu son tehou
te kuo thyy kMoo te ca thyy  tshaa
xia re caa 7ZX¥ xia sen caa son
dui shun t“ei  g¥en dui mang tYei  map
3+2 hei mie  xoi miee
shuan ta sven thaa
pan ka p"en khaa
cou suan tshou sVan
sen dui son tvoi
te diu thyy  tiou
xia te caa thyy
dui cui tvoi  tshvai

Table S13 T3 + T1/T2/T4 (Wug words Pseudo words)

Tones Chinese Transcription Tones Chinese Transcription
diagram diagram

3+1 lui  fai IWoi  fai 3+4 lui  fai I¥oi  fai
fie diang flee  tap fie  mui flee  m“ai
ten fie thon  flee ten fong then  fMup
bou fe pau  fyy bou ten pau  thon
len mui lon mW“oi len diang len tlan
be  fiu pa flou be fie po flee
fia  ten flaa  thon fia  bou flaa  pou
nui len n%ei len nui fe nvoi  fyy

3+2 Ilui  fong IYai  fYupy

fie  ten flee  thon
ten fe thon  fxy
bou fai pou  fai
len  mui lon mvoi
be fie pa flee
fia ~ bou fiaa pau

nui  diang n%ai  tlap
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