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Neutral tone in Mandarin is generally believed to lack tonal identity and
exhibit more variability in its phonetic realization. We examined the tonal
target of neutral tone in a prosodic word consisting of a full syllable (S) and
one, two, or three neutral-tone syllables. In the experiment, the test words,
presented in isolation and embedded in a carrier sentence, were read in two
intonation patterns: declarative and interrogative. The results showed: (1)
the tonal target of neutral tone is L(ow) at the end of the intonation phrase
in declarative intonation and M(id) in question intonation; (2) its phonetic
realization is influenced by intonation patterns, the tone of S and the
number of neutral-tone syllables in the prosodic word; (3) the influence of
the tone of S is more robust in shorter sequences than in longer ones with
three neutral-tone syllables; (4) placement of the FO peak in T2 (LH) and
the neutral tone immediately following T3 (L) is susceptible to the number
of neutral-tone syllables. It seems clear from our study that while the tonal
target of neutral tone is related to prosodic structure, its actual FO scaling is
sensitive to prosodic manipulations such as intonation patterns and
prosodic word length. In addition, tonelessness of neutral tone allows for
more freedom in the alignment of the FO peak, whose temporal
coordination with its segmental host is, nevertheless, subject to both
phonological and phonetic constraints.
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Introduction

Mandarin Chinese distinguishes full and weak syllables. A full syllable is stressed
and carries one of the four lexical tones: Tone 1 (H), Tone 2 (LH), Tone 3 (L) and
Tone 4 (HL). When a syllable is weak and unstressed, it does not carry a lexical
tone, but is said in neutral tone (Chao 1968). For example, in disyllabic words like
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boli ‘glass’, the first syllable is in Tone 1 and the second in neutral tone. A weak
syllable is also called a neutral-tone or toneless syllable. It is generally perceived
as short and lax.

Previous studies on neutral tone in Mandarin Chinese have approached it
from a wide swath of perspectives, both phonetic and phonological, ranging
from traditional auditory-based descriptions to experimental explorations (e.g.
Dong 1958; Chao 1968; Lin & Yan 1980; Cao 1986; Lin 2012; Gao & Li 2018).
Some examined its lexicological, syntactic, and phonological properties while
others focused on acoustic realizations and perceptual correlates. The present
study investigates the tonal target of neutral tone experimentally based on how
it responds to prosodic manipulations by creating target words consisting of a
full syllable and following neutral-tone syllables and setting them up in different
prosodic contexts and intonation patterns. With this experimental setup, we are
also hoping to explore in detail how the FO peak — which is customarily mapped
to H tone in phonological representations - is aligned with its syllabic host in the
neutral-tone context.

We expect the results to bear on two broad issues in the phonology-phonetics
interface. On the one hand, a central question is how abstract phonological struc-
tures are physically realized in real time and space. In this connection, a dis-
tinction is often made between phonological processes, which are dealt with in
the phonological component of the grammar, and phonetic processes, which are
dealt with in the phonetic implementation component. As it has been observed,
mapping from the output of phonology to observable surface phonetic events
is not always straightforward (e.g. Cohn 1990; Keating 1996). Rather phonetic
processes exhibit both contextual and cross-linguistic variations. However, a
growing body of research has shown that phonetic variations are not happening
randomly; they are often constrained in different ways. One factor that has been
found to regulate contextual variations is the perceptual distinctiveness of phono-
logical contrasts (Hayes etal. 2004). The oft-cited example is Manuel (1990)
in which she found that vowel-to-vowel coarticulation is more limited in more
crowded vowel inventories, where neighboring vowel phonemes are less distinct
acoustically.

On the other hand, a number of recent studies conclude that precise temporal
coordination of FO events with their segmental hosts is quite complex and that
tonal alignment does not follow directly from phonological association. In
phonology, the association of tone or pitch accent with specific elements of the
segmental string (i.e. tone-bearing unit) is specified by autosegmental links: Chi-
nese tones are associated with moraic segments (or syllable rimes), English pitch
accents are associated with stressed syllables, and Japanese word accents are asso-
ciated with a specific mora.
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Such an association relation is often obscured in the phonetic implementation
process where tonal targets are realized as FO events. A cross-linguistically com-
mon pattern is that the FO peak of a tone or pitch accent may appear after the
tone-bearing unit (mora, rime, or syllable) with which it is phonologically asso-
ciated. This phenomenon is sometimes dubbed peak delay (PD). For example,
Silverman & Pierrehumbert (1990) found that in English the FO peak in the
prenuclear H* pitch accent often occurs after the accented syllable that bears the
pitch accent. Prieto, van Santen & Hirschberg (1995) reported that in Mexican
Spanish the FO peak in H* accent is delayed unless an accented syllable follows.
In their study of rising prenuclear accent in Modern Greek, Arvaniti, Ladd &
Mennen (1998) found that the H target is consistently aligned just after the begin-
ning of the first post-accentual vowel. Xu (2001) presented similar peak delay data
for the Mandarin rising tone, Tone 2, in which the FO peak mostly occurs to the
right of the syllabic boundary and falls inside the following onset consonant in
the context of a low tone such as Tone 3. The situation is further complicated
by speech rate and the prosodic position of the tonal target in question (Steele
1986, Silverman & Pierrehumbert 1990). In addition, there seem to be consistent,
but also fine-grained cross-linguistic variations in tonal target alignment. Ladd
and his colleagues conducted a number of studies (Modern Greek: Arvaniti et al.
1998; British English: Ladd et al. 1999; Dutch: Ladd et al. 2000; German: Atterer
& Ladd 2004), reporting consistent alignment patterns of tonal targets in the lan-
guages they studied; those languages exhibit small but significant alignment dif-
ferences from one another. Specifically, although the low target is aligned with the
onset of the stressed syllable in both British English and Modern Greek prenu-
clear rises, the high target is aligned earlier in the former case, typically late in
the immediately following consonant. In German, the low target of the prenuclear
rise is “aligned well within the initial consonant of the stressed syllable or even
early in the stressed vowel’, with Northern speakers aligning the low target earlier
than Southern speakers (Atterer & Ladd 2004).

Neutral-tone syllables provide an intriguing context in which the FO peak in
the preceding lexical tone interacts with the tonal target (or lack thereof) of neu-
tral tone, in that alignment of the FO peak is sensitive to the following tonal con-
text. The timing of the FO peak also plays a role in the F0 scaling of the tonal target
of neutral tone. It is exactly the interaction of tonal target and FO peak alignment
that guides the experimental design and motivates the analysis, to be presented in
the remainder of this paper.
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2. Basic properties of neutral tone: phonology and phonetics

As mentioned earlier, Mandarin Chinese distinguishes four lexical tones on
stressed syllables. A stressed syllable carries one of the four lexical tones. In con-
trast, when a syllable is unstressed, it does not carry a lexical tone, and hence is in
neutral tone or toneless. Some syllables, like suffixes and sentential particles, are
always in neutral tone except in citation form when Tone 1 will be used instead.
When stressed syllables become unstressed in certain lexical or prosodic contexts,
they lose their underlying tones.

There are different types of neutral-tone syllables, depending on whether they
are always toneless or derived via deletion of their lexically associated tones. A
very small number of morphemes, such as perfective suffixes, question markers
and sentence particles, are always unstressed and said in neutral tone. There is
no way to identify their underlying tones. When said in isolation, they become
stressed and take on Tone 1. Other neutral tone syllables originate from stressed
syllables, but are said in neutral tone when used in certain grammatical or
prosodic contexts. For example, the directional verbal ending lai is typically said
in neutral tone, but it can be used as a verb in its stressed, toned form of Tone
2, meaning ‘to come’ Some lexical categories, such as pronouns and prepositions,
alternate between stressed-toned and unstressed-toneless forms, depending on
the prosodic contexts in which they occur. Examples are given below. Most of
them are taken from Dong (1958). Following standard pinyin convention (the
PRC romanization system for Mandarin Chinese), tone diacritics appear above
syllables (e.g. &, 4, &, a representing the four tones respectively), with syllables in
neutral tone left unmarked.

(1) a. suffixes: zi, tou, plurality marker men
examples: yi zi ‘chair), mu tou ‘wood, wé men ‘we’

b. particles: possessive marker de, aspect marker (perfective) and sentence-
final particle le, aspect marker (perfective) guo, aspect marker (progres-
sive) zhe, modal particle ba
examples: wo de ‘mine] ldi le ‘come+aspect marker’, hdo ba ‘good+modal
particle’

c. localizers: Ii ‘inside} shang ‘above’
examples: wii li ‘inside the house), tian shang ‘in the sky’

d. pronouns as objects: wo ‘T, ni ‘you, ta ‘s/he’
examples: zhdo ni look for you, jido wo ‘call me’

e. verbs reduplicated as cognate objects:
examples: kan kan ‘have a look;, shiio shuo ‘say it} xidng xiang ‘think it
over’

f.  directional verbal endings: lai ‘come’, qu ‘go out’
examples: nd lai ‘bring here, zou chu qu ‘walk out’



Prosodic realization of tonal target and FO peak alignment in Mandarin neutral tone

51

In a few disyllabic words, whether the second syllable is stressed or unstressed
makes a lexical contrast. For these words, the metrical status of the second syllable
is an idiosyncratic property of the word. In (2), each pair is distinguished by the
second syllable: it is stressed in the first column and in neutral tone in the second.

(2) mdi mai ‘buying and selling’ - mdi mai ‘business’

xing li ‘salute’ - xing li ‘luggage’
dong x1 ‘east and west’ - dong xi ‘thing’

bao chéu ‘revenge’ - bao chou ‘payment’
lang tou ‘wolf head’ - ldng tou ‘hammer’
da yi ‘outline’ - da yi ‘careless’

In a few other disyllabic words, the second syllable is always unstressed and said
in neutral tone, such as pidn yi ‘cheap, pdng xie ‘crab; yd men ‘government office in
feudal China’ and zhué mo ‘to ponder. Further, there are a small number of disyl-
labic words in which the second syllable can be optionally stressed or unstressed
without incurring any semantic differences, such as ldo hii/hu ‘tiger’ and bo li/li
‘glass’

Neutral-tone syllables are unlike full-toned stressed syllables which can occur
in any position within a word: they only occur in restricted positions: they are
usually cliticized to the preceding stressed syllable. This distribution pattern
entails that in a disyllabic word, the syllable in neutral tone must be the second
one, forming a trochaic pattern.

It is generally assumed in traditional analyses that syllables in neutral tone
do not have independent pitch values, and their phonetic pitch varies with the
preceding lexical tone (e.g. Chao 1948, 1968; Dong 1958; Lin 1962, 1985). The
phonetic pitch of neutral tone following four lexical tones is summarized below,
transcribed in Chao’s tone digits on a five-point scale (Chao 1930), on which 1
indicates the lowest pitch and 5 the highest pitch. Tone values of the four lexical
tones are also provided. In most analyses, it is sufficient to distinguish two pitch
levels in the description of neutral tone: high after Tone 3 and low after the other
tones (Chao 1968:36; Cheng 1973).

Table 1. Phonetic pitch of neutral tone

Context Pitch | Example Gloss

after Tone 1 (55) 2 ta de ‘his’

after Tone 2 (35) 3 hudng de ‘yellow one’
after Tone 3 (214) 4 ni de ‘yours’

after Tone 4 (51) 1 da de ‘big one’
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Acoustic properties of neutral-tone syllables in disyllabic words have been inten-
sively studied in experimental reports (e.g. Lin & Yan 1980; Cao 1986; Wang
2004; Lu & Wang 2005; Lin 2012; Gao & Li 2018). It is found that on average,
neutral-tone syllables are about half as long as the corresponding stressed syl-
lables in the minimal pairs similar to those in (2). Perception experiments also
reveal that duration plays a vital part in the correct identification of neutral tone
syllables in adults and infants (Lin & Yan 1980; Lin 1985; Cao 1986; Li et al.
2014; Li & Fan 2015; Fan et al. 2018). The fundamental frequency (F0) patterns
of neutral-tone syllables are found to be consistent with the above interpretation:
mid after tone 3 and low after the other tones.

Studies of neutral tone in recent years have zeroed in on the acoustic and per-
ceptual properties of neutral tone in varied prosodic contexts (Wang 1997, 2000;
Li 2003a, 2003b; Wang 2004; Sun 2006; Chen & Xu 2006; Li 2017). Li Aijun
(2017), for example, examined the realization of tonal target of neutral tone in
disyllabic words in which the second syllable is in neutral tone or one of the four
lexical tones in five different information structures. Figure 1 illustrates the FO pat-
terns of disyllabic words in which the first syllable is in one of the four tones (T1,
T2, T3, T4) and the second syllable is in neutral tone (Tn).

T1+Tn T2+Tn T3+Tn T4+Tn
2.5 2.5 2.5 2.5
15 1.5 1.5
______ - T
< s
: 5 J 05 ll \‘ 0.5
(vl h \
‘f' N ’ Y A
N W ~_” \ \\
o| 05 Y —0.5 \ —o.5)
(' \ \
\\/
-1.5 \//\ —1.5 -1.5
25 —2.5 -2.5

Figure 1. FO contours of disyllabic words in which the second syllable is in one of the
four tones (solid lines) vs. in neutral tone (dotted lines), grouped by the first syllable’s
tone. Each tone is normalized horizontally for tonal duration and z-scored normalized
vertically for FO. (Li 2017)

In Figure 1, syllables in neutral tone are showing a mid-falling FO contour after
T1, a high-falling FO contour after T2 and a low-falling FO contour after T4. It is
reasonable to assume that a low tone is aligned with the neutral-tone syllable and
the falling FO contour arises as transition from where the preceding full tone ends
to the low tone target. After T3, a mid-level FO contour appears instead. Several
analyses have been proposed for the H tone (interpreted as such in the phono-



Prosodic realization of tonal target and FO peak alignment in Mandarin neutral tone

53

logical representation) on the neutral-tone syllable after a T3. Assuming T3 is L,
Yip (1980) and Wang (1997) propose a rule of H insertion after L, while Duanmu
(1999) considers the H on the neutral-tone syllable after a T3 originating from a
polarity requirement that L should be followed by H in a disyllabic foot. Milliken
(1989) suggests that T3 is L followed by a floating H. The floating H is realized
on the neutral-tone syllable after a T3. For the purpose of the present study, the
choice among the above analyses is not necessary. They all agree in one way or
another that neutral tone itself takes the L following the other three tones. The
presence of the L tone is blocked by the H insertion or re-association after a T3,
resulting in the H on the neutral-tone syllable. In addition to analyses that con-
sider it a tonal phenomenon, a recent acoustic study suggested that the higher
pitch in the neutral-tone syllable after T3 is due to an articulation-based effect as
a result of the preceding low pitch (Prom-on et al. 2012). It is worth pointing out
that in the Tianjin dialect the syllable in neutral tone following T1 (low tone, sim-
ilar to T3 in Mandarin Chinese) gets L pitch, as in mama ‘mother’, so the post-L
raising seems to be due to a language- or dialect-specific effect.

Li Zhigiang (2003a) presented a preliminary study of FO timing when multi-
ple neutral-tone syllables are involved in a constraint-based model of tonal target
realization.

Mean FO curves of four tones followed by
three neutral-tone syllables (Speaker 1)

350 PDT2 Tone 1
—Tone 2
300 —Tone 3
—Tone 4
N 250
L
(=) Low target
L 200

/

3 N1 N2 N3

o 100 200 300 400 500 600 700 800
Time (ms)

Figure 2. Mean FO0 curves of four tones followed by three neutral-tone syllables (Li
2003a)

What is shown in Figure 2 is a prosodic word (PW) consisting of a full syllable
in one of the four tones and three syllables in neutral tone, marked as N1, N2,
and N3. An example is mama men de ‘mother, plurality suffix, possessive suffix’ In
terms of the tonal target, the FO contours reach a clear low tone target at the end
of the prosodic word. This key observation lends credence to the hypothesis that
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neutral tone is toneless — the syllable does not carry one of the four lexical tones -
and the low tone is associated with the end of a prosodic domain (Li 2003b). We
call this the boundary L analysis of neutral tone to differentiate it from the default
L analysis outlined above. Li (2003a) also discovered a significant amount of peak
delay in the realization of T2 and T3 in a prosodic word with multiple neutral-
tone syllables.

The study reported in Li (2003a) is partly motivated by an empirical differ-
ence between the FO peak alignment in Modern Greek rising accent and Man-
darin rising tone. As reported in Xu (2001), the FO peak in Mandarin rising tone
mostly occurs just inside the following onset segment. In Modern Greek, the FO
peak in a rising accent is aligned on average 15-20 ms after the beginning of the
following unstressed vowel (Arvaniti et al. 1998). In addition, the onset of the rise
is also aligned differently: in Modern Greek, it occurs right before the onset of the
syllable, whereas in Mandarin, it occurs in the middle of the syllable rime. The
difference could possibly arise from tonal crowding or stress clash in Mandarin
because in Xu’s study the rising tone was followed by a stressed syllable carrying a
low tone (T3), while in Arvaniti et al’s speech material there were always at least
two unstressed syllables on either side of the test stressed syllable carrying the ris-
ing accent.

In yet another study, Chen & Xu (2006) propose that the neutral tone does
have a specific underlying pitch target, which is likely to be static and mid, but
it is likely to be implemented with a weak articulatory strength, as illustrated in
Figure 3.

(o]
35 Mid target PDT2

300 \\\

250

Mid target

200

150

100

350

300
250

200

Mid target

150

100

Figure 3. Neutral tone has a mid and static target tone in different tonal contexts. (Chen
& Xu 2006)
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Chen & Xu (2006) also report that T2 and T3 exhibit post-L F0 raising when fol-
lowed by neutral-tone syllables. For example, after a T3, they found that the post-
L FO raising could reach the second neutral-tone syllable. In the test material used
in their work, both tonal contexts before and after neutral-tone syllables were con-
trolled for in the experimental design. Neutral-tone syllables were followed by
two lexical different tones, T3 (L) and T4 (HL), as Figure 3 shows. While the tar-
get words in their study were only embedded in the middle of the sentence, our
study examines the neutral tone in the sentence-final position, with a focus on the
boundary tone effects contributed by statements and interrogative sentences and
the FO declination effect.
Our study seeks to answer the following questions:

1. What is the tonal target of neutral tone?
. How is the tonal target realized in different tonal and prosodic contexts?
3. How is the FO peak in the preceding lexical tone aligned with its syllabic host
in the context of a varying number of neutral tones?
4. What are the contributing factors that constrain the phonetic realization of
the neutral tone target?

3. Method

3.1 Experimental design and material

The test material is divided into two groups: words read in isolation and words
embedded in a carrier sentence. See Table 2 for the complete list of target words,
where S stands for a stressed full syllable and N for a neutral-tone syllable. The
number after N refers to the position of neutral tone in the sequence.

The target words consist of a stressed syllable in one of the four lexical tones,
followed by one, two, or three neutral-tone syllables. They are either kinship
terms or constructed out of kinship terms. For example, the tonal sequence in
meimei ‘little sister’ is T4N1. The plural form is meimeimen ‘little sisters, after
attaching the plurality suffix men, resulting in the tonal sequence of TAN1N2. The
possessive form is derived by adding the possessive suftix de — méimeimende ‘little
sisters” - and its tonal sequence is TAN1N2N3. The two suffixes are always said
in neutral tone. For the purpose of our study, we consider all words in group A
prosodic words, which will be read in isolation. Group B includes all words in
group A and words that end with the sentence-final particle (PAR) le, which is
also always said in neutral tone. Morphologically, words like meéimei le ‘little sis-
ter PAR’ are neither noun or noun phrase, but they form a prosodic word when
embedded in a carrier sentence.
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Table 2. Target words read in isolation (A) and in a carrier sentence (B)

Context | Tones |SN1 SNIN2 SN1N2N3
mamamen ‘mothers’
T1 mama ‘mother’ mamamende ‘mothers’’
mamade ‘mother’s’
yéyemen ‘granpas’
T2 yéye ‘grandpa’ yéyemende ‘grandpas’’
yéyede ‘grandpa’s’
A: ndinaimen ‘grandmas’
T3 ndinai ‘grandma’ ndinaimende ‘grandmas’’
ndinaide ‘grandma’s’
meéimeimen ‘little
T4 méimei ‘little sister’ | sisters’ meéimeimende ‘little sisters’’
meimeide ‘little sister’s’
mamamen
mama - mamamende
T1 o . |mamade _ . ,
ma le ‘mother PAR mamamen le ‘mothers PAR
mama le ‘mother PAR’
yéye yéyemen
T2 yéyede yéyemende
yéle‘grandpa PAR’ | yéye le ‘grandpa PAR’ yéyemen le ‘grandpas PAR’
B: ndinai ndinaimen
ndinaide ndinaimende
T3
ndi le ‘grandma ndinai le ‘grandma ndinaimen le ‘grandmas
PAR PAR’ PAR’
meéimei méimeimen
méimeide méimeimende
T4
mei le ‘little sister meéimei le ‘little sister meéimeimen le ‘little sisters
PAR PAR PAR

We used the same carrier sentence as in Sun (2006), which literally means “that
bowl of flour was sent to ___". Two examples are given in (3) in which the test
words ma le and mamamen le are underlined. The prosodic structure of the car-
rier sentence is provided, too.

(3) [;p [pp, nd win mianfén] [, [, song géil [, SN1]]]

Na win mianfén song géi ma le / mamamen le

That bowl flour send give mother PAR / mothers PAR
‘That bowl of flower was sent to mother/mothers.
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3.2 Participants

Thirty undergraduate and graduate students (aged between 18 and 25; half were
female and half male) were recruited in the recording experiment for a small
stipend. They were native speakers of Mandarin Chinese without a diagnosed
reading or hearing disability.

3.3 Recording procedure

The target words in the two groups — with and without a carrier sentence - were
divided into three groups randomly; each was read by five male and five female
speakers. All words were read in two intonation patterns, declarative intonation
and question intonation. The recording was conducted at a sampling rate of
16KHz with a 16bit quantitative resolution in a sound-proof booth in the phonet-
ics lab at the Institute of Linguistics affiliated with the Chinese Academy of Social
Sciences. The recordings obtained were monitored and screened by a lab assis-
tant to make sure they were of good quality and without mispronunciations. In
the end, there were 440 sentences read in declarative intonation and 560 in ques-
tion intonation, 1,000 sentences in total, among which 440 were short sentences
with the target words read in isolation and 560 were long sentences with the target
words read in the same carrier sentence.

3.4 Data analysis

All sound files were first automatically segmented by an alignment program to
generate syllable-level and phone-level boundaries. Visual inspection and manual
correction were taken to ensure that the segmental boundaries were accurately
marked. Prosodic information such as prosodic structure and stress was manually
labeled. All annotations were created by two professional transcribers in the lab.
An annotated utterance is given in Figure 4. The annotation includes segmental
boundaries, syllables (the Pinyin tier), initials and finals (the IF tier), and break
indexes (the BI tier) labelling prosodic word, prosodic phrase, and intonation
phrase; and stress indexes (the ST tier) labelling prosodic word stress, prosodic
phrase stress, and sentence-level stress.

FO contours of each recording were analyzed by Praat and manually checked
for spurious cycles. FO values were then extracted for each final in a syllable at ten
points in equal intervals to normalize in duration dimension, using a Praat script,
with creaky voice excluded.
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Figure 4. An example of data annotation

In order to eliminate speakers’ individual differences, the FO data of each speaker
were normalized into a Z-score scale value (), using the formula below.

1 n
1 Ly . (4)
7 - If0,-my, 80 /0 n 1; 80 /9,

Ifo; S 1 & 12 }
re -1 Z (loglo fo,-‘z 1Oglo fok)
n j=1 n =

Where zy, is the normalized z-score the i'" FO value, m o the mean value and
s the standard deviation of the logarithmic FO values respectively. n is the total
number of FO value of the individual speaker.

4. Results and analysis

4.1 FO patterns and tonal target in declarative intonation

We first present the mean and normalized FO contours of the target words read
in isolation (a) and in a carrier sentence (b) in Figures 5-7. These words are read
in declarative intonation. In each figure (Figures 5-10), the tonal duration is nor-
malized by extracting eleven points for each syllabic final in equal steps, where
the occurrence of FO peak delay in T2 and T3 is also marked.

Figure 5a demonstrates that in the SN1 sequences read without a carrier sen-
tence, the FO contour on the neutral-tone syllable is dependent on the FO of the
preceding tone. The finding is consistent with traditional descriptions and more
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recent experimental study (e.g. Li 2017). The ending FO values in N1, do not seem
to converge toward a specific point, but they tend to point to a low tone target after
T1, T2, and T4. The FO peak in T2 is realized in the following N1, well into the
middle of the syllable; whereas the FO peak in T1 stays within its syllabic bound-
ary. In other words, there is no peak delay in T1. This is likely to be the reason
why the ending F0 in N1 after T2 is much higher than that after T1: given the late
occurrence of the FO peak in T2, the falling FO contour does not have enough time
to reach a lower FO (cf. Sundberg 1979). The H tone is realized in the neutral-
tone syllable after T3, as expected from the phonological analyses laid out earlier.
Similar FO patterns are observed in the SN1 sequences read in a carrier sentence.
For example, the separation of ending FO values after T1 and T2 is also clearly
observed in the neutral-tone syllable at the end of the sentence when peak delay
happens in T2.

In the SN1IN2 sequences, as shown in Figure 6a-b, the ending F0 values all
converge to a low tone target in N2 after T1, T2, and T4. The FO contour in N1
does not seem to correspond to clearly identifiable tone targets and they are more
susceptible to the influence of the tonal contexts on both sides. For example, in
the TIN1N?2 sequence, the falling FO contour in N1 starts from the FO offset in T1
and ends at the FO onset in N2, which is realized as a low tone target. A similar
pattern is seen in the T4N1N2 sequence too. In the T2N1N2 sequence, however,
the FO peak in T2 is again realized in the following N1 as in the T2N1 sequence.
The difference is that when there are two neutral-tone syllables following T2, the
FO contour is gradually declining from the FO peak in N1 all the way to the end
of N2, reaching the low tone target. In the T3N1N2 sequence, the F0 peak associ-
ated with the H tone in the neutral tone following T3 shows up in N2: well into
the N2 territory in the isolation reading and at the beginning of N2 in the carrier-
sentence reading. As a result, the FO contour in N1 becomes transitional, lacking a
clear tonal target. Another consequence of the late peak in the T3N1N2 sequence
is that the FO contour in N2 does not have much time to reach the low tone target
at the end, especially given that neutral-tone syllables have much reduced dura-
tion. The prediction here is that in the T3AN1N2N3 sequence, the low tone target
will be reached N3 when the F0 peak is aligned with N1. This is exactly what hap-
pens in Figure 7.

As the number of neutral-tone syllables increases in the SNIN2N3 sequences,
the final neutral-tone syllable N3 is approximating to a canonical low tone target,
aligned with the end of the sequence, as Figure 7a-b shows. As in the SN1N2
sequences, the FO contours on N1IN2N3 after T1 and T4 are gradually declining
to the final low target, while the FO peak delay happens in the sequences headed
by T2 and T3. Similar patterns are observed in the target words read in a carrier
sentence with the higher FO offset in the final neutral-tone syllable following T3
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than the other three tones, as seen in Figure 7b. Given the position of the FO peak
following T3 and the shorter duration available for the falling FO to fully manifest
itself, it is not surprising to witness this kind of separation, which is also notice-
able in the SN1N2 sequences in Figure 6.

SN1 FO Contour SN1 FO contour
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Figure 5. Mean and normalized FO contours of SN1 read in isolation (a) and in a carrier

sentence (b) in declarative intonation
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Figure 6. Mean and normalized FO contours of SNIN2 read in isolation (a) and in a

carrier sentence (b) in declarative intonation
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Figure 7. Mean and normalized FO contours of SN1N2N3 read in isolation (a) and in a

carrier sentence (b) in declarative intonation
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In summary, we have found that in multiple neutral-tone sequences such as
SN1N2N3, a low tone target is aligned with the final neutral-tone syllable. The FO
contours in the neutral-tone syllables in-between do not seem to correspond to
any clearly identifiable tonal targets. Rather, they are interpolated from where the
preceding full tones end to the final low tone target. Its actual FO scaling corre-
lates with duration - from the FO peak to the low target at the end of the prosodic
word - available to fully realize the falling FO. In the case of T4N1, the low target
is easily reached at the end of the neutral-tone syllable because T4 in Mandarin
Chinese is a high falling tone that has an early FO peak, from where the falling FO
contour continues all the way to the end of the sequence. This pattern of FO con-
tours is quite strong in all sequences headed by T4. Since the FO peak in T1 occurs
late in the syllable, the falling FO contour does not quite reach the low target in
T1NT1 as in the case of the T4 sequences. However, when more duration becomes
available, as in TININ2 and TIN1N2N3, the FO converges to the lowest point of
the pitch range, reaching the low target.

The FO scaling of the low target in the sequences headed by T2 and T3 is
influenced by the peak delay, i.e. the placement of the FO peak. In the case of T2,
the FO peak invariably surfaces on the immediately following neutral-tone sylla-
ble N1, regardless of the number of neutral-tone syllables in the sequence. In the
case of T3, the FO peak was often realized on the next neutral-tone syllable in the
T3N1 sequence, but it could occur on the N2 or even N3 as in the T3N1N2 and
T3N1N2N3 sequences. When the placement of the FO peak is too close to the end
of the prosodic word as in SN1 or SN1IN2, there is not enough time for the FO
contour to fully reach the low tone target aligned at the end.

4.2 FO patterns and tonal target in question intonation

In this section, we present data obtained when the target words were read in ques-
tion intonation, first in isolation and then in a carrier sentence. The mean and
normalized FO contours of the target words read in isolation (a) and in a carrier
sentence (b) are shown in Figures 9-11. The occurrence of FO peak delay in T2
and T3 is also marked. It should be pointed out that in Mandarin Chinese, a yes-
no question can be formed by attaching the question morpheme ma or ba, both
in neutral tone, to a declarative sentence. The questions created this way are typi-
cally said in declarative intonation. To elicit the question intonation, we asked the
subject to read the target words as an echo question. For example, the example in
(3) can be uttered as a question by simply adding a question mark at the end of
the sentence. The implied meaning is, are you sure about that?
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(5) Na wdn mianfénsong géi ma  le/mamamen le?
That bowl flour  send give mother PAR / mothers PAR?
‘Was that bowl of flower sent to mother/mothers?’

It has been suggested that a key difference between declarative intonation and
question intonation in Mandarin Chinese lies in the lowering or raising effect of
the FO contour at the end of an intonation phrase due to the effect of boundary
tone (e.g. Lin 2012). For example, the FO contour of T2 (LH) at the end of an
intonation phrase is further elevated, a more fully implemented rising tone, in
question intonation, but realized with a compressed pitch range in declarative
intonation.

Several observations can be made here. First, as the number of neutral-tone
syllables increases, the FO contours in the final neutral-tone syllables tend to con-
verge to a mid-tone target, especially in the SNIN2N3 sequences. This happens
when the target word was read in isolation or in a carrier sentence. Second, the
peak delay in T2 and T3 is also attested in the question intonation. In general,
the FO peak in T2 is aligned mostly with N1 and occasionally N2 while that in
T3 often occurs in N2 and N3. Third, the FO contours in the neutral-tone sylla-
bles are determined by the preceding full tone and the mid-tone target in the final
neutral-tone syllable. For example, in the TININ2 sequence, the FO peak in T1
appears at the end of the stressed syllable, from which point the FO contour starts
to decline gradually to mid-target. Similarly, in the TAN1N2N3 sequence, the FO
contour starts the declining trajectory from the FO peak in T4 all the way to mid-
target aligned with N3. Lastly, the scaling of the mid-tone target is also influenced
by the peak delay in T2 and T3. In the T2N1 sequence, the FO peak is delayed
into N1, followed by a much truncated falling FO toward the mid-tone target. In
the T3N1N2 sequence, the FO peak is reached at the end of N2, thus blocking the
mid-tone target. In the T3N1N2N3 sequence, the FO contour reaches its peak in
N2 and then moves toward the mid-tone target.

By comparing the FO patterns in declarative intonation and question intona-
tion, we propose that a low tone target is aligned with the neutral-tone syllable at
the end of the prosodic word, which is at the right edge of the intonational phrase
in our experimental setup. The pitch height of the low tone is determined by sev-
eral factors, including preceding tones, placement of the FO peak, the number of
neutral-tone syllables and the intonation patterns. When uttered in question into-
nation, the pitch height of the low tone is elevated to the mid tone.
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Figure 8. Mean and normalized FO contours of SN1 read in isolation (a) and in a carrier

sentence (b) in question intonation
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Figure 9. Mean and normalized FO contours of SN1N2 read in isolation (a) and in a
carrier sentence (b) in question intonation
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Figure 10. Mean and normalized FO contours of SNIN2N3 read in isolation (a) and in a

carrier sentence (b) in question intonation
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4.3 Statistical analyses of the tonal target in neutral tone

In order to examine the interactive impact of the prosodic contexts on the tonal
target of the domain-final neutral-tone syllable (i.e. the FO target value in the
last neutral tone), three statistical methods were adopted. General Linear Mixed
Model (GLMM) best suits the data in the current study (fixed effects factors are
the number of neutral tones and the initial full tones; random effects factor is the
sentence or speaker ID). One-way ANOVA was conducted to examine specific
within-group differences in different numbers of neutral-tone syllables. Repeated
measures design was used in analyzing the SNIN2N3 sequences. In what follows,
we present the results obtained for the target words tested in all four conditions:
the target words are read in isolation and then in a carrier sentence in the declar-
ative intonation and in question intonation, respectively.

4.3.1 LMM analysis

LMM analysis results are showed in Figure 11-12 for the target words read in iso-
lation and in a carrier sentence, in declarative intonation, and in question intona-
tion, respectively. In declarative intonation, the number of neutral-tone syllables
(Number), the initial lexical tone in the sequence (Tone) and their Interaction
are significant in predicting the tonal target FO scaling of neutral-tone syllables
both in isolation (Number, F(2,138)=48.157, p<0.001; Tone, F(3,138)=33.882,
p<0.001; Interaction, F(6,138)=8.871, p<0.001) and in a carrier sentence (Num-
ber, F(2,201)=32.568, p<0.001; Tone, F(3,201)=17.206, p<0.001; Interaction,
F(6,201)=9.263, p<0.001).

In question intonation, Number, Tone and their Interaction are also found
to be significant both in isolation (Number, F(2,267)=46.968, p<0.001; Tone,
F(3,267)=103.336, p <0.001; Interaction, F(6,267)=9.648, p <0.001) and in a car-
rier sentence (Number, F(2,268)=19.563, p<0.001; Tone, F(3,268)=37.88,
P <0.001; Interaction, F(6,268)=4.313, p<0.001).

Based on the analysis, the tonal identity of the initial full syllable (S) in the
sequence and the number of neutral-tone syllables both have a significant impact
on the FO scaling of the tonal target in the final neutral-tone syllable. The pitch
height in the neutral-tone syllable immediately after T3 is higher than those after
the other three tones. The tonal target in the final neutral-tone syllable in declara-
tive intonation is much lower than that in question intonation.
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Figure 11. Interaction between the number of neutral-tone syllables and the initial tones
for the tonal target FO scaling in isolation (a) and in a carrier sentence (b) in declarative

intonation
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Figure 12. Interaction between the number of neutral-tone syllables and the initial tones
for the tonal target FO scaling in isolation (a) and in a carrier sentence (b) in question

intonation

4.3.2 ANOVA analysis

One-way ANOVA was carried out to further examine within-group differences in
the FO scaling of the tonal target in the last neutral-tone syllable in order to deter-
mine the effect of the initial lexical tones and the number of neutral-tone syllables
in the target words in the four test conditions.

In declarative intonation, when the target words were read in isolation, we
found the following. Please refer to Figure 11a for the visual presentation of the
results. (1) In the SN1 sequences, the FO target values of N1 show significant
differences following the four lexical tones (F(3,35)=16.162, p<0.001). Pairwise,
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significant differences exist in the sequences headed by T1 and T2 (p=0.01), T1
and T3 (p=0.026), T4 and T2 (p<0.01), and T4 and T3 (p<0.01). No significant
difference is found in the T1 and T4 sequences, and T2 and T3 sequences, respec-
tively. In other words, T2 and T3 pattern together and stand in contrast to T1
and T4 in terms of their impact of the FO scaling of N1. It is worth nothing that
the FO peak in T1 and T4 materialize within the syllabic boundary of their seg-
mental hosts, much earlier than the FO peak in T2, which is often delayed into
N1, and the FO peak after T3, which is always realized in N1. (2) In the SN1IN2
sequences, the FO target values of N2 show significant differences following the
four lexical tones (F(3,71)=43.983, p <0.001). Specifically, N2 following T3 shows
significantly higher FO than those following T1, T2 and T4, and the difference is
significant at the level of p <0.01. No significant difference is found among T1, T2,
and T4, though. (3) In the SNIN2N3 sequences, no significant difference is found
in the FO target values of N3 following all four tones (F(2,32)= 2.515, p=0.076).
What this result entails is that in the isolation reading condition in declarative
intonation, the final neutral tone is gradually approaching a stable low tone tar-
get, as the number of neutral-tone syllables is increasing. By the same token, the
influence on the tonal target of neutral tone from the initial full tones in the target
words is also diminishing.

When the target words were read in a carrier sentence in which the target
words form the last prosodic unit, we have identified generally similar statistical
tendencies, with results visually presented in Figure 11b. (1) In the SNI1
sequences, the FO target values of N1 show significant differences following the
four lexical tones (F(3,63)=15.871, p<0.001). Pairwise, significant differences
exist in the sequences headed by T1 and T2 (p=0.02), T1 and T4 (p=0.028),
T2 and T3 (p<0.01), and T2 and T4 (p<0.01). The FO scaling of the neutral
tone in descending order is: T2>T1, T3>T4. (2) In the SNIN2 sequences, the
FO target values of N2 also show significant differences following the four lexical
tones (F(3,88)=22.230, p<0.001). The same pattern emerges in which the F0 in
N2 scaling significantly higher in the T3N1N2 sequences than T1, T2 and T4,
which do not show significant difference among themselves. (3) In the SNIN2N3
sequences, the result shows a significant difference in tones (F(3,51)=8.552,
p<0.001), in which N3 following T3 is significantly higher than those following
T1, T2 and T4. Specifically, significant difference is found in pairwise compar-
isons between T3 and the other three tones: T1 and T3 (p=0.01), T2 and T3
(p=0.01) and T4 and T3 (p=0.03). Upon closer look, it has become clear that in
the three neutral-tone sequences, the FO trajectory is approaching the low tone
target, which manifests almost identical FO following T1, T2 and T4, as shown
in Figure 11b. In the case of T3, the FO of N3 is higher after T3 than after other
three tones. A similar trend is also observed in the isolation reading condition,
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discussed above, but the difference does not reach a statistically significant level.
Here in the carrier sentence condition, the difference is significant, but only at the
p<0.05 level.

Which begs the question: why is T3 special? As we discussed in §4.1, T3 is dif-
ferent from the other three lexical tones in terms of placement of the FO peak. We
have argued that the FO peak after T3 is phonologically associated with the imme-
diately following neutral-tone syllable, N1, while the FO peaks in T1, T2 and T4
are either realized within their syllabic boundary (T1 and T4) or delayed into the
following syllable (T2). In the SNIN2N3 sequences, the FO peak after T3 occurs
in N2 or even in N3. Further discussion of this issue will be oftered in §4.4.

The results are presented visually in Figure 12 for question intonation in
which the target words were read in isolation (a) and in a carrier sentence (b).
We discuss sequences in varying lengths separately. When the target words were
read in isolation, we found the following. (1) In the SNI sequences, the FO
target values of N1 show significant differences following the four lexical tones
(F(3,76)=33.373, p<0.001), with N1 showing clearly higher F0 after T2 and T3
than after T1 and T4. (2) In the SN1N2 sequences, the FO target values of N2 also
show significant differences following the four lexical tones (F(3,116)=29.524,
p<0.001). The grouping effect is also clear with N2 showing clearly higher FO
after T2 and T3 than after T1 and T4, but the caveat is that the FO values of N2
following T2 and T3 show significant difference (p<0.05). (3) In the SNIN2N3
sequences, the FO values of N3 are showing significant differences following the
four lexical tones (F(3,75)=26.023, p<0.001). While N3 following T3 shows sig-
nificantly higher FO than those following T1, T2, and T4 at the statistically signif-
icant level (p<0.001), N3 following T2 is moving toward the lower F0 values in
the direction of N3 after T1 and T4.

When the target words were read in a carrier sentence, they form the last
prosodic unit. The results, visually presented in Figure 12b, paint a similar picture
as in the isolation reading condition. (1) In the SN1 sequences, the FO in N1
shows divergent values following the four tones (F(3,75)=14.093, p<0.001), in
the descending order of T2>T3, T1>T4, but statistically significant differences
only exist in pairwise comparisons of T4 and T2 (p<0.001), T4 and T3 (p<0.05),
T1and T2 (p<0.001), and T3 and T2 (p<0.05). (2) In the SN1IN2 sequences, the
F0 in N2 shows significant differences following the four tones (F(3,114) =12.857,
p<0.001), in the descending order of T2>T3>T1, T4. Pairwise, the differences
between T2 and T3 (p<0.05), T2 and T1 (p<0.001), and T2 and T4 (p<0.001)
have reached statistical significance. One interesting fact to note in the SN1N2
sequences is the higher FO of N2 after T2. A quick visual inspection of the middle
series in Figure 11-12 reveals that the FO of N2 is higher after T3 in the two con-
ditions in declarative intonation and in the isolation reading condition in ques-
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tion intonation. This is because a much higher percentage (30%) of the FO peak
in T2 in the SN1N2 sequences is delayed into N2 when the target words are read
in a carrier sentence in question intonation, as seen in Table 4, B. The late peak
in N2 prevents the FO from going down to a lower value in such a short duration
in a neutral-tone syllable. (3) In the SNIN2N3 sequences, the FO values of N3 are
showing significant differences following the four lexical tones (F(3,76)=8.585,
p<0.001). Like the isolation reading condition, N3 following T3 shows signifi-
cantly higher F0 than those following T1, T2, and T4 at the statistically significant
level (p<0.001), N3 following T2 is moving toward the lower FO values in the
direction of N3 after T1 and T4.

4.3.3 Repeated measurement

The tonal target of the final neutral-tone syllables in the SNIN2N3 sequences
is worth a closer look in order to determine the effect of the preceding lexical
tones on the FO scaling of N3 across different conditions. Specifically, we classified
the target words in two Tone groups: those headed by T3 (T3 group) and those
headed by other tones (non-T3 groups). A 2*2 (isolation/carrier sentence * tone
groups) design was employed.

In declarative intonation, the repeated measurement shows that the F0 scaling
of N3 did not significantly differ in the isolation reading and carrier sentence
conditions (F(1,105)=0.034, p=0.855), while Tone groups did show significant
difference (F(1,105)=12.854, p=0.001), with the T3 group significantly higher
than the non-T3 groups. Their interaction is not significant (F(1,105)=0.009,
p=0.924)), and as a result, t-test was not performed.

In question intonation, the repeated measurement shows that the FO scaling
of N3 did not significantly differ in the isolation reading and carrier sentence
conditions either (F(1,155)=1.35, p=0.247), while Tone groups did show signif-
icant difference (F(1,155)=69.255, p<0.001), with T3 group significantly higher
than the non-T3 groups. Their interaction is not significant (F(1,155)=2.236,
p=0.137)), therefore, t-test was not performed.

The effect of intonation is confirmed in pairwise comparisons given in
Table 3 for the T3 group and non-T3 groups read in isolation and in a carrier sen-
tence, respectively. Recall that we argue that the tonal target for neutral tone is
a low tone aligned with the end of the prosodic word in declarative intonation,
and it is elevated to a mid tone in question intonation due to the effect of bound-
ary tone when the prosodic word resides at the end of the intonational phrase.
The side-by-side comparisons showed that in all conditions we examined, the FO
target values in the domain-final neutral-tone syllables are significantly different
in declarative intonation and question intonation, at the level of p<0.001 across
the board. To wit, they are scaled much higher in question intonation. The sta-
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tistical analysis has confirmed our analysis that the tonal target of neutral tone in
the multiple neutral-tone context is realized consistently as the lowest F0 in the
prosodic domain, thus carrying a low tone target in declarative intonation, which
is subsequently elevated to mid tone in question intonation.

Table 3. Pairwise comparisons of tonal targets of neutral tone in T3 group and non-T3

groups in the three neutral tone sequences, A: read in isolation; B: read in the carrier

sentence
In declarative intonation In question intonation
Tone of S Mean Sd Mean Sd T-value | Sig.level
T1/T2/T4 -1.90 0.42 -0.32 0.49 -14.266 | p<0.001
A T3 -1.51 0.55 0.60 0.5 -10.559 | p<0.001
T1/T2/T4 -1.93 0.504 -0.23 0.51 -16.209 | p<0.001
> T3 -1.52 0.49 0.35 0.6 -10.422 | p<0.001

4.4 Placement of the FO peak

We analyzed the placement of the FO peaks in T2 and T3 and the frequency
of peak delay in different prosodic contexts: in isolation, in a carrier sentence,
in declarative intonation, and in question intonation. Recall that FO peak delay
refers to the phenomenon that an FO peak sometimes occurs after the syllable
with which it is associated either lexically or prosodically (Xu 2001), as schemat-
ically illustrated in Figure 13. In our study, peak delay is found in both T2 and
T3. It happens in T2 (LH) when the F0 peak in the rising tone occurs in the fol-
lowing syllable. Strictly speaking, the H tone in the neutral-tone syllable imme-
diately after a T3 is phonologically associated with that syllable, hence no peak
delay. Peak delay occurs when the FO peak is realized after N1 as in the T3N1N2
sequence.

The data on the peak delay in T2 and T3 when the sequences were read in
declarative intonation, in isolation (A) and in the carrier sentence (B), are sum-
marized in Table 4. In the T2 sequences in both A and B conditions, peak delay
happens with its FO peak falling almost exclusively in N1. Similarly, in the T3
sequences, the FO peak occurs almost exclusively in N2, with only one exception
in the sequence of T3N1N2 in B, where it stays in N1. As the number of neutral-
tone syllable increases in longer sequences, especially in the SNIN2N3 sequences,
the FO peak can even encroach on N2 (30% in B in the case of T2) and N3 (15%
in B in the case of T3).
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(a) no peak delay in T1 (b) peak delay in T2
o,=H 0,=N 0,=LH 0,=N
FO peak FO peak

o i <

> time

C1 C2 C1 C2
Figure 13. Schematic illustration of peak delay (Li 2003b), C1 marks the beginning of
the syllable in T1 or T2, and C2 marks the beginning of the syllable in neutral tone.

Table 4. Placement of the FO peaks in T2 and T3 in declarative intonation, A: read in

isolation; B: read in the carrier sentence

T2 N1 N2 N3 | T3 N1 N2 N3
SN1 10 10
(100%) (100%)
N SN1N2 20 20
' (100%) (100%)
SN1N2N3 9 1 9 1
(90%) (10%) (90%) (10%)
SN1 20 20
(100%) (100%)
B SNIN2 29 1 1 29
’ (97%) (3%) (3%) (97%)
SN1N2N3 14 6 17 3
(70%) (30%) (85%) (15%)

In question intonation, there seem to be more extensive peak delay in both T2 and
T3, especially in longer sequences, as the data in Table 5 show. For example, the
FO peak falls regularly in N3 of the three neutral-tone words headed by T3: 45%
in A and 75% in B. The F0 peak in T2 is realized in N2 more frequently in B: 30%
in T2N1N2 and 55% in T2N1N2N3.
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Table 5. Placement of the FO peaks in T2 and T3 in question intonation, A: read in

isolation; B: read in the carrier sentence

T2 N1 N2 N3 | T3 N1 N2 N3
SN1 20 20
(100%) (100%)
N SNIN2 30 1 29
' (100%) (3%) (97%)
SNIN2N3 18 2 11 9
(90%) (10%) (55%) (45%)
SN1 20 20
(100%) (100%)
B SNIN2 21 9 30
’ (70%) (30%) (100%)
SN1N2N3 9 11 5 15
(45%) (55%) (25%) (75%)

4.5 Durational analyses of FO peak alignment

Three durational measurements were taken in order to determine exactly how the
FO peaks in T2 and T3 are aligned with their segmental hosts in different prosodic
contexts. The relevant points of measurement are illustrated in Figure 14.

(6) a. duration ratio (DR) of peak delay (pd) in the neutral-tone syllable (syl)
DR_syl=(T_peak - T_onset_Ni) / Dur_Ni (i=1, 2, 3)
b. duration of peak delay (Dur_pd)
Dur_pd=T_peak - T_onset_S
c. duration ratio (DR) of peak delay (pd) in the whole word (word)
DR_word=Dur_pd / Dur_word

Figure 14. Measurements of duration
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Table 6. Duration ratio of peak delay in the neutral-tone syllable after T2 and T3 in

declarative intonation, A: read in isolation; B: read in the carrier sentence

DR _syl
(mean/std) T2 N1 N2 N3 T3 N1 N2 N3
A: SN1 0.374/ 0.728/
0.144 0.222
SN1N2 0.557/ 0.384/
0.175 0.197
SN1N2N3 0.612/ 0.164/ 0.517/ 0.066/
0.219 0 0.171 0
B: SN1 0.423/ 0.523/
0.173 0.284
SN1N2 0.650/ 0.128/ 0.776/ 0.428/
0.16 0 - 0.25
SN1N2N3 0.720/ 0.142/ 0.517/ 0.333/
0.251 0.075 0.184 0.286

Duration ratio of peak delay in the neutral-tone syllable measures how far the FO
peaks in T2 and T3 encroach into the following neutral-tone syllables, relative to
the duration of neutral-tone syllable, in which the FO peak is located. A ratio of
0.5 in N1 means the FO peak is aligned with the mid point in the syllable. The
higher the ratio, the further the peak is delayed into the following syllable. The
data obtained in declarative intonation and in question intonation are presented
in Tables 6 and 7 respectively, again under two conditions, read in isolation (A)
and in a carrier sentence (B). One clear trend that emerges in both T2 and T3
sequences is that the alignment of the FO peak can delay further into the neutral-
tone syllable after the syllable with which it is phonologically associated, when the
target words become longer with more neutral-tone syllables. In the meantime,
more delay is found in condition B, i.e. when the target words are read in a carrier
sentence, than in condition A. However, this trend is more obvious in declarative
intonation than in question intonation. In general, question intonation tends to
create a context for later FO peaks, especially in the sequences headed by T3. In
Table 6, the FO peak after T3 appears in the second half of N2, 0.82 and 0.83 in
the T3N1N2 sequences, 0.68 and 0.86 in the T3N1N2N3 sequences in conditions
A and B. When the F0 peak is realized beyond the immediately following neutral-
tone syllable, i.e. in N2 in the case of T2 and in N3 in the case of T3, it always stays
within the first half of the syllable duration.
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Table 7. Duration ratio of peak delay in the neutral-tone syllable after T2 and T3 in

question intonation, A: read in isolation; B: read in the carrier sentence

DR _syl
(mean/std) T2 N1 N2 N3 | T3 N1 N2 N3
SN1 0.541/ 0.960/
0.280 0.064
A SN1N2 0.741/ 0.758/ 0.822/
’ 0.142 - 0.118
SN1N2N3 0.716/ | 0.325/0.03 0.676/ 0.308/
0.187 0.143 0.285
SN1 0.595/ 0.930/
0.273 0.160
. SN1N2 0.792/ 0.167/ 0.834/
’ 0.161 0.091 0.129
SN1N2N3 0.694/ 0.261/ 0.855/ 0.360/
0.271 0.128 0.119 0.335

Duration of peak delay measures displacement in seconds of the FO peak from
the onset of the syllable it is phonologically associated with. Although the H tone
is phonologically associated with the neutral-tone syllable after T3 in line with
phonological analyses, the measurement was taken from the onset of T3 in order
to make comparisons with T2. Like before, we present the results of the target
words read in isolation and in a carrier sentence, in declarative intonation and in
question intonation.

In declarative intonation (Figure 15), the alignment of the FO peak in T2 is
quite stable in the sense that when it lands in N1, the whole rising FO contour lasts
on average 290 ms regardless of the number of neutral-tone syllables. When the
peak appears in N2, the average duration of the whole rising FO contour is 335 ms.
The alignment of the FO peak in T3 is more sensitive to the number of neutral-
tone syllables, with the average duration of the whole rising FO contour at 460 ms
when the peak occurs in N2 and at 570 ms when the peak occurs in N3. There is
no peak delay when the FO peak is realized in N1 after T3.

In question intonation (Figure 16), the average duration of the whole rising
FO contour is becoming increasingly shorter as the number of neutral-tone sylla-
bles increases in the T2 sequences, ranging from 268 ms to 350 ms. Although the
variation is small, we do not have a good explanation for the trend. When the peak
is realized in N2, the average duration of the rise is 335 ms. The alignment of FO
peak in T3 tends to be more sensitive to the number of neutral-tone syllables. The
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average duration of the rise is in the range of 500 ms to 540 ms when the peak is
in N2. When the peak is in N3, the whole rise extends its duration to 580 ms.

S=T2 (in isolation) S=T2 (in a carrier sentence)
07 SN1 0.7 SN1
06 @ SNIN2 06 @ SN1N2
@ SNTN2N3 @ SNTN2N3
@ 05 5 05
£ -
4
§ 0.4 3 o4
o
5 c
s 03 2 03
£ ®
3 H
8 o2 A 02
01 0.1
o
N1 N2 N1 N2
Syllable onset to peak Syllable onset to peak

S=T3 (in isolation) S=T3 (in a carrier sentence)

SN1 07 SN1
0.6 @ SN1N2 0.6 @ SN1N2
05 @ SNTN2N3 3 05 @ SN1N2N3

o
IS

Duration peak (s)
o o o
Py N w
Duration peal
o o o
o o [NV

N1 N2 N3 N1 N2 N3

Syllable onset to peak Syllable onset to peak

Figure 15. Alignment of the FO peaks in T2 and T3, measured from syllable onset, in
declarative intonation

Duration ratio of peak delay in the whole prosodic word measures the placement
of the FO peak relative to the duration of the whole word — the SN1, SNIN2 and
SNIN2N3 sequences — headed by T2 and T3. It is an indicator of where the FO
peak is aligned in the whole word. The results are summarized in Table 7 and
Table 8 respectively, for the test words read in declarative and question intonation.

Examination of the data does not seem to reveal a strong correlation between
the placement of FO peak and the number of neutral-tone syllables, or equiva-
lently, the length of the target word. While in declarative intonation (Table 8), the
duration ratio is bigger in condition B than in condition A, the trend is not as
robust in question intonation (Table 9). It is safe to conclude, at least based on the
data in our work, that the whole prosodic word is not a reliable indicator as the
specific neutral-tone syllable (N1, N2, or N3) with regard to FO timing.
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S=T2 (in isolation)

0.7

0.6

0.4

Duration peak (s)

N1
Syllable onset to peak

Duration peak (s)

N2

S=T3 (in isolation)

Syllable onset to peak

@ SN1
@ SNIN2
@ SNIN2N3

@ SN1
@ SN1IN2

05 @ SNTN2N3
0.4
03
0.2
0.1
o
N1 N2 N3

Duration peak (s)

Duration peak (s)

S=T2 (in carrier sentence)

o7 ® 5N
06 @ SNIN2
@ SN1N2N3
o5
0.4
03
02
01
o
N1 N2
Syllable onset to peak
S=T3 (in a carrier sentence)
o7 o sN
0.6 @ SN1IN2
05 ® SNIN2N3
0.4
03
0.2

Syllable onset to peak

Figure 16. Alignment of the FO peaks in T2 and T3, measured from syllable onset, in

question intonation

Table 8. Duration ratio of peak delay in the whole word headed by T2 and T3 in

declarative intonation, A: read in isolation; B: read in the carrier sentence

DR_word
(mean/std) T2 N1 N2 N3 | T3 N1 N2 N3
SN1 0.708/ 0.860/
0.081 0.118
N SN1N2 0.496/ 0.786/
’ 0.072 0.084
SN1IN2N3 0.396/ 0.487/ 0.614/ 0.809/
0.038 0 0.063 0
SN1 0.747/ 0.795/
0.085 0.130
B SN1N2 0.559/ 0.697/ 0.624/ 0.813/
’ 0.079 0 - 0.093
SN1N2N3 0.408/ 0.510/ 0.633/ 0.827/
0.044 0.032 0.067 0.050
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Table 9. Duration ratio of peak delay in the whole word headed by T2 and T3 in

question intonation, A: read in isolation; B: read in the carrier sentence

DR_word
(mean/std) T2 N1 N2 N3 | T3 N1 N2 N3
SN1 0.764/ 0.943/
0.154 0.156
A SNIN2 0.503/ 0.910/ 0.925/
’ 0.048 - 0.050
SN1N2N3 0.367/ 0.485/ 0.601/ 0.819/
0.047 0.003 0.064 0.098
SN1 0.780/ 0.966/
0.152 0.077
. SN1N2 0.499/ 0.634/ 0.933/
’ 0.052 0.043 0.059
SN1N2N3 0.380/ 0.477/ 0.624/ 0.826/
0.053 0.060 0.076 0.103

5.  Conclusion

This study investigates the tonal target of neutral tone experimentally in different
tonal and prosodic contexts. The four variables that we have focused on are the
number of neutral-tone syllables (SN1 vs. SNIN2 vs. SN1N2N3), lexical tones of
the preceding full syllable, two intonation patterns (declarative and interrogative),
and two reading conditions (in isolation and in a carrier sentence). The empirical
questions we set out to explore are the following:

1. What is the tonal target of neutral tone?

2. How is the tonal target realized in different tonal and prosodic contexts?

3. How is the FO peak in the preceding lexical tone aligned with its syllabic host
in the context of a varying number of neutral tones?

4. What are the contributing factors that constrain the phonetic realization of
the tonal target of neutral tone?

Our analysis concludes that there is a clearly identifiable tonal target in the
neutral-tone syllable and it is L(ow). This conclusion should be qualified in sev-
eral ways. First, it is not the case that every neutral-tone syllable receives an L tone
in the phonological representation or post-lexical process. The prosodic words
used in this study contain a full syllable (S) and neutral-tone syllables (N) from
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one to three. In the SN1, SNIN2, and SNIN2N3 sequences, the L is aligned
with the end of the prosodic word. To wit, only the PW-final neutral-tone sylla-
ble receives the L tone. The FO contours in the non-final neutral-tone syllables is
determined jointly by the preceding tone and the domain-final L tone. The pho-
netic mechanism to generate transitional FO is FO interpolation, which can be lin-
ear or asymptotic. Second, the L tone is realized often as a non-canonical L due to
prosodic factors such as intonation, but its alignment is clearly with the end of the
syllable in question.

The phonetic realization of the domain-final L tone is constrained by both
phonology and phonetics. The L emerges as M when the prosodic word is said in
question intonation. This is not to say that we are dealing with two tones. Phono-
logically, the neutral tone at the end of the prosodic word is aligned with L, which
is realized as M at the end of the intonation phrase in question intonation due
to the effect of boundary tone. The FO scaling of the L is constrained in other
ways too. The location of the FO peak in the preceding tone and the length of the
prosodic word are both relevant. In shorter sequences like SN1 or SN1IN2, the FO
contour does not have enough duration to reach the L tone, especially when the
FO peak is delayed, but in the longer strings like SN1IN2N3, the FO almost invari-
ably converges to the L tone at the end of the prosodic word. In our study, the
length of a prosodic word varies with the number of neutral-tone syllables.

Neutral-tone syllables provide a tonal context which facilitates peak delay.
The FO peak in T2 routinely appears in N1 or even N2 in longer sequences. Com-
pared with the T2-T3 setup used in Xu (2001) to study peak delay in T2, more
peak delay is happening when T2 is followed by neutral-tone syllables. In the
T2NIN2 and T2NIN2N3 sequences, N1 in the former and N1IN2 in the latter are
not associated with any tones. Their respective “tonelessness” allows a little more
space for the FO peak in T2 to encroach further into the following syllables thanks
to its articulatory dynamics. In the T2-T3 context, the L tone in T3 would prevent
the FO peak from going too much into the following syllable in T3. A crucial point
to make here is preservation of tonal contrast (Li 2003a). A late FO peak into the
syllable rime would create a high falling FO contour in the syllable, which could
potentially cause confusion with T4. Here is an example in which constraints on
tonal contrast operate to restrict the placement of FO targets.

Peak delay also happens when T3 is followed by two or three neutral-tone syl-
lables. The FO peak appears in the neutral-tone syllable immediately following T3
due to the H tone either in the phonological representation of T3 or created in
the phonological process. L in T3 and H in the immediately following neutral-
tone syllable create a rising FO. In the T3NIN2 and T3N1N2N3 sequences, the
FO peak mostly occurs in N2 and N3. The number of neutral-tone syllables is a
strong indicator in predicting where the FO peak is aligned.
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Neutral tone presents an interesting case study which allows us to take a closer
look at the mapping from phonology to phonetics. It seems reasonable to assume
that phonological and phonetic constraints play an important role in the mapping
process, which, in our case, manifests itself in how the tonal target of neutral tone
is defined and realized as a function of the prosodic structure, and how it interacts
with the FO peak alignment within the prosodic word.

Abbreviations

ANOVA analysis of variance PAR sentence-final particle
BI break index PD,pd peak delay

DR duration ratio PRC the People’s Republic of China
FO fundamental frequency PW prosodic word

H high S full syllable

IF initial and final Spk speaker

L low ST stress index

LMM  linear mixed model syl syllable

M mid T tone

N neutral tone
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