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Our understanding of tone can be significantly improved if we take the con-
straints of speech production and perception seriously. In particular, the maximum
speed of pitch change and the coordination of laryngeal and supralaryngeal move-
ments impose certain impassable limits on the way lexical tones are produced. At
the same time, although the human perceptual system is highly proficient in
processing fast-changing acoustic events as well as resolving distortions due to
articulatory constraints, there are limits as to how much undershoot can be
perceptually reversed. The understanding of these constraints has led to the Target
Approximation model of tone production. The model simulates the generation of
F, contours as a process of asymptotically approximating underlying pitch targets
that are associated with individual tones via language-specific rules. The applica-
tion of the Target Approximation model helps the understanding of various tone-
related issues by providing explicit criteria for distinguishing between tonal varia-
tions due to articulatory implementation and those due to alternation of the tonal
targets. In light of the Target Approximation model, new insights are offered
regarding the nature and distribution of contour tones, distinction between different
kinds of sandhi-like tone phenomena, and the target and manner of implementation
of the neutral tone.
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1. Introduction

While few would doubt that there are physical limits to our speech production sys-
tem, the act of speaking usually feels so effortless that it is often tempting to believe
that in most cases we are safely away from those limits when speaking, and for that
matter when producing tones. Assuming that this intuition actually reflects reality,
various phonological processes related to tones should then have little to do with
articulatory limitations and are probably related more to perception than to production.
Over the years, however, a number of phonetic studies have shown that tone production
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is subject to certain articulatory constraints (Abramson 1979, Gandour, Potisuk, &
Dechongkit 1994, Lin & Yan 1991, Shih & Sproat 1992, Xu 1994). Nevertheless, the
role of articulatory constraints is in general still considered to be rather limited as far as
tone is concerned. And in tonal phonology there does not seem to be a strong need for
treating articulatory constraints as part of the phonological process. In this paper I
would like to show that recent advances in experimental phonetics are starting to com-
pel us to take articulatory constraints more seriously than before. In particular, I shall
show that the maximum speed of pitch change is slower than has been thought before,
and that in tone production speakers often have to get very close to this limit (Xu & Sun
2002). I shall also show that an additional—probably equally strong—constraint on
tone production comes from the coordination of laryngeal and supralaryngeal move-
ments (Xu & Wang 2001). Furthermore, I shall show that human perception is actually
quite good at handling very fast acoustic events in the speech signals, probably better
than previously thought (Janse 2003, Lee 2001). Based on new empirical data, I shall
argue that many observed tonal patterns are more closely related to articulatory limits
than we had thought before. I shall further demonstrate how the new findings can be
incorporated into the Target Approximation model of Fy contour generation (Xu &
Wang 2001). When applied to a number of tonal phenomena, this model may help us
gain new insights into their underlying mechanisms.

2. Articulatory constraints

When considering articulatory constraints, what first come to mind are likely static
limits such as the highest and lowest pitch values, the highest and lowest jaw positions,
etc. Indeed, some of these limits are probably seldom approached in speech, such as the
lowest jaw position and the highest pitch. Other static limits, on the other hand, are
probably quite often approached, such as the highest jaw position and the lowest pitch.
Beside these static limits, however, there are also dynamic limits inherent to the
articulatory system that are probably just as important, but have not yet received much
attention. In the following I shall consider recent findings about some of the dynamic
limits. In particular, I shall discuss the maximum speed of pitch change and the
coordination of laryngeal and supralaryngeal movements. I shall also very briefly dis-
cuss the maximum speed of other articulatory movements for which new data are just
being collected.
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2.1 Maximum speed of pitch change

The maximum speed of pitch change has been investigated before (Ohala & Ewan
1973, Sundberg 1979). However, data reported in those studies have often been
misunderstood, presumably because of the special form of the data obtained. In order to
assess the maximum speed of pitch change in a form that is more directly usable for
speech research, we recently did a study revisiting this issue (Xu & Sun 2002). In that
study we asked 36 speakers of Mandarin and English to imitate very fast sequences of
resynthesized model pitch alternation patterns such as HLHLH or LHLHL, where the H
and L differ in pitch by 4, 7, or 12 semitones (1 semitone = 1/12 octave), and the dura-
tion of each HL or LH cycle is either 250 or 166.7 ms. Figure 1 shows the waveform
and pitch tracking of one of the model pitch alternation patterns used in the experiment.
Note that the pitch shifts are nearly instantaneous; although, due to the window size
used in implementing the pitch shifts and the smoothing algorithm in F, tracking in
Praat (www.praat.org), each shift appears to be completed in about 10-20 ms.
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Figure 1: One of the model pitch alternation patterns used in Xu & Sun (2002). The pattern
is HLHLH with a pitch range of 12 semitones (1 octave) and a HL cycle duration of 166.7
ms (6 cycles per second).

Figure 2 shows the F; track of an actual pitch alternation pattern produced by one
of the subjects in Xu & Sun (2002), and an illustration of the measurements used for
assessing the maximum speed of pitch change. An immediately apparent characteristic
of this pitch pattern is that there are no static high and low regions as in the model pitch
alternation patterns. Instead, the transitions all seem gradual and continuous and only
peaks and valleys can be seen where H and L are supposed to be. To assess the maxi-
mum speed of pitch change, we measured the time interval between adjacent upper and
lower turning points as well as the pitch difference between the adjacent turning points.
In addition, we also computed the speed of pitch rises and falls by dividing the magni-
tude of each pitch shift by the time interval between the adjacent turning points.
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Figure 2: Illustration of measurement of rise and fall excursion time, rise and fall
“response time”, and turn-point-to-m in a HLHLH trial spoken with /malamalama/ in Xu
& Sun (2002). See original paper for more detailed explanations.

Our analyses of the measurements revealed several interesting results. First, the
maximum speed of pitch change varied quite linearly with the size of the pitch change:
the larger the size, the faster the maximum speed. The relations of maximum speed of
pitch rises and falls as a function of pitch change size are represented by the linear
equations (1) and (2), respectively,

(1)s=10.8+5.6d
(2)s=89+62d

where s is the average maximum speed of pitch change in semitones per second (st/s),
and d is the size of pitch shift in semitone. The importance of these relations is that
when considering the speed of pitch change, it is critical to take the magnitude of the
change into consideration.

The second result of interest in Xu & Sun (2002) is that the minimum time it takes
to complete a pitch change is also related to the magnitude of the change, although the
correlation is lower than that between the speed and size of the pitch change. The
relations of minimum time of pitch rises and falls as functions of pitch change size are
represented by the linear equations in (3) and (4), respectively,

(3)t=89.6+8.7d
4)t=100.4+58d

where ¢ is the amount of time (ms) it takes to complete the pitch shift, and d is the size
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of pitch shift in semitone. The slopes of 8.7 ms/st and 5.8 ms/st mean that the minimum
amount of time needed for a pitch change increases rather moderately with the size of
pitch change. This agrees with the findings of Ohala & Ewan (1973) and Sundberg
(1979). Though not new, this fact has often being overlooked by researchers when
considering possible contributions of the maximum speed of pitch change to observed
Fy patterns in speech (e.g., Caspers & van Heuvan 1993, 't Hart et al. 1990, as discussed
in detail in Xu & Sun 2002).

The third result of Xu & Sun (2002) is that, compared to the maximum speed of
pitch change obtained in the study, the speed of pitch change in real speech as reported
in previous studies were similar in many cases. For example, with equations (1) and (2)
it can be computed that when the pitch shift size is 6 st, the average maximum speed of
pitch rise is 44.4 st/s and that of pitch fall is 46.1 st/s. This is comparable to the 50 st/s
at 6 st as reported by 't Hart et al. (1990). Also, the fastest speed of pitch change
reported by Caspers & van Heuven (1993) was comparable to the maximum speed of
pitch change at similar pitch shift intervals as computed with equations (1) and (2). The
maximum speed of pitch change reported by Xu & Sun (2002) also matched the speed
of pitch change in the dynamic tones (R and F) in Mandarin as recorded in Xu (1999)
(but not in the static tones, i.e., H and L). For English, 't Hart et al. (1990) report that
full-size rises and falls can span an octave and the rate of change can reach 75 st/s. This
is comparable to the maximum mean excursion speed of 78 st/s and 83 st/s for 12-st
rises and falls computed with (1) and (2). These comparisons indicate that on many
occasions, the fastest speed of pitch change is indeed approached in speech.

The fourth result of Xu & Sun (2002) relevant to this paper is that, in terms of the
maximum speed of pitch change, there are no overall differences between native speak-
ers of American English and native speakers of Mandarin Chinese. This was true with
data from 16 English speakers and 20 Chinese speakers. It indicates that, as different as
English and Chinese can be in terms of their linguistic uses of F, contours, being native
speakers of either language did not result in significant physiological differences as far
as the speed of pitch movement is concerned. So, unless there are new data showing
clear evidence to indicate otherwise, we can assume that the maximum speed of pitch
change obtained in Xu & Sun (2002) is applicable to languages in general. On the other
hand, however, we did find differences across individuals in both Mandarin and English
subjects. For example, the standard deviation for the maximum speed of raising pitch by
12 st is 14.2 st/s and that of lowering pitch by the same amount is 15.8 st/s (cf. Table V
in Xu & Sun 2002). So, although the discussion in this paper will mostly refer to the
average maximum speed of pitch change, one should keep in mind that individual
speakers are either faster or slower than the averages.

Coming back to the example shown in Figure 2, it is now apparent why no pitch
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plateaux are formed when the speaker tries to imitate the model pitch alternation
patterns consisting of static H and L. It is because those patterns are much faster than
the maximum speed of pitch change the speaker can produce. Even the fastest subject in
our experiment took 91 ms to complete a 4 st pitch rise (Table V, Xu & Sun 2002),
longer than the 166.7/2 = 83 ms in the model pitch alternation pattern. What this means
is that when a speaker tries to complete a pitch change in a time interval shorter or equal
to the physically allowed minimum time, the Fy contour is inevitably continuous and
free of consistent steady states.

With data provided by equations (1-4), we can conveniently examine real speech
data to see whether and when the maximum speed of pitch change is approached and
how much of the observed pitch variations may be attributed to this constraint. For
example, in recent studies on contextual tonal variations in Mandarin (Xu 1997, 1999),
it was found that the F, contour of a tone varies closely with the offset F, of the
preceding tone. H (High) in Mandarin, for instance, is found to be produced with an
apparently rising contour when following L (Low), as shown in Figure 3. Likewise, L is
produced with an apparently falling contour when preceded by H. Equations (3) and (4)
provide a first-order account for the observed F, contours. According to (3) and (4), if
the pitch range for a tone is 6 semitone, it would take an average speaker at least 142 ms
to complete a pitch rise and 135 ms to complete a pitch fall. This means that in a
syllable with an average duration of 180-186 ms (Xu 1997, 1999), the greater half of the
Fy contour would have to be used for completing the pitch movement from L to H or
from H to L, even if the maximum speed of pitch change is used. The long transitions
observed in H L and L H and other tone sequences in Xu (1997, 1999), as seen in
Figure 3, therefore should mostly be attributed to the constraint of maximum speed of
pitch change.
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Figure 3: Effects of preceding tone on the F, contour of the following tone in Mandarin. In
each panel, the tone of the second syllable is held constant, while the tone of the first
syllable is either H, R, L, or F. The vertical lines indicate the onsets of syllable-initial
nasals. Each curve is a (segment-by-segment) time-normalized average of 192 tokens
produced by eight speakers. (Adapted from Xu 1997)

2.2 Coordination of laryngeal and supralaryngeal movements

As is widely known, in many tone languages of East Asia and Africa, there is
lexically a one-to-one association between tone and syllable, i.e., each monosyllabic
word or morpheme is associated with a tone. Despite this lexical association, however,
conceptually the two do not have to be perfectly aligned with each other. E.g., for
Mandarin some phonetic/phonological accounts have in fact suggested various micro-
adjustment schemes for tone-syllable alignment (Howie 1974, Lin 1995, Rose 1988,
Shih 1988). Furthermore, as the previous discussion of maximum speed of pitch change
indicates, sometimes it is actually quite hard to implement a tone. In a tone sequence
such as LH, HL, LF, and HR, it is imaginable that speakers would want to readjust the
micro-alignment of a tone to make the transition between two adjacent tones easier. As
found in Xu (1999), however, speakers do not seem to do that. Figure 4 shows the mean
Fo curves of the tone sequences HxFHH, where x stands for any of the four Mandarin
tones (H, R, L, or F), averaged across five repetitions produced by four male speakers.
The sentences in Figure 4(a) carry no narrow focus, while those in Figure 4(b) carry a
narrow focus on the third syllable. One of the most striking things about the F, contours
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of F in Figure 4 is that, regardless of the tone of the second syllable, the Fy contour
corresponding to F in the third syllable always starts to climb sharply right after the
syllable onset. The slope of the climb differs depending on the ending F, of the tone in
syllable 2. It is the steepest after L and the shallowest after H. This difference in slope,
however, does not seem to be enough to fully compensate for the differences among the
four tones in syllable 2 in terms of their offset Fy. As a result, the peak Fy of F is much
lower after L than after H. In fact, in Figure 4(a) at least, the height of the peak Fy of F
seems proportional to the offset Fy of syllable 2. The fact that Fy goes up even after H
(in syllable 2), which has the highest offset Fy, suggests that the initial pitch targeted for
F is quite high. This means that the peak F, of F after L (and in fact after R and F as
well) is a clear compromise, or undershoot. Assuming that such a compromise is not
really desirable, for which I shall show some evidence later in 3.1, it is conceivable that
speakers could have readjusted the tone-syllable alignment so that F would have more
time to attain its target.' Such a readjustment would make sense especially when F is
under focus and the preceding tone thus would be less important and its time slot
vulnerable to encroachment by the surrounding tones. The fact that no such alignment
readjustment seems to have occurred, as seen in Figure 4(b), suggests that there must be
some kind of strong constraint that has prevented the readjustment from happening.”
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Figure 4: Mandarin tone F following four different tones. (a): no narrow focus in the
sentence; (b): focus on the F-carrying syllable. Each curve is an average of 20 tokens
produced by four male speakers (five repetitions per speaker). (Data from Xu 1999)

Here and throughout the paper, a target refers to an intended goal rather than an actually
realized value such as a peak or valley, as is typically used in the intonation literature; e.g., in
Pierrehumbert 1980.

It is reported by Atterer & Ladd (2004) that in English, Greek, Northern German, and Southern
German, F, rises have variant onset times relative to the syllable onset. These variations,
however, are not described by the authors as triggered by specific tonal contexts. So, while
certainly worth further investigation, their data do not seem to constitute evidence that
individual speakers can micro-adjust target-syllable alignment according to specific tonal con-
texts or in reaction to changed time pressure for laryngeal movements.
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This constraint, I would like to suggest, probably stems from the fact that tone
articulation and syllable articulation are concurrent movements controlled by a single
central nervous system. To carry out any concurrent movements, as found by studies on
limb movements, performers have very few choices in terms of the phase relation
between the movements (Kelso et al. 1981, Kelso 1984, Schmidt, Carello & Turvey
1990). At relatively low speed, the phase angle between two movements has to be either
180° i.e., starting one movement as the other is half way through its cycle, or 0° i.e.,
starting and ending the two movements simultaneously. At high speed, however, only
the 0° phase angle is possible. The average speaking rate of a normal speaker is about
5-7 syllables per second. This means that the average syllable duration is about 143-200
ms. According to equations (3) and (4), at the fastest speed of pitch change of an
average speaker, it takes 124 ms to complete a 4-st rise or fall, and about 107 ms to
complete a 2-st rise and 112 ms to complete a 2-st fall. This means that, as far as pitch
movement is concerned, things are going almost as fast as possible. This would make it
very difficult for the speaker to maintain a 180° phase angle between pitch movement
and the syllable, assuming that the syllable functions as a cyclic coordinate structure
under which both supralaryngeal and laryngeal units are organized. Other odd phase
angles would be even less likely based on the findings of Kelso et al. (1981), Kelso
(1984), and Schmidt et al. (1990). Therefore, the only likely choice left to the speaker is
to maintain a constant 0° phase angle between pitch movement and the syllable, i.e.,
keeping them fully synchronized.

2.3 Maximum speed of other articulatory movements

The recognition of articulatory limits on the maximum speed of pitch change natu-
rally raises questions about whether there are limits on the maximum speed of move-
ments for other articulators such as the lips, the tongue, the jaw, the velum, etc. We are
currently conducting a study to investigate the speed of repetitive movements that are
used in speech, involving the lips, the tongue, and the jaw (Xu et al. in progress). Sub-
jects are asked to do two different tasks. In the non-speech task, similar to what we did
in Xu & Sun (2002), we ask the subjects to imitate model syllable sequences such as
/bababababa/, /mamamamama/, and /wawawawawa/ that are naturally produced but
then resynthesized with rate increased to 9 syllables per second. In the speech condition,
subjects were asked to read aloud sentences containing CVC strings such as /bab/,
/mam/, and /waw/, both at the normal rate and as fast as possible but without slurring.
Preliminary analyses of data from three subjects show that the minimum syllable dura-
tion is very similar in the speech and non-speech tasks: ranging from 110 to 140 ms.

A syllable cycle consists of two phases—onset and offset—corresponding to lip
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closing and opening or tongue raising and lowering. In other words, they correspond to
C and V, respectively. If the minimum syllable duration is 120-130, each C or V phase
may take about half of the syllable cycle, i.e., 65-70 ms. (We are also taking separate
measurement of the onset and offset phases. But the analysis is still underway.) In pitch
movement, as indicated by equations (3) and (4), each movement in one direction takes
at least 124 ms if the magnitude of movement is 4 semitones. This is twice as long as a
C phase or a V phase, but roughly as long as the shortest symmetrical syllable, e.g., bab,
mam, etc. (Asymmetrical syllables could be even shorter, since there is less direct
conflict in the same articulator). This observation, pending further confirmation when
data collection is completed, provides part of the basis for the phase relation schematic
to be discussed later in 4.1.

3. Perceptual processing of tonal variations due to articulatory con-
straints

There have been many studies on the perception of pitch, pitch glide, and tone.
Studies that look into the human perceptual limit on pitch processing often tend to find
the human perception system quite sensitive and accurate about pitch events (Klatt
1973). However, some studies reported lower sensitivity to pitch difference and pitch
change (Greenberg & Zee 1979, Harris & Umeda 1987, 't Hart 1981). These studies,
however, often use non-speech tasks such as judging whether the pitch of two stimulus
sentences are the same, or whether the magnitude of pitch change rate is the same ('t
Hart 1981), or judging the contouricity of a pitch pattern (Greenberg & Zee 1979). In
regard to tone perception, what we should be concerned with is how effectively a tone
can be identified. In particular, we want to know the limit beyond which the perception
system is no longer able to factor out variations due to the articulatory constraints such
as those discussed earlier. In the following, I shall discuss three studies that show that
the human perceptual system is actually quite remarkable in its ability to handle con-
straint-caused variations. At the same time, however, there seem to be limits beyond
which the variations can no longer be handled effectively by the perceptual system.

3.1 Perception of tones with undershoot

In tone languages, lexical tones function to distinguish words that are otherwise
phonologically identical. Because of this, there is presumably pressure for them to
remain distinct from each other as much as possible when being produced in speech.
However, as discussed earlier, the two types of articulatory constraints—maximum
speed of pitch change and coordination of laryngeal and supralaryngeal movements—
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introduce substantial variability into the surface form of the tones. At times, the varia-
tions are so extensive that one tone may appear to resemble a different tone. When this
happens, questions may arise as to whether the tone has actually changed its identity. A
case in point is R in Mandarin. According to Chao (1968), in fluent speech, this tone
may change into H when it is in a three-syllable word in which the tone of the first
syllable is H or R. For example,

[tsh(')g joupip] (HRL) » [tshélj joupip] (HHL) ‘green onion pancake’

This description of the tonal variation implies that the identity of R is changed in
this environment, which means that listeners should hear the tone of [jou] as identical to
H. To see if R has indeed become indistinct from H in this case, a study was done to
investigate both the acoustics and perception of R in this kind of tonal environment (Xu
1994). In the study Fy contours of R produced in different tonal contexts were first
examined. It was found that in HR L: [ ) ], referred to as a “conflicting”
condition, the contour of R indeed became flattened: [ — _ ], as opposed to that in L
RH:[_/ - ] where the contour remained rising: [/ B ]. When presented to
listeners for identification with the surrounding tones removed, R was heard most of the
time as H if it had originally been in H R L, but as R when it had been originally in L R
H. When the tonal context was kept intact, but the lexical identity of the original words
were neutralized by replacing the initial consonant of the first and/or the last syllable,
listeners were able to correctly identify R most of the time. This demonstrates that the
perceptual system is largely able to factor out the effect of tonal context when identifying
a tone that deviates from its canonical form due to tonal context.

The perceptual experiments in Xu (1994) also yielded another interesting result.
When the tonal contexts were kept intact, although the identification rates were high for
all tonal contexts, there was a significant difference between contexts which caused
extensive distortion in the tone of the middle syllable, suchasin HRL: [/ ], and
those that did not cause much distortion, such as in L R H: [ _ / B ]. Tones that had
undergone extensive distortions had significantly lower identification rate (88%) than
tones with minimal distortion (96%). The fact that articulatory constraints did take a toll
on the perception of R in the case of H R L and the like indicates that there is a perceptual
limit as to how much of the contextual effect can be successfully factored out.

The recognition of the limit on perceptually resolving contextual variations is
important. The existence of this limit means that there is an actual perceptual pressure
for reducing contextual distortion of the tonal contours to a minimum. Relating this to
the earlier discussion of articulatory constraints, we can see that tonal variations due to
articulatory constraints such as maximum speed of pitch change and coordination of
laryngeal and supralaryngeal movements are not really perceptually desirable, but
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rather articulatorily unavoidable. In other words, speakers probably did not intend to
produce the variant forms of the affected tones: they simply could not avoid producing
them. Similar evidence has been found in segmental production (cf. 3.3).

3.2 Perception of initial fragments of tones

The findings of Xu (1994) demonstrate the importance of the information provided
by the tonal context for the recognition of tones that have deviated extensively from
their canonical forms due to the limit of maximum speed of pitch change. The
importance and the usefulness of this information is further demonstrated by a recent
study on the online perceptual processing of tone. Lee (2001) did a gating experiment in
which subjects listened to fragments (in 20 ms increments) of a target syllable in
Mandarin, which is the last syllable embedded in a carrier sentence “zhege zi shi _ ”
[This character is __ ]. What he found was that listeners could correctly recognize a
Mandarin tone well before the entire F, contour of the tone was heard. Figure 5 is a
schematic representation of the findings of this gating experiment. The time locations
indicated by the arrows in Figure 5 are taken from Lee (2001), but the F, contours are
adapted from Xu (1997). The first syllable in the graph carries F, which is similar to the
tone of the syllable (shi) before the target syllable in Lee’s experiment. Among the main
findings of the experiment are (a) most subjects are able to correctly identify whether
the tone of the target syllable bears a high- or low-onset tone (H, F vs. R, L) with 20-40
ms of Fy input from the target syllable (lower right arrow); (b) in cases where tones
have potentially similar onset pitch—H vs. F, R vs. L, subjects can correctly identify
them about 70 ms after the voice onset, as indicated by the upper arrow; and (c) when
the onset of the target is a sonorant (m, n, 1), tones can be identified even before any
portion of the vowel is heard (lower left arrow).

[ \4

Tones with similar
onsets recognized

FO (Hz)

Tones with  sonorant Tones with voiceless
C recognized C recognized

Figure 5: Schematic representation of the findings of Lee (2001). The tonal contours are
adapted from Xu (1997). The arrows point to the moments when tones start to be correctly
perceived.

768



Understanding Tone from the Perspective of Production and Perception

Lee’s (2001) findings would seem puzzling were we literally to believe that tones
are carried only by vowel or syllable rime. It would also be puzzling were we to believe
that the entire Fy contour is needed for the perceptual recognition of a tone. However,
Lee’s findings would make sense if we assume that listeners are constantly looking for
information that can eliminate competing candidates. As can be seen in Figure 5, by the
time of the lower left arrow, the Fy curves corresponding to all four tones become sepa-
rate, or “unique,” provided that the preceding tonal context is known. Of course, Lee’s
(2001) findings should not be interpreted as suggesting that the Fy contour carried by
the later portion of the syllable is irrelevant. Rather, assuming that the underlying pitch
target associated with a tone is synchronously implemented with the syllable, what
Lee’s subjects heard before the vowel, or in the 20 ms worth of the vowel when the ini-
tial C was an obstruent, were transitions from the end of the previous tone to the pitch
target of the present tone. In other words, the differences in contours corresponding to
the later portion of the syllable are determined by the underlying tonal target, and these
give rise to the differences in the initial transitions. Listeners seem to know this, be-
cause they make surprisingly effective use of this information as is clearly demonstrated
by Lee’s (2001) data.

3.3 Perception of human-produced fast speech and time-compressed
resynthesized speech

What Xu (1994) and Lee (2001) have demonstrated is listeners’ remarkable ability
to make full use of the tonal information not only from F, contours that closely resem-
ble the underlying tonal targets, but also from F transitions toward those targets. If we
contrast this ability with what is found by Janse (2003), we can see an even clearer pic-
ture of the characteristics of the human speech perception system. Janse (2003) reports
a series of experiments in which she examined Dutch speakers’ ability to speed up
speech and Dutch listeners’ ability to understand natural fast speech as well as com-
puter-speeded up normal speech. She found that when speakers tried to speak as fast as
possible, they speeded up from a normal rate of 6.7 syll./sec to only about 10 syll./sec.
That is, they could not even double their normal articulation rate. At the same time,
however, the intelligibility of such natural fast speech was much reduced. In contrast,
when normal speech was linearly speeded up through computer resynthesis (using the
PSOLA algorithm) to almost three times the original rate, intelligibility remained very
high. These findings indicate that the human perceptual system is highly capable of
processing very rapidly changing acoustic events, as in the computer-speeded-up speech.
On the other hand, human perception is apparently less able to handle excessive un-
dershoot presumably due to the maximum speed of various articulators, as in the
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“slurred” natural fast speech produced by the Dutch speakers in Janse (2003) as well as
in the flattened tones produced (at normal speaking rate) by Mandarin speakers in Xu
(1994).

4. The target approximation model of tonal contour formation

What the foregoing discussion has demonstrated is that there are different forces
working from different directions and interacting with each other during tone produc-
tion. Following Xu (2001a), these forces can be divided into two major categories—
voluntary and involuntary. Voluntary forces originate from communicative demands,
while involuntary forces originate from articulatory constraints. Communicative de-
mands correspond to linguistic and paralinguistic information that needs to be conveyed
during speech communication. In tone languages, tones serve to distinguish words or to
indicate certain syntactic functions. The conveyance of their identities to the listener is
thus part of the communicative demands. Tonal identities are presumably represented
by their canonical/underlying forms. To realize these forms, speakers employ their
articulators which, as a part of a physical system, have various inherent limitations.
These limitations constitute involuntary forces that are orthogonal to the voluntary
forces. The interaction between the voluntary and involuntary forces could bring about
robust variations in the F, contours of tones, as discussed in the previous sections. It is
of course not the case that no one is aware of this interaction. It is just that until the re-
cent study on the maximum speed of pitch change (Xu & Sun 2002), the general
consensus had been that speakers are usually so far away from any potential physical
limits that there is no need to always keep them in mind when trying to understand ob-
served tonal contours. The finding that it often takes almost the entire duration of a
syllable to complete a pitch shift the size of only a few semitones compels us to take
physical limits really seriously. The recognition of the interaction between voluntary
and involuntary forces also makes it possible to model F, contour generation more natu-
rally and more accurately. In the following discussion, I shall briefly sketch the Target
Approximation model that is based on the new understanding of the interaction between
voluntary and involuntary forces. The model was first outlined in Xu & Wang (1997,
2001). A quantitative implementation of it was attempted in Xu, Xu, & Luo (1999).

770



Understanding Tone from the Perspective of Production and Perception

4.1 The model

Onset Fp — determined by: Tone: H

___— default neutral value, or
preceding pitch target

Pitch target: [low]

time ——>

Figure 6: A schematic sketch of the Target Approximation model. The vertical lines
represent syllable boundaries. The dashed lines represent underlying pitch targets. The
thick curve represents the Fy contour that results from articulatory implementation of the
pitch targets.

The basic operation of the model is schematically sketched in Figure 6. At the core
of the model is the assumption that phonological tone categories are not directly
mapped onto surface phonetic patterns; rather, each tone is associated with an ideal
pitch target (or sometimes more than one, cf. discussion in 5.2) that is articulatorily
operable. Each pitch target has a simple form such as [high], [low], [mid], [rise], or
[fall]. The process of realizing each tone is to approximate articulatorily the shape of its
associated pitch target. The implementation is done, however, under various articulatory
constraints. The first is the coordination of laryngeal and supralaryngeal movements
discussed in 2.2, which requires that the implementation of the tone and the syllable
(which may consist of various C and V combinations) be fully in phase. Figure 7 shows
schematics of this phase relation in a sequence of two CV syllables carrying a tone
series of H L. Figure 7(a) shows the sequence said at a fast rate. As discussed in 2.3,
articulatory movements associated with C and V are likely to be quite fast. It is there-
fore possible to fit the C and V cycles consecutively in a syllable cycle even at a fast
rate (as indicated by the dotted curve on the bottom in Figure 7), which still satisfies the
synchronization requirement. At a slower rate, V is often longer than C (as shown in
Figure 7(b)). Nevertheless, the two are still implemented sequentially within the
syllable cycle. Note that the depiction of the temporal relations between C and V in
Figure 7 does not include their overlap with one another, which has been demonstrated
in many studies (Fowler 1984, Fowler & Smith 1986, for example). There has been evi-
dence, however, that if the adjacent CV involves the same articulator, they are actually
executed sequentially with no overlap (Bell-Berti 1993, Xu & Liu 2002, Liu & Xu
2003). In cases where different articulators are involved, there has also been evidence
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that the overlap is “time-locked” and the sequential order is maintained (Bell-Berti &
Harris 1982, Bell-Berti 1993).

The fitting of tones into this phase relation needs some explaining. It has been ar-
gued that only vowels or rhymes are tone-bearing units (Howie 1974, Lin 1995). How-
ever, when C is voiceless, during which the vocal folds are not vibrating, the laryngeal
muscles that control pitch movements do not have to be deactivated. And according to
Mandarin data from Xu (1997, 1998, 1999) and Xu, Xu, & Sun (2002), as will be dis-
cussed in 5.1.2 in greater detail, their activities continue during C whether or not there
is voicing. In other words, the tonal target is synchronously implemented with the sylla-
ble with no special adjustment for any variation in the syllable-internal CV phase rela-
tions. The phase relation depicted in Figure 7 therefore shows that tone cycles simply
coincide with syllable cycles.

(a) (b)

— Syllable - ——Tone  ----- Segment — Syllable - ——Tone  ----- C — -V

Syllable phase angle (°) Syllable phase angle (°)
Figure 7: Schematics of synchronized phase relation among syllable, tone, consonant (C),
and vowel (V): (a) fast rate, (b) slower rate.

A synchronized phase relation means that the approximation of a target does not
start until its cycle begins. In other words, as suggested by Figure 7, the first segment of
the syllable and the tone associated with the syllable both start their movement toward
their respective targets at phase angle 0°. Synchronization also means that the
implementation of the pitch target as well as that of the last segment of the syllable ends
at phase angle 360° or 720°, where the syllable ends. Because every articulatory move-
ment takes time, depending on the allotted time interval by the synchronized phase rela-
tion, each target may or may not be fully attained by the end of its cycle. As a result,
various scenarios may occur:

1. There is plenty of time for a target, e.g., when a monophthong vowel is well over 100
ms long, or a static tone is well over 200 ms long—The target value would be
attained before the end of its allotted time; and a pseudo steady state at that value
might be achieved in the case of static tone or vowel. An illustration of this scenario
is shown in Figure 8(a).
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2. A target is given just enough time, e.g., when a monophthong vowel is 75 ms long,
or a static tone is 150 ms long—Within the allotted time interval, the movement
toward the target would proceed continuously, and the target value would not be
achieved until the end of its allotted time interval. An illustration of this scenario is
shown in Figure 8(b).

3. A target is given insufficient amount of time, e.g., a vowel is much less than 75 ms
long, or a static tone is much less than 150 ms long—Within the allotted time
interval, again the movement toward the target would proceed continuously; but the
target would not be approached even by the end of its allotted time interval. By the
time its cycle ends, however, the implementation of the target has to terminate and
the implementation of the next target has to start, as is illustrated in Figure 8(c).

(a)

Time

(b)

Tirme

(©

Time

Figure 8: Degrees of attaining the targets in a [high] [low] [high] [low] sequence, given
different amount of allotted time. (a) Excessive time: full target attainment with sustained
pseudo steady state. (b) Just sufficient time: virtually full target attainment but without
steady state. (c¢) Insufficient time: incomplete target attainment.

As will be discussed later, all these scenarios seem to occur quite frequently in
speech in any given language. In addition to the coordination and speed constraints,
Figure 8 also illustrates a more subtle constraint, i.e., due to inertia it takes time for an
articulatory movement to accelerate to full speed. For example, the Fy drop from the
initial high Fy in syllable 2 and the rise from the initial low F, in syllable 3 both take
some time to accelerate to full speed, resulting in a convex-up shape in the early portion
of syllable 2 and a concave-down shape in the early portion of syllable 3.
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4.2 Types of pitch targets

There is no requirement in the Target Approximation model that all pitch targets
be static and mono-valued, such as [high], [low], or [mid]. For some tones, we have
noted that static targets cannot produce pitch contours similar to the observed ones.
There also seem to be targets that are dynamic, such as [rise] and [fall] (Xu 1998,
2001b). For a dynamic target, the movement itself is the goal. A dynamic [rise] and its
implementation are illustrated in Figure 9 together with a static [low]. The slanting
dashed line in syllable 1 represents the target [rise] associated with, say, R in Mandarin.
The level dashed line in syllable 2 represents the target [low] associated with, say,
Mandarin L. The solid curve represents the F, contour resulting from implementing the
pitch targets under articulatory constraints. Note that the slanting line is not drawn to be
aligned with the entire syllable 1. This is because the target is only associated with the
syllable and the synchronization demand I have been talking about is not for the
alignment of the underlying targets themselves. What has to be synchronized is only the
articulatory implementation of the target. Note also that the approximation of [rise]
results in a fast rising movement at the end of syllable 1. Although the implementation
of [low] in the second syllable starts at the syllable onset, the deceleration of the rising
movement and acceleration toward the low Fy both take some time. As a consequence,
an F, peak occurs in the initial portion of syllable 2. In this model, therefore, this
seeming delay of the Fy peak often seen in connection with R (Xu 1997, 1998, 1999)
results directly from implementing a [rise] when followed by a [low] or another target
also with a low onset. No underlying delay of the tone relative to the syllable needs to
be assumed.

Onset Fg — determined by: Turning point
__— default neutral value, or / (delayed due to inertia)
a preceding pitch target

A Pitch target: [low]
time ——>

Figure 9: Dynamic and static targets and their implementation. The vertical lines represent
syllable boundaries. The dashed lines represent underlying pitch targets. The thick curve
represents the F, contour that results from asymptotic approximation of the pitch targets.
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Besides the simple pitch targets discussed so far there can also be other more
complicated targets. And it is also possible to assign two pitch targets to a tone and even
two tones to a syllable. But each target type needs to be independently justified, and it
needs to be shown that its implementation is articulatorily possible. One possible
candidate of a tone having two pitch targets is the Beijing Mandarin L uttered in
isolation or in a pre-pausal position. An isolated or pre-pausal syllable is often long
enough to allow for the implementation of two targets, and the F, contour of a long L
seems to suggest that there is probably either a static [mid] or [mid-high] or a dynamic
[rise] following the early [low]. No acoustic investigation that I am aware of has been
designed to address this possibility, however. It thus awaits future research to determine
the pitch target composition of the long L in Mandarin.

5. Implications

It could be argued that the Target Approximation model just sketched is too
simplistic, because it seems to attempt to attribute almost everything to phonetics,
ignoring the fact that many complicated tonal phenomena are language specific, and
thus cannot be reduced to only a few physical factors. What I shall show in the rest of
the paper is that to understand tones, language specific factors undoubtedly need to be
considered. But they need to be considered along with the physical factors that I have
been discussing. And, as I shall show, many tonal phenomena are better understood as
resulting from the speaker’s effort to implement simple pitch targets, whose association
with lexical tones is language-specific, under various articulatory constraints that are
universal.

5.1 The nature and distribution of contour tones

Many tone languages are known to have contours tones. But the nature of contour
tones is far from clear. Both the underlying forms of contour tones and the conditions
under which contour tones can occur are still being vigorously investigated. In the
following I shall try to apply the Target Approximation model to the case of contour
tones and see if it can shed some new light on this old conundrum.

5.1.1 Two consecutive static elements or a single dynamic element
There is a longstanding debate over whether a phonetically dynamic Fy contour

corresponding to an intonational component is composed of a single contour component,
such as rising or falling, or successive level elements such as HL or LH. The more
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traditional views of intonation describe intonation patterns as consisting of both pitch
levels and pitch contours such as rises and falls (Bolinger 1951, O’Connor & Arnold
1961, 't Hart & Cohen 1973, Ladd 1978). In contrast, many later intonation researchers
argue that simple level elements such as H and L are the most basic components of
intonation, and dynamic contours such as rise and fall are derived from concatenated
static pitch targets, i.e., rise = LH, and fall = HL. The most fully developed of such
theories are presented by Pierrehumbert (1980), Liberman & Pierrehumbert (1984), and
Pierrehumbert & Beckman (1988). Similar debate has been going on concerning lexical
tones. While some researchers (e.g., Pike 1948, Wang 1967, Abramson 1978) argue that
contour tones found in languages such as Thai or Mandarin should be considered as
single units, while others (e.g. Duanmu 1994b, Gandour 1974, Leben 1973, Woo 1969)
treat contour tones as sequences of H and L.

As anyone who has ever worked on acoustic analysis of tones will have noticed,
contours are almost ubiquitous in the Fy tracings of a tone language, whether the basic
form of the tones in question is considered to be phonologically level or dynamic. This
seems to make it extremely hard to determine whether an observed contour is underly-
ingly also a contour or in fact consisting of level elements. The interaction between
voluntary and involuntary forces that I have been discussing indicates that it is impera-
tive that we take articulatory constraints into consideration when trying to understand
any observed acoustic pattern in speech. To reexamine the issue of contour vs. level, I
would therefore like to apply the Target Approximation model, because it incorporates
the major articulatory constraints relevant for F, contour production.

(a) (b)
[high] | [high]
N Y
R

\\ \\Q\Q’ 7]
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o\ \ § Vi 4/
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2N\ & /4 A4
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o N SN SN
%, ~ % Py
) ~ a®_ 7, _- %
- == /
// _____ //
Fy [low] / [low] /
time —»

Figure 10: Hypothetical F, trajectories (curved lines) that asymptotically approach either
two consecutive static targets (solid lines) or a single dynamic target (dashed lines). In (a)
the previous tone ends high, while in (b) the previous tone ends low.

According to the model, if we assume that a particular tone consists of two ele-

ments, then each of them is a target in its own right. (Note that the in-phase requirement
would not prevent two static pitch targets from being fitted into one syllable, as dis-
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cussed earlier.) When there is sufficient time assigned to the consecutive targets, there
should be a clear transition between the two elements. Sufficient time means the
amount of time over and beyond the minimum time needed for making a complete pitch
shift according to equations (3) and (4). So, when there is sufficient time, an LH
combination should look like the solid curve in Figure 10(a), assuming that the previous
tone happens to end high. If, however, the target itself is dynamic, like the dashed slant-
ing line in Figure 10(a), even when there is sufficient time, the curve resulting from
implementing this dynamic target should have the shape of the dashed curve. If the
previous tone happens to end low, then the curves resulting from implementing two
static targets or one dynamic target should look like the solid or dashed curve in Figure
10(b), respectively. As shown in Figure 11, in Mandarin, when the tone sequence of L
H is produced at a slow rate, we can see that the curve corresponding to the L H portion
(i.e., left of the short vertical line) indeed resembles the solid curve in Figure 10(a).

mai yi midn

0 200 400 600

Figure 11: Mean F; contours a L H L sequence in Mandarin spoken at fast, normal and
slow rate. The gap between time 0 and the beginning of each curve corresponds to the
mean duration of the initial consonant in syllable 1. The dotted region in each curve
corresponds to the initial nasal of syllable 3. The short vertical lines indicate the onset of
the initial nasal of syllable 3. (Adapted from Xu 2001b)

1éinido

300

200 O CRRRERREEREEEEEEPEREPE

100f - NN

fast slow

normal

0

Figure 12: Mandarin tone sequence R L spoken at three different rates. The curves are
aligned to the onset of [n] in the second syllable as marked by the vertical line. Each curve
is an average of five repetitions. Data from one subject in Xu (1998)
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In the case of R in Mandarin, in contrast, as found in Xu (1998), when spoken at a
slow rate, the shape of its Fy curve does not resemble the solid curve in either Figure
10(a) or Figure 10(b). Rather, it is typically like the thick curve in Figure 12, which is
more like the dashed curve in Figure 10(b) (or 10(a) for some subjects, when they end
the previous tone high). The regression analyses in Xu (1998) show that the most dy-
namic portion of the rising contour (i.e., velocity peak) in R moves increasingly into the
later portion of the syllable as the duration of the syllable increases, as shown in Figure
13, and that the maximum velocity of the rise does not change systematically with
variations of syllable duration. These results demonstrate that the rising contour as a
whole shifts more and more into the later portion of the syllable without systematic
changes in the slope of the rise as the syllable duration increases. This can be inter-
preted as evidence that a coherent rising contour is being implemented.

It thus seems that, whatever the underlying phonemic representation they may
have, tones like R and F in Mandarin are associated with dynamic [rise] and [fall] as the
articulatorily executable pitch targets. On the other hand, of course, existence of dy-
namic tonal targets in one language does not mean that contour-like tones in any lan-
guage are underlyingly dynamic. It is entirely possible, as far as articulation is con-
cerned, to have tones that are composed of consecutive static targets. Evidence for such
tones can be obtained using similar experimental methods that have been used on
Mandarin tones (Xu 1998, 2001b). Similar methods can be also used in determining the
dynamic/static nature of pitch targets that are associated with various intonation compo-
nents in non-tone languages such as English.
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Figure 13: Location of peak velocity of FO rise relative to the onset of syllable 1 (y-axes)
plotted against the distance between the onset of syllable 1 and the Sonorant-Vowel
boundary in syllable 2 (x-axes) for each subject. The plotting symbols represent different
Nasal-Vowel ratios. The dashed line is a reference whose slope is 1 and intercept is 0. (Xu
1998:198)

5.1.2 The distribution of contour tones

In recent years, there have been a number of studies looking at the distribution of
contour tones in different languages (Duanmu 1994a, Gordon 1999, 2001, Zhang 2001,
to cite just a few). Through these studies, a consensus seems to be emerging. That is,
the ability of a syllable to carry contour tones is directly related to the duration of its
tone-bearing portion. Zhang (2001:331) reports that, for example, “syllable types which
have longer sonorous duration of the rime, e.g., long-vowelled, sonorant-closed,
stressed, final in a prosodic domain, and being in a shorter word, are more likely to
carry contour tones.” Gordan (2001: abstract) states that “long vowels are most likely to
carry contour tones, followed by syllables containing a short vowel plus a sonorant coda,
followed by syllables containing a short vowel plus an obstruent coda, followed by
open syllables containing a short vowel.” What is still not yet clear from these mostly
typological studies is the exact phonetic mechanisms of such duration dependency. So
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far, most accounts are treating perception as the determinant factor. Our newly gained
understanding about articulatory constraints as discussed in Section 2, however, sug-
gests that we should also take a closer look at the articulation process as a possible
contributor. To do that, again I shall examine the issue in light of the Target Approxima-
tion model.

According to the Target Approximation model, the implementation of a pitch tar-
get does not start until that of the previous target is over. This requirement would often
put a lot of strain on the implementation of a contour tone. This is because the offset Fy
in the preceding tone may or may not be close to the initial pitch of the contour tone.
Unless there are some very specific tonotactic rules in the language, quite often a situa-
tion like the ones depicted in Figure 10(a) would occur. That is, two pitch movements
need to be made within the time interval allocated to the contour tone. The first move-
ment is the transition toward the initial pitch of the contour tone, and the second is the
movement intrinsic to the contour tone itself. This situation would arise whether the
contour tone is assumed to consist of two static elements or a single dynamic element.
Having recognized this situation, we may calculate how much time it would take for an
average speaker to complete two consecutive pitch movements, using equations (3) and
(4). For a symmetric down-up or up-down movement the size of 4 semitones,

(5)t=89.6+8.7x4+1004+5.8 x4=248 ms

Anyone who has looked into the issue of how duration relates to contour tones
would recognize this 248 ms as being quite long. This is because in syllables that can
carry contour tones, the vowel is often much shorter than 248 ms. The left half of
Table I lists vowel durations in syllables that carry contour tones in five languages
based on several studies. All of them are much shorter than 248 ms.’ Even if we take
individual differences into consideration, the fastest speaker in Xu & Sun (2002) would
need 196 ms to shift pitch up and down or down and up by 4 semitones (cf. Table V in
Xu & Sun 2002), which is longer than most of the durations in Table I. This
discrepancy should become less puzzling if we recognize that the syllable—rather than
the rhyme or the nuclear vowel—is the domain of tone implementation, as is assumed
in the Target Approximation model. The movement toward the initial value of a contour
tone therefore should start at the onset of the syllable. This movement can be carried out
whether or not the vocal folds are vibrating. As found in Xu, Xu, & Sun (2003), the
effect of voiceless consonants such as stops and fricatives is to introduce rather local

3 There are of course many cases where the vowels are much longer than 248 ms, as cited in
Gordon (2001) and Zhang (2001). But those would not have caused the problem being
discussed here in the first place.
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perturbations without changing the carryover or anticipatory tonal variations reported in
previous studies such as Xu (1997, 1999). Figure 14 displays the Fy contours of
Mandarin syllables /ma/, /da/, /ta/, and /sha/ with the tones R and F. Compared to the F
contours in /ma/, in which the transition toward the current tonal target is visible, the Fy
curves in syllables with initial voiceless consonants start late and have various amounts
of local perturbations at the voice onset. Nonetheless, if we put aside these local effects,
the Fy curves in /da/, /ta/, and /sha/ look very similar to those of /ma/. Hence, by the
time the apparent local effect is over, Fy is already quite low in R but quite high in F. So
there is good reason to assume that the C interval in Mandarin is also used for
implementing the tonal targets, whether or not voicing continues through the interval.
With C included, the total duration available for tones, i.c., the duration of the entire
syllable (for Mandarin and Shanghainese) are as shown in the right half of Table I.

Table I: Duration measurements of 6 languages. Left half: vowel or rime duration. Right
half: syllable duration. In columns 3-5, the two numbers separated by “/” are mean
duration measures from the first and second syllables in disyllabic words, respectively.

Gordon (1999) |Zhang (2001) [ Xu (1997) [Xu (1997) |Xu (1999) |Duanmu (1994a)

Hausa 133 109

Navajo 173 209 (rime)

Luganda 179

Xhosa 212

Mandarin 151/213 122/140 (R)|185/196 (R)|198 (R) 215

115/135 (F) |183/193 (F) |184 (F)
Shanghainese 162

But even these syllable durations are not very long compared to the 248 ms calcu-
lated earlier. Recall that the minimum time of pitch change obtained in Xu & Sun (2002)
is for a complete pitch shift, starting at one turning point and ending at the next. As can
be seen in Figure 12 as well as Figure 3, the movements in R and F do not come to a
stop by the end of the syllable. In the lower left panel of Figure 3, the full reverse of the
Fy movement at the end of a dynamic tone sometimes (in fact quite regularly in Manda-
rin) occur in the early portion of the next syllable. When we take all these factors into
consideration, it seems that, at least in Mandarin, there is just enough time for a contour
tone to be effectively implemented. This observation is corroborated by the finding of
Xu & Sun (2002) that in Mandarin, it is precisely during the production of the dynamic
tones that the maximum speed of pitch change is approached.
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Figure 14: Effects of voiceless consonants on the F, contours of Mandarin R and F
produced after H and L. Each curve is an average across 5 repetitions, 2 carrier sentences,
and 7 female speakers. All curves are aligned to the syllable offset.

If, as has been shown, even in Mandarin where they remain functional in con-
nected speech, the dynamic tones are often realized only with speakers’ best effort (Xu
& Sun 2002), and sometimes with reduced perceptibility (Xu 1994), with shorter sylla-
ble durations such as those in Shanghainese (162 ms, Table I, rightmost column), and
for some types of syllables in a language that have short durations (Gordon 1999, 2001,
Zhang 2001), it would be virtually impossible to implement dynamic tones without se-
verely compromising the targeted contours. Therefore, although perception may be the
last straw in the breakdown of the transmissibility of the dynamic tones in short sylla-
bles, it is the articulatory constraints that must have made the implementation of the
pitch contours impossible in the first place.

Further support for this understanding comes from the findings by Janse (2003) as
discussed in 3.3. Recall that what she found was that natural-fast speech actually had
lower intelligibility than the linearly time-compressed normal speech. According to her
report, the human perception system can easily handle resynthesized speech well over
twice as fast as normal speech. This demonstrates the perceptual system’s great poten-
tial in processing fast acoustic events. In contrast, naturally produced fast speech appar-
ently contained too much undershoot for the perceptual system to fully “unwind” the
human slurring. It therefore seems that articulatory constraints are probably the real
bottleneck blocking the preservation of contour tones in very short syllables.
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Finally, the duration sensitivity of contour tones also further confirms the strict
phase relation between laryngeal and supralaryngeal movements. As shown earlier, the
shortage of time for the contour tones is often in the range of tens of milliseconds. If
there were ways in which speakers could micro-adjust the alignment of tonal target
relative to the syllable, the occurrence of the contour tones would not have been so
restricted by syllable duration.

5.2 Tone sandhi and tonal coarticulation

Tone sandhi is a term used to refer to post-lexical tonal changes that are condi-
tioned by various phonetic, morphological, and syntactic factors (Chen 2000). The
phenomena covered by the term, which are predominantly found in East Asian lan-
guages, are very diverse, as discussed in detail by Chen (2000). The mechanisms behind
these phenomena, however, remain mostly unclear as of today. Tonal coarticulation
usually refers to tonal variations that are strictly conditioned by tonal context and are
phonetically motivated. However, partly due to the fact that the term coarticulation it-
self is yet to be clearly defined (cf. Daniloff & Hammarberg 1973, Hammarberg 1983),
it is often not so easy to separate tonal variations due to coarticulation from those due to
sandhi, as pointed out by Chen (2000: 25f). The Target Approximation model, since it
is based on specific articulatory constraints as discussed in 2.1-2.2, makes explicit
assumptions about the mechanisms of F variations. It is therefore possible to reexamine
tonal variations covered by both terms in light of the Target Approximation model.
Under this model, it is relatively easy to make a distinction between tonal variations that
are due to changes in the pitch targets, and variations that are due to implementation of
the same target under different conditions. This is because the model can help us not
only to identify tonal variations that are directly due to articulatory constraints, but also
to rule out variations that are unlikely to be directly attributable to articulatory con-
straints. To be able to do that, however, detailed data are needed. I shall therefore dis-
cuss only a number of cases in Mandarin for which an extensive amount of data has
been accumulated. These will include the following tonal variations, all of which were
originally proposed by Chao (1968 and earlier) and widely accepted as part of the tonal
phonology of Mandarin Chinese.

1. The Half L rule. L, which in isolation has the purported value of 214, loses its final
rise before another tone to become 21: 214 21/ T

2. The L to R rule. L changes into R when followed by another L: L >R/ L

3. The R to H rule. R changes into H when it is the second tone in a trisyllabic word or
phrase in which the first tone is either HorR: R—>H/{H,R} T
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4. The Half F rule. F, which in isolation has the purported value of 51, loses its final
portion before another F to become a half fall: 51 - 53/ F.

5. The neutral tone rule. The pitch value of the neutral tone varies with the preceding
full tone (see 5.2.4. for detailed description).
(The numerals in the rules are the same as proposed by Chao, with 1 indicating the
lowest tonal pitch level and 5 the highest. T stands for any tone.)

As found later in a number of instrumental studies, all these patterns do manifest
themselves acoustically (e.g., Lin 1985, Lin et al. 1980, Lin & Yan 1991, Shen, J. 1994,
Shen, X. 1990, 1992, Shih 1988, Wu 1982, 1984, Xu 1994, 1997, 1999). However, they
also appear to be different from each other in various ways, but the picture is far from
clear. In the following discussion, I shall try to apply the Target Approximation model
to these phenomena and try to divide them into two types, variations due to target
alternation and variations due to articulatory implementation. Target alternation occurs
in cases where the pitch target of a tone is presumably changed before being imple-
mented in articulation. Implementational variations, on the other hand, are cases where
tonal targets remain the same, but the acoustic realization of the targets is varied due to
their implementation in different tonal contexts and/or with different amounts of articula-
tory effort.

160

140+

120 R

FO (Hz)

1004

80

L

0 25 50 75 100
Time (% of L)

Normalized time
Figure 15: (a): Four Mandarin tones produced in isolation. (b): Mandarin L tone after four
different tones, produced in carrier phrases. Adapted from Xu (1997)

5.2.1 L variations

Three types of variations of the tone L can be seen in Figure 15. Figure 15(a)
displays the average F, curves of the four Mandarin tones said in isolation (Xu 1997).
Note that L in this graph has a final rise, which largely agrees with Chao’s (1968)
description that L said in isolation has a shape of 214, although the final rise in Figure
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15(a) does not go as high as the value 4 would suggest. In Figure 15(b) are disyllabic
sequences produced in a carrier whose first syllable after syllable 2 in the graph carries
either F or R. In the figure, syllable 2 is associated with L while syllable 1 is associated
with four different tones. We can see that L in syllable 2 has no trace of the final rise as
that in the left graph. It could be argued that this lack of final rise is due to some kind of
articulatory constraint, because with a carrier, the duration of each syllable is much
reduced. It is true that the duration of the L-carrying syllable in Figure 15(b) is shorter
than that in Figure 15(a) (177 vs. 349 ms, based on data from Xu 1997). At the same
time, however, 177 ms is still longer than the minimum time needed to lower pitch by
the amount shown in Figure 15(b). The amount of lowering in syllable 1 in the F L
sequence, for example, is about 6 st. According to equation (4), an average speaker
needs only about 135 ms to complete this much lowering at the maximum speed. This
means that, had the pitch target being implemented for L in this situation been
[low]+[high] or [low]+[mid], there would have been time for the final rise to be at least
partially realized. In fact, making two movements within one syllable is not only
possible, but also routinely done, as in the case of the dynamic tones such as R and F
discussed in 5.1. Furthermore, as found in Xu & Sun (2002), the speed of F, drop
related to L is well within the maximum speed of pitch lowering (e.g., 35 st/s vs. 52 st/s
for lowering pitch by 7 st). Thus it is rather unlikely that the lack of final rise in L in
this case is due to the constraint of maximum speed of pitch change. It is more likely,
instead, that the pitch target implemented for L in such a situation has no final rise to
begin with. Thus the alternation between L with and without a final rise probably
involves changes in the pitch targets before their actual articulatory implementation.
The second type of L variation can be seen in Figure 15(b). In the L L sequence,
the first L apparently is not very different in shape from R in the same syllable,
although the two differ somewhat in overall height. Wang & Li (1967) have shown that
Mandarin listeners cannot distinguish words and phrases with L. L. sequence from those
with R L sequence carried by identical CV syllables. This has been further confirmed
by Peng (2000) for Taiwan Mandarin. Although subsequent acoustic studies have
noticed that Fy values in the L L sequence are not exactly the same as those in the R L
sequence (Peng 2000, Xu 1993, 1997, Zee 1980), as is also apparent in Figure 15(b), it
is quite clear that the Fy contour corresponding to the first L in the L L sequence cannot
be explained in terms of articulatory implementation of a [low] pitch target, because
there is no mechanism in the Target Approximation model that can generate a falling-
rising contour by asymptotically approaching a [low] target. Would it be possible,
however, that the R-like Fy contour in the L L sequence is the result of implementing a
complex target that is similar to that associated with the isolated L as in Figure 15(a)? It
is not totally inconceivable. For one thing, since the syllable duration for L in isolation
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is vastly different from that before another L: 349 vs. 177 ms, it is possible that the only
viable way to squeeze a complex target such as [low+high], [low+mid], or [low+rise]
into a syllable is to sacrifice the Fy minimal in favor of maintaining the whole contour
shape, thus resulting in an Fy contour not very different from that of R. One difficulty
with this account is that it has to provide a mechanism that not only raises the F
minimum from 85 Hz in Figure 15(a) to 110 Hz in Figure 15(b), but also lifts the
maximum F, from 110 Hz in the former to 130 Hz in the latter. Although anticipatory
raising reported in Xu (1997) may be a potential candidate, its magnitude as found in
Xu (1997) is only about 10 Hz for R. Thus it remains unclear whether the pitch target
implemented for the first L in L L is the same as in that in R or that in isolated L.
Nevertheless, it is at least very unlikely to be the same as that in L in other non-final
positions, which is presumably a static [low].

The third type of L variation can be seen in syllable 2 in Figure 15(b). When sylla-
ble 1 carries different tones, L in syllable 2 has rather different onset Fy, which is virtu-
ally determined by the offset Fy of syllable 1. These variations, because they can be
readily explained by asymptotic approximation of the same [low] target when having
different onset F( values, are apparently directly related to inertia. They should there-
fore be considered as cases of implementational variations.

F variations of L in Mandarin thus seem to be governed by two distinct processes,
variation due to target alternation and variation due to articulatory implementation. The
former is responsible for the alternation between the fall-rise contour seen in isolation
and the low dip contour seen in most non-final positions. The latter is responsible for
the variations in the amount of Fy drop in non-final L. It is unclear whether the largely
rising contour in the first L of L L is due to a complete change of the target to [rise] as
in R or due to implementation of the same complex target as in isolated L with a time
constraint. Further studies are needed to sort this out.

5.2.2 R variations

As discussed in 3.1, Xu (1994) reports two findings: (a) R produced on the second
syllable of a tri-syllabic word is severely flattened if the tone of the first syllable is H or
R and the tone of the third syllable is R or L (referred to as the conflicting tonal context
in the paper); and (b) despite the flattening, R is still correctly identified about 88% of
the time when listeners hear it along with the original tonal context (with semantic
information removed). Shih & Sproat (1992) report that R produced in the {H, R} T
context on the second syllable of a trisyllabic word, though much distorted, is still dis-
tinct from H in the same position. They further find that the amount of distortion of R in
different tonal contexts and rhythmic structures are related to the strength of the R-
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carrying syllable. Thus there is even greater distortion of R if it is on the second syllable
of a tetrasyllabic word than on the second syllable of a trisyllabic word, because sylla-
ble strength is presumably even weaker in the former than in the latter. It is therefore
highly likely that the variant forms of R as described by Chao is a variation due to
articulatory implementation with no change in the underlying pitch target.

5.2.3 F variations

Figure 16(a) shows mean F, curves of F produced before four different tones in
disyllabic sequences. Although there are small variations around the boundary between
the two syllables, Fy in the first syllable never approaches the bottom of the pitch range
as indicated by the final point of L in the second syllable. Rather, it always reaches
about half way toward the lowest point. This is in sharp contrast to the final F, reached
for F produced in isolation as shown in Figure 15(a). In effect, therefore, the Fy contour
in F is a “half fall” when followed by any other tone in a disyllabic sequence. The Half
F rule thus should be more appropriately stated as 51 — 53/ T.

As for why F becomes a “half fall”, it has been suggested that this is because all
Mandarin tones start either from 5 or 3, which then becomes a limiting factor for how
low the previous tone can go (Shih 1988). One problem with this account is that it is not
true that a tone can never start from the bottom. As can be seen in Figure 16(b), H, R,
and F all start from the bottom when preceded by L, this despite the fact that the ideal
starting pitches for these tones are very different: high for H and F, and low for L. But
this should be exactly the case according to the Target Approximation model, which
assumes that Fy of any tone is largely determined by the offset Fy of the preceding tone.
That Fy of F does not fall to the bottom of the pitch range has little to do with the
characteristic of the following tone. Rather it is attributable logically to the fact that
there is a following tone. Would it be possible then that having a following tone reduces
the duration of the F-carrying syllable, thus leaving insufficient time for Fy to fall to the
bottom? In Figure 16(a), however, the amount of Fy drop within the first syllable is
about 5 semitones, which, according to equation (4), should take 129 ms to complete at
the maximum speed of pitch change. The fact that the mean syllable duration for F in
this case is 178 ms (data from Xu 1997) indicates that speakers were far away from
their articulatory limit. In fact, even if we include the entire fall from the top of F in
syllable 1 to the bottom of L in syllable 2, the drop is about 12.5 semitones, and the
minimum time needed for it is only 173 ms according to equation (4). This tells us that
Fo of F falls only to the mid pitch range not because of any articulatory constraint, but
because it is targeted to reach there, possibly by a language-specific rule, when the tone
is not utterance final.
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Figure 16: Effects of the following tone on the FO contour of F (a) and L (b) in Mandarin.
The vertical lines indicate the onsets of syllable-initial nasals. Each curve is a (segment-
by-segment) time-normalized average of 192 tokens produced by eight speakers. Adapted
from Xu (1997)

There must then be something special about final position (including in isolation)
as opposed to other positions. Bruce (1977) has argued that in Stockholm Swedish the
most likely canonical form of a lexical tone (often known as accent in Swedish) occurs
not in isolation or in final position but in a prenuclear position (i.e., before a focus).
Furthermore, Fy of a tone in final position actually consists of the tone proper plus a
boundary tone. Boundary tones have also been proposed for English (Pierrehumbert
1980). It is possible that Mandarin, too, has boundary tones. However, even if there
were such boundary tones in Mandarin, their forms and interactions with the lexical
tones must be rather complex. In Figure 15(a), for example, all four tones are produced
in isolation without special intonation and hence would probably carry a boundary tone
appropriate for a statement. It does not seem to help to assume that either the final rise
of L or the final fall of F is due to the boundary tone. This is because, for one thing,
they are so different, and for another, they are virtually absent in H and R, which appear
to be very similar to their variants in non-final positions. The exact nature of boundary
tones in Mandarin—assuming they exist—thus awaits future research.

5.2.4 Neutral tone variations

Syllables carrying the neutral tone in Mandarin are generally believed to have no
tone of their own (Yip 2002). Nevertheless, in speech, they have to be said with some
F, values. According to Chao (1968), the pitch value of the neutral tone depends on the
full tone preceding it, as shown in column 3 of Table II. Shih (1988) finds that the F, of
the neutral tone is often not static, but rather either rising or falling, as shown in column
4 in Table II. Some recent studies have reported similar findings (Wang 1997, Liang
ms). What seems puzzling is why a “toneless” tone would have so many variant forms.
If, as Chao and Shih have shown, these variant forms are closely related to the preceding
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tone, are they then governed by arbitrary rules, or are they actually predictable? 4

Table II. Pitch values of the neutral tone after different tones according to Chao (1968)
and Shih (1988).

Preceding tone Example Chao 1968 Shih 1988
H ta de [his] half-low  starts high, then falls
R huang de [yellow] middle starts high, then falls, but not as low as after H
L ni de [yours] half-high  starts fairly low, then rises
F da de [big] low starts fairly low, and falls even lower

Figure 17 shows Fy contours of the neutral tone as compared to full tones in similar
tonal contexts (Data from Chen & Xu 2002). In the figure, the number of successive
neutral tone syllables varies from 0 to 3. The pinyin above each graph is for only one of
the sentences in the graph, i.e., the one with H on the first syllable of the target
word/phrase (henceforth syllable 1). What we can see in Figure 17 is that the behavior
of the neutral tone is actually somewhat similar to that of a full tone. In Figure 17(a), Fy
of F in syllable 1 manifests the typical patterns of a full tone when preceded by different
tones: starting the transition toward the pitch target (presumably a linear [fall]) at the
syllable onset and continuing throughout the syllable. As a result of this continuous
transition, by the end of the syllable, all four curves have effectively converged to the
targeted [fall]. In Figure 17(b), the tone in syllable 2 is neutral (N). But the Fy contours
in the syllable look somewhat similar to those in Figure 17(a): starting to move away
from the offset Fy of the preceding tone at the onset of the current syllable in the
direction of a converging point toward the end of the syllable. What is different in
Figure 17(b) is that the four F, contours have not merged even by the end of the syllable.
But, as can be seen in Figure 17(c) and (d), as the number of consecutive neutral tones
increases, the Fy contours become closer and closer to each other, except for the contour
after L. Somehow L seems to raise the F;, of the following tone, which is visible even in
Figure 17(a) where the tone of syllable 2 is F. But this raising effect is apparently
limited in time, because in Figure 17(c) and (d), by the middle of syllable 3 F,
following L already starts to drop, thus joining the converging transitions of the other
three curves.

From the perspective of the Target Approximation model, the above observations

* Note that the articulatory and perceptual constraints discussed in this paper cannot explain
where and why the neutral tone occurs. As a language-dependent phenomenon, the origin of
the neutral tone, as those of the full tones, is unlikely to be either purely articulatory or
perceptual. Nevertheless, with improved understanding of the neutral tone in Mandarin,
especially in regard to the role of articulatory effort, we may also improve our understanding
of other related issues in both tone languages and non-tone languages.
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suggest three things. First, the neutral tone is not totally targetless. If it were, there
would not be such apparent converging transitions through the course of the neutral
tone syllable. This transition is especially striking after R in syllable 1 in Figure 17(b)-
(d), where Fy always starts to drop in the middle of the very first neutral tone despite the
fact that the initial F( contour in the syllable sharply rises, presumably due to the rising
momentum of the preceding R (Xu 2001b). Second, the implementation of the neutral
tone target is not done with a strong articulatory effort, as is evident from the much
slower convergence as compared to the quick merger seen in F and L in Figure 17(a).
Third, L raises the F, of the following tone, which is maximally manifested on the
neutral tone. Leaving aside the Fj raising effect of L, which seems to be independent of
the other two observations, it seems that the variant Fy contours of the neutral tone is
actually easy to understand. They probably all result from asymptotic approximation of
some simple and likely static pitch target with much reduced articulation effort. As for
the value of the pitch target for the neutral tone, it seems to be somewhere in the middle
of the pitch range, because it is lower than the high Fy in F but higher than the low Fj in
L, as found in Chen & Xu (2002).
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Figure 17: Mean F, contours of Mandarin sentences containing 0-3 neutral tone (N)
syllables. In all graphs, the tone of syllable 1 alternates across H, R, L, and F. In (a) the
tone following syllable 1 is F. In (b)-(c), there are 1-3 neutral tone syllables following
syllable 1. Vertical lines in the graphs indicate syllable boundaries. Data from Chen & Xu
(2002).
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6. Conclusions

I have argued in this paper that tone research has to take articulatory constraints
seriously, given recent advances in our knowledge about both speech production and
speech perception. In particular, the maximum speed of pitch change has recently been
found to be slower than previously thought. As a result, syllables are often shorter than
the minimum time it takes to complete a pitch change of only a few semitones. Further-
more, the constraint of synchronizing laryngeal and supralaryngeal movements is likely
just as strong, because it seems to prevent micro-alignment adjustment from happening.
The lack of such adjustment under time pressure often results in undershoot of tonal
targets. In contrast to the these articulatory constraints, there is evidence that the human
perceptual system is actually very proficient in handling fast changing acoustic events
as well as phonetic deviations due to articulatory constraints. But perception apparently
prefers less articulatory undershoot rather than more. To put the articulatory and percep-
tual constraints into a cohesive system with which the generation of F, contours can be
simulated, I presented a Target Approximation model that takes these constraints as part
of the basic assumptions. Applying the model to some of the standing issues in tone
research, I have demonstrated that they can be better explained in terms of the interac-
tion between underlying pitch targets associated with lexical tones, which are language-
specific, and physical constraints that are inherent to the articulatory system, which are
likely universal.

Many tone related issues remain unresolved, however, not only because of lack of
acoustic data, but also because, more importantly, lack of specifically designed experi-
ments. For example, whether a particular tone in a language is inherently dynamic or
composed of static elements can be seen more clearly only when speech rate is slowed
down so that there is sufficient time for the underlying target(s) to be fully implemented.
Future studies, therefore, should deliberately manipulate factors that may interact with
known articulatory constraints to reveal the true targets that are being implemented in
articulation.
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