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How fast speakers can change pitch voluntarily is potentially an important articulatory constraint for
speech production. Previous attempts at assessing the maximum speed of pitch change have helped
improve understanding of certain aspects of pitch production in speech. However, since only
‘‘response time’’—time needed to complete the middle 75% of a pitch shift—was measured in
previous studies, direct comparisons with speech data have been difficult. In the present study, a new
experimental paradigm was adopted in which subjects produced rapid successions of pitch shifts by
imitating synthesized model pitch undulation patterns. This permitted the measurement of the
duration of entire pitch shifts. Native speakers of English and Mandarin participated as subjects. The
speed of pitch change was measured both in terms of response time and excursion time—time
needed to complete the entire pitch shift. Results show that excursion time is nearly twice as long
as response time. This suggests that physiological limitation on the speed of pitch movement is
greater than has been recognized. Also, it is found that the maximum speed of pitch change varies
quite linearly with excursion size, and that it is different for pitch rises and falls. Comparisons of
present data with data on speed of pitch change from studies of real speech found them to be largely
comparable. This suggests that the maximum speed of pitch change is often approached in speech,
and that the role of physiological constraints in determining the shape and alignment ofF0 contours
in speech is probably greater than has been appreciated. ©2002 Acoustical Society of America.
@DOI: 10.1121/1.1445789#

PACS numbers: 43.70.Aj, 43.70.Bk, 43.70.Jt@AL #
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I. INTRODUCTION

Speech is produced by a biomechanical system that
various inherent limitations. Many of these limitations m
play a role in shaping the acoustic signal generated in spe
production. One of them is the maximum speed at wh
speakers can change their pitch voluntarily. The importa
of this limitation has not been widely recognized amo
those who are interested in the patterns of fundamental
quency variations in speech, however. Part of the reason
this lack of appreciation is probably a general feeling tha
speech we approach our biomechanic limits only occas
ally. In recent years, however, there has been accumula
evidence that ‘‘time pressure’’ may play a part in determini
the shape and alignment of certainF0 contours in speech
~Caspers and Heuven, 1993; Ladd, Mennen, and Schep
2000; Xu, 1998, 2001!. Unless some kind of limit is reache
or approached, of course, time pressure should not m
much difference. Nevertheless, the exact role the maxim
speed of pitch change may play in speech is far from cl
This is partly because the data we have obtained abou
speed of pitch change are far from complete, and partly
cause we have yet to pinpoint any direct link between ma
mum speed of pitch change and actual variations ofF0 con-
tours in speech.

a!Part of the preliminary results of this study were presented at the
International Conference on Spoken Language Processing, Beijing,
~Xu and Sun, 2000!.

b!Electronic mail: xuyi@northwestern.edu
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The maximum speed of pitch change was studied in
70’s by Ohala and Ewan~1973! and Sundberg~1979!. Both
studies used similar methods. Subjects were asked to
from one pitch level to another as fast as possible upon c
mand ~Sundberg, 1979!.1 Then, the speed of pitch chang
was assessed by measuring the response time—time us
complete the fastest portion~the middle 75%! of a pitch
shift, as illustrated in Fig. 1. The term ‘‘response’’ was fir
used by Ohala and Ewan~1973! in the phrase ‘‘the respons
characteristics of the larynx in voluntary pitch change.’’ T
definition of the measurement, namely, time correspond
to the middle 75% of the pitch change, was also first used
Ohala and Ewan~1973!. Sundberg~1979! used response
time in his paper to refer to this measurement. Response
therefore provides a measurement of the time it takes
subject to respond to the command~hand waving or light
flash as described in his paper! for making the pitch shift.
Several findings of these early studies are potentially imp
tant for speech. First, the average response time was foun
be around 79, 85, and 101 ms for pitch rises of 4, 7, and
semitones, respectively, and about 68, 70, and 73 ms
pitch drops of 4, 7, and 12 semitones. Thus, the speed
pitch change seems to increase as the interval beco
larger. Second, as also indicated by the measured resp
time, pitch lowering was faster than pitch elevation. Thir
female subjects was found to have shorter response ti
than male subjects.

The estimates obtained by Ohala and Ewan~1973! and
Sundberg~1979! constitute a very important step toward
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clear understanding of the physiological limits on the spe
of pitch change. However, those data are incomplete in
respects. First, as can be seen in Fig. 1, response time
not fully reflect the fastest instantaneous pitch movem
possible, which should occur somewhere in the middle of
rising and falling ramps in the pitch change curve. Seco
and more importantly, by definition, response time does
tell us how much time it takes for the speaker to compl
100% of a pitch shift, which is potentially much longer,
Fig. 1 clearly suggests.

The time needed to complete 100% of a pitch shift
potentially important for our understanding of pitch produ
tion in speech. In tone languages, for example, utteran
often contain alternate high and low pitches. As observe
Xu ~1997, 1999!, the transitions between high and lo
pitches take a considerable amount of time, and the dura
of the transition affects the shape of theF0 contours. Fur-
thermore, the minimum duration of the pitch transition m
also limit how closely adjacentF0 peaks or valleys can fol
low each other. Such limits may play a role in determini
the alignment ofF0 peaks and valleys relative to segmen
units such as syllables~Xu, 1999, 2001; Caspers and va
Heuven, 1993!.

It is also possible that articulatory limits on the speed
pitch change are never reached in speech, and that, inste
is certain perceptual constraints that limit how fast pit
shifts are made in speech. This has been suggested
Hart, Collier, and Cohen~1990!. In an effort to understand
the rate of pitch change observed in speech, they consid
both production and perception as possible contributing
tors. Eventually, they dismissed production in favor of p
ception as the determining factor, based mainly on their
terpretation of the data reported by Ohala and Ewan~1973!
and Sundberg~1979!. They first computed the maximum
speed of pitch change using the response time for the 1
condition as reported by Sundberg~1979!, and came up with
the value of 120 st/s. They then looked for the fastest p
movement in Dutch and found it to be only 50 st/s. Based
this comparison, they concluded that articulatory limits si
ply could not have been responsible for the observed rat
pitch change in speech. Instead, they theorized, it must h

FIG. 1. First, illustration ofResponse time—time used to complete 75% o
a pitch change, as defined by Ohala and Ewan~1973! and Sundberg~1979!
~partially adapted from Sundberg, 1979!. Second, illustration of the time
needed to complete 100% of a pitch change. Third, conceptual division
pitch movement into three phases: acceleration, fast glide, and deceler
1400 J. Acoust. Soc. Am., Vol. 111, No. 3, March 2002
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been listeners’ limited perceptual ability to distinguish b
tween different rates of pitch change that has forced spea
to use slower pitch change rates in speech~pp. 71–75!. A
similar interpretation of Sundberg’s~1979! data was also
adopted by Caspers and van Heuven~1993!.

Such interpretation of the data reported by Ohala a
Ewan ~1973! and Sundberg~1979! seems to have exagge
ated the maximum speed of pitch change in two ways. F
the data from both studies indicate that the rate of pi
change is faster for a larger pitch interval than for a sma
one. So, unless a particular pitch movement actually sp
12 st, it is inappropriate to use the data for that interval as
direct indicator of speed of pitch change at other interva
Second, response time, by definition~Sundberg, 1979!, mea-
sures the time it takes to complete only 75% of the pi
change. Although it is not yet clear at this point how long
will take to complete 100% of a pitch change, it should c
tainly take longer than response time, as indicated by Fig
Thus, it is inappropriate to treat response time as the ultim
indicator of the physiological limits on the speed of pitc
change, because it corresponds to only part of the pitch s

A better way to estimate the actual physiological lim
on the speed of pitch change would be to examine how l
it takes to complete 100% of a pitch change at various p
intervals. It probably would have been difficult, however, f
Ohala and Ewan~1973! and Sundberg~1979! to measure the
time interval of complete pitch changes with the experime
tal paradigm they employed, even if that was what they h
in mind initially. In Fig. 1, at the beginning of a pitch shif
the F0 movement seems to continually accelerate: chang
very slowly at first, and gradually reaching full speed. Ne
the end of the pitch shift, the speed of movement decelera
and the curve levels off gradually as the target pitch is be
reached. To measure the time needed to complete 100%
the pitch shift as shown in Fig. 1, they would have to loca
the exact points in time when the shift began and when
ended. However, the asymptotes near the onset and offs
the pitch shift make it hard to determine these points.
lessen the uncertainty in determining the end points o
pitch shift, therefore, it is necessary to minimize the durat
of these asymptotes. One way to do that is to have
speaker produce a very quick succession of high and
pitches. This would generate a pitch undulation pattern t
goes up and down rapidly, in which the lingering time o
each pitch should be reduced to a minimum.

In the present study, we adopted a new paradigm to
sess the maximum speed of pitch change by having sub
produce rapid pitch undulation patterns through imitation
rapidly alternating high–low pitch sequences. The maxim
speed of pitch change is then estimated by measuring, am
other things, the time used to complete 100% of each p
shift. To see if these measurements can provide more d
indications as to whether and how physiological limits m
play a critical role in shaping theF0 contours of speech, we
compared our data with data on speed of pitch change in
speech obtained in previous studies.

In addition, we also examined the effects of langua
gender, pitch carrier~sustained schwa versus /malamalama!,
and pitch shift direction on various measurements. To ch

a
on.
Y. Xu and X. Sun: Maximum speed of pitch change
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for possible differences due to language, we used na
speakers of Mandarin and English as subjects. Mandarin
lexical tones~pitch patterns that can differentiate word!
while English only has pitch accents related to intonation a
word stress. It is possible that because successive high-
low-tone sequences frequently occur in Mandarin, nat
speakers of Mandarin can make pitch undulations faster
native speakers of English.2 In addition, because pitch con
tours are usually carried by the vocalic portion of syllables
speech, it is possible that the syllable structure may ei
hinder the production of pitch undulation or facilitate it. T
test which is the case, we used both CV syllables and sim
vowels as the pitch carriers. To verify the gender differen
as reported by Sundberg~1979!, we also compared data from
male and female speakers.

II. METHOD

A. Stimuli

The stimuli were model pitch undulation patterns to
imitated by subjects, as illustrated in Fig. 2. As can be s
in Fig. 2, the pitch undulation patterns are either HLHLH
LHLHL, where H and L represent relatively high and lo
pitches, respectively. The model pitch undulation patte
were built by modifying naturally produced voice sample
First, schwa-like vowels with relatively steady fundamen
frequencies were recorded by a male and a female spe
The duration of the vowel was approximately 1 s. Based
these original voice samples, a series of pitch manipulati
was carried out to generate stimuli with desired pitch va
tion patterns.

FIG. 2. Schematic representations of model pitch undulation patt
used as stimuli in the experiment, where 4 and 6 Hz refer to 4 an
undulation cycles per s, respectively. These examples have the bas
quency of 100 Hz.
J. Acoust. Soc. Am., Vol. 111, No. 3, March 2002
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Using the TD-PSOLA resynthesis function of thePRAAT

program,3 the fundamental frequencies of the original vowe
were modified to generate a number of steady-state vow
Based on the male voice, vowels with the base frequencie
50, 60, 70, 80, 90, 100, and 115 Hz were generated. Base
the female voice, vowels with the frequencies of 115, 1
145, 165, 185, 205, and 230 Hz were generated. These
ranges of frequencies correspond to the lower limits of m
and female voices.

For each vowel at a particular fundamental frequen
12 model pitch undulation patterns were generated. Th
pitch patterns differed in three ways. In terms of pitch var
tion pattern, they were either /HLHLH/ or /LHLHL/. In
terms of pitch variation interval, the difference between
and L was, following Sundberg~1979!, 4, 7, or 12 semitones
In terms of pitch variation rate, the duration of each HLH
LHL cycle in a pattern was either 1/4 or 1/6 s. In oth
words, the undulation frequency~i.e., the number of HLH or
LHL cycles per second! of a model pitch pattern was either
or 6 Hz. The 4-Hz condition was to help warm up the subj
during each trial, while the 6-Hz condition was to elicit th
fastest pitch changes possible. It has been shown that 6 H
at the slower end of the involuntary vibrato rate in singi
~Prame, 1994; Dejonckere, Hirano, and Sundberg, 19!.
Presumably,voluntary pitch undulations are unlikely to ex
ceed 6 Hz.

B. Subjects

Nineteen native speakers of American English~10 fe-
males and 9 males! and 22 native speakers of Mandarin Ch
nese~12 females and 10 males! between the ages of 18 an
45, recruited from Northwestern University campus, parti
pated in the experiment. Subjects all reported having nor
hearing, vision, and language ability. While some of the s
jects had musical or voice training of some kind, none
them was a professional singer or involved in a professio
singing group. Those with professional voice training we
excluded so as to avoid the effect of extensive voice train
on pitch undulation rate~Sundberg, 1979!. The tasks of the
experiment turned out to be too difficult for several subjec
Some of them were not able to produce the desired p
shifts in the right order. Those subjects were all native spe
ers of English. The others produced pitch ranges smaller t
two semitones in many trials. Those were both Mandarin a
English subjects. As a result, only 36 subjects generated
suitable for analysis. Of the remaining subjects, 16 are
glish speakers~8 females and 8 males! and 20 are Chinese
speakers~11 females and 9 males!.

C. Procedure

The experiment was conducted in the Speech Acous
Laboratory at Northwestern University. The subjects imita
the model pitch patterns using both a schwa and a sylla
sequence~/malamalama/! as the pitch carriers. In total, eac
subject produced 240 trials~3 pitch intervals32 carriers32
patterns32 undulation rates32 sessions35 repetitions!.

s
6
fre-
1401Y. Xu and X. Sun: Maximum speed of pitch change
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FIG. 3. Illustration of measurement o
rise and fall excursion time, rise an
fall response time, and turn-point-to-m
in an HLHLH trial spoken with
/malamalama/. The two cross point
on the curve labeled ‘‘m’’ are the on-
sets of second and third /m/ in th
trial. The fact that both turning points
occur after ‘‘m’’ means that both turn-
point-to-m values are negative.
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During the experiment, the subject was seated in
sound-treated booth in front of a computer monitor. The
periment procedure was controlled by a set of HTML file
which were displayed by Netscape Navigator~Netscape
Communications Corp.!. A condenser microphone was use
for the recording, and the vocalization was directly digitiz
onto a computer hard disk in a Macintosh G4 computer us
SOUNDEDIT ~Macromedia Inc.!. For each subject, a comfor
able pitch level was first determined before the start of
practice trials by choosing from a range of prerecorded vo
samples played by the first HTML page.~Among the female
subjects, seven selected the base frequency of 185 Hz,
selected 205 Hz, and four selected 230 Hz. Among the m
speakers, one selected the base frequency of 80 Hz, tw
lected 90 Hz, eight selected 100 Hz, three selected 115
and three selected 130 Hz.! The experimental stimuli were
organized into three HTML pages, each containing mo
undulation patterns with the pitch intervals of 4, 7, or
semitones, respectively. On each page the undulation mo
are divided into two patterns—HLHLH and LHLHL, an
two rates—4 and 6 Hz. The subject selected one of
stimuli each time by clicking on the corresponding butto
The model pattern was then played through the loudspea
The subject was instructed to imitate the stimuli five times
each session, and as accurately as possible in terms of
pitch interval and undulation frequency.

The experimenter sat outside the recording boo
watching another computer screen showing the same dis
as seen by the subject, and listening to the subject’s vo
ization through a pair of headphones. The experimen
monitored the subject’s performance and gave instructi
when necessary. Since the task was somewhat difficult
some subjects, an intensive practice session was held
them before the real trials.

The whole recording process consisted of four sessio
In the first and third sessions, the subject imitated the p
models with a schwa, while in the second and fourth s
sions, the subject imitated the models with the syllable
quence /malamalama/. This particular syllable sequence
found in pilot tests to be the fastest vowel–sonorant
quence one could produce. Between sessions, the su
was given the chance to take a break. During each trial,
for each model, the subject was allowed to replay the mo
pattern as many times as they wished. The experime
1402 J. Acoust. Soc. Am., Vol. 111, No. 3, March 2002
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would ask the subject to repeat a trial if it was felt to
necessary.

D. F0 extraction and measurement

TheF0 extraction was done using a procedure similar
the ones used in Xu~1997, 1998, 1999, 2001!. The procedure
combines custom computer programming withESPS/WAVES1

~Entropic Inc.!. The digitized signals were transferred to
Dell workstation running on theLINUX platform. Theepochs
program was then used to mark every pitch period in e
undulation sequence, and the labels were saved into a
file. After that, the waveform, the period labels, and the sp
trogram of the signal were displayed inxwaves. The period
labels were examined carefully for spurious vocal pu
markings such as double labeling and period skipping. A
parent errors were corrected manually.

While checking and correcting the vocal period labe
segmentation labels were also added at the onset and o
of all vocalizations and at the boundaries between /m/
adjacent vowels for the /malamalama/ trials.

The vocal period and segment labels for each trial w
saved in a text file. All the text files were then processed
a set of custom-writtenC programs. The programs converte
the duration of pitch periods intoF0 values, and then
smoothed the resultingF0 curves using atrimming algorithm
that eliminates sharp bumps and edges~Xu, 1999!.4 The
trimmed F0 curves were then subjected to further analy
using a set of custom-writtenMATLAB procedures. The fol-
lowing measurements were taken by theMATLAB procedures,
most of which are illustrated in Fig. 3.

Excursion size~rise or fall!—pitch difference~in st! between
adjacentF0 minimum and maximum in the middle undu
lation cycle. Excursion size is expressed in semitone
order to make the data from individual speakers, es
cially across genders, more comparable.5

Excursion time~rise or fall!—time interval between adjacen
F0 maximum and minimum in the middle undulatio
cycle.

Excursion speed5excursion size/excursion time.
‘‘ Response time’’—time interval corresponding to the middle

75% of excursion size~in Hz!, as defined by Ohala an
Ewan ~1973! and Sundberg~1979!.6
Y. Xu and X. Sun: Maximum speed of pitch change
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TABLE I. Mean values of various measurements under the effects of language, gender, direction~of pitch change!, ~pitch! carrier, and interval~of pitch
change!, together with probability values resulting from five-factor mixed-measure ANOVAs. Significantp values are printed in boldface.

Language Gender Direction Carrier Interval

Chinese English Female Male Rise Fall Mala Schwa 4 7 12

Excursion size~st! 4.4 5.8 5.0 5.0 4.8 5.3 5.1 5.0 3.8 4.7 6.6
p50.0037 p50.8773 p,0.0001 p50.1396 p,0.0001

Excursion time~ms! 125.3 141.2 128.7 136.4 132.5 132.2 133.6 131.2 125.7 128.2 143
p50.0219 p50.2467 p50.6987 p50.2052 p,0.0001

Response time~ms! 69.6 75.6 75.6 68.4 71.7 72.7 73.6 70.8 70.7 70.6 75.
p50.0431 p50.0308 p50.4608 p50.0208 p50.0005

Excursion speed~st/s! 35.9 42.1 40.1 37.0 36.5 40.8 38.6 38.7 30.8 37.5 47.
p50.1195 p50.3674 p,0.0001 p50.8541 p,0.0001

Maximum velocity~st/s! 60.8 72.4 65.0 67.1 61.3 70.6 66.4 65.6 50.3 62.4 85.
p50.0749 p50.8323 p,0.0001 p50.3625 p,0.0001
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Maximum velocity—positive and negative extrema in the v
locity curve corresponding to the rising and falling ram
in the middle undulation cycle. Velocity curves were com
puted by taking the first derivative of theF0 curves after
they were further smoothed by a five-point median fil
and a seven-point~for male speakers! or 17-point~for fe-
male speakers! Hanning window.
For /malamalama/ files, the following measurements w
also taken:

Peak-to-m—average time interval between the second a
third F0 maxima and onset of the second and third /m/
LHLHL.

Valley-to-m—average time interval between the seco
and thirdF0 minima and onset of the second and third /
in HLHLH.

Note that the value ofpeak-to-mor valley-to-mis nega-
tive if the peak or valley occurs after the onset of /m/,
illustrated in Fig. 3.

In the analyses, only data meeting the following crite
are included:

~a! Excursion size~rise or fall! .1 st;
~b! Excursion size~rise or fall! ,2 standard deviations

about the mean;
~c! Excursion time~rise or fall! ,2 standard deviations

about the mean.

Also, since the study is investigating the fastest spee
pitch change possible, only trials in the 6-Hz undulation f
quency condition were processed for analysis. After apply
these criteria to all trials in the 6-Hz condition, 3553 of t
4320 data points~82%! remained for further analysis. Of th
excluded data points, 226 failed criterion~a!, and 541 failed
criteria ~b! or ~c!.

III. ANALYSES

A. Effects of language, gender, direction of pitch
change, pitch carrier, and interval of pitch change

Table I displays the meanexcursion size, excursion time
response time, excursion speed, and maximum velocitybro-
ken down according to language~Chinese/English!, gender
~female/male!, direction of pitch change~rise/fall!, pitch car-
rier ~malamalama/schwa!, and interval of pitch change~4/
J. Acoust. Soc. Am., Vol. 111, No. 3, March 2002
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7/12 st!. Also displayed in the table are the probability valu
resulting from five-factor mixed-measure ANOVAs pe
formed on the five measurements. Of the independent v
ables, language and gender are between-group factors,
the rest are within-group factors.

From Table I it can be seen that the effect of interval
significant for all measurements. Also, a set of Studen
Newman–Keulspost hoctests found the differences betwee
all pairs of the three intervals to be significant at the 0.
level, with the exception of excursion time and response ti
between 4 and 7 st. This indicates that~a! subjects managed
to produce different excursion sizes for the three pitch-s
intervals, and~b! the speed of pitch change varied across
intervals. The mean interval sizes achieved by the subje
however, are not quite what we had hoped for. In particu
for the 12-st condition, the mean interval achieved was o
6.5 st. Interestingly, the English subjects achieved gre
excursion sizes than the Mandarin subjects.

In addition to excursion size, the effect of language
also significant for excursion time and response time.
both of them, the English subjects had greater means than
Mandarin subjects. This does not mean, however, that na
English speakers are slower in making pitch changes. In f
their excursion speed and maximum velocity are both so
what faster than those of the Mandarin subjects, altho
neither difference reaches significance. It could be the c
that the larger excursion size of the English subjects actu
gave rise to the faster speed. This is partially verified
Table II, which shows that excursion speed and maxim
velocity are highly correlated with excursion size, but n
with excursion time and response time, despite the fact
time is actually in the equation for computing excursi
speed. The fact that the English subjects produced la
pitch excursions and hence faster pitch changes than
Mandarin subjects is somewhat surprising to us, because
sumably, speakers of a tone language should have better
ity to make local pitch changes.7

As shown in Table I, the effect of direction is significa
for excursion size, excursion speed, and maximum veloc
It is not significant, however, for excursion time and r
sponse time. While this is somewhat different from Sundb
~1979!, where response time was found to be different
pitch lowering and pitch elevation, falls in the present da
1403Y. Xu and X. Sun: Maximum speed of pitch change
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TABLE II. Correlation ~r! of various factors~computed from 432 mean values of each measurem
2 directions32 carriers33 intervals336 subjects5432 means!.

Excursion
size

Excursion
time

Excursion
speed

Maximum
velocity

Response
time

Excursion size 1.000 0.384 0.859 0.920 0.212
Excursion time 1.000 20.103 0.084 0.845
Excursion speed 1.000 0.956 20.194
Maximum velocity 1.000 20.106
Response time 1.000
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are nevertheless consistently faster than rises.
There are also significant interactions between direc

and interval for excursion size, excursion time, and respo
time. For excursion size, the interaction is largely due
greater differences between rise size and fall size at sm
intervals~D f 50.6 st andD f 50.5 st! than at the largest in
terval (D f 50.2 st). For excursion time and response tim
on the other hand, the interaction is largely due to the lac
differences at the intervals of 4 and 7 st. In contrast, b
excursion time and response time are longer when the in
val is 12 st.

The main effect of carrier is significant only for respon
time, as shown in Table I. However, a number of interactio
involving carrier reached or approached significance le
Interestingly, it is excursion size, excursion time, and
sponse time that have significant or near-significant inte
tions, as can be seen in Fig. 4. English subjects show m
larger differences between /malamalama/ and the schwa
Mandarin subjects for excursion size, excursion time, a
response time. Furthermore, Mandarin speakers’ excur
size is smaller when the carrier is /malamalama/ than whe
is the schwa, whereas the difference with English speake
reversed. It is possible that, for the Mandarin speakers,
less natural to change pitch repeatedly within a sustai
vowel than to associate each pitch value with a syllab
because the latter is similar to what they do in speaking t
native language. If this is the case, in performing the t
they may tend to use the usual pitch range for lexical to
which has been found to require only a small portion~up to
6 st, cf. Xu, 1999, in press! of a speaker’s pitch range~up to
2 octaves, cf. Fairbanks, 1959!. For the English subjects, in
contrast, maybe associating a different pitch with each of
successive syllables is quite unnatural and consequently
had to use more effort in performing the task, resulting in
larger pitch range.8

Also, male subjects show larger differences betwe
/malamalama/ and the schwa than female subjects for
three measurements~though only near-significance level fo
response time!. The differences may seem to indicate th
with respect to these interactions, female speakers ov
behave more like Mandarin speakers than like Eng
speakers. However, the two probability levels do not se
high enough to warrant a clear conclusion about the gen
effect at this point.

Somewhat surprisingly, the main effect of gender w
not significant for any of the measurements except respo
time. But, response time is longer for female subjects t
for male subjects, which is just the opposite of what is s
oc. Am., Vol. 111, No. 3, March 2002
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gested by Sundberg’s~1979! data. Nor was there any signifi
cant interaction between gender and direction as can be
served in Sundberg’s data. As it turns out, however, there
other gender differences that are actually quite robust, as
will discuss next.

B. Excursion time versus response time

As suggested in Fig. 1, a complete pitch shift proba
consists of three phases: acceleration, rapid glide,
deceleration.9 Response time, as defined by Ohala and Ew
~1973! and Sundberg~1979!, is the amount of time it takes
the speaker to complete the middle 75% of a pitch chan
Conceptually, therefore, pitch movement during respo
time corresponds largely to the fast glide phase of the p
shift, and the rest of the excursion time to the initial acc
eration and final deceleration. A comparison of excurs
time with response time may thus let us see the distribu
of time between the fast glide and acceleration–decelera
phases of a pitch shift. Table III displays excursion si
excursion time, response time, and the ratio of excurs
time to response time broken down according to interv
direction, and gender.

As can be seen in the table, the ratio of excursion time
response time ranges from 1.62 to 2.07, and the mean ra
1.87. Thus, excursion time is always much longer than
sponse time, and in many cases even more than twic
long. This indicates that a large portion of excursion time
missing when estimating the maximum speed of pi
change with response time alone.

Table III also reveals an interesting gender difference
terms of the ratio of excursion to response time. A five-fac
~language, gender, direction, carrier, and interval! mixed
ANOVA finds the main effect of gender highly significant fo
this ratio: f (1,32)5187.26,p,0.0001. Also highly signifi-
cant are the main effect of interval@ f (1,32)524.24,p
,0.0001# and the interaction between gender and inter
@ f (1,32)526.63,p,0.0001#. As can be seen in the last row
of Table III, for male speakers the excursion/response r
remains fairly constant around 2. But, for female speak
the ratio increases steadily from 4 to 12 st, and is sma
than that of the males even for the largest intervals. Look
closer for the source of this difference, we notice in Table
that at each interval in both directions, female speakers h
shorter excursion time but longer response time than m
speakers. All this seems to indicate that female speakers
less time than male speakers in the acceleration and de
eration phases of the pitch shift. There are two possible
Y. Xu and X. Sun: Maximum speed of pitch change
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FIG. 4. Interactions of carrier with
language and gender on excursio
size, excursion time, and respons
time. Results of the five-factor mixed
measure ANOVAs for each interaction
are displayed on top of the respectiv
graph.
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planations for this finding. The first is that female speak
have more powerful laryngeal muscles than male speake
that they can start and stop a pitch shift faster than m
speakers can. The second explanation, which we thin
more plausible, is that female speakers have less laryn
J. Acoust. Soc. Am., Vol. 111, No. 3, March 2002
s
so
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mass and hence less laryngeal inertia, thus needing less
than male speakers to initiate and end a pitch shift.

The main effects of direction and carrier also rea
significance level @ f (1,32)56.088,p50.0191; f (1,32)
55.475,p50.0257]. But, the differences in the means a
from

1.87
TABLE III. Excursion size, excursion time, response time, and ratio of excursion time to response time. The ratios are means of individual ratiosall
subjects.

Direction Rise Fall

Interval 4 7 12 4 7 12

Gender f m f m f m f m f m f m Mean

Excursion size~st! 3.3 3.7 4.4 4.5 6.8 6.1 3.9 4.3 4.9 5.1 6.8 6.5 5.0
Excursion time~ms! 120 129 123 133 144 148 122 132 126 133 137 144 133
Response time~ms! 75 64 72 65 80 73 76 67 75 69 76 73 72
Excursion/response 1.62 2.07 1.70 2.07 1.82 2.04 1.62 2.00 1.69 1.96 1.83 2.02
1405Y. Xu and X. Sun: Maximum speed of pitch change
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FIG. 5. Scatter plots of excursion
speed, maximum velocity, and excur
sion time produced by all subjects a
functions of excursion size. Only dat
points meeting the criteria listed in
Sec. II D ‘‘F0 extraction and measure
ment’’ are included. Each plot thus
consists of 3553 data points.
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so small~1.878 vs 1.844 for rise and fall, and 1.847 vs 1.8
for /malamalama/ and schwa! that we do not want to at
tribute them much importance.

C. Excursion time and excursion speed as functions
of excursion size

We can see in Table I that excursion time, response ti
excursion speed, and maximum velocity all vary sign
cantly with pitch change interval. To observe their relati
with pitch change interval in more detail, excursion tim
excursion speed, and maximum velocity are plotted as fu
tions of excursion size in all conditions for all the subjects
Fig. 5. As can be seen in the figure, in general both excurs
speed and maximum velocity change fairly linearly with e
cursion size. Based on this observation, simple linear reg
sions were performed for each subject on both pitch rises
falls, with excursion size as independent variable and ex
sion time, excursion speed and maximum velocity as dep
dent variables.

Table IV shows the coefficients~intercept and slope, i.e.
b anda in z5b1ax! of simple linear regressions of excu
sion time over excursion size, as well as excursion time co
1406 J. Acoust. Soc. Am., Vol. 111, No. 3, March 2002
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puted with these regression parameters for the excur
sizes of 4, 7, and 12 st. Also shown in the table are
maximum, minimum, and standard deviation of the coe
cients and computed excursion time across subjects. As
be seen, the deviation of the computed excursion time
quite large, especially when the excursion size is large.
reduce the deviation, three subjects~Nos. 11, 15, 36! whose
computed excursion time at any of the six excursion si
(3 sizes32 directions) deviates more than 2 standard dev
tions about the mean were taken out, and a new set of
gression coefficients and computed excursion time val
was obtained, as shown in Table V.

Regression coefficients for excursion speed and m
mum velocity were also computed and are displayed
Tables VI and VII together with the predicted values at e
cursion sizes of 4, 7, and 12 st. Consistent with Fig. 5,
both excursion speed and maximum velocity, the meanR2

values for pitch rise~0.723 and 0.734! and pitch fall~0.708
and 0.753! are quite high in Tables VI and VII. This furthe
suggests that the relationship between excursion size and
cursion speed is quite linear. The linear equations displa
in Tables VI and VII can therefore be used to predict t
these
andard
three
ope valu

1
2

67
TABLE IV. Coefficients ~intercept and slope! of simple linear regressions of excursion time over excursion size, excursion time computed with
coefficients for the excursion sizes of 4, 7, and 12 st, andR2 of the regression analyses. Data rows 1–4 display the mean, maximum, minimum, and st
deviation, respectively. In the Max and Min rows, all the values exceptR2 are taken from the subject whose average rise time or fall time across the
intervals is the largest among all subjects. This way the maximum and minimum rise time can be computed with the corresponding intercept and sles.

Intercept Slope

Rise time~ms!

R2 Intercept Slope

Fall time ~ms!

R24 st 7 st 12 st 4 st 7 st 12 st

Mean 90.4 9.7 129 158 206 0.355 100.9 6.3 126 145 177 0.20
Max 146.7 32.3 216 313 475 0.714 138.9 22.5 171 209 321 0.67
Min 48.7 3.1 91 105 128 0.053 51.3 20.5 95 99 97 0.008
Std dev. 22.0 6.0 25.6 39.1 66.4 0.172 18.7 4.4 17.9 26.5 45.9 0.1
Y. Xu and X. Sun: Maximum speed of pitch change
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TABLE V. Coefficients ~intercept and slope! of simple linear regressions of excursion time over excursion size, excursion time computed with
coefficients for the excursion sizes of 4, 7, and 12 st, andR2 of the regression analyses~data from 33 subjects!. Data rows 1–4 display the mean, maximum
minimum, and standard deviation, respectively. In the Max and Min rows, all the values exceptR2 are taken from the subject whose average rise time or
time across the three intervals is the largest among all subjects. This way the maximum and minimum rise time can be computed with the corr
intercept and slope values in the table.

Intercept Slope

Rise time~ms!

R2 Intercept Slope

Fall time ~ms!

R24 st 7 st 12 st 4 st 7 st 12 st

Mean 89.6 8.7 124 150 194 0.356 100.4 5.8 124 141 170 0.19
Max 75.8 20.6 158 220 323 0.714 104.9 11.7 152 187 245 0.67
Min 73.1 4.6 91 105 128 0.053 102.1 20.5 100 99 97 0.008
Std dev. 20.3 4.4 18.8 26.6 45.4 0.179 15.4 3.5 15.9 23.0 38.5 0.1

TABLE VI. Coefficients ~intercept and slope! of simple linear regressions of excursion speed over excursion size, excursion speed computed wi
coefficients for the excursion sizes of 4, 7, and 12 st, andR2 of the regression analyses~data from 33 subjects!. Data rows 1–4 display the mean, maximum
minimum, and standard deviation, respectively. In the Max and Min rows, all the values exceptR2 are taken from the subject whose average rise time or
time across the three intervals is the largest among all subjects. This way the maximum and minimum rise speed can be computed with the cor
intercept and slope values in the table.

Intercept Slope

Rise speed~st/s!

R2 Intercept Slope

Fall speed~st/s!

R24 st 7 st 12 st 4 st 7 st 12 st

Mean 10.8 5.6 33 50 78 0.723 8.9 6.2 34 52 83 0.708
Max 9.0 8.6 43 69 112 0.914 20.6 10.3 41 72 123 0.906
Min 10.2 3.6 25 35 54 0.325 13.0 3.4 27 37 54 0.371
Std dev. 4.3 1.3 4.8 8.0 14.2 0.139 5.0 1.6 4.6 8.4 15.8 1.46

TABLE VII. Coefficients~intercept and slope! of simple linear regressions of maximum velocity over excursion size, maximum velocity computed with
coefficients for the excursion sizes of 4, 7, and 12 st, andR2 of the regression analyses~data from 33 subjects!. Data rows 1–4 display the mean, maximum
minimum, and standard deviation, respectively. In the Max and Min rows, all the values exceptR2 are taken from the subject whose average rise time or
time across the three intervals is the largest among all subjects. This way the maximum and minimum values can be computed with the correspondicept
and slope values in the table.

Intercept Slope

Max rise velocity~st/s!

R2 Intercept Slope

Max fall velocity ~st/s!

R24 st 7 st 12 st 4 st 7 st 12 st

Mean 12.4 10.5 54 86 139 0.734 26.8 212.1 255 292 2152 0.753
Max 0.2 18.0 72 126 216 0.927 211.8 28.7 246 272 2116 0.941
Min 20.8 6.2 46 64 95 0.270 13.9 218.2 259 2113 2204 0.410
Std dev. 7.7 2.5 7.9 13.9 25.6 0.137 9.0 2.1 6.1 10.0 19.7 0.1

TABLE VIII. Mean values of turn-point-to-m ~ms! under the effects of language, gender, turn type, and interval,
together with probability values resulting from four-factor mixed-measure ANOVAs.

Language (p50.0021) Chinese English

Gender (p50.0241) Female Male Female Male

Turn type (p50.0012) Valley Peak Valley Peak Valley Peak Valley Peak

23.7 5.8 20.2 21.9 12.9 18.1 24.6 29.8

TABLE IX. Comparison of response time measured by Sundberg~1979! and computed response time based on
the present data.

Gender

Rise response time Fall response time

4 st 7 st 12 st 4 st 7 st 12 st

Sundberg~1979! Female 75 81 98 62 68 70
Male 83 89 104 73 72 75

Present study Female 73 80 91 75 78 84
Male 63 78 104 65 73 86
1407J. Acoust. Soc. Am., Vol. 111, No. 3, March 2002 Y. Xu and X. Sun: Maximum speed of pitch change
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maximum speed of pitch change at different pitch chan
intervals. The data on maximum velocity as of yet do n
have any real speech data with which to compare. Howe
in situations where the onset or offset of a pitch change
hard to determine, and maximum instantaneous velocit
the only measurable speed indicator, data in Table VII m
be used as useful reference.

D. Alignment of peak and valley with syllable

For trials with /malamalama/ as the carrier, analysis w
also done on the alignment ofF0 peaks and valleys relativ
to syllable boundaries. Table VIII displays the mean valu
of turn-point-to-m ~including both peak-to-m and valley-to-
m!, broken down according to language, gender, and t
type. Also displayed in the table are the probability valu
resulting from four-factor mixed-measure ANOVAs. Of th
independent variables, language and gender are betw
group factors, and turn type and interval are within-gro
factors. The effect of interval is not significant and thus is n
included in the table. As illustrated in Fig. 3, a positive val
of turn-point-to-m means that theF0 peak or valley corre-
sponding to a syllable is realizedbefore the end of the syl-
lable; a negative value means that the peak or valley is r
ized after the syllable offset; and a small value, wheth
positive or negative, means that the peak or valley is reali
close to the end of the syllable. The values in Table V
indicate that Mandarin subjects producedF0 peaks and val-
leys closer to the syllable offset than English subjects,
that there is a greater tendency for their peaks or valley
occurafter the end of the syllable. The same tendencies
also be seen in female versus male subjects, and in pitch
versus pitch rises~i.e., valley versus peak!.

IV. DISCUSSION

The main goal of the present study was to assess
maximum speed of pitch change in such a way that the
sessment is more relevant to our understanding ofF0 contour
variations in speech. By measuring not only response tim
done in earlier studies~Ohala and Ewan, 1973; Sundber
1979! but also excursion time—time used to complete 10
of a pitch shift, the data so obtained can be more rea
compared to data collected in studies ofF0 contours in real
speech, as will be done next. As will be discussed sub
quently, these comparisons make it possible for us to c
sider, in more realistic terms than before, implications of
maximum speed of pitch change on our understanding oF0

contour production in speech in general. Finally, there
still inadequacies in the present study which can be impro
in future research, as will be considered briefly.

A. Comparison with previous studies

There are a number of studies that have collected da
which the current data can be compared. In particular, S
dberg ~1979!, Caspers and van Heuven~1993!, Ladd et al.
~1999!, Laddet al. ~2000!, and Xu~1999! will be considered.

1. Sundberg (1979)

As mentioned earlier, Sundberg~1979!, following Ohala
and Ewan~1973!, measured the response time of pitch sh
1408 J. Acoust. Soc. Am., Vol. 111, No. 3, March 2002
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defined as the time to complete 75% of the pitch shift int
val. To compare his data with ours, we estimated the m
response time from Fig. 3 of Sundberg~1979! ~because no
actual numbers were reported in the paper! and displayed
them in the upper two rows in Table IX. The lower two row
of Table IX display the mean response time computed fr
our current data for males and females, respectively.

As can be seen in Table IX, while the computed r
sponse time values for pitch falls from the present study
slightly longer than those of Sundberg’s, they are somew
shorter than Sundberg’s for pitch rises. Overall, the co
puted response time in the present study is comparabl
that of Sundberg’s. This suggests that the excursion time
Sundberg’s subjects, had it been possible to measure it, c
have been similar to that of the present study.

Also, the difference in speed between pitch rises a
falls reported by Sundberg~1979! is largely confirmed. The
mechanism behind this difference, however, is still uncle
Judging from the fact that the difference seems to incre
with the size of pitch change, it is possible that it is due
the different muscles involved in pitch lowering and elev
tion. The former probably mainly involves the cricothyro
and thyroarytenoid, and the latter the infrahyoid str
muscles~sternohyoid, thyrohyoid, and sternothyroid! ~Erick-
son, 1993; Halle´, 1994; Honda, 1995!, which are more pow-
erful, but slower at small ranges~Honda, 1995!.

2. Caspers and van Heuven (1993)

Caspers and van Heuven~1993! examined the effect of
time pressure on the realization of pitch rises and falls rela
to accents in Dutch. They measured the excursion size
F0 slope of pitch rises and falls associated with prenucl
accents. Table X displays the fastest speed of pitch rises
falls for the female speaker and male speaker reported
Caspers and van Heuven. Also displayed in Table X are
excursion speeds computed from our current data for
average and fastest male and female speakers, respect
The fastest speaker is the one whose computed excur
speed averaged across 4, 7, and 12 semitone is the gre
among all female or male speakers for pitch rises or falls.
can be seen in the table, in making pitch rises, the fem
speaker in their study is a bit faster than even the fas
female subject in the present study; the male speaker is fa
than our average male speaker but slower than our fas
male speaker. In making pitch falls, their female speake
faster than our average female speaker but slower than
fastest female speaker; their male speaker is a bit slower
our fastest male subject but about as fast as our average
subject. Overall, therefore, their speakers are faster than
average speakers but somewhat slower than our fa
speakers. This indicates that their two speakers were p
ably speaking near the speed limit when making the fas
pitch changes.

As mentioned in the Introduction, however, becau
they used response time for the 12-st interval reported
Sundberg~1979! as the actual limit of speed of pitch chang
Caspers and Heuven concluded that the slope of pitch r
and falls was well within the articulatory limits. Compar
sons of their data with ours as shown in Table X and
Y. Xu and X. Sun: Maximum speed of pitch change
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TABLE X. Comparison of fastest excursion speed in Caspers and van Heuven~1993! and computed excursion
speed based on the present data. The excursion sizes are as listed in Table 3 of their paper for the fe
male speakers, respectively. The excursion speed from our data was computed using the intercepts an
of the fastest as well as the average male and female subjects in the present study at the same excurs
as those in Table 3 of Caspers and van Heuven.

Subject

Rise Fall

Size ~st!
Slope/speed

~st/s! Size ~st!
Slope/speed

~st/s!

Caspers and van Heuven~1993! Female 6.7 72 10.1 77
Male 7.8 66 9.3 59

Present study Average female 6.7 49 10.1 69
Fastest female 6.7 67 10.1 96
Average male 7.8 53 9.3 61
Fastest male 7.8 72 9.3 84
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newly-understood Sundberg data both suggest that the sp
ers examined by Caspers and van Heuven~1993! probably
approached their maximum speed of pitch change quite
quently.

3. Xu (1999)

This study examinedF0 variations in Mandarin unde
the effects of tone and focus. TheF0 analysis in the study
was done with a similar procedure as used in the pre
study. However, no data on the speed of pitch change w
reported in the published paper. To extract data on the sp
of pitch change from the raw data obtained in the study,
wrote a newC program to make the measurements. The p
gram locates theF0 peaks and valleys at the edges of pit
movements the same way as in the present study, and
measures the excursion time and excursion speed. The
vidual values of excursion speed were regressed over ex
sion size as in the present study for each of the eight M
darin subjects. The regression equations were then use
compute excursion speed at the excursion intervals of 4
and 12 st.

Table XI displays the mean excursion speed compu
for the three intervals for different tones together with t
excursion speed values as shown in Table VI and the m
excursion speed values from the Mandarin subjects alo
The values of speed of pitch change were divided into t
groups: those associated with static tones and those with
namic tones. Static tones refer to the H~High! and L ~Low!
tones.F0 movements occur in this group when the tones
two adjacent syllables differ at the syllable boundary, such
, Vol. 111, No. 3, March 2002
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in HL, LH, etc. Dynamic tones refer to the R~Rising! and F
~Falling! tones, to which pitch movements are presuma
intrinsic ~Xu and Wang, 2001!.

As can be seen in Table XI, although excursion spe
associated with the static tones in Xu~1999! is much slower
than the maximum excursion speed obtained in the pre
study, the excursion speed associated with the dynamic to
is fairly comparable with the present data both from all t
subjects and from the Mandarin subjects alone. This co
parison is quite interesting, because it shows that in spe
the maximum speed of pitch change is approached o
when there is a strong demand for a fast pitch change.

4. Ladd et al. (1999) and Ladd, Mennen, and Schepman
(2000)

These two studies investigated the alignment ofF0

peaks and valleys in the prenuclear rising accent in Eng
~Ladd et al., 1999! and Dutch~Ladd et al., 2000!. We com-
puted the speed of pitch change~st/s! from the data reported
in these studies and listed them in Table XII. Also listed
the table is the speed of pitch change in the present s
estimated using the coefficients in Table VI for the sa
excursion sizes.

From Table XII it can be seen that in both cases,
speed of pitch change in those two studies is somew
slower than the estimated speed obtained in the pre
study. This is despite the fact that both studies include c
ditions where time pressure is potentially applied to the
alization of pitch movements. We do notice one thing tha
different about these two studies when compared to the s
ies discussed earlier, however. That is, the prenuclear acc
TABLE XI. Comparison of excursion speed estimated from Xu~1999! and from the present data~same as in the
first row of Table VI!.

Rise speed Fall speed

4 st 7 st 12 st 4 st 7 st 12 st

Xu ~1999! Static tone 24 37 58 21 35 57
Dynamic tone 31 51 83 29 49 81

All speakers in
present study

33 50 78 34 52 83

Mandarin speakers
in present study

34 52 82 34 53 84
1409Y. Xu and X. Sun: Maximum speed of pitch change
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in these studies always occur on a syllable that is follow
by an unstressed syllable. If we assume that an unstre
syllable either does not have a pitch target of its own,
carries only a rather weak pitch target, then it is possible
the rise in a prenuclear accent that precedes an unstre
syllable is not implemented under the greatest time press
In other words, they are somewhat similar to the situation
the static tones in Mandarin, whose implementation a
does not seem to require maximum speed of pitch chang
has been shown in Table XI. Naturally, the validity of th
interpretation awaits closer examination in future studies

B. Implications

As suggested earlier, a rapid pitch shift should consis
three phases: acceleration, rapid glide, and deceleration.
vious studies of the maximum speed of pitch change see
have focused mainly on the second phase, i.e., the rapid g
~Ohala and Ewan, 1973; Sundberg, 1979!. The present study
takes all three phases into consideration when estimating
speed of pitch change. As it turns out, excursion time
nearly twice as long as response time. Furthermore, i
found that the speed of pitch change varies quite linea
with the size of pitch change, and that it varies also with
direction of pitch change. These findings have many im
cations for our understanding of pitch contours in speech
well as other aspects of speech production. In the followi
we will discuss just a few of these implications.

1. How often is the maximum speed of pitch change
reached in speech?

The role of articulatory constraints has been widely r
ognized in the phonetics and phonology literature. Howe
rarely do we see serious discussion on whether limits on
speed of articulatory movements are actually reached.
haps this is because of the general belief that human be
as biological systems would not allow their physiologic
limits to be approached very often when performing a task
routine as speech. Instead, more consideration is given to
economy of effort, as defined by Lindblom~1982!, as the
ultimate constraint in speech production. Economy of eff
implies that the speaker is capable of making a more extr

TABLE XII. Comparison of excursion speed in Laddet al. ~1999! and Ladd
et al. ~2000! with computed excursion speed based on our data~Table VI!.
For Laddet al. ~1999!, the excursion sizes are computed from data in A
pendix B of their paper, the excursion time is obtained from Fig. 3 and Ta
2 of their paper. For Laddet al. ~2000!, for their experiment 1 the rise siz
was estimated based on their Table I, and rise time was computed from
in Table I as well as in the text. For their experiment 2, the rise size is f
endnote 2 and rise time from both their Table II and endnote 2. The
speeds in both studies were calculated by dividing rise size with rise ti

Rise size~st! Rise speed~st/s!

Ladd et al., 1999: Experiment 1 fast 3.7 21
Present study 3.7 31

Ladd et al., 1999: Experiment 2 fast 3.4 21
Present study 3.4 29

Ladd et al., 2000: Experiment 1 fast 5.4 23
Present study 5.4 40

Ladd et al., 2000: Experiment 2 6.5 31
Present study 6.5 46
1410 J. Acoust. Soc. Am., Vol. 111, No. 3, March 2002
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articulation but chooses not to. A physiological limit, on th
other hand, is a threshold that the speaker simply can
cross. One study that does seriously consider the poss
role of articulatory limit on the speed of pitch change
determining various aspects ofF0 contours in speech is ‘
Hart et al. ~1990!. As discussed in the Introduction, howeve
their interpretation of the data reported by Sundberg~1979!
underestimated the actual articulatory limits on the speed
pitch change. The comparison of present data with thos
Xu ~1999! discussed earlier suggests that pitch change sp
comparable to that obtained with a paradigm as demand
as that employed in the present study can be easily obse
in real speech in Mandarin. For Dutch, the full excursion s
found by ‘t Hartet al. ~1990! is around 6 st~p. 53!. At this
interval, the speed of 50 st/s they reported is also compar
to the excursion speed in Table VI at the same interval. A
as shown in Table X, the fastest pitch change speed repo
by Caspers and van Heuven~1993! is comparable to the
maximum speed of pitch change at similar pitch shift int
vals. Furthermore, as mentioned by ‘t Hartet al., in English,
full-size rises and falls can span an octave and the rate
change can reach 75 st/s~p. 49!. This again is comparable to
the computed mean excursion speed for the 12-st inte
shown in Table VI. These comparisons seem to suggest
the maximum speed of pitch change is probably approac
or even reached more often than we have realized.

Note that this does not mean that the maximum spee
pitch change is reached all the time. Rather, there are m
situations in which the thresholds are not likely approach
For example, the production of the static tones~H, L! in
Mandarin probably does not often require maximum spe
of pitch change, as Table XI seems to suggest. Also,
production of the prenuclear accent in English and Du
probably does not call for maximum speed of pitch chang
the stressed syllable is followed by an unstressed syllable
Table XII appears to suggest.10 What seems critical is that in
each specific situation we need to try to recognize if a p
ticular biomechanical limit may be approached and whet
a condition exists that necessitates the approximation of
limit. In the following we will discuss a number of suc
situations and examine how maximum speed of pitch cha
may play a role in shaping certainF0 contours in speech.

2. How may contextual tonal variations relate to
maximum speed of pitch change?

In a series of studies on contextual tonal variations
Mandarin~Xu, 1994, 1997, 1999!, it was found that theF0

contour of a tone varies extensively with the offsetF0 of the
preceding tone, especially when there is no voiceless co
nant separating the vowels. The H tone in Mandarin,
example, is produced with an apparent rising contour whe
follows the L tone. Likewise, the L tone is produced with a
apparent falling contour when preceded by the H tone.
and Wang~2001! suggest that these seemingly long tran
tions are due to the fact that it takes time to make the
quired pitch change when shifting from one tone to anoth
What was not known, however, was how much time it wou
take for such transitions to complete. As shown in Table V
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would take on average 142 ms~computed with the mean
intercept and slope for rise time in the table! for a Mandarin
speaker to complete a 6-st pitch rise. This means that
syllable with an average duration of 180 ms~Xu, 1999!, the
greater half of theF0 contour in the syllable would have t
be used for completing the pitch rise from the L tone to the
tone even if the maximum speed of pitch has been achie
The long transitions found in Xu~1997, 1999! now seem to
have a clearly plausible articulatory explanation: speak
probably have no way of avoiding them, given the limit
their laryngeal physiology.

In many African tone languages, e.g., Yoruba, the H to
is said to change into a rising tone when preceded by th
tone, and the L tone is said to change into a falling tone w
preceded by the H tone~Hyman and Schuh, 1974!. While
there are various phonological accounts of this kind of to
variation ~e.g., Hyman and Schuh, 1974; Goldsmith, 199
Manfredi, 1993!, it is not yet clear if such changes are due
speaker’s intentional change of the articulatory target ass
ated with the tone. From the limited duration data that can
obtained from Laniran~1992! and Akinlabi and Liberman
~1995!, it seems that the average syllable duration in Yoru
is no longer than that in Mandarin. This suggests that th
dynamic F0 patterns in Yoruba probably have much to
with speakers’ articulatory limitations. If the maximum spe
of pitch change found in the present study is universal,
rise in the H tone and fall in the L tone are probably ine
table whenever they are preceded by a tone with a very
ferent offset pitch.

3. What are the linguistically meaningful pitch targets
and how are they realized in speech?

As has been observed in a number of recent stud
certainF0 events such asF0 peaks and valleys maintain
relatively stable alignment with the onset or offset of t
syllable ~Arvaniti, Ladd, and Mennen, 1998; Caspers a
van Heuven, 1993; Kim, 1999; Laddet al., 2000; Prieto, v.
Santen, and Hirshberg, 1995; Xu, 1998, 1999, 2001!. There
are disagreements, however, over the interpretation of th
alignment patterns. In particular, Ladd and his colleag
argue that these patterns indicate thatF0 turning points are
linguistically meaningful targets and are ‘‘anchored’’ b
speakers at the onset or offset of the syllable, and that
servedF0 shapes are merely interpolations between th
targets~Arvaniti et al., 1998; Laddet al., 1999; Laddet al.,
2000!. An alternative view recently offered by Xu and Wan
~2001! and Xu ~in press! contends that observedF0 events
such as peaks and valleys are not necessarily the under
functional unitsper se. Rather, they are mostly products
the interaction between underlying pitch targets and vari
articulatory constraints. For example, the H, L, R, and
tones in Mandarin probably have the underlying pitch targ
@high#, @low#, @rise#, and @fall#. In speech production, thes
targets are synchronously implemented with the syllab
that carry them due to, presumably, the constraints of co
dinated movements~Kelso, 1984; Schmidt, Carello, and Tu
vey, 1990!. Due to the constraint of the maximum speed
pitch change, however, the realization of these targets in c
texts often deviates much from their realization in isolatio
J. Acoust. Soc. Am., Vol. 111, No. 3, March 2002
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resulting in contextual tonal variations as discussed in
previous section. Furthermore, according to this view,
occurrence ofF0 peaks and valleys requires the right s
quence of pitch targets, and the alignment of the peaks
valleys depends on the properties of the pitch targets
volved. For example, in an LHL sequence,F0 has to rise
from the first L tone to realize the@high# of the H tone, and
then fall to realize the@low# of the second L tone. This will
result in a risingF0 contour during the H-carrying syllable,
falling contour during the second L-carrying syllable, and
peak near the boundary between the second and third
lables.

What the findings of the present study tell us is that,
matter what form the linguistically meaningful targets tak
implementing them takes time. If, for example, the speake
task is to anchor anF0 minimum at the onset of a syllable
initial consonant, as suggested by Ladd and colleagues
average speaker would have to start theF0 movement to-
ward this low point at least 124 ms earlier, even if the ran
of the movement is just 4 st~cf. Table V!. Furthermore, the
speaker would have to adjust the onset of a pitch movem
according to the size of theF0 excursion toward that low
point. This has yet to be confirmed by empirical data.

If, instead, the speaker’s task is to implement a pi
target such as@high# in synchrony with a syllable, as sug
gested by Xu and Wang~2001!, there would be no need to
anticipate the size of theF0 movement toward this target
Rather, the speaker just needs to start the implementatio
the pitch target at the onset of the syllable and end the im
mentation at the offset of the syllable. Because it takes
least 124 ms to raise or lower pitch by 4 st according to
present data~Table V!, much of the earlierF0 contour during
a syllable would form a transition from the preceding pit
target toward the current target. Furthermore, the shap
the transition and the height and slope of theF0 contour near
the end of the syllable would all vary depending on the m
nitude and direction of the difference between the two ad
cent targets and the duration of the syllable. Additiona
depending on the duration of a syllable, anF0 peak associ-
ated with it would occur either before or after its offset. A
of these have indeed been found in Mandarin~Xu, 1997,
1998, 1999, 2001!.

The present data therefore seem to provide some sup
for the view that, at least in Mandarin, underlying pitch ta
gets such as@high#, @low#, @rise#, and@fall# constitute part of
the meaningful linguistic units and they are produced s
chronously with their associated syllables. It is possib
however, languages like English and Dutch are very differ
from Mandarin in terms of underlying pitch targets and th
alignment, and this difference may explain the contrast
tween the aforementioned views. Further studies are nee
to resolve this issue.

C. Limitations, caveats, and future directions

Despite the significance of the data obtained in
present study, we are aware of their limitations, and we w
to also point out a few caveats and identify possible fut
directions. First, from Tables IV–VII it is apparent that the
are large variations across subjects. Part of the variab
1411Y. Xu and X. Sun: Maximum speed of pitch change



he

a
th
n
g
e

th
ub
th
co
in
b

tch
in
y

n

on
itc
A
e
a

n
e
ig
r

-
s
he
vi
ly,

is

xt
ng
th
a
f
s
e
s
ll

l-
es
n
o
ke
e
.

a
c

as
ea-
rtial
me
1,
ift.
nal

fore
for
en-

by
his
itch

evi-

te
of

n
ter

hat
y is
rved
ests
he
y
ely
xi-
sive
the
ven
at

ef-

stic

the

s
am-

to
ation
ests

en
e is
ents
as
in
u-
by
ical

rns
o be
s as
eir
the

of
may be due to subjects’ different abilities to perform t
arbitrary task of the experiment. For example, compared
Sundberg’s~1979! nonsinger subjects who were all taking
musical class at the time of the experiment, ours had ra
diverse musical backgrounds. Although we did not find a
contribution of musical training, the lack of musical trainin
of some subjects may have contributed to the difficulty th
experienced while trying to perform the task.

Second, the 6-Hz undulation rate that we used for
stimuli is probably a bit too fast, since even our fastest s
jects did not achieve that rate. We used 6 Hz to ensure
we get the fastest speed possible. But, it may also have
tributed to the difficulty some subjects experienced dur
the experiment. The other source of the variability may
each individual subject’s true idiosyncratic speed of pi
change. It would be interesting in future studies to exam
whether individual speakers’F0 contour patterns are directl
linked to their own maximum speed of pitch change.

Third, the significant effects of language, gender, a
turn type on turn-point-to-m, as shown in Table VIII, are
somewhat puzzling to us. In the /malamalama/ conditi
what the subjects were asked to do is to produce the p
undulation patterns together with the syllable sequences.
though there were no explicit instructions as to how precis
they should align the two, the implied requirement is th
they produce the two synchronously. The patterns show
Table VIII, however, do not seem to fit what one might pr
dict from previous data. We know that female speakers m
have faster speed of pitch change according to Sundbe
~1979! data, or they may have fasterF0 movement accelera
tion and deceleration as suggested by our new data discu
above. We also know that Mandarin probably requires hig
precision of pitch target alignment than English because
tually every syllable is specified with a lexical tone. Final
we know from data reported by Ohala and Ewan~1973!,
Sundberg~1979!, and the current study that lowering pitch
faster than raising it. As speculated by Ohala~1978!, ‘‘since
they can be accomplished quicker, they@falling tones# might
be less likely than rising tones to ‘spill over’ onto the ne
syllable’’ ~p. 31!. All these seem to suggest that the turni
points should more likely occur after rather than before
end of the pitch-associated syllable for male than for fem
speakers, for Mandarin than for English speakers, and
rises than for falls. The fact that the opposite of all of the
was found in the present data might suggest that ther
some subtle but critical difference between subjects’ task
the present study and the task of producing linguistica
meaningful words and phrases.

Finally, this study did not look directly into the physio
ogy of pitch production. And, the few physiological studi
we reviewed could not provide us with direct explanatio
about the speed of pitch change observed in this study. S
is not yet clear to us what, at the muscular level, ma
changing pitch take as much time as found in the pres
study. This, again, can be resolved only by future studies

V. CONCLUSIONS

The goal of the present study was to assess the m
mum speed of pitch change in such a way that the results
1412 J. Acoust. Soc. Am., Vol. 111, No. 3, March 2002
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be directly compared to data from real speech. This w
motivated by our realization that previous attempts at m
suring the speed of pitch change have provided only a pa
picture. They obtained data only on response time—ti
needed to complete 75% of a pitch shift. As shown in Fig.
that corresponds only to the fast glide phase of a pitch sh
It became apparent to us that the initial acceleration and fi
deceleration should also be taken into consideration be
the data on the speed of pitch change can be fully useful
speech research. In this study, we adopted a new experim
tal paradigm in which subjects produced rapid pitch shifts
imitating a series of model pitch undulation patterns. T
enabled us to measure the complete duration of each p
shift as well as that of the response time as defined in pr
ous studies.

As it turns out, it takes nearly twice as long to comple
an entire pitch shift as it takes to execute the middle 75%
the shift. This finding indicates that physiological limitatio
on the speed of pitch movement is probably much grea
than has been recognized. More interestingly, we find t
the maximum speed of pitch change obtained in this stud
comparable to the maximum speed of pitch change obse
in a number of existing studies on real speech. This sugg
that the role of physiological constraints in determining t
shape and alignment ofF0 contours in speech is probabl
more important than has been appreciated. While it is lik
that very often articulatory movements do not reach ma
mum speed due to speakers’ choice of not using exces
effort, in many other occasions, as the new data show,
absolute limit may indeed have been approached or e
reached. This means that, for pitch contour production
least, absolute articulatory limits, just as the economy of
forts as suggested by Lindblom~1982!, probably constitute a
major articulatory constraint that helps to shape the acou
signal in speech.

Our data also demonstrate more clearly than before
linear relations between thesizeandspeedand betweensize
and peak velocityof pitch change. Similar linear relation
have been found between peak velocity and movement
plitude in both speech and nonspeech movements~Hertrich
and Ackermann, 1997; Lo¨fqvist and Gracco, 1997!. This
suggests thatF0 movements are probably quite similar
other speech and nonspeech movements. The linear rel
between the size and speed of pitch movement also sugg
that it is imperative to know the pitch change interval wh
determining whether the maximum speed of pitch chang
approached in a given case. Linear regression coeffici
displayed in Tables V–VII can be used in future studies
references for determining for each pitch variation pattern
a language, how much of it is explainable in terms of artic
latory constraints, and how much of it has to be explained
other mechanisms such as language specific phonolog
rules. The method of inducing rapid pitch undulation patte
from human subjects as used in the present study can als
employed in future studies to test various speaker group
well as individual speakers to see whether and how th
speech patterns are related to their idiosyncratic limits on
speed of pitch change.

Finally, although our findings are about the speed
Y. Xu and X. Sun: Maximum speed of pitch change
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changing pitch, they also raise the question of whether
maximum speed of other articulatory movements is also
proached in speech more frequently than has been re
nized. Future efforts in finding answers to this question m
help further our understanding of speech production
speech perception in general.
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1No information was given as to what vowel~s! the subjects used to sing th
pitch notes in the study.

2One reviewer cautioned us that English may actually produce faster p
change than Chinese, because prominence is realized in English aF0

contrast between adjacent syllables. As found in Xu~1999!, however, this
kind of contrast is used just as readily in Mandarin. In any case, as it tu
out, we found no significant difference in speed of pitch change betw
speakers of these two languages.

3We thank Paul Boersma and the Praat project at Institute of Phonetic
ences, University of Amsterdam, for making their program freely availa
to speech researchers.

4As described in Xu~1999!, the trimming algorithm removes only loca
bumps in anF0 curve involving adjacent vocal periods. As shown in Fig.
in Xu ~1999!, the ‘‘trimming’’ makes sure that sharp local bumps are n
mistaken as true extreme pitch points by subsequent algorithms that l
peaks and valleys in anF0 curve.

5We also considered the ERB scale~Hermes and van Gestel, 1991; Herm
and Rump, 1994!, but did not find it appropriate for our purpose, becaus
reduces the speaker differences too heavily.

6Although it is conceptually more appropriate to calculate response
using excursion size expressed in semitone, numerically the difference
tween the two ways of measurement is quite small. Besides, it is cri
that our data are in a form that is directly comparable to that of the prev
studies.

7We also examined the possible contribution of musical training, but did
find any.

8It is also possible that it is the phonetic difference in@1# in the two lan-
guages that caused the difference in excursion time and response time
American English@1# is known to be ‘‘dark,’’ i.e., with the back of the
tongue as well as the tongue tip raised, whereas the Mandarin@1# is quite
‘‘light.’’ The back of the tongue is bulkier than the tip of the tongu
Raising it may require more time and it may have lengthened the e
syllable.

9We are not suggesting, however, that there are clear boundaries betwe
phases. Rather, theF0 contour throughout a pitch shift is continuous, an
the division among the three phases is conceptual and arbitrary.

10The same can also be seen in the rise data in Table 3 in Caspers an
Heuven~1993!.
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