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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 alignnigntorfitours

in speech is probably greater than has been appreciate®002 Acoustical Society of America.
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I. INTRODUCTION The maximum speed of pitch change was studied in the
) . ) 70's by Ohala and Ewafl973 and Sundberg@1979. Both

Speech is produced by a biomechanical system that hagdies used similar methods. Subjects were asked to shift
various inherent limitations. Many of these limitations may from one pitch level to another as fast as possible upon com-
play a rple in shaping the qcoustic sigpal generated in spgeqﬁand (Sundberg, 197¢" Then, the speed of pitch change
production. One of them is the maximum speed at which 5 a5sessed by measuring the response time—time used to
speakers can change their pitch voluntarily. The mportancgommete the fastest portiofthe middle 75% of a pitch
of this limitation has not been widely recognized amonggyif; as jllustrated in Fig. 1. The term “response” was first

those who are interested in the patterns of fundamental frqjsed by Ohala and Ew&a973 in the phrase “the response
quency variations in _spe_ech, however. Part of the_ reason _foharacteristics of the larynx in voluntary pitch change.” The
this lack of appreciation is probably a general feeling that iNyefinition of the measurement, namely, time corresponding

speech we approach our biomechanic limits only 0CCaSIONy, the middle 75% of the pitch change, was also first used by
ally. In recent years, however, there has been accumulatin

Bhala and Ewan1973. Sundberg(1979 used response

evidence that “m? pressure” may play a part |n.determ|n|ngtime in his paper to refer to this measurement. Response time
the shape and alignment of certdiy contours in speech . : ;
) therefore provides a measurement of the time it takes the
(Caspers and Heuven, 1993; Ladd, Mennen, and Schepman,, . . X
i . T Subject to respond to the commarfritand waving or light
2000; Xu, 1998, 2001 Unless some kind of limit is reached . o . - .
. flash as described in his papdor making the pitch shift.
or approached, of course, time pressure should not ma everal findings of these early studies are potentially impor
much difference. Nevertheless, the exact role the maximu 9 y P y Imp

speed of pitch change may play in speech is far from clea ant for speech. First, the average response time was found to

This is partly because the data we have obtained about tf%e around 79, 85, and 101 ms for pitch rises of 4, 7, and 12

speed of pitch change are far from complete, and partly be§emitones, respectively, and about 68, 70, and 73 ms for

cause we have yet to pinpoint any direct link between maxipitCh drops of 4, 7, and 12 semitones. Thus, the speed of

mum speed of pitch change and actual variationE pton- pitch change seems to increase as the interval becomes
tours in speech larger. Second, as also indicated by the measured response

time, pitch lowering was faster than pitch elevation. Third,

female subjects was found to have shorter response times
dPart of the preliminary results of this study were presented at the Gt%an male subjects

International Conference on Spoken Language Processing, Beijing, 200 . ’ .

(Xu and Sun, 2000 P gHag 9. Beung The estimates obtained by Ohala and Ewa973 and

PElectronic mail: xuyi@northwestern.edu Sundberg(1979 constitute a very important step toward a
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| Time needed to complete been listeners’ limited perceptual ability to distinguish be-
1008 Of pirch change ! tween different rates of pitch change that has forced speakers
oS — rosponse T - to use slower pitch change rates in speéop. 71-75. A
' similar interpretation of Sundberg61979 data was also
adopted by Caspers and van Heuy&f93.
Such interpretation of the data reported by Ohala and
Ewan (1973 and Sundberd1979 seems to have exagger-
: ated the maximum speed of pitch change in two ways. First,

: A the data from both studies indicate that the rate of pitch
TS - change is faster for a larger pitch interval than for a smaller
one. So, unless a particular pitch movement actually spans
12 st, it is inappropriate to use the data for that interval as the
FIG. 1. First, illustration oResponse timetime used to complete 75% of direct indicator of s_peed of pltd_] _change at other intervals.
a pitch change, as defined by Ohala and E@&v3 and Sundberg1979 Second, response time, by definiti®undberg, 1979 mea-
(partially adapted from Sundberg, 197%econd, illustration of the time sures the time it takes to complete only 75% of the pitch
needed to complete 100% of a pitch change. Third, conceptual division of 2hange. Although it is not vet clear at this point how long it
pitch movement into three phases: acceleration, fast glide, and deceleration.. ge. 9 y . P . 9

will take to complete 100% of a pitch change, it should cer-
tainly take longer than response time, as indicated by Fig. 1.

clear understanding of the physiological limits on the speed NUS, it is inappropriate to treat response time as the ultimate
of pitch change. However, those data are incomplete in twéndicator of the physiological limits on the speed of pitch
respects. First, as can be seen in Fig. 1, response time do@$ange, because it corresponds to only part of the pitch shift.
not fully reflect the fastest instantaneous pitch movement A better way to estimate the actual physiological limits
possible, which should occur somewhere in the middle of th@n the speed of pitch change would be to examine how long
rising and falling ramps in the pitch change curve. Secondit takes to complete 100% of a pitch change at various pitch
and more importanﬂy, by definition, response time does no'tntervals. It prObany would have been difficult, however, for
tell us how much time it takes for the speaker to completéOhala and Ewaii1973 and Sundbergl979 to measure the
100% of a pitch shift, which is potentially much longer, astime interval of complete pitch changes with the experimen-
Fig. 1 clearly suggests. tal paradigm they employed, even if that was what they had
The time needed to complete 100% of a pitch shift isin mind initially. In Fig. 1, at the beginning of a pitch shift,
potentially important for our understanding of pitch produc-the Fo movement seems to continually accelerate: changing
tion in speech. In tone languages, for example, utterance&ry slowly at first, and gradually reaching full speed. Near
often contain alternate high and low pitches. As observed ithe end of the pitch shift, the speed of movement decelerates,
Xu (1997, 1999, the transitions between high and low and the curve levels off gradually as the target pitch is being
pitches take a considerable amount of time, and the duratiof¢ached. To measure the time needed to complete 100% of
of the transition affects the shape of thg contours. Fur- the pitch shift as shown in Fig. 1, they would have to locate
thermore, the minimum duration of the pitch transition maythe exact points in time when the shift began and when it
also limit how closely adjaceri, peaks or valleys can fol- ended. However, the asymptotes near the onset and offset of
low each other. Such limits may play a role in determiningthe pitch shift make it hard to determine these points. To
the alignment ofF, peaks and valleys relative to segmentallessen the uncertainty in determining the end points of a
units such as syllableéXu, 1999, 2001; Caspers and van pitch shift, therefore, it is necessary to minimize the duration
Heuven, 1998 of these asymptotes. One way to do that is to have the
It is also possible that articulatory limits on the speed ofspeaker produce a very quick succession of high and low
pitch change are never reached in speech, and that, insteadpitches. This would generate a pitch undulation pattern that
is certain perceptual constraints that limit how fast pitchgoes up and down rapidly, in which the lingering time on
shifts are made in speech. This has been suggested by each pitch should be reduced to a minimum.
Hart, Collier, and Cohert1990. In an effort to understand In the present study, we adopted a new paradigm to as-
the rate of pitch change observed in speech, they consideregss the maximum speed of pitch change by having subjects
both production and perception as possible contributing facproduce rapid pitch undulation patterns through imitation of
tors. Eventually, they dismissed production in favor of per-rapidly alternating high—low pitch sequences. The maximum
ception as the determining factor, based mainly on their inspeed of pitch change is then estimated by measuring, among
terpretation of the data reported by Ohala and E\E3vY3  other things, the time used to complete 100% of each pitch
and Sundberg1979. They first computed the maximum shift. To see if these measurements can provide more direct
speed of pitch change using the response time for the 12-gtdications as to whether and how physiological limits may
condition as reported by SundbgiP79, and came up with play a critical role in shaping thE, contours of speech, we
the value of 120 st/s. They then looked for the fastest pitcltompared our data with data on speed of pitch change in real
movement in Dutch and found it to be only 50 st/s. Based orspeech obtained in previous studies.
this comparison, they concluded that articulatory limits sim- In addition, we also examined the effects of language,
ply could not have been responsible for the observed rate afender, pitch carriefsustained schwa versus /malamalama/
pitch change in speech. Instead, they theorized, it must havend pitch shift direction on various measurements. To check
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200 1 LHLHL 4Hz Using the TD-PSOLA resynthesis function of thRaAT

132 1 program® the fundamental frequencies of the original vowels
50 , ; ; , ; , were modified to generate a number of steady-state vowels.
0 0.1 0.2 0.3 0.4 0.5 0.6 Based on the male voice, vowels with the base frequencies of
50, 60, 70, 80, 90, 100, and 115 Hz were generated. Based on

the female voice, vowels with the frequencies of 115, 130,

200 7 LHLHL 6Hz
150 - 145, 165, 185, 205, and 230 Hz were generated. These two
100 ranges of frequencies correspond to the lower limits of male
50 ' ’ ' ' ‘ ' and female voices.

0 0.1 0.2 0.3 0.4 0.5 0.6

For each vowel at a particular fundamental frequency,
12 model pitch undulation patterns were generated. These

Fundamental frequency (Hz)

fgg ] — pitch patterns differed in three ways. In terms of pitch varia-
100 4 HLHLH 4Hz tion pattern, they were either /HLHLH/ or /LHLHL/. In
50 ; ‘ . . , . terms of pitch variation interval, the difference between H
0 0.1 0.2 0.3 0.4 0.5 0.6 and L was, following Sundberd 979, 4, 7, or 12 semitones.
In terms of pitch variation rate, the duration of each HLH or
200 LHL cycle in a pattern was either 1/4 or 1/6 s. In other
150 - words, the undulation frequencie., the number of HLH or
“5)8 1 HLHLH Bz LHL cycles per secondf a model pitch pattern was either 4

or 6 Hz. The 4-Hz condition was to help warm up the subject
during each trial, while the 6-Hz condition was to elicit the
Time (sec) fastest pitch changes possible. It has been shown that 6 Hz is
FIG. 2. Schematic representations of model pitch undulation patternét the slower end 9f the mvoantary vibrato rate in singing
used as stimuli in the experiment, where 4 and 6 Hz refer to 4 and dPrame, 1994; Dejonckere, Hirano, and Sundberg, 1995

undulation cycles per s, respectively. These examples have the base frRresumablyyoluntary pitch undulations are unlikely to ex-
quency of 100 Hz. ceed 6 Hz.

0 0.1 0.2 0.3 0.4 0.5 0.6

for possible differences due to language, we used native
speakers of Mandarin and English as subjects. Mandarin ha Subjects
lexical tones(pitch patterns that can differentiate woyds

. . ) . . Nineteen native speakers of American Engliglo fe-
while English only has pitch accents related to intonation anc;n P gl

. A ) . les and 9 malésind 22 native speakers of Mandarin Chi-
word stress. It is possible that because successive high- a'%(fse(lz females and 10 malebetween the ages of 18 and
low-tone sequences frequently occur in Mandarin, native

: . . 45, recruited from Northwestern University campus, partici-
speakers of Mandarin can make pitch undulations faster than Y pus, p

. : - . ~“pated in the experiment. Subjects all reported having normal
native speakers of E_nghs?hln addmor_l, bec‘?‘use pitch con ._hearing, vision, and language ability. While some of the sub-
tours are usually carried by the vocalic portion of syllables in. ; . . .

ects had musical or voice training of some kind, none of

speech, it is possible that the syllable structure may either . ; . . .
! . . ) o . them was a professional singer or involved in a professional
hinder the production of pitch undulation or facilitate it. To

S .~ singing group. Those with professional voice training were
test which is the. case, we used bOth CV syllables and Slmplchluded so as to avoid the effect of extensive voice training
vowels as the pitch carriers. To verify the gender difference

on pitch undulation ratéSundberg, 1979 The tasks of the
as reported by Sundbe(§979, we also compared data from experiment turned out to be too difficult for several subjects.
male and female speakers.

Some of them were not able to produce the desired pitch
shifts in the right order. Those subjects were all native speak-
ers of English. The others produced pitch ranges smaller than
Il. METHOD two semitones in many trials. Those were both Mandarin and
A. Stimuli English subjects. As a result, only 36 subjects generated data
suitable for analysis. Of the remaining subjects, 16 are En-

The stimuli were model pitch undulation patterns to beglish speaker¢8 females and 8 malgsnd 20 are Chinese
imitated by subjects, as illustrated in Fig. 2. As can be Seelpeakerg11 females and 9 males

in Fig. 2, the pitch undulation patterns are either HLHLH or

LHLHL, where H and L represent relatively high and low

pitches, respectively. The model pitch undulation pattern% P q

were built by modifying naturally produced voice samples. ™ rocedure

First, schwa-like vowels with relatively steady fundamental The experiment was conducted in the Speech Acoustics
frequencies were recorded by a male and a female speaké&mboratory at Northwestern University. The subjects imitated
The duration of the vowel was approximately 1 s. Based orthe model pitch patterns using both a schwa and a syllable
these original voice samples, a series of pitch manipulationsequencé/malamalama/as the pitch carriers. In total, each
was carried out to generate stimuli with desired pitch varia-subject produced 240 trial8 pitch interval&?2 carriers<2

tion patterns. patterns<2 undulation rates2 sessions5 repetitions.
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310 - Rise time I Fall time
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FIG. 3. lllustration of measurement of
rise and fall excursion time, rise and
fall response time, and turn-point-to-
in an HLHLH trial spoken with
/malamalama/. The two cross points
on the curve labeled " are the on-
sets of second and third /m/ in the
trial. The fact that both turning points
occur after ‘m” means that both turn-
point-toim values are negative.
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During the experiment, the subject was seated in avould ask the subject to repeat a trial if it was felt to be
sound-treated booth in front of a computer monitor. The exnecessary.
periment procedure was controlled by a set of HTML files,
which were displayed by Netscape Navigatddetscape
Communications Corp. A condenser microphone was used D. Fy extraction and measurement
for the recording, and the vocalization was directly digitized TheF,, extraction was done using a procedure similar to
onto a computer hard disk in a Macintosh G4 computer usingyo gnes used in X(L997, 1998, 1999, 2001The procedure
SOUNDEDIT (Macromedia Ing. For each subject, a comfort- combines custom computer programming VE&PS/WAVES-
able pitch level was first determined before the start of th?Entropic Inc). The digitized signals were transferred to a
practice trials by choosing from a range of prerecorded voiCyg| \yorkstation running on thenux platform. Theepochs
samples played by the first HTML pagémong the female 1, .50ram was then used to mark every pitch period in each
subjects, seven selected the base frequency of 185 Hz, eighfqyjation sequence, and the labels were saved into a text
selected 205 Hz, and four selected 230 Hz. Among the malgye atter that, the waveform, the period labels, and the spec-
speakers, one selected the base frequency of 80 Hz, tWo Sgaqram of the signal were displayed imaves The period
lected 90 Hz, eight selected 100 Hz, three selected 115 Hgzpeis were examined carefully for spurious vocal pulse
and three selected 130 HizZThe experimental stimuli were markings such as double labeling and period skipping. Ap-
organized into three HTML pages, each containing mOdebarent errors were corrected manually.
undulation patterns with the pitch intervals of 4, 7, or 12°  \yhjie checking and correcting the vocal period labels,
semitones, respectively. On each page the undulation modelsgmentation labels were also added at the onset and offset

are divided into two patterns—HLHLH and LHLHL, and ¢ o yocalizations and at the boundaries between /m/ and
two rates—4 and 6 Hz. The subject selected one of th%djacent vowels for the /malamalama/ trials.

stimuli each time by clicking on the corresponding button. The vocal period and segment labels for each trial were
The model pattern was then played through the loudspeakegy eq in a text file. All the text files were then processed by
The subject was instructed to imitate the stimuli five times iny et of custom-writter programs. The programs converted
each session, and as accurately as possible in terms of bty i ration of pitch periods intd, values, and then
pitch interval and undulation frequency. _ smoothed the resulting, curves using &rimming algorithm
The experimenter sat outside the recording boothy .+ aliminates sharp bumps and edg¥s, 1999.% The
watching another computer screen showing the same displaymmed F, curves were then subjected to further analysis
as seen by the subject, and listening to the subject'’s vocaliging a set of custom-writtemaTLAB procedures. The fol-

ization through a pair of headphones. The experimenterowing measurements were taken by thverLAB procedures,
monitored the subject’s performance and gave instructiong, st of which are illustrated in Fig. 3.

when necessary. Since the task was somewhat difficult for

some subjects, an intensive practice session was held féxcursion sizérise or fall)—pitch difference(in st) between

them before the real trials. adjacentFy minimum and maximum in the middle undu-
The whole recording process consisted of four sessions. lation cycle. Excursion size is expressed in semitone in

In the first and third sessions, the subject imitated the pitch order to make the data from individual speakers, espe-

models with a schwa, while in the second and fourth ses- cially across genders, more comparable.

sions, the subject imitated the models with the syllable seExcursion timgrise or fall)—time interval between adjacent

guence /malamalama/. This particular syllable sequence was Fy, maximum and minimum in the middle undulation

found in pilot tests to be the fastest vowel-sonorant se- cycle.

guence one could produce. Between sessions, the subjdekcursion speedexcursion size/excursion time

was given the chance to take a break. During each trial, i.e,Response tinfe-time interval corresponding to the middle

for each model, the subject was allowed to replay the model 75% of excursion sizdin Hz), as defined by Ohala and

pattern as many times as they wished. The experimenter Ewan (1973 and Sundberg1979.°
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TABLE |. Mean values of various measurements under the effects of language, gender, dif@cpdnoh changg (pitch) carrier, and intervalof pitch
change, together with probability values resulting from five-factor mixed-measure ANOVAs. Significaatues are printed in boldface.

Language Gender Direction Carrier Interval
Chinese English Female Male Rise Fall Mala Schwa 4 7 12

Excursion sizest) 4.4 5.8 5.0 5.0 4.8 5.3 5.1 5.0 3.8 4.7 6.6
p=0.0037 p=0.8773 p<0.0001 p=0.1396 p<0.0001

Excursion time(ms) 125.3 141.2 128.7 136.4 132.5 132.2 133.6 131.2 125.7 128.2 143.2
p=0.0219 p=0.2467 p=0.6987 p=0.2052 p<0.0001

Response timéms) 69.6 75.6 75.6 68.4 71.7 72.7 73.6 70.8 70.7 70.6 75.4
p=0.0431 p=0.0308 p=0.4608 p=0.0208 p=0.0005

Excursion speedst/s 35.9 42.1 40.1 37.0 36.5 40.8 38.6 38.7 30.8 37.5 47.6
p=0.1195 p=0.3674 p<0.0001 p=0.8541 p<0.0001

Maximum velocity (st/9 60.8 72.4 65.0 67.1 61.3 70.6 66.4 65.6 50.3 62.4 85.1
p=0.0749 p=0.8323 p<0.0001 p=0.3625 p<0.0001

Maximum velocity—positive and negative extrema in the ve- 7/12 s}. Also displayed in the table are the probability values
locity curve corresponding to the rising and falling rampsresulting from five-factor mixed-measure ANOVAs per-
in the middle undulation cycle. Velocity curves were com-formed on the five measurements. Of the independent vari-
puted by taking the first derivative of tife, curves after ables, language and gender are between-group factors, and
they were further smoothed by a five-point median filterthe rest are within-group factors.
and a seven-poirffor male speakejsor 17-point(for fe- From Table | it can be seen that the effect of interval is
male speakejsHanning window. significant for all measurements. Also, a set of Student—
For /malamalama/ files, the following measurements wergyewman—Keulpost hocests found the differences between
also taken: all pairs of the three intervals to be significant at the 0.05

Peak-to-m—average time interval between the second andeyel, with the exception of excursion time and response time
third Fo maxima and onset of the second and third /m/ inpetween 4 and 7 st. This indicates tiat subjects managed
LHLHL. _ _ to produce different excursion sizes for the three pitch-shift

Valley-to-m—average time interval between the secondyieryals, andb) the speed of pitch change varied across the
and thirdF, minima and onset of the second and third /m/neryals. The mean interval sizes achieved by the subjects,
in HLHLH. however, are not quite what we had hoped for. In particular,

Note that the value opeak-to-mor valley-to-mis nega- for the 12-st co_ndition, the mean interyal achieyed was only
tive if the peak or valley occurs after the onset of /m/, asb-5 st. Interestingly, the English subjects achieved greater
illustrated in Fig. 3. excursion sizes than the Mandarin subjects.

In the analyses, only data meeting the following criteria  In addition to excursion size, the effect of language is
are included: also significant for excursion time and response time. For
both of them, the English subjects had greater means than the
Mandarin subjects. This does not mean, however, that native
English speakers are slower in making pitch changes. In fact,
their excursion speed and maximum velocity are both some-
what faster than those of the Mandarin subjects, although
neither difference reaches significance. It could be the case

Also, since the study is investigating the fastest speed 0tlhat the larger excursion size of the English subjects actually

pitch change possible, only trials in the 6-Hz undulation fre-92V€ rise to the faster speed. This is partially verified by

quency condition were processed for analysis. After applying 2P!€ I, which shows that excursion speed and maximum

these criteria to all trials in the 6-Hz condition, 3553 of the VElOCity are highly correlated with excursion size, but not
4320 data pointé82%) remained for further analysis. Of the with excursion time and response time, despite the fact that

excluded data points, 226 failed criteriéa, and 541 failed fime is actually in the equation for computing excursion
criteria (b) or (c). speed. The fact that the English subjects produced larger

pitch excursions and hence faster pitch changes than the
Mandarin subjects is somewhat surprising to us, because pre-
sumably, speakers of a tone language should have better abil-
ity to make local pitch changés.

As shown in Table I, the effect of direction is significant

Table | displays the meagxcursion size, excursion time, for excursion size, excursion speed, and maximum velocity.
response time, excursion speed, and maximum velbaity It is not significant, however, for excursion time and re-
ken down according to languag€hinese/English gender sponse time. While this is somewhat different from Sundberg
(female/malg, direction of pitch changéise/fall), pitch car- (1979, where response time was found to be different for
rier (malamalama/schwaand interval of pitch changé/  pitch lowering and pitch elevation, falls in the present data

(@ Excursion sizdrise or fal) >1 st;

(b) Excursion size(rise or fal) <2 standard deviations
about the mean,;

(c) Excursion time(rise or fal) <2 standard deviations
about the mean.

IIl. ANALYSES

A. Effects of language, gender, direction of pitch
change, pitch carrier, and interval of pitch change
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TABLE Il. Correlation (r) of various factors(computed from 432 mean values of each measurement:
2 directions< 2 carriers< 3 intervals< 36 subjects- 432 meank

Excursion Excursion Excursion Maximum Response
size time speed velocity time
Excursion size 1.000 0.384 0.859 0.920 0.212
Excursion time 1.000 —0.103 0.084 0.845
Excursion speed 1.000 0.956 —0.194
Maximum velocity 1.000 -0.106
Response time 1.000
are nevertheless consistently faster than rises. gested by Sundbergid979 data. Nor was there any signifi-

There are also significant interactions between directiortant interaction between gender and direction as can be ob-
and interval for excursion size, excursion time, and responsgerved in Sundberg’s data. As it turns out, however, there are
time. For excursion size, the interaction is largely due toother gender differences that are actually quite robust, as we
greater differences between rise size and fall size at smallevill discuss next.
intervals(Af=0.6 st andAf=0.5 s} than at the largest in-
terval (Af=0.2 st). For excursion time and response time,
on the other hand, the interaction is largely due to the lack o
differences at the intervals of 4 and 7 st. In contrast, both  As suggested in Fig. 1, a complete pitch shift probably
excursion time and response time are longer when the inteconsists of three phases: acceleration, rapid glide, and
val is 12 st. deceleratiorf.Response time, as defined by Ohala and Ewan

The main effect of carrier is significant only for response(1973 and Sundberg1979, is the amount of time it takes
time, as shown in Table I. However, a number of interactionghe speaker to complete the middle 75% of a pitch change.
involving carrier reached or approached significance levelConceptually, therefore, pitch movement during response
Interestingly, it is excursion size, excursion time, and re-time corresponds largely to the fast glide phase of the pitch
sponse time that have significant or near-significant interacshift, and the rest of the excursion time to the initial accel-
tions, as can be seen in Fig. 4. English subjects show mucokration and final deceleration. A comparison of excursion
larger differences between /malamalama/ and the schwa thaime with response time may thus let us see the distribution
Mandarin subjects for excursion size, excursion time, anaf time between the fast glide and acceleration—deceleration
response time. Furthermore, Mandarin speakers’ excursiophases of a pitch shift. Table Il displays excursion size,
size is smaller when the carrier is /malamalama/ than when #xcursion time, response time, and the ratio of excursion
is the schwa, whereas the difference with English speakers time to response time broken down according to interval,
reversed. It is possible that, for the Mandarin speakers, it iglirection, and gender.
less natural to change pitch repeatedly within a sustained As can be seen in the table, the ratio of excursion time to
vowel than to associate each pitch value with a syllableresponse time ranges from 1.62 to 2.07, and the mean ratio is
because the latter is similar to what they do in speaking theit.87. Thus, excursion time is always much longer than re-
native language. If this is the case, in performing the taslsponse time, and in many cases even more than twice as
they may tend to use the usual pitch range for lexical tonefong. This indicates that a large portion of excursion time is
which has been found to require only a small portiap to  missing when estimating the maximum speed of pitch
6 st, cf. Xu, 1999, in pregof a speaker’s pitch rangeip to  change with response time alone.

2 octaves, cf. Fairbanks, 196%or the English subjects, in Table Il also reveals an interesting gender difference in
contrast, maybe associating a different pitch with each of théerms of the ratio of excursion to response time. A five-factor
successive syllables is quite unnatural and consequently thélanguage, gender, direction, carrier, and intervalixed
had to use more effort in performing the task, resulting in aANOVA finds the main effect of gender highly significant for
larger pitch rangé. this ratio: f(1,32)=187.26,p<<0.0001. Also highly signifi-

Also, male subjects show larger differences betweercant are the main effect of intervdlf(1,32)=24.24,p
/malamalama/ and the schwa than female subjects for akc0.000] and the interaction between gender and interval
three measurementthough only near-significance level for [f(1,32)=26.63,p<0.000]. As can be seen in the last row
response time The differences may seem to indicate that,of Table lll, for male speakers the excursion/response ratio
with respect to these interactions, female speakers overalemains fairly constant around 2. But, for female speakers
behave more like Mandarin speakers than like Englistthe ratio increases steadily from 4 to 12 st, and is smaller
speakers. However, the two probability levels do not seenthan that of the males even for the largest intervals. Looking
high enough to warrant a clear conclusion about the gendasloser for the source of this difference, we notice in Table IlI
effect at this point. that at each interval in both directions, female speakers have

Somewhat surprisingly, the main effect of gender wasshorter excursion time but longer response time than male
not significant for any of the measurements except responsspeakers. All this seems to indicate that female speakers use
time. But, response time is longer for female subjects thamess time than male speakers in the acceleration and decel-
for male subjects, which is just the opposite of what is sug-eration phases of the pitch shift. There are two possible ex-

Fi. Excursion time versus response time
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planations for this finding. The first is that female speakeranass and hence less laryngeal inertia, thus needing less time
have more powerful laryngeal muscles than male speakers sban male speakers to initiate and end a pitch shift.

that they can start and stop a pitch shift faster than male
speakers can. The second explanation, which we think isignificance

The main effects of direction and carrier also reach
level [f(1,32)=6.088,p=0.0191;

f(1,32)

more plausible, is that female speakers have less laryngeal5.475,p=0.0257]. But, the differences in the means are

TABLE Ill. Excursion size, excursion time, response time, and ratio of excursion time to response time. The ratios are means of individual ratios from

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 sizest) 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 timéms) 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 1.87
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so small(1.878 vs 1.844 for rise and fall, and 1.847 vs 1.876puted with these regression parameters for the excursion

for /malamalama/ and schyahat we do not want to at-
tribute them much importance.

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

sizes of 4, 7, and 12 st. Also shown in the table are the
maximum, minimum, and standard deviation of the coeffi-

cients and computed excursion time across subjects. As can
be seen, the deviation of the computed excursion time is
quite large, especially when the excursion size is large. To

We can see in Table | that excursion time, response timg €duce the deviation, three subjeds. 11, 15, 3pwhose
excursion speed, and maximum velocity all vary signifi- computed excursion tlme_at any of the six excursion sizes
cantly with pitch change interval. To observe their relation(3 Sizes<2 directions) deviates more than 2 standard devia-
with pitch change interval in more detail, excursion time,ions about the mean were taken out, and a new set of re-
excursion speed, and maximum velocity are plotted as func3ression coefficients and computed excursion time values
tions of excursion size in all conditions for all the subjects inWas obtained, as shown in Table V.

Fig. 5. As can be seen in the figure, in general both excursion ~ Regression coefficients for excursion speed and maxi-
speed and maximum velocity change fairly linearly with ex-mum velocity were also computed and are displayed in
cursion size. Based on this observation, simple linear regredables VI and VIl together with the predicted values at ex-
sions were performed for each subject on both pitch rises aneursion sizes of 4, 7, and 12 st. Consistent with Fig. 5, for
falls, with excursion size as independent variable and excuoth excursion speed and maximum velocity, the mBén
sion time, excursion speed and maximum velocity as depervalues for pitch risg0.723 and 0.734and pitch fall(0.708
dent variables. and 0.753 are quite high in Tables VI and VII. This further

Table IV shows the coefficientintercept and slope, i.e., suggests that the relationship between excursion size and ex-
b anda in z=b+ax) of simple linear regressions of excur- cursion speed is quite linear. The linear equations displayed
sion time over excursion size, as well as excursion time comin Tables VI and VII can therefore be used to predict the

TABLE V. Coefficients (intercept and slopeof simple linear regressions of excursion time over excursion size, excursion time computed with these
coefficients for the excursion sizes of 4, 7, and 12 st, Rhdf the regression analyses. Data rows 1—4 display the mean, maximum, minimum, and standard
deviation, respectively. In the Max and Min rows, all the values exB&pare taken from the subject whose average rise time or fall time across the three
intervals is the largest among all subjects. This way the maximum and minimum rise time can be computed with the corresponding intercept aresslope valu

Rise time(ms) Fall time (ms)
Intercept Slope 4 st 7 st 12 st R? Intercept Slope 4 st 7 st 12st  R?
Mean 90.4 9.7 129 158 206 0.355 100.9 6.3 126 145 177 0.201
Max 146.7 32.3 216 313 475 0.714 138.9 22.5 171 209 321 0.672
Min 48.7 3.1 91 105 128 0.053 51.3 -0.5 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 0.167
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TABLE V. Coefficients (intercept and slopeof simple linear regressions of excursion time over excursion size, excursion time computed with these
coefficients for the excursion sizes of 4, 7, and 12 st, RAdf the regression analységdata from 33 subjectsData rows 1-4 display the mean, maximum,
minimum, and standard deviation, respectively. In the Max and Min rows, all the values &¢cap taken from the subject whose average rise time or fall

time across the three intervals is the largest among all subjects. This way the maximum and minimum rise time can be computed with the corresponding
intercept and slope values in the table.

Rise time(ms) Fall time (ms)
Intercept Slope 4 st 7 st 12 st R? Intercept Slope 4 st 7 st 12st  R?
Mean 89.6 8.7 124 150 194 0.356 100.4 5.8 124 141 170 0.193
Max 75.8 20.6 158 220 323 0.714 104.9 11.7 152 187 245 0.672
Min 73.1 4.6 91 105 128 0.053 102.1 -0.5 100 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 0.158

TABLE VI. Coefficients (intercept and slopeof simple linear regressions of excursion speed over excursion size, excursion speed computed with these
coefficients for the excursion sizes of 4, 7, and 12 st, Rhdf the regression analységata from 33 subjectsData rows 1-4 display the mean, maximum,
minimum, and standard deviation, respectively. In the Max and Min rows, all the values &¢cap taken from the subject whose average rise time or fall

time across the three intervals is the largest among all subjects. This way the maximum and minimum rise speed can be computed with the corresponding
intercept and slope values in the table.

Rise speedst/s Fall speedst/9
Intercept Slope 4 st 7 st 12 st R? Intercept Slope 4 st 7 st 12st R?
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 -0.6 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 slopeof simple linear regressions of maximum velocity over excursion size, maximum velocity computed with these
coefficients for the excursion sizes of 4, 7, and 12 st, Rhdf the regression analységata from 33 subjectsData rows 1—4 display the mean, maximum,
minimum, and standard deviation, respectively. In the Max and Min rows, all the values &¢cap taken from the subject whose average rise time or fall
time across the three intervals is the largest among all subjects. This way the maximum and minimum values can be computed with the correspepting inter
and slope values in the table.

Max rise velocity(st/9 Max fall velocity (st/9
Intercept ~ Slope 4 st 7 st 12 st R? Intercept Slope 4 st 7 st 12 st R?
Mean 12.4 10.5 54 86 139 0.734 —6.8 —-12.1 —55 -92 —152 0.753
Max 0.2 18.0 72 126 216 0.927 —11.8 —-8.7 —46 72 —116 0.941
Min 20.8 6.2 46 64 95 0.270 139 —18.2 —59 —113 —204 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 0.126

TABLE VIIl. Mean values of turn-point-tan (ms) under the effects of language, gender, turn type, and interval,
together with probability values resulting from four-factor mixed-measure ANOVAs.

Language p=0.0021) Chinese English

Gender £=0.0241) Female Male Female Male

Turn type =0.0012) Valley Peak Valley Peak Valley Peak Valley Peak

—-3.7 5.8 -0.2 21.9 12.9 18.1 24.6 29.8

TABLE IX. Comparison of response time measured by SundbtE3@9 and computed response time based on
the present data.

Rise response time Fall response time
Gender 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
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maximum speed of pitch change at different pitch changelefined as the time to complete 75% of the pitch shift inter-
intervals. The data on maximum velocity as of yet do notval. To compare his data with ours, we estimated the mean
have any real speech data with which to compare. Howevergsponse time from Fig. 3 of Sundbe®®79 (because no

in situations where the onset or offset of a pitch change isctual numbers were reported in the papemnd displayed
hard to determine, and maximum instantaneous velocity ishem in the upper two rows in Table IX. The lower two rows
the only measurable speed indicator, data in Table VII mayf Table IX display the mean response time computed from

be used as useful reference. our current data for males and females, respectively.
As can be seen in Table IX, while the computed re-
D. Alignment of peak and valley with syllable sponse time values for pitch falls from the present study are

Ss.lightly longer than those of Sundberg’s, they are somewhat

also done on the alignment &%, peaks and valleys relative shorter than Sundberg’s for pitch rises. Overall, the com-

to syllable boundaries. Table VIII displays the mean valuesputed response ’tlme n the present study is cor.nparlable to
of turn-point-tom (including both peak-tan and valley-to- that of Sundberg’s. This suggests that the excursion time for

. undberg’s subjects, had it been possible to measure it, could
m), broken down according to language, gender, and tu“ﬁave been similar to that of the present study.

. Al ispl in th I h ili I . . . :
type. Also displayed in the table are the probability values Also, the difference in speed between pitch rises and

resulting from four-factor mixed-measure ANOVAs. Of the . )
independent variables, language and gender are betweefr"?‘-IIS reported by Sundber979 is largely confirmed. The

group factors, and turn type and interval are Within-groupgnedcham?m beﬂf:ln(fi tf:lihdffﬁ]ren(;:_?f, however, is Stt'” unclear.
factors. The effect of interval is not significant and thus is not udging trom the 1act that the difierence seems 1o Increase

included in the table. As illustrated in Fig. 3, a positive valueWlth t_he size of pitch c_:hange, 'F IS possmle t_hat itis due to
of turn-point-tom means that thé, peak or valley corre the different muscles involved in pitch lowering and eleva-
- - 0 -

sponding to a syllable is realizdzbforethe end of the syl- tion. The former probably mainly involves t_he cricqthyroid
lable; a negative value means that the peak or valley is real"—md thyroarytenou_j, and the. latter the |nfrahy0|q strap
ized after the syllable offset; and a small value, whethermUSdes(StemOhyo'd’ thyrohyoid, and sFernothyrp(cEnck-
positive or negative, means that the peak or valley is realized>" 1993; Halle1994; Honda, 1995 which are more pow-
close to the end of the syllable. The values in Table VlllerfUI’ but slower at small rangd#londa, 199%

indicate that Mandarin subjects produdegl peaks and val-

leys closer to the syllable offset than English subjects, and- Caspers and van Heuven (1993)

that there is a greater tendency for their peaks or valleys to Caspers and van Heuvéh993 examined the effect of
occurafter the end of the syllable. The same tendencies catime pressure on the realization of pitch rises and falls related
also be seen in female versus male subjects, and in pitch falte accents in Dutch. They measured the excursion size and

For trials with /malamalama/ as the carrier, analysis wa

versus pitch risesi.e., valley versus peak Fo slope of pitch rises and falls associated with prenuclear
accents. Table X displays the fastest speed of pitch rises and
IV. DISCUSSION falls for the female speaker and male speaker reported by

. Caspers and van Heuven. Also displayed in Table X are the
The main goal of the present study was to assess the .
. . . excursion speeds computed from our current data for the
maximum speed of pitch change in such a way that the as-

: . average and fastest male and female speakers, respectively.
sessment is more relevant to our understandirfgyafontour 9 P P Y

variations in speech. By measuring not only response time a-ghe fastest speaker is the one whose computed excursion

done in earlier studiegOhala and Ewan, 1973; Sundberg, aneoe: %Ffr:r%i\cljeaoirc:;: s 7é§knecislf20rs eirt]::|:1C)|rri]seelsS c:? ?aﬁlgerSt

1979 but also excursion time—time used to complete 100%can bg seen in the table iFr)1 makin ﬁch fises. the ferﬁale

of a pitch shift, the data so obtained can be more readilys eaker in their stud is,a bit fastgrpthan ever; the fastest
compared to data collected in studiesFgf contours in real P T y s .

: . . female subject in the present study; the male speaker is faster

speech, as will be done next. As will be discussed subse;

. . , than our average male speaker but slower than our fastest

guently, these comparisons make it possible for us to con-

sider, in more realistic terms than before, implications of themale speaker. In making pitch falls, their female speaker is

maximum speed of pitch change on our understandirfgeof faster than our average female speaker but slower than our

L . . fastest female speaker; their male speaker is a bit slower than
contour production in speech in general. Finally, there are

still inadequacies in the present study which can be improvegag.f:;tegtvggﬁ Stﬁgjri%rt;mtﬁgﬁu; aeSaLaeSrtsaz:rguf;gtveerr?r?;nrgilre
in future research, as will be considered briefly. Ject. ’ ’ P

average speakers but somewhat slower than our fastest
A. Comparison with previous studies speakers. This indicates that their two speakers were prob-

There are a number of studies that have collected data t%bly speaking near the speed limit when making the fastest

which the current data can be compared. In particular, Surf-)itCh change_s. _ .
dberg (1979, Caspers and van Heuvét993, Ladd et al. As mentioned in the Introduction, however, because

: . they used response time for the 12-st interval reported by
1999, Laddet al. (2000, and Xu(1999 will be considered. S )
(1999 (2000 (1999 Sundberg1979 as the actual limit of speed of pitch change,
1. Sundberg (1979)

Caspers and Heuven concluded that the slope of pitch rises
As mentioned earlier, Sundbef$979, following Ohala  and falls was well within the articulatory limits. Compari-
and Ewan(1973, measured the response time of pitch shift,sons of their data with ours as shown in Table X and the
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TABLE X. Comparison of fastest excursion speed in Caspers and van HéL®@8 and computed excursion

speed based on the present data. The excursion sizes are as listed in Table 3 of their paper for the female and
male speakers, respectively. The excursion speed from our data was computed using the intercepts and slopes
of the fastest as well as the average male and female subjects in the present study at the same excursion sizes
as those in Table 3 of Caspers and van Heuven.

Rise Fall
Slope/speed Slope/speed
Subject Size (st) (st/s Size (st) (st/s
Caspers and van Heuvéh993  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

newly-understood Sundberg data both suggest that the speak-HL, LH, etc. Dynamic tones refer to the {Rising) and F

ers examined by Caspers and van HeuvE993 probably  (Falling) tones, to which pitch movements are presumably

approached their maximum speed of pitch change quite frentrinsic (Xu and Wang, 2001

quently. As can be seen in Table XI, although excursion speed
associated with the static tones in X1899 is much slower
than the maximum excursion speed obtained in the present

3. Xu (1999) study, the excursion speed associated with the dynamic tones

This Study examined:o variations in Mandarin under is falrly comparable with the present data both from all the

the effects of tone and focus. Tlig, analysis in the study subjects and from the Mandarin subjects alone. This com-

was done with a similar procedure as used in the prese[ﬂarison is quite interesting, because it shows that in speech,

study. However, no data on the speed of pitch change wer@e maximum speed of pitch change is approached only

reported in the published paper. To extract data on the speé¥hen there is a strong demand for a fast pitch change.

of pitch change from the raw data obtained in the study, we

wrote a newc program to make the measurements. The pro#- Ladd et al. (1999) and Ladd, Mennen, and Schepman

gram locates th&, peaks and valleys at the edges of pitch (2000)

movements the same way as in the present study, and then These two studies investigated the alignment Fof

measures the excursion time and excursion speed. The indieaks and valleys in the prenuclear rising accent in English

vidual values of excursion speed were regressed over excuftadd et al,, 1999 and Dutch(Ladd et al,, 2000. We com-

sion size as in the present study for each of the eight Manputed the speed of pitch changs/9 from the data reported

darin subjects. The regression equations were then used i these studies and listed them in Table XII. Also listed in

compute excursion speed at the excursion intervals of 4, &he table is the speed of pitch change in the present study

and 12 st. estimated using the coefficients in Table VI for the same

Table XI displays the mean excursion speed compute@xcursion sizes.

for the three intervals for different tones together with the ~ From Table XlI it can be seen that in both cases, the

excursion speed values as shown in Table VI and the measpeed of pitch change in those two studies is somewhat

excursion speed values from the Mandarin subjects alonelower than the estimated speed obtained in the present

The values of speed of pitch change were divided into twostudy. This is despite the fact that both studies include con-

groups: those associated with static tones and those with dghitions where time pressure is potentially applied to the re-

namic tones. Static tones refer to the(High) and L (Low) alization of pitch movements. We do notice one thing that is

tones.F, movements occur in this group when the tones ofdifferent about these two studies when compared to the stud-

two adjacent syllables differ at the syllable boundary, such ages discussed earlier, however. That is, the prenuclear accents

TABLE XI. Comparison of excursion speed estimated from(X899 and from the present dateame as in the
first row of Table V).

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 33 50 78 34 52 83

present study

Mandarin speakers 34 52 82 34 53 84

in present study
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TABLE XII. Comparison of excursion speed in Lagdlal. (1999 and Ladd  articulation but chooses not to. A physiological limit, on the
et al. (2000 with computed excursion speed based on our ¢Edale VI). other hand, is a threshold that the speaker simply cannot

For Laddet al. (1999, the excursion sizes are computed from data in Ap- 0 tudv that d . | id th ibl
pendix B of their paper, the excursion time is obtained from Fig. 3 and Tablecross' neé siudy that does seriously consider theé possible

2 of their paper. For Ladét al. (2000, for their experiment 1 the rise size 0l€ Of.a_rticwat(:-)ry limit on the speed of .pitCh Change in
was estimated based on their Table I, and rise time was computed from dadetermining various aspects &f; contours in speech is ‘t
in Table | as well as in the text. For their experiment 2, the rise size is fromHart et al. (1990. As discussed in the Introduction, however,
endnote 2 and rise time from both their Table Il and endnote 2. The riseth i ;
eir interpretation of the data reported by Sundb@i@j7

speeds in both studies were calculated by dividing rise size with rise time. .p . P . y beg79

underestimated the actual articulatory limits on the speed of
Rise size(st)  Rise speedst/s pitch change. The comparison of present data with those of

Xu (1999 discussed earlier suggests that pitch change speed

Ladd et al, 1999: Experiment 1 fast 3.7 21 . . . .
Present study 37 31 comparable to tha_t obtained with a paradigm as _demandmg
Ladd et al, 1999: Experiment 2 fast 3.4 21 as that employed in the present study can be easily observed
Present study 3.4 29 in real speech in Mandarin. For Dutch, the full excursion size
Laddet al, 2000: Experiment 1 fast 5.4 23 found by ‘t Hartet al. (1990 is around 6 s{p. 53. At this
Present study o4 40 interval, the speed of 50 st/s they reported is also comparable
Ladd et al, 2000: Experiment 2 6.5 31 h . din Table VI h . LAl
Present study 65 16 to the excursion speed in Table VI at the same interval. Also,

as shown in Table X, the fastest pitch change speed reported
by Caspers and van Heuvdt993 is comparable to the

in these studies always occur on a syllable that is followednaximum speed of pitch change at similar pitch shift inter-
by an unstressed syllable. If we assume that an unstress&als. Furthermore, as mentioned by ‘t Hettal,, in English,
syllable either does not have a pitch target of its own, ofull-size rises and falls can span an octave and the rate of
carries only a rather weak pitch target, then it is possible thaghange can reach 75 s{fs 49. This again is comparable to
the rise in a prenuclear accent that precedes an unstressé§ computed mean excursion speed for the 12-st interval
syllable is not implemented under the greatest time pressuréhown in Table VI. These comparisons seem to suggest that
In other words, they are somewhat similar to the situation ofhe€ maximum speed of pitch change is probably approached
the static tones in Mandarin, whose implementation als®r even reached more often than we have realized.

does not seem to require maximum speed of pitch change, as Note that this does not mean that the maximum speed of
has been shown in Table XI. Naturally, the validity of this Pitch change is reached all the time. Rather, there are many

interpretation awaits closer examination in future studies. Situations in which the thresholds are not likely approached.
For example, the production of the static tor(és L) in

Mandarin probably does not often require maximum speed
. o ) ~of pitch change, as Table XI seems to suggest. Also, the
As suggested earlier, a rapid pitch shift should consist ofroduction of the prenuclear accent in English and Dutch
three phases: acceleration, rapid glide, and deceleration. Prsrobably does not call for maximum speed of pitch change if
vious studies of the maximum speed of pitch change seem e stressed syllable is followed by an unstressed syllable, as
have focused mainly on the second phase, i.e., the rapid glidgypje x| appears to suggetWhat seems critical is that in
(Ohala and Ewan, 1973; Sundberg, 197Ehe present study each specific situation we need to try to recognize if a par-
takes all three phases into consideration when estimating thgyjar biomechanical limit may be approached and whether
speed of pitch change. As it turns out, excursion time isy congition exists that necessitates the approximation of that
nearly twice as long as response time. Furthermore, it i§mit. |n the following we will discuss a number of such
found that the speed of pitch change varies quite linearlyiyations and examine how maximum speed of pitch change

with the size of pitch change, and that it varies also with theyay play a role in shaping certaffy, contours in speech.
direction of pitch change. These findings have many impli-

cations for our understanding of pitch contours in speech as
well as other aspects of speech production. In the followingy ow may contextual tonal variations relate to

B. Implications

we will discuss just a few of these implications. maximum speed of pitch change?
1. How often is the maximum speed of pitch change In a series of studies on contextual tonal variations in
reached in speech? Mandarin(Xu, 1994, 1997, 1999 it was found that thé=,

The role of articulatory constraints has been widely rec-contour of a tone varies extensively with the offggtof the
ognized in the phonetics and phonology literature. Howeverpreceding tone, especially when there is no voiceless conso-
rarely do we see serious discussion on whether limits on theant separating the vowels. The H tone in Mandarin, for
speed of articulatory movements are actually reached. Peexample, is produced with an apparent rising contour when it
haps this is because of the general belief that human beindsllows the L tone. Likewise, the L tone is produced with an
as biological systems would not allow their physiological apparent falling contour when preceded by the H tone. Xu
limits to be approached very often when performing a task aand Wang(2001) suggest that these seemingly long transi-
routine as speech. Instead, more consideration is given to th®ns are due to the fact that it takes time to make the re-
economy of effort, as defined by Lindbloii982, as the quired pitch change when shifting from one tone to another.
ultimate constraint in speech production. Economy of effortwhat was not known, however, was how much time it would
implies that the speaker is capable of making a more extremiake for such transitions to complete. As shown in Table V, it
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would take on average 142 nisomputed with the mean resulting in contextual tonal variations as discussed in the
intercept and slope for rise time in the tabfer a Mandarin ~ previous section. Furthermore, according to this view, the
speaker to complete a 6-st pitch rise. This means that in accurrence ofF, peaks and valleys requires the right se-
syllable with an average duration of 180 1xu, 1999, the  quence of pitch targets, and the alignment of the peaks and
greater half of thé=y contour in the syllable would have to valleys depends on the properties of the pitch targets in-
be used for completing the pitch rise from the L tone to the Hvolved. For example, in an LHL sequendg, has to rise
tone even if the maximum speed of pitch has been achievedrom the first L tone to realize thighigh] of the H tone, and
The long transitions found in X997, 1999 now seem to then fall to realize th¢low] of the second L tone. This will
have a clearly plausible articulatory explanation: speakersesult in a rising~y contour during the H-carrying syllable, a
probably have no way of avoiding them, given the limit of falling contour during the second L-carrying syllable, and a
their laryngeal physiology. peak near the boundary between the second and third syl-
In many African tone languages, e.g., Yoruba, the H tondables.
is said to change into a rising tone when preceded by the L  What the findings of the present study tell us is that, no
tone, and the L tone is said to change into a falling tone whematter what form the linguistically meaningful targets take,
preceded by the H tonéHyman and Schuh, 1974While  implementing them takes time. If, for example, the speaker’s
there are various phonological accounts of this kind of tonatask is to anchor afy minimum at the onset of a syllable-
variation (e.g., Hyman and Schuh, 1974; Goldsmith, 1990;initial consonant, as suggested by Ladd and colleagues, an
Manfredi, 1993, it is not yet clear if such changes are due toaverage speaker would have to start By movement to-
speaker’s intentional change of the articulatory target associvard this low point at least 124 ms earlier, even if the range
ated with the tone. From the limited duration data that can bef the movement is just 4 stf. Table V). Furthermore, the
obtained from Laniran(1992 and Akinlabi and Liberman speaker would have to adjust the onset of a pitch movement
(1995, it seems that the average syllable duration in Yorubaaccording to the size of thE, excursion toward that low
is no longer than that in Mandarin. This suggests that thespoint. This has yet to be confirmed by empirical data.
dynamic F, patterns in Yoruba probably have much to do If, instead, the speaker’s task is to implement a pitch
with speakers’ articulatory limitations. If the maximum speedtarget such asghigh] in synchrony with a syllable, as sug-
of pitch change found in the present study is universal, thgested by Xu and Wan(0021), there would be no need to
rise in the H tone and fall in the L tone are probably inevi- anticipate the size of th&, movement toward this target.
table whenever they are preceded by a tone with a very difRather, the speaker just needs to start the implementation of

ferent offset pitch. the pitch target at the onset of the syllable and end the imple-
mentation at the offset of the syllable. Because it takes at

3. What are the linguistically meaningful pitch targets least 124 ms to raise or lower pitch by 4 st according to the

and how are they realized in speech? present dat&Table V), much of the earlieF, contour during

As has been observed in a number of recent studie@ syllable would form a transition from the preceding pitch
certainF, events such ak, peaks and valleys maintain a :E;lrgtet toyzard thgtﬁur;]em r:?rgedt. ::urthefrmore, :he shape of
relatively stable alignment with the onset or offset of the € transition and the height and slope of Eyecontour near

syllable (Arvaniti, Ladd, and Mennen, 1998: Caspers andthe end of the syllable would all vary depending on the mag-
van Heuven. 1993: Kim. 1999: Ladet al. 2000 Prieto. v. Nitude and direction of the difference between the two adja-

Santen, and Hirshberg, 1995; Xu, 1998, 1999, 200here cent targets and the duration of the syllable. Additionally,

are disagreements, however, over the interpretation of theéjeeloendlng on the duration of a syllable, Bp peak associ-

alignment patterns. In particular, Ladd and his colleagueéted with it would occur either before or after its offset. All

argue that these patterns indicate tRgtturning points are ig;geslzghgavzeognldeed been found in Mandafiu, 1997,
linguistically meaningful targets and are “anchored” by ' ' ) .

speakers at the onset or offset of the syllable, and that ob- The present data thergfore seem to prowdg some support
servedF, shapes are merely interpolations between thesbéOr the view that, at least n Mandarin, underlylng pitch tar-
targets(Arvaniti et al,, 1998; Laddet al,, 1999; Laddet al, gets SUCh. aéhlgh_], [IO.WJ’ [ns_e], and(fall] constitute part of
2000. An alternative view recently offered by Xu and Wang the meaningful linguistic units and they are produced syn-
(200 and Xu (in press contends that observegl, events chronously with their associated syllables. It is possible;
such as peaks and valleys are not necessarily the underlyi Wever, Iangugges like English and Dgtch are very d|ffere.nt
functional unitsper se Rather, they are mostly products of om Mandarin in terms of underlying pitch targets and their

the interaction between underlying pitch targets and variougl'gnment’ and this difference may explain the contrast be-

articulatory constraints. For example, the H, L, R, and I:tween the aforementioned views. Further studies are needed

tones in Mandarin probably have the underlying pitch targetél0 resolve this issue.

[high], [low], [rise], and[fall]. In speech production, these o _—
targets are synchronously implemented with the syIIabIeg - Limitations, caveats, and future directions
that carry them due to, presumably, the constraints of coor- Despite the significance of the data obtained in the
dinated movement&elso, 1984; Schmidt, Carello, and Tur- present study, we are aware of their limitations, and we want
vey, 1990. Due to the constraint of the maximum speed ofto also point out a few caveats and identify possible future
pitch change, however, the realization of these targets in cordirections. First, from Tables IV-VII it is apparent that there
texts often deviates much from their realization in isolation,are large variations across subjects. Part of the variability
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may be due to subjects’ different abilities to perform thebe directly compared to data from real speech. This was
arbitrary task of the experiment. For example, compared tonotivated by our realization that previous attempts at mea-
Sundberg’91979 nonsinger subjects who were all taking a suring the speed of pitch change have provided only a partial
musical class at the time of the experiment, ours had rathesicture. They obtained data only on response time—time
diverse musical backgrounds. Although we did not find anyneeded to complete 75% of a pitch shift. As shown in Fig. 1,
contribution of musical training, the lack of musical training that corresponds only to the fast glide phase of a pitch shift.
of some subjects may have contributed to the difficulty theyit became apparent to us that the initial acceleration and final
experienced while trying to perform the task. deceleration should also be taken into consideration before
Second, the 6-Hz undulation rate that we used for thehe data on the speed of pitch change can be fully useful for
stimuli is probably a bit too fast, since even our fastest subspeech research. In this study, we adopted a new experimen-
jects did not achieve that rate. We used 6 Hz to ensure thaél paradigm in which subjects produced rapid pitch shifts by
we get the fastest speed possible. But, it may also have coimitating a series of model pitch undulation patterns. This
tributed to the difficulty some subjects experienced duringenabled us to measure the complete duration of each pitch
the experiment. The other source of the variability may beshift as well as that of the response time as defined in previ-
each individual subject’s true idiosyncratic speed of pitchous studies.
change. It would be interesting in future studies to examine  As it turns out, it takes nearly twice as long to complete
whether individual speakerF, contour patterns are directly an entire pitch shift as it takes to execute the middle 75% of
linked to their own maximum speed of pitch change. the shift. This finding indicates that physiological limitation
Third, the significant effects of language, gender, anthn the speed of pitch movement is probably much greater
turn type on turn-point-ton, as shown in Table VIII, are than has been recognized. More interestingly, we find that
somewhat puzzling to us. In the /malamalama/ conditionthe maximum speed of pitch change obtained in this study is
what the subjects were asked to do is to produce the pittBomparable to the maximum speed of pitch change observed
undulation patterns together with the syllable sequences. Ain a number of existing studies on real speech. This suggests
though there were no explicit instructions as to how preciselythat the role of physiological constraints in determining the
they should align the two, the |mpI|Ed requirement is thatshape and a"gnment cﬁo contours in Speech is probab|y
they produce the two synchronously. The patterns shown ighore important than has been appreciated. While it is likely
Table VIII, however, do not seem to fit what one might pre-that very often articulatory movements do not reach maxi-
dict from previous data. We know that female speakers mighfnum speed due to speakers’ choice of not using excessive
have faster speed of pitch change according to Sundberggfort, in many other occasions, as the new data show, the
(1979 data, or they may have fastep movement accelera- apsolute limit may indeed have been approached or even
tion and deceleration as suggested by our new data discussgthched. This means that, for pitch contour production at
above. We also know that Mandarin probably requires highefeast, absolute articulatory limits, just as the economy of ef-
precision of pitch target alignment than English because Virforts as suggested by Lindblof@982), probably constitute a
tually every syllable is specified with a lexical tone. Finally, major articulatory constraint that helps to shape the acoustic
we know from data reported by Ohala and EWA®73,  gjgnal in speech.
Sundberd1979, and the current study that lowering pitch is Our data also demonstrate more clearly than before the
faster than raising it. As speculated by Oh€l878, “since |ingqr relations between treizeandspeedand betweersize
they can be accomplished quicker, ttiéglling toned might 5 peak velocityof pitch change. Similar linear relations
be less likely than rising tones to ‘spill over’ onto the nextave been found between peak velocity and movement am-
syllable” (p. 31). All these seem to suggest that the turning plitude in both speech and nonspeech movemééstrich
points should more likely occur after rather than before the, 4 Ackermann, 1997; liquist and Gracco, 1997 This
end of the pitch-assoc.iated syllable for' male than for femal<=Suggests thaF, movements are probably quite similar to
speakers, for Mandarin than for English speakers, and fogner speech and nonspeech movements. The linear relation
rises than fqr falls. The fact that th'e opposite of all of these_oetween the size and speed of pitch movement also suggests
was found in the present data might suggest that there Ig,,; it i imperative to know the pitch change interval when
some subtle but critical difference between subjects’ tasks ”aetermining whether the maximum speed of pitch change is
the present study and the task of producing linguisticallyyhnached in a given case. Linear regression coefficients
meaningful words and phrases. _ _ displayed in Tables V-VII can be used in future studies as
Flna!ly, this study did not look directly 'r_]to the phyS|o_I— references for determining for each pitch variation pattern in
ogy of pitch production. And, the few physiological studies , |,n4,aqe, how much of it is explainable in terms of articu-

we reviewed could not provide us with dir.ect gxplanationslatory constraints, and how much of it has to be explained by
about the speed of pitch change observed in this study. SO'J)tther mechanisms such as language specific phonological

'S not'yet glear to us what, at' the muscular. level, make?ules. The method of inducing rapid pitch undulation patterns

changlng_ pitch 'Fake as much time as found in the pr_eser}}om human subjects as used in the present study can also be

study. This, again, can be resolved only by future studies. employed in future studies to test various speaker groups as

well as individual speakers to see whether and how their

speech patterns are related to their idiosyncratic limits on the
The goal of the present study was to assess the maxspeed of pitch change.

mum speed of pitch change in such a way that the results can Finally, although our findings are about the speed of

V. CONCLUSIONS
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