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Recent research has found that while speaking, subjects react to perturbations in pitch of voice
auditory feedback by changing their voice fundamental frequemgy (0 compensate for the
perceived pitch-shift. The long response laten¢lEs0—-200 mp suggest they may be too slow to
assist in on-line control of the local pitch contour patterns associated with lexical tones on a
syllable-to-syllable basis. In the present study, we introduced pitch-shifted auditory feedback to
native speakers of Mandarin Chinese while they produced disyllabic sequences /ma ma/ with
different tonal combinations at a natural speaking rate. VBigeesponse latencig400-150 mp

to the pitch perturbations were shorter than syllable durations reported elsewhere. Response
magnitudes increased from 50 cents during static tone to 85 cents during dynamic tone productions.
Response latencies and peak times decreased in phrases involving a dynamic chigngéha

larger response magnitudes and shorter latency and peak times in tasks requiring accurate, dynamic
control of F, indicate this automatic system for regulation of voleg may be task-dependent.
These findings suggest that auditory feedback may be used to help regulateFyotging
production of bi-tonal Mandarin phrases. @04 Acoustical Society of America.
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I. INTRODUCTION need for a control process to direct the implementation of the
sequential lexical pitch targetXu and Wang, 2001 there
The demands of normal speech production require sylmay also be one or more processes that ensure that the pro-
lable rates of 5-7/sec, each usually consisting of a consonagction is executed reliably and precisely. In the present pa-
and a vowel. Additionally, for speakers of a tone languagé,er we address a candidate second process in the form of the
Ilkg Mandarm Chinese, chara_ctensuq pitch contours over thegjiance on auditory feedback to stabilize vofegaround a
voiced portion of the syllables.e., lexical tonehave to be o trajectory or target. The role of kinesthetic feedback in
produced to distinguish words that are otherwise phonologLEhe rapid control of speech movements has been demon-
cally identif‘: al. For ”e3<ample", “the sylyl’abk? Imal in,,M?n.darinstrated by previous resear¢hbbs and Gracco, 1984; Kelso
g:ﬂj Tvietﬂneimg:h;hig?(?ﬂr?pl’?isir:w%r(sl% ELV\&O(LS)C 0(')? Flglli[lrliy etal, 1984. The role of auditory feedback in the online
' ' ' control of natural speech, however, has not been clearly dem-

(F) tone, as shown in Fig.(&). Understanding speech motor onstrated before. Experiments using pitch-shifted auditory

control requires knowledge of the mechanisms controllingf dback ted during th ds “tatatas”
production of strings of consonants, vowels and tones. Fig—ee ack presented during the nonsense words a.tatas

ure 1(b) displays mean fundamental frequend) tracings (Donath et al, 2002; Natkeet al., 2003; Natke and Kal-

across four, 5-syllable Mandarin sentences produced by %€'@m. 2001 demonstrated that if the first syllable was
male native speaker in X(1999. Each 5-syllable sentence stressed, there was a response to the pitch-shift stimulus that

carries a tone sequence okRHH, wherex varies across H, Persisted into the next syllable. Jones and Munk0i02
R, L, and F. The local variations in pitdindicated by stan- Presented pltch-shlfted feedk_)ack during unnaturally pro-
dard deviation bajsare small in comparison to thg, longed vowels during Mandarin speech and also showed an

changes for the different tones and reveal consistent produgffect onFo. In both of these experiments the speech was
tions within each tone sequence. not normal, and so the question remains whether auditory

These consistent patterns suggest that in addition to #edback is used on-line for control &f, during normal
speech. Moreover, previous pitch-shifting studies suggest

that auditory feedback contributes to long-term parametric
dCorresponding author: Yi Xu, Haskins Laboratories, 270 Crown Street, y 9 P

New Haven, Connecticut 06511. Telepho(203) 865-6163, ext. 210; fax: adaptation rather than to online control of VOiE@_ (Jones
(203 865-8963; electronic mail: xu@haskins.yale.edu and Munhall, 2000; Jones and Munhall, 2D0Phat is, com-

1168 J. Acoust. Soc. Am. 116 (2), August 2004 0001-4966/2004/116(2)/1168/11/$20.00 © 2004 Acoustical Society of America



gated the role of auditory feedback on Mandarin, Jones and

1901 Munhall (2002 found that Mandarin speakers responded to

H = High t . . . .
| fg_ e pitch-shifted auditory feedback with compensatory changes
A o Ro=Rising tone in voice Fo with a response latency around 200 ms. This is
2 L =Low tone longer than the mean syllable duration in Mandarin reported

1001 F = Falling tone before (Xu, 1997, 1999, although slightly shorter than the

215 ms reported by Duanmd994). Previous research thus
suggests that neither Mandarin nor German speakers respond
to pitch-shifted feedback quick enough for auditory feedback
to modulateF within syllables.

B 20 ; : ; ; In studies of voiceF, compensation using nonspeech

i ' ' ‘ tasks, however, response latencies shorter than those reported
by the aforementioned German and Mandarin studies have
been found. In a study in which trained singers received
pitch-shifted feedback during glissandos, response latencies
were as short as 76 niBurnett and Larson, 2002In studies

: : : : where non-trained singers produced sustained vowels at con-
H o x R | H | H stantF,, latencies of 114 m&Hain et al,, 2000 and 130 ms
(Larsonet al, 2001 have been reported. If it can be shown
that the system can also respond to perturbed auditory feed-
FIG. 1. (a) MeanF, contours of Mandarin syllable /ma/ spoken with four pack with latencies shorter than syllable duration during nor-

lexical tones: High(H), Rising(R), Low (L), and Falling(F). The syllables . .
mean “mother.” *hemp,” “horse.” or "to scold,” respectively. Data aver- mal speech, it would suggest that auditory feedback may be

aged over 48 repetitions by eight male speakis, 1997. (b) MeanF,  Used to control voic&, online during a syllable, not just for
curves of the Mandarin tone sequencesRiHiH wherex varies across H, R,  suprasegmental features of longer duration. It therefore be-

L, and F(which changes the meaning of the first word from “catty” to comes necessary to explore possible explanations for the dis-

“cat-fan,” “cat-rice,” or “cat-honey.” The vertical grids mark the syllable . . .
boundaries. The short vertical bars depiot—one standard deviation about crepancies in reported latencies between speech and non

the mean. Data averaged across five repetitions produced by one spealP€€Ch tasks.
from Xu (1999. One possibility is that the discrepancies in response la-

tency across these studies are due to methodological differ-

pensatory reactions to shifted auditory feedback tend to ocences. In studies on sustained vow@sirnettet al, 1998;
cur after, rather than during articulation of a linguistic unit Hain et al, 2000; Larsoret al, 2001 or prolonged vowels
such as a consonant or a vowel. A possible reason for néturing Mandarin speecfdones and Munhall, 2002latency
using auditory feedback for online control of articulation is was defined as aR trajectory that exceedeti/—2 S.D.’s
that it is slow and may exceed the temporal domain of thef the prestimulus meahk,. As has been pointed out, this
targeted linguistic unit. In the case of lexical tones in Man-technique likely overestimates the actual time when the
darin, the time interval available for each tone is the duratiorvoice Fo begins to respond to the pitch-shifted feedback
of the syllable(Xu and Wang, 2001 As found in Xu(1997, (Donath et al, 2002. Moreover, the technique requires a
the mean duration of a simple CV syllable in Mandarin steadyF, level prior to the stimulus, which is not appropri-
(where C is a nasal consonant like /m/, and V is a simplete for speech because the prestimifystrajectory varies.
vowel or diphthong like /a/, /i/, /ao/ or /aiis about 180 ms. In addition, the latency reported by Jones and Munhall may
This means that for auditory feedback to be effective for thealso have been skewed since the speakers produced long sus-
online control of voiceF, in Mandarin speech, the system tained vowels during the experiment, which is not typical of
must respond significantly sooner than 180 ms. normal Mandarin speech. Because of the discrepancies in
Recent research suggests that this time constraint can t&encies from previous studi¢éBurnettet al, 1998; Burnett
met in some situations. It has been demonstrated that Geand Larson, 2002; Donatht al, 2002; Hainet al,, 2000;
man speakers compensate for the mismatch between idones and Munhall, 2002; Larseat al, 2001; Natkeet al,
tendedF, and feedback pitch during production of nonsense2003; Natke and Kalveram, 200&nd the critical role this
syllables(Donathet al, 2002; Natkeet al, 2003; Natke and plays in defining functions of auditory feedback during
Kalveram, 2001 The observed response latencies werespeech, we adopted a technique similar to that developed by
about 150 ms, which is 30 ms shorter than the syllable dubonath and NatkéDonathet al, 2002; Natkeet al, 2003
rations reported by Xy1997, 1999, and therefore may be for measuring latency. We used a statistical test to determine
quick enough for the correction to take effect within a singlewhether theF trajectories following the stimulus differ sig-
syllable. However, the authors of the study were convincedificantly from control (nonstimulatedl trajectories during
that these latencies were still too slow for the system to behe production of disyllabic phrases in normal Mandarin
effective in controllingF, within single syllables. Thus, they speech.
concluded that “the purpose of the auditory-vocal system is  Another issue, especially relevant to studies of speech in
not to control voice= precisely within single syllables, but nontone languages such as German, is that the latency and
rather on a supra-segmental level in the context of prosodynagnitude of the compensatory responses of the audio-vocal
(Donathet al,, 2002.” Furthermore, in a study that investi- system to pitch-shifted feedback vary depending on the
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strength of the demand of the vocal task. In a study in whicimodel HSC 20D at a microphone-mouth-distance of 3 cm.
subjects were instructed to modulate their voleg when  The microphone signal was amplified by a Mackie mixer
they perceived pitch-shifted feedback, the response latencig¢model 1202 and then processed for pitch-shifting through
were reducedHain et al,, 2000. Also, Natkeet al. (2003 an Eventide Ultraharmoniz¢iH3000 SB. The microphone
showed that the pitch-shift response is larger in magnitude igignal was then mixed with 70 dB SPL pink masking noise
singing compared to previous studies of sustained vowels ifGoldline Audio Noise Source, model PN2, spectral frequen-
nonsingers. These findings suggest that the response lategles 1 to 5000 Hrusing a Mackie mixefmodel 1202-VZL),
cies and magnitudes reported in previous studies observegduted through HP 350 dB attenuators, and presented to the
with sustained vowels may be slower and smaller than thosgubject over AKG headphonémodel HSC 20D at 80 dB
involving dynamic pitch movement in natural speech. SPL after amplification by a Crown D75-A amplifier. Acous-
The present study was therefore designed to test the folica| equipment was calibrated with a Biu& Kjeer 2203
lowing hypotheses using Mandarin speech. First, compensagnd level metefA weighting. During each utterance a
tory responses to pitch-shifted feedback occur during thg by software program(Max v. 4.1 by Cycling '74 directed
natural production of tonal sequences in the language. Segse yitraharmonizer to randomly pitch-shift the voice feed-
ond, the compensatory responses are fast enough to serve,ag. upwards or downwards by 200 cents for a duration of
part of the online sensory-motor control mechanisms for tong, ms, or to leave the feedback unchangeahtro). The

production in speech. Third, the latency and magnitude O[Jltraharmonizer automatically shifts pitch in units of cents

the compensatory responses vary with the demand of thlg“ecause this scale is logarithmically relatedrtpand is con-
tonal production, and are generally faster and larger for

) . 4 stant relative to the absolufg, of a given subject. The sub-
speech in which accuraté, control is necessary. To test % g )

. . . ect’s voice onset automatically activated the MIDI program
these hypotheses, we devised a technique that introduces. . o T
. ’ o L . . . using a locally fabricated Schmitt trigger circuit that detected
pitch-shifted stimuli at specific times during a disyllabic

speech production. a positive voltage €100 mv) on the leading edge of the

The primary goal of the experiment was to see WhetheJamplified vocal waveform and produced a TTL pulse with

and how speakers react to the pitch-shifted auditory feedback>> than 1 ms delay. The output of this C|rcu‘|‘t then was fe"d
during three bi-tone sequences representative of Mandariiy @ Medified Macintosh mouse to simulate a *mouse click.
speech: High-High(H-H), High-Rising (H-R), and High- Thg pointer of thei mous? was kept stationary during an ex-
Falling (H-F). The pitch-shift stimuli were timed so that they P€riment over a “button” on the MIDI software program,
would occur either during the first syllable or during the @1d when a vocalization began, the trigger circuit activated
transition between the first and second syllables. The objedf® mouse to initiate the MIDI program. The MIDI program
of testing these two timing variables was to test the effects of€n presented a randomized signal to the Harmonizer. The
pitch-shifted feedback during relatively steady stagecon- variability in the timing of the MIDI output from the onset of
tours and during dynami€, contours. Both upward and the pulse from the vocal detection circuit was about 25 ms.
downward pitch-shift stimuli were presented to assesd he MIDI signal to the harmonizer was either a command to
whether stimulus direction interacted with the direction inProduce no shift in pitch feedback, an increase or a decrease
the change in the tone associated with each bi-tonal sdn pitch feedback to the subject. The variability in the delay
quence. For all three independent variables, we predictetime for the harmonizer to present a pitch-shift stimulus was
that response magnitudes would be larger and response labout 15 ms. Thus, the total variability in the delay time
tencies and peak times would be shorter than those previetween onset of vocalization and the presentation of the
ously observed in a static vowel condition. These effectgitch-shift stimulus to the subject was about 40 ms.

would suggest the need for a rapid response of sufficient Subjects read a randomized list of disyllabic nonsense
magnitude to correct for production errors within the syl-Mandarin phrase¢/ma maj printed in Chinese characters,

lable. produced without a carrier frame, consisting of 3 bi-tonal

patterns at a comfortable rate of about 0.5 s per phrase. Simi-
Il. METHODS lar syllable sequences were used before in an acoustic study
A. Subjects (Xu, 1997%. The tonal patterns, High-HigliH-H), High-

Rising (H-R), and High—Falling(H-F), were chosen to place
Subjects consisted of six speakers whose first languaggfferent linguistic demands on speech production seen in
was the Beijing dialect of Mandarin Chinegur females  \andarin(see Fig. 1 In the H-H phrase, the variation Fy
and two males; ages 20—A®ubjects reported no history of is rather minimal as compared to both the H-R and H-F
hearing loss, neurological deficits and/or speech—languag@mases_ For the H-R phrase, the speaker must maintain a

disorders. relatively highF, followed by a rapidF, drop with a sub-
sequent rise. Thus to be perceived as H-R, there must be a
distinct drop inF to enable the subsequent rise, and both of
Subjects were seated comfortably in a small acousticallghese changes must differ from tig of the “High” tone.

shielded chamber and asked to read aloud the experimentéhe H-F phrase should require greater precision than the
stimuli at approximately 70 dB SP(self-monitored visually ~H-H phrase because the “Falling” tone must be clearly dif-
with a Dorrough Loudness Monitor model 40-A/ice out-  ferentiated from the “High” tone. However, accuracy at the
put was transduced through an AKG boom-set microphonend of the “Falling” tone is inconsequential because glottal-

B. Apparatus and stimuli
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ization frequently occurs with the drop Fy when itis at the  nal representing the onset and direction of the pitch-shift
end of an utterance. stimulus was digitized as well. In off-line analysis, voice and
The second procedural variable we manipulated was thauditory feedback signals were low pass filtetdiital fil-
timing of the stimulus. Stimuli were either presented rela-ter, 5th order at the mearf level for each subject, differ-
tively early in the first syllable 100 ms after vocalization entiated so as to equalize the waveform amplitude, and then
onsej or near the beginning of the second syllablesmoothed with a five-point binomial, sliding window. A
(~250 ms after vocal onsefThe actual timing of the stimuli  voice F, analog wave was then extracted using a software
varied from 75-115 ms for the “100 ms” condition and algorithm (Igor Pro v. 4.06 by Wavemetrizghat detected
250-290 ms for the “250 ms” condition. The early timing positive-going threshold-voltage crossings, interpolated the
condition was designed to disrupt the fifstigh) tone and  time fraction between each pair of sample points that consti-
possibly the transition into the second talitigh, Rising or  tuted a crossing, and calculated the reciprocal of the period
Falling), while the later timing would primarily disrupt dy- defined by the center points. The resultiRg analog(Hz)
namic transitions into the second tone. The timing of thewas further transformed into cents, using the following equa-
stimulus with respect to the syllable boundaries varied as &on: cents=100 (39.86 log, (f2/f1)), where f1 is an arbi-
function of the speed of speaking but was generally withintrary value of 196 Hz and 2 is the voice signal in Hertz. The
+/—50 ms of the syllable transition. conversion of allF, analog signals to cents allowed for a
The final stimulus parameter we manipulated was thecomparison ofF, across different pitch levels and subjects.
direction of the pitch-shift stimulus. Pitch-shift stimuli were An interactive program was then used to generate event-
either upwardincrease in pitch of voice feedbgotr down-  related averages for each experimental condition. Each syl-
ward (decrease in pitch of voice feedbackn keeping with  |able phrase was time-aligned to the start of each vocaliza-
previous studies, we anticipated that most responses woulghn to reduce the dispersion of temporal variations infge
be opposite in direction to the stimulgésompensatoryand  trajectory, marked as to the type of bi-tonal patt¢khH,
would occur in both stimulus directions. In addition, we an-H-R, or H-P), and sorted based on the pitch-shift stimulus
ticipated that larger responses would be observed in the H-Rondition (up, down, or contrdl An average waveform of
and H-F phrases when the direction of the stimulus was opthe F, analog was then generated for each bi-tonal pattern
posite to the ongoin§, modulation at the time of the stimu-  and stimulus condition per subject. Measures of the average
lus presentation. We predicted that for the H-R phrase, @esponse to the pitch-shift stimuli were made by a compari-

downward stimulus in the 250 ms timing condition would son with the average of the control wave for the specific
elicit a smaller response than an upward stimulus because th@ndition for that subject.

latter would be perceived as a failure to reach the desired low  An additional analysis was performed to estimate the

Fo trajectory, and subjects would respond with a greater reresponse latency by determining if the averaged test waves
sponse magnitude. We also predicted that downward stimulijitered significantly from the averaged control waves. For
occurring during the elevation prior to the tone drop in theyyig procedureF, analog waves were first decimated to 100
H-F phrase would elicit a larger response than an upwargz Then at-test(equal variance; two tailedvas performed
stimulus. o - _ comparing all test trials of thE, analog wave for each con-
For each phrase and timing condition, the subject progition with the corresponding set of control trials on a point-
duced a_lbout_ZO repetitions as control trlalg, 20 with an INhy-point basis. That isi-tests were performed between test
crease in voice pitch feedback, and 20 with a decrease iBnq control trials in 10 ms intervals. The result of this opera-
pitch feedback. Prior to actual data collection, subjects proggp, produced a wave comprised of a probability valpd (

duced several practice _phrases, and_ their temporal patterB%tween a set of test and control waves for each 10 ms epoch
were measured for consistency. Consistency was evaluated §f the ensemble average. Figure 2 illustrates the relation be-

two ways. Our Mandarin speaking experiment®X) lis- tween the average wavé), * p” values (B), and the dif-
tened to the speech to be certain that the words were spokeg o ce wave(C) for one subject. Responses in whigh
with correct pronunciation. Second, we measured the tempQy,es failed to reach a significance level of at least 0.02 and
ral patterns of the waveforms on a computer screen to makg, iy significant for at least 50 ms were defined as nonre-
sure the durations of each syllable were consistent acro%})onses Latency was defined as the firstalue that oc-
trials. We aIIoweq for variations in timing of in(_jividual syl- curred at a significance level of 0.0e circled value in Fig.
Iable; of approximately 50 ms. If, the produgtlons lacked a2(b)]. Although a Bonferroni correction would normally be
consistent temporal pattern, subjects were instructed agalf)arranted for multiplet-tests, we believe that rejecting re-

on how to produce the ph:ja_\ses ﬁonl\s/llls[t)(lantl);.t Consstzn:. pa§'ponses that do not last at least 50 ms is a more conservative
terns were necessary to adjust the software to de IVe%lpproach to control for type | errors. The logic for this argu-

theb.sumlgl at the same ;elgtllve tm&e in the phJase dfﬁr ;acgaent is that the twitch contraction times for most laryngeal
subject. Between sets of trials, subjects rested and hydrat uscles are less than 30 r@&lipour-Haghighiet al,, 1987;

themselves. Kempsteret al., 1988; Larsoret al, 1987, and a response
that lasts at least 50 ms is more likely to represent a neuro-
muscular event than non-muscular signal transients. The re-
The subject’'s voice output and auditory feedback wassponse magnitude and the time of the peak response magni-
low pass filtered at 5 kHz and digitized on-line onto a labo-tude were measured from the maximal point on the
ratory computer at 10 kHZL2-bit sampling. A control sig-  difference wave, if these values occurred within a time frame

C. Analysis
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A TABLE Il. Total number of “following” (FOL) and compensatingCOMP)

-600 — responses and nonrespongBdR) across two timing condition§100 and
250 ms.
n 50 100 250 TOTAL
b2
&S 700 FOL 6 1 7
O COMP 20 28 48
-750 NR 10 7 17
TOTAL 36 36 72
- | | | | |
B o o rection, and conversely, a response was classified as “follow-
00 e . St ing” if the response was in the same direction as the pitch-
01 5 @ ® o ° ° shift stimulus.
o % . .
a . oo o° o For two of the disyllabic sequences there was a large,
0.01 ®  ee . rapid drop in theF trajectory (H-R, H-F). In most cases it
* was possible to measure a response just before or after the
0.001 — P drop. However, in some cases, the response to the pitch-shift
[e]® stimulus appeared to be a timing difference where the experi-
! = ! ! ! mental average occurred either earlier or later than the con-
C trol average(phase-shifted In these cases, it was not pos-
40 — sible to measure a change in magnitude and these were
@B 50 classified as “nonresponses” as a result of a phase-shift.
c The statistical analysis of response magnitudes and la-
8 0 tencies was done with repeated-measures ANOVAs. In cases
20 — where the averaged signals failed to differ significantly from
control waves, neither latencies nor magnitudes were mea-
I I I I T sured. These cases resulted in missing data for a subject for a
0.1 0.2 0.3 0.4 0.5

condition. In order to meet the assumptions of a repeated-
Time (sec) measures ANOVA, the missing data points were replaced
with mean values calculated from the measured data from

FIG. 2. (a) Averaged test wavéheavy black ling superimposed on standard gther subjects for that condition.
error of the mean(SE) (dark gray wide ling in response to a downward

pitch-shift stimulus. Control average watftain black line superimposed on
SE (light gray wide ling. The square wave at the bottom indicates time and [ll. RESULTS

direction of stimulus(vertical dimension not to scale(b) Probability (o) . .
values resulting from &test comparison of test and control waysse the Out of a possible 72 averaged responses across subjects

text for detail3. The circled point is defined as response latency and the(12 averages per subject across 3 syllable conditions, 2
boxed point is the timg of peak response magnit(c)eT he difference wave stimulus directions, and 2 onset conditimnthere were 17
calculated by subtracting control from the test average wave. nonresponses, seven “following” responses, and 48 compen-
sating responses. Tables I, I, and Il provide a breakdown of
defined by significanp values. However, in some cases, theresponse types across experimental conditions. It is notewor-
difference wave was continuously changing throughout thehy that no “following” responses were observed for the
period defined by significart values and a peak in the dif- H-H productions and only one for the 250 ms timing condi-
ference wave could not be defined. In these instances, th@n. Compensating and nonresponses were rather evenly
peak time and peak magnitude were measured from the ditjispersed across bi-tonal patterns, stimulus timing, and
ference wave at the time indicated by the most signifigant stimulus direction. Eight nonresponses were due to an appar-
value[the boxed value in Fig.(®)]. The response direction ent phase shift in the observable response. Nine of the non-
with respect to the stimulus direction was also noted for eaclesponses were those in which the averaged waveform failed
average wave and classified as compensatory or “followtg differ significantly from the control waveform for a dura-
ing.” A response was considered to be compensatory if thgon of at least 50 ms. The individual responses comprising
response’s direction was opposite to that of the stimulus dithe average {20 responses per averageay have been a

TABLE I. Total number of “following” (FOL) and compensatingCOMP) TABLE llIl. Total number of “following” (FOL) and compensatingCOMP)

responses and nonrespongdf) across three bi-tonal patterfid-F, H-H, responses and nonrespongbiR) across stimulus directiofDOWN and
and H-R. UP).

H-F H-H H-R TOTAL DOWN upP TOTAL
FOL 3 0 4 7 FOL 2 5 7
COMP 15 18 15 48 COMP 27 21 48
NR 6 6 5 17 NR 7 10 17
TOTAL 24 24 24 72 TOTAL 36 36 72
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FIG. 3. Control(thin black ling and test average wavéthick black line

during H-H, H-R, and H-F sequences at the 100 ms stimulus timing condi- Time (sec)

tion. Heavy dashed lines are simulations produced by the m@eéel the

text). The vertical arrow indicates time where the response magnitude was

measured for this tradsee the text Error bars represent the standard error

of the mean for a single direction. The inset shows an expanded portion of ) _ ) )
average waves. Curves at the bottom indicate the time and direction of thE!G- 4. Control(thin black ling and test average wavéthick black line
stimulus. For all panels, the stimulus onset occurred approximately at 0.1 §luring H-H, H-R, and H-F sequences at the 250 ms stimulus timing condi-

The x-axis (time) starts at 0.05 s, which is 0.05 s after vocalization onset, tion. Error bars represent standard error of the mean for a single direction.
Note that they-axis differs for each plot. H-R, “#” marks large difference between control and test waves mentioned

in text. H-F, “*<" indicate rise in Fy prior to major drop(see the text
Heavy dashed lines are simulations produced by m@del the tejt Stimu-
. . . . . . lus onset began at 0.25 s following vocal onset. In all illustrated examples,
mix of compensatory and “following” in direction. This may differences between control and test averages were statistically significant.

have resulted in the average being classified as a nonr@hex-axis(time) starts at 0.1 s, which is 0.1 s after vocalization onset. Note
sponse due to cancelling of individual compensatory and folthat _they-axis differs f_or each plot. See the legend of Fig. 3 for further
lowing responses. However, it is difficult to make such de_detalls. All traces for Fig. 3 and 4 were taken from the same subject.
terminations because of waveform variability. This is the
reason for relying on the criteria of significant differences inchange in the cent magnitude with the onset of voicing. On
averageresponses for determining whether responses odhe left side, an upward shift in pitch feedback shortly after
curred or did not. vocal onset(indicated by the bottom trace representing the
There were a variety of responses types across subjectsrection and timing of the stimullised to a decrease in the
with the different phrases. For the H-H phrase, all responseaverage response when compared with the control average.
occurred, by default, during steadiy productions. For the The response average drops below the control average at
H-R phrase, some subjects produced a response prior to tl@proximately 106 ms following the stimulus ongletency
drop in theF trajectory, some during the drop, and some atand reaches a peak depressipraximal separation between
the bottom of the trajectory. Most of the latter responseghe control and response averageb —59 cents at 165 ms
were observed with the 250 ms timing condition, however, garrow). Following the peak response, the traces of the re-
few were noted for the 100 ms timing condition as well. Forsponse and control averages converge following the stimulus
the H-F phrase, most responses occurred prior to the drop ioffset. The traces on the right in Fig.(Bl-H) represent the
the F, trajectory, while a few occurred during the drop. average response to a downward pitch-shift stimulus. The
Figures 3 and 4 illustrate characteristic average refesponse latency occurs closer to 117 ms, and the response
sponses to pitch-shifted stimulhick black lines with error  peak(38 cent$ occurs at about 151 ms.
barg superimposed on average control cur{#sn lines In Fig. 3 (H-R), the stimulus again begins 100 ms after
with error bar$. Also shown are mathematical simulations onset of the “High” tone and ends at about the time &
(dashed lines with no error bayswhich will be discussed trajectory starts its descent toward the “Rising” tone. For
subsequently. Figure 8H-H) displays representative data both the increasing and decreasing stimuli, the response
from one subject for the bi-tonal pattefid-H) for increasing  (thick lines with error banspeaks prior to the beginning of
and decreasing pitch feedback under the 100 ms timing corthe downward trajectory. The response to the downward
dition. The beginning of the traces on the left is 50 ms afterstimulus approaches the trajectory of the control wates
vocal onset; vocal onset is not shown because of the largénes with error bars but never reaches it due to the time lag
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TABLE IV. Mean latency(sd) in ms, magnitudésd) in cents, and peak time
(sd) in ms across three bi-tonal patterns.

TABLE V. Mean latency(sd) in ms, magnitudésd) in cents, and peak time
(sd) in ms across timing conditions.

PHRASE LAT (sd) MAG (sd) PT (sd) TIMING LAT (sd) MAG (sd) PT (sd)
H-F 174(79) 83 (50) 251(73) 100 184(77) 69 (42) 254.(76)
H-H 147 (41) 49 (20) 228 (45) 250 148 (50) 74 (44) 225 (49)
H-R 171(70) 84 (45) 235(70)

_ ) ) when values are broken down by specific conditighable
In the response trace. Such time lags were common in MO\, |atencies for two of the H-H and one H-F condition
subjects. The response to the upward stimulus peaks and th@Rye |ess than 130 ms. Latency values in other conditions
crosses the trajectory of the control wave as it seems to 0Ve{jere close to 200 ms. The overall median latency was 143
shoot the control wave slightly. This behavior again could beyns For a statistical analysis of latency measures, a square
interpreted as a time lag in the perturbed response. In botl,ot transformation was done to achieve a normal distribu-
cases, responses occur prior to the end of the stimulus ang, A three-factor repeated-measures ANOVA was per-
are incorporated into the overal, trajectory associated formed on latency with phrase type, direction, and stimulus
with the bi-tonalF, configuration. _ _ timing as independent variables. No main effects were found.
For H-F phrasesFig. 3), the F, remained at a higher powever, there was a significant interaction between phrase
level for a longer duration of time than was seen for the H'Rtype and stimulus directiopF(2,10)=5.09, p=0.03]. The
phrases. Thus, the responses were seen during the stegdyencies for both the H-H and H-F phrases increased for the
phase of theF, prior to the *Falling” tone. The absolute  gownward stimuli compared to the upward stimuli, whereas
response magnitudés9 cents to the upward shiftleft) is  ¢5r the H-R phrase, latencies decreased for the downward
larger than that41 cents to the downward shiftright), as  gimuli. The shorter latency for the H-R phrases with down-

predicted for the risingr trajectory prior to the drop iifrg.

ward stimuli may indicate that when a planned dropFin

Following the early response, an apparent phase lag was segfincides with the approximate time of a downward re-

during the “Falling” tone(Fig. 3 (H-F) left), and is similar to
the phase-lag observed for the H-R phrases.

sponse, the response latency is redudedthe H-R phrase,
the drop in theF trajectory occurs sooner than in the H-F

Figure 4 illustrates examples of responses to pitCh'Shifbhrase. Although there appeared to have been a dramatic
stimuli delivered 250 ms following vocal onset for the sameyacrease in latency comparing the 100 ms and 250 ms timing
subject as in Fig. 3. In these cases, the stimulus began duringngitions for the H-F condition as a function of stimulus
the first tone and terminated during the second tone. In thgjrection, there was no overall effect on latency. Neverthe-
case of the H-H phrasi€ig. 4), responses are very similar to |egs this change is in the same direction as changes in the
those seen in the 100 ms condition. That is, the ovéfgll Heak time measuresee below A similar finding was re-
trajectory was relatively flat through the entire phrase, a”(gorted previously by Haiet al. (2000 for sustained vowels.
the responses compensated for the pitch-shifted auditory A three-factor repeated measures ANOVA was per-
feedback. For bo_th the H-R and H-F conditions, the_stlmulusformed on magnitude with phrase type, stimulus timing, and
was present during the time when there was a major reduGgimylus direction as independent variables. Significant main
tion in Fo. There are three major observations for the re-effects on response magnitude were found for phrase type
sponses in these conditions. First, sometimes a response ag(2,10)=9.36, p=0.005 and stimulus directiorf F(1,5)
peared before the major drop Ky for the H-F phrases, as _ 15 7, p=0.016 (Table VIIl). Post hoc testing revealed
seen in Fig. 4H-F, left and right, indicated by*”s). Be-  hat responses for the H-R and H-F phrases were signifi-
cause the high tone of the H-R phrase was shorter in duratiogynjy |arger than those for the H-H phrage=(0.008 and
than _that in the H_-F phrase, this_ early response prior to th%=0.020;post hocSheffd. Response magnitudes were gen-
drop inF, was typically not seen in the H-R phrase. Secondera|ly greater for downward than upward stimuli. A signifi-
the onset of the response during the high tone of the phrasgynt interaction was observed between phrase type and
also was accompanied by a phgse-_shlft, which became app&timulus timing[ F(2,10)=5.19, p=0.02§, which was due
ent by the end of the phrase in Fig.(H-F, both left and 5 the much greater increase in response magnitude for the
right). Both phase leads and phase lags of response With g and H-F phrases compared to the H-H phrase. A signifi-
respect to the control were observed. Third, there was frégant interaction was also observed between stimulus timing
quently a large difference between the control and responsg,q stimulus directiofF(1,5)=17.43, p=0.009. This ef-
waveforms that occurred near the bottom of the contour asgg ¢ may be due to the much greater increase in response

sociated with the beginning of the finBl, rise [*#," Fig. 4 magnitude between the upward and downward stimuli for
(H-R)]. Since the H-F phrase did not have a transition and

since vocalization frequently ceased at or near the low point _ _ _ _

of the “Falling” tone, it was not possible to measure a re- TAB.LE VI. Meap Iatency(sd).ln ms, magnitudésd in cents, and peak time
. (sd) in ms by stimulus direction.

sponse at the bottom of the trajectory.

Quantitative measures in Tables 1V, V, and VI provide DIRECTION LAT (sd) MAG (sd) PT (sd)
means and S.D.’s of response latency, magnitude, and pe%ibWN 165 (67) 85 (49) 237(68)
time across subjects and conditions. The latency valuegp 164 (65) 58 (29) 240 (60)

shown in these tables vary from 147 to 184 ms. However.
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TABLE VII. Mean latency(sd in ms across three phrase types, two timing conditions, and two stimulus directions.

PHRASE H-H H-R H-F

TIMING 100 250 100 250 100 250

DIR uP 127(38) 124 (25) 192 (46) 192 (74) 210(91) 121 (21)
DOWN 174(55) 159 (36) 162 (93) 138 (51) 243 (100 146 (55)

the 250 ms timing condition compared with the 100 ms tim-lations to be compared with experimental data. The model of
ing condition, most apparent for the H-R and H-F phrasespitch stabilization uses negative feedback and delays to
When examined across both timing and direction conditionssimulate compensatory responses to perturbations in the
response magnitudes for both H-R and H-F phrases wengitch of auditory feedback. The purpose of this approach was
greatest for downward stimuli with the 250 ms timing con-to be able to compare timing and magnitude of responses
dition. This observation does not seem to confirm our hy-here to those predicted by this model, which was previously
pothesis that response magnitudes should be larger for upptimized for simulation of a nonspeech task.
ward directed stimuli when thE trajectory is downwards. In producing the output shown in Figs. 3 and 4 the con-
We note, however, that the exact timing of the stimulus withtrol F, was used as the desiréq signal. There were several
respect to thé& trajectories varied with changes of speaking differences between simulation and experimental responses
rate, both within and across subjects. As a result, for botlihat can be seen from an inspection of Figs. 3 and 4. Experi-
H-R and H-F, the 250 ms stimuli coincided sometimes withmental responses frequently began earlier than the simulation
the downward movement of thE, trajectory, sometimes and were often larger. This is consistent with the finding of
with the upward movement, and sometimes with both ofearlier and larger magnitude responses for the present data
them. This variability in timing may have precluded the iden-than for previous studies of less behaviorally relevant pro-
tification of systematic changes in response magnitude aductions. Experimental responses also tended to lag control
cording to our hypotheses. Nevertheless, the H-F responsend simulation traces for the 100 ms delay conditieig. 3),
measures made at the time of the slight ris& gnpreceding  which was not consistent for the 250 ms de{&ig. 4). This
the large drop i [Figs. 3(H-F) and 4(H-F)], produced, as observation suggests that given enough time, perturbations
predicted, larger responses for downward stimuli comparedhay slightly slow down production of the next syllable.
with upward stimuli[ F(1,16)=9.06, p=0.00§].

A three-factor repeated measures ANOVA was per-V. DISCUSSION
formed also on peak time with phrase type, stimulus timing, . . .
and stimulus direction as independent varialfEgble 1X). We co.nduc.:ted the present ex_penment with three main
There were no significant main effects. However, there was guestlons n ”."”d- F!rst, WOUIQ native speakers qf Mandarin
significant interaction between phrase type and stimulus tim[espond_ to p|tch-sh|fted auditory feedback _durlng _natural
ing [F(2,10)=5.05, p=0.03. For the H-R and H-F p_roductlon of bi-tonal sequences b)_/ changing their vocgl
phrases, peak times decreased for the 250 ms timing cona[?—'tCh to cpmupenfate for the P'tCh'Sh'ﬁ? The answer to thls
tion compared with the 100 ms timing, while for the H-H qgestl_on_ls yes'—most subjects re;pont_jed to .p'tCh'Sh'ﬂ
phrase, peak times increased between these two timing coﬁymu“ W'th a c_ompensatory change n va@_dunng the.
ditions. Overall, mean peak times were 238 ms. Thus, ther roductlon of bi-tonal sequences, which con_S|sted_ of various
was a reduction in latency and peak time measures when tHe? rises and fglls. These results are .compatlble with those of
pitch-shift stimuli occurred closer in time to the drop in the pre"'?“s studiesDonath et al. 2002“’ Jone; ?nd Munhall,
F, trajectory. 2002; Natkeet al., 200:?. Several foIIowmg responses
were also observed, which have been previously reported for
sustained vowel productions.

Our second experimental question was as follows:

We simulated our data using a previously publishedWould the responses be fast enough to make a difference
model of responses to pitch-shift stimuli for sustained vowelbefore the production of a tone is completed? The answer to
phonations(Hain et al., 2000. Our purpose was to not to this question seems to be “sometimes.” The median re-
reproduce experimental data, but rather to compare timingponse latencyl43 mg was shorter than the 200 ms latency
and magnitude of responses for the present speech task fisund by Jones and MunhalR002, which may relate to
responses expected for non-speech tasks. Figure 5 shows ttiferences in methods. Many responses had latencies less
main features of the model and Figs. 3 and 4 contain simuthan 130 ms, and some were close to 100 ms. These latencies

IV. MODELING OF RESPONSES

TABLE VIII. Mean response magnitudgd) in cents across three phrase types, two timing conditions, and two stimulus directions.

PHRASE H-H H-R H-F

TIMING 100 250 100 250 100 250

DIR uP 42 (15) 51 (30) 85 (43) 58 (27) 56 (26) 51 (24)
DOWN 50 (14) 48 (20) 91 (65 105 (20) 78 (43 129 (51)
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TABLE IX. Mean response peak timad) in ms across three phrase types, two timing conditions, and two stimulus directions.

PHRASE H-H H-R H-F
TIMING 100 250 100 250 100 250
DIR uP 217 (63) 249 (30) 224.(56) 240 (88) 284 (63) 204 (46)

DOWN 216 (67) 224,(38) 261(79) 202 (51) 312 (130 223(33)

are shorter than those reported by previous studies on pitcliaster and larger than those observed in conditions involving
shift experiments with nonsense syllables in German andnly nonspeech. There were four observations that supported
prolonged vowels in MandarifiDonathet al, 2002; Jones this hypothesis. First, the response magnitudes during the
and Munhall, 2002; Natket al, 2003, but are comparable production of natural tone sequences found in the present
to the latencies previously reported with sustained vowelstudy are indeed significantly larger than those reported for
(Hain et al, 2000; Larsonet al, 2001). However, several sustained vowel&Burnettet al, 1998 and are slightly larger
responses had longer latencies, similar to those reported hijan those reported during German nonsense sp&suotath
Jones and MunhalR002, and are also similar to secondary et al., 2002 or in a previous investigation of Mandarin tones
responses previously reported during sustained voii&ls produced with prolonged vowe{dones and Munhall, 2002
nettet al, 1998; Hainet al, 2000. Yet, the median latency Second, responses during the dynamic H-R and H-F phrases
of ~143 ms is shorter than the syllable duration of the Man4vere generally larger than in the static H-H phrase. This
darin syllables for similar CV structures found in Xi997:  indicates that auditory feedback may be more important for
186 ms for /ma/ with many tonal combinatiortduration  dynamic control ofF, than static control. Third, during the
values unpublished befareor Xu (1999: 180 ms for /mao/,  slight rise inF, prior to the drop in the H-F phrase, response
Imi/, /mo/, /na/, Imai/ and /tao/, also with many tonal com-magnitudes were larger for downward stimuli compared to
binations. That is, with a delay less than a syllaldlé3 ms,  upwards stimuli. Finally, response latency decreased with
the compensation can begin. Nevertheless, the mean rgownward stimuli in the H-R phrase, indicating that the sys-
sponse latency~ 164 ms) was comparable to average syl-tem can alter timing of responses in addition to the magni-
lable length. Moreover, response peak time288 ms) also  tude depending on the need for auditory feedback to help
occur after the average syllable has completed. Thus, due &bntrol voiceF,. Moreover, in a recent study, Natla al.
variability in response latency, some responses are fagp003 reported that responses were larger during singing
enough to make a difference within a phrase, but on averagg@an during speech, and presumably singing requires greater
the responses are quite late compared to the syllable durg, accuracy than speech. It is noteworthy that the response
tion. magnitudes reported in the present study are approximately
Our third question was whether the latency and magnithe same as those reported during singiNatke et al,,
tude of the compensatory responses would be generally003, and suggesk, control in Mandarin is as sensitive to
auditory feedback as is in singing. Task-dependent modula-
tion of reflexes, or other types of stereotypic responses to

Expected Perceived : ) . )
Fo FO stimulation has been observed in many systems and is gen-
erally interpreted to reflect dependence of accurate motor
ﬁError execution on sensory monitorin@racco and Abbs, 1989;
Gracco and Abbs, 1985; Saltzmat al, 1998; Shaiman,

I"ter{';?(l)[,fsla D%( [%( 1P3e{)c:1p£:l deley 1989; Shaiman and Gracco, 2002
An important experimental design feature of this study
was the accurate timing of the stimuli with respect to the
speech tokens. Care was taken to make sure stimuli were
presented at the same approximate time in each of the
phrases for all speakers by careful coaching of subjects,
monitoring of signals produced by the subjects, and the use
of a voice activated trigger circuit. However, we were unable
" to precisely control the timing of the MIDI program or the
-:r >'| FO processing by the harmonizer, which together produced
T about 40 ms variability in timing. Because the primary goal,
Desired FO ascertaining whether production Bf, contours during nor-
FIG. 5. Mathematical model of pitch stabilization. On the left sidesired mal speech would be affected by per_turbed_aUd'tO'fy feed-
F, is input. Corrections are added at the summing junction at the centeld@ck, was supported by responses to pitch-shifted voice feed-
bottom to produce=,. Corrections are computed by comparing perceived back within single or disyllabic phrases, the variability in
e i espece g st g Sl timing does ol appear [0 be a serous concern.
agdsproduiztion )(;f soundExpected E is also delayedg by 13YO ms sg that both However, ,Stlr_r!um,s timing variability ma),/ have Conm,bUted
to the variability in the responses, and if future studies are

signals are in the same time frame. The difference betgected k5 and ‘ ) e "
Perceived F, Error, is filtered and used to adjust tifg signal. able to deliver stimuli with greater control than was done in

Harmonizer

DFO
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the present study, results may more accurately reflect thél. CONCLUSION
degree to which auditory feedback is normally used to help We introduced pitch-shifted auditory feedback to native

regula-te voiceF, during speech. ) ) speakers of Mandarin while they were saying disyllabic se-
With respect to our mathematical modeling, the modely ences with different tonal combinations at a natural speak-
of Fig. 5, which serves well to simulate feedback drivening rate. They reacted to the auditory feedback with compen-
modulation of sustained vowel phonations, accounts for gensatory pitch changes in most trials. The majority of the
eral features of the responses during speech such as directiebmpensatory pitch changes occurred significantly sooner
and approximate timing. A comparison between the simulaf143 mg than the durations of typical Mandarin syllables
tions and experimental data in Figs. 3—4 illustrate that thi180 m3. In some conditions, latencies were short enough
model of vowel phonation fails to reproduce three aspects of<130 ms) for the response to correct for perturbations
speech. While it would be possible to adjust parameters awvithin the syllable, while in other cases latencies were too
the model to fit the experimental data, we feel that it is mordong. These findings, along with the observation that re-
important to point out that these differences indicate that th&éPoNse magnitudes during tonal sequences involving dy-
auditory feedback stabilization system for speech is eithef@MiCFo trajectories were larger than sequences with a static

separate from that used for vowel phonation, or that a com'-:0 trajectory, su_ggest the system may m_odulate the re-

mon system can be rapidly reconfigured according to th sponses depending on the demand for auditory feedback to
?acilitate accurate and timely adjustmentsHg control. Al-

demands of the task.

The first diff is that th del of | oh ._though the responses were both faster and larger than those
e first difference Is that the model of vowel p Onatlonduring the production of sustained vowegBurnett et al.,

fails to simulate th(la.larger size of responses found und‘?iggs; Hainet al, 2000; Larsoret al, 2009, they are similar
some speech conditions. In the context of the model, thigy those during singingNatke et al, 2003, suggesting that
would suggest that the gain of the feedback I¢meorpo-  the production of tones requires a close control of vdige
rated in the “Filter” element in Fig. bis not fixed but rather  similar to that used in singing. A simple mathematical model
can be varied, to account for this task-dependence. Responiggorporating negative feedback was able to simulate the
modulation has been found to occur in other systems as general features of the response patterns. This suggests that a
function of motor activities such as walking, arm move- control mechanism based on similar principles may be be-
ments, cycling and graspin@rookeet al, 1991; De Serres hind the observed compensatory responses. The modeling
etal, 1995, Doemges and Rack, 1992; Dufreseeal,  Simulation also shows that both the timing and the magnitude
1980; Stein and Capaday, 1988; Zetral, 2007. of this control mechanism can be modified substantially and

The model also does not produce responses with laterf@Pidly depending on the specific task at hand.
cies less than 130 ms, while experimentally such responses
were noted. In the context of the model, reduced latencieaCKNOWLEDGMENTS
could be obtained by reducing the matched delay elements.
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