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Hearing one’'s own speech is important for language learning and maintenance of accurate
articulation. For example, people with postlinguistically acquired deafness often show a gradual
deterioration of many aspects of speech production. In this manuscript, data are presented that
address the role played by acoustic feedback in the control of voice fundamental frega@ncy
Eighteen subjects produced vowels under a cor(ttormal FO feedback and two experimental
conditions:FO shifted up and-0 shifted down. In each experimental condition subjects produced
vowels during a training period in which thef0 was slowly shifted without their awareness.
Following this exposure to transforméd®, their acoustic feedback was returned to normal. Two
effects were observed. Subjects compensated for the chaR@esind showed negative aftereffects.
WhenFO0 feedback was returned to normal, the subjects modified their prodicadthe opposite
direction to the shift. The results suggest that fundamental frequency is controlled using auditory
feedback and with reference to an internal pitch representation. This is consistent with current work
on internal models of speech motor control. ZD00 Acoustical Society of America.
[S0001-496600)03009-5

PACS numbers: 43.70.Aj, 43.66.H4\L ]

I. INTRODUCTION esized neural representations of the spdkimematio, force
(dynamig, and/or proprioceptive characteristics of move-
There are many indications that fluent speech is conments that could be used by the nervous system to predict
trolled through the use of sophisticated internal representanovement outcome. These predictive models could provide
tions as well as feedback processed on-line. For examplénaternal feedback to planning and control systems without
people with postlinguistically acquired deafness often show @he delays associated with natural proprioceptive feedback
deterioration of many aspects of speech production. Prolfsee Miall and Wolper{1996; Kawato (1999 for discus-
lems related to intensity and pitch control, as well as intonasions of the many roles of internal models in movement con-
tion, stress, and rate of speech are commonly seen quite so@ol].
after hearing loss. However, only after longer periods of  Evidence for the existence of internal models comes pri-
deafness will variability in the production of vowels and con- marily from the study of arm and hand movements. For ex-
sonants be observeé@€owie and Douglas-Cowie, 1992 ample, Johanssen and Westliig984 and Flanagan and
The finding that the precision of vowel and consonantwing (1993 have shown that when grasping an object with
production persists unaltered for a relatively long time afterthe hand, grip force changes in synchrony with changes in
deafness onset supports the existence of a well-formed neurialad forces on the object. This synchrony could only result
mapping between the motor system and the acoustic signafsom control that predicts the loads on the object and thus the
for segments. On the other hand, the finding that deafnesgrip force needed to hold the object.
more rapidly affects production parameters such as pitch and Although internal models can potentially reduce the
intensity implies that the mechanisms involved in suprasegneed for closed-loop control, feedback still plays an impor-
mental control may be different than those for the control oftant role in their acquisition and maintenance. Subjects ex-
segment productioriPerkell et al, 1997. The control of posed to novel conditions can acquire new internal models.
these parameters may be more directly sensitive to acoust®everal investigators have shown that subjects exposed to an
feedback. For example, speakers exposed to loud noise spaartificial force field while making point-to-point movements
taneously and immediately compensate by increasing thadapt and eventually make arm movements with natural tra-
volume of their speecfiLane and Tranel, 1971 jectories. For example, Shadmehr and Mussa-Ivél8d4)
Uncovering how such a complex control system oper-had subjects move a robot manipulandum to targets while the
ates and determining the relative roles played by feedbactobot imposed forces. Initially, the trajectories produced by
and central representations is a daunting task requiring bottihe subjects were distorted; however, with practice, the sub-
empirical and modeling work. Recently, there has been conjects produced movement paths quite similar to movements
siderable interest in the role of feedback and “internal modproduced prior to exposure to the force field. When the
els” in motor control in general. Internal models are hypoth-forces were suddenly removed, the subjects showed after-
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effects in their movements for a few trials. For these trials, v
subjects moved as if they were encountering the experimen- -
tal force field even though it was no longer present. This
pattern of behavior suggests that subjects relearned the map-

Analysis

ping between the kinematics of arm movements and the g:g%grs l
forces needed to control trajectories. In other words, they
constructed a new internal model to accomplish the reaching Noise
task under the novel force conditions. DAT Generator >
The aftereffects shown by Shadmehr and Mussa-Ivaldi | Recorder - Mixer
are a form of sensorimotor adaptation similar to that ob- Tran;gf;aﬁon ——
served with visual and vestibular perturbation paradigses |
Welch (1986 for a review. For example, Held(1965 . ‘

showed that subjects wearing prisms that displace the visual
field quickly relearned the mapping between the visual space |Microphone

and the motor system. Initially, the subjects made reaching | _Amplifiero Earphone
errors in the direction of the prism displacement. After a t @ Earphones L_Amplifiero
number of practice trials they returned to normal accuracy and

and normal movement speed. However, when the prisms Bone Oscillators

were removed they made reaching errors in the opposite di- FIG. 1. Schematic of experimental acoustic feedback setup.

rection to the prism displacement. These data have been in-

terpreted as evidence for a learned mapping between theyyival pitch is controlled by an internBD target. As oth-
movemgnt and pgrceptual systems. ) ers have previously, we use a modified feedback approach.
Similar experiments have been conducted in speech praseyera| studies have demonstrated that when subjects hear
duction research addressing the learned mappings betwegibir Fo feedback suddenly raised or lowered artificially,
vocal tract movement and the resulting acoustics. The conney compensate by shifting their pitch in the opposite direc-
siderable variability that exists in vocal tract morphology tion (e.g., Burnetet al, 1998; Kawahara, 1995In the pro-
means that talkers must learn the unique acoustic charact&gscol used in this experiment, vocal pitch feedback was
istics of their own vocal tract in order to produce the soundsjowly shifted up or down in frequency without subjects’
of their language. In formal models of acoustic-articulatoryawareness. Our primary aim was to demonstrate adaptation
mappings(Guenther, 1994; Hirayamet al, 1994; Jordan, to modified pitch feedback following return to normal feed-
1990, 1996; Kawatet al, 1987 acoustic feedback plays a pack conditions.
number of possible role¢1) For speech sound development  There are relatively few reports of auditory adaptation in
in Children and adu|tS and for |earning new Vocal tract a.r'speech production research_ Houde and Jotdgga gave
rangements, acoustic feedback provides the primary informaspeakers real-time auditory feedback in which the formants
tion about target achievement and thus is the vehicle fthey were producing were shifted enough to Change the vow-
learning.(2) For fine motor control, the sound of the speak-g|'s phonetic identity. Over many trials, Houde and Jordan
er's voice is used in closed-loop control of articulatié8)  found that speakers modified their vowel productions to
For motor planning and control, the vocal acoustics providegompensate for the ongoing feedback transformations. In ad-
an ongoing calibration of internal models of the speech modiition, the modified productions persisted in the absence of
tor system. feedback, indicating an adaptive response involved in updat-
In this paper we explore the relative importance of theing the acoustic-motor representation. In our experiment, if
third role: the use of acoustic feedback in calibrating an intalkers show aftereffects of modified feedback conditions
ternal model for the control of speaking fundamental fre-this will be clear evidence that habitual speakf@is con-
quency(F0). FO is determined partly by individual anatomy trolled relative to an internally represented reference fre-
and physiology and partly by a control system that relies oryuency.
feedback to achieve a pitch “targe(Titze, 1994. The bio-
mechanical and physiological contributions to the fundamenn_ METHOD
tal frequency of vocal fold vibration include the mass of the
folds, the subglottic lung pressure, and tension on the fold4- Subjects

calis muscles. These biophysical factors are controlled by gnq 30 years of agénean of 22.4 yeaysparticipated. The

complex network of cqrtical _and_ brainstem cent@rarson, participants reported no hearing, speech, or language prob-
1988 as well as proprioceptivéKirchner and Wyke, 1965 |ems.

and auditory(Sapiret al, 1983 reflex mechanisms.

During normal conversation, the pitch of the voice var-
ies as a function of speaking intensity, prosodic pattern, emol?" Apparatus
tionality and speaking rate, but for any given individual this Figure 1 depicts the experimental setup. Utterances were
frequency range varies around an “habitual” vocal pitchrecorded using a Telex PH-20 microphone. Prior to pitch
(Zemlin, 1981. In this paper we test the extent to which this shifting, the signals were amplifigducker-Davis MA2 mi-

1247 J. Acoust. Soc. Am., Vol. 108, No. 3, Pt. 1, Sep 2000 J. A. Jones and K. G. Munhall: Perceptual calibration of FO production 1247



crophone amplifigrand filtered(Tucker-Davis FT6-2witha  one cent. These trials were followed by 20 ftrials in which
9-kHz frequency cutoff. An Eventide Ultra Harmonizer feedback was maintained at 100 cents above the subjects’
(H3000-D/SX transformed the pitch of the signals. The true FO. Finally, subjects performed ten trials in which the
pitch-shift processing introduced only a small del@~4  feedback they heard was normal, that is, unaltered. From the
ms). Trial initiation and the pitch processor were controlled subject’s viewpoint, 140 trials were recorded without inter-
by a computer. To reduce the amount of natural acousticuption. The stages of the experiment were implemented
feedback, the pitch-shifted signals were mixed with pinkwithout any formal indication of changes in the feedback
noise (Grason-Stadler 902)Band multi-speaker babbl@u- conditions.
ditec, St. Loui$ and then attenuated by a Yorkville reference The shift-down condition was conducted in exactly the
amplifier (model SR 30R The level of the masking noise same manner as in the up condition except subjects were
was 75 dB SPL. Subjects received the auditory feedbackxposed to decreasing pitch feedback to a maximum of
through Etymotic(ER-2) earphones and through Radioear —100 cents after the initial ten baseline trials. The pitch of
Model B-71 bone oscillators positioned on the left and righttheir auditory feedback was decreased by one cent on each of
mastoid processes. Both the altered and unaltered signal®0 trials. Subjects were then exposed to 20 trials in which
were recorded at 48 kHz on DAT. feedback was maintained at 100 cents below their EQe

The experimental sessions recorded on DAT were lateThese were followed by ten trials in which normal feedback
low-pass filteredwith a 5-kHz cutoffj and digitized with a  was given.
sampling rate of 11 kHz. The fundamental frequency of ut-  In addition to the experimental manipulations, subjects
terances during each trial was calculated using an algorithralso participated in a control condition in which they pro-
incorporated in the commercial software package CspeechSRiced an equivalent number of trials without frequency ma-
(Milenkovic and Read, 1995 The median frequency value nipulations. The condition was an attempt to control Fdr
for each utterance made during the 3-s interval was used fathanges that may result from repeatedly producing the same

subsequent analyses. sound in an experimental setting. Because insert earphones
were used, the “normal feedback’” condition was in reality a
C. Procedure small transformation of the normal auditory feedback. Pin-

) ) i nae reflections change the quality of normal airborne feed-

Each subject was seated in a small room in front of a5k put were not present in our auditory feedback through
computer monitor. Bone oscillators were fixed to the mastoigy,q earphones.

processes using a flexible headband. The subject also wore @ The median frequency value for each utterance made

helmet that held a microphone at a fixed distaitecm) gy ring each trial was obtained and converted to cents based
from the mouth. The transducers for the earphones were af, ine following formula:

tached to a velcro strap around the subject’'s neck and foam
inserts were positioned comfortably in the subject’s ear ca- Cents=100(12log(F/B)),

nals. o ~ whereF is the median frequency for the utterance during the
Depicted on a computer monitor in front of the subjecttrig|, B is the average of the median frequencies for the ten

was the word “awe.” Below the word was a countdown ytterances during the baseline phase at the beginning of the
from 3 to 0 s. Subjects were asked to produce the vowel / experimental session.

(represented orthographically by the word “awefor the
duration of the countdown and then to click on an icon at thq);. ResULTS
bottom of the screen with a mouse to initiate the next trial. ] .

The subjects were asked to try to produce the vowel the Figure 2a presents the data in Hertz averaged across
same way from trial to trial. However, the experimenterSUbjeCtS for the control, shift-up, and shift-down conditions.
made no references to pitch or other voice characteristics arftS ¢an be seen, when the pitch feedback is shifted down, the

subjects were not made aware of the nature of the eXperﬁ_ubjects raised their pitch compared to when the pitch feed-
mental manipulation. back is shifted up. When the feedback was returned to nor-

mal, theFO in both shift conditions changed. The mean dif-
ferences between the final 20 training trials and the final 10
normal feedback trials of the experiment for the control,
There were three conditions in the experiment: a “shift- shift-up, and shift-down conditions were quite small in abso-
up,” “shift-down,” and “control” condition. Subjects par- lute terms(0.35,—2.8, and 1.5 Hz, respectiveliput reliable.
ticipated in all three feedback conditions and the order ofin the shift-up conditionF0O increased while th&0 in the
conditions was counterbalanced across subjects. The expeshift-down condition dropped, generating a significant inter-
mental sessions took place on different days to avoid vocaction [F(2,34)=8.1, p=0.00]. After normal feedback
fatigue. was returned for the test trials, the mean pitch for the shift-up
In the shift-up condition, subjects first produced ten ut-condition increased significantlyp& 0.002) and shift-down
terances while receiving normal feedback. These ten utterconditions decreased significantlg= 0.047).
ances were later used to establish the subject’'s bagebne Since the experimental sessions for each subject took
for the session. Following the ten baseline trials, subjectplace on different days, and because the subjects could have
produced another 100 utterances. For each successive uttéifferent baselind=0’s during the different sessions, we also
ance, the pitch of their auditory feedback was increased bgonverted the data to cents for comparison within and be-

D. Experimental design
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§ gg ] FIG. 4. Average produced and heard fundamental frequency in Hertz as a
80 function of blocks of 20 trials during the training period for the two altered
75 feedback conditiongshifted up, shifted down
70 4
65 4 . . " . L .
60 — , , line values with all conditions showing a significant linear
Training Normal trend [F(1,17)=9.63, p=0.006]. However, the shape of
Training Trials the function for each condition differed. The pitch values for

fG. 2. A cund ' in Hetez and 4 for th the shift-down condition diverge from the control condition

. 2. Average fundamental frequency in and cent or the : . P, .

three feedback conditiongormal control, shifted up, shifted dowduring a,‘nd become hlgher durlpg the tralnmg than t,he other C(,)ndl

the final 20 trials of the training period and when feedback was returned t5'9n5- Conversely, the pitches during the .S'hlft-up COI’)dItlon

normal. diverged downward from the control condition. The pitches
produced in the three conditions reached their maximum

. . eparation at the end of the 100 trials of training. This sepa-
tween subjects. The conversion of frequency values to cents

. . . ration is reduced slightly and the pitch values for the shift-up
served to normalize the data with respectRO baseline ) -
: - . and shift-down conditions tend to converge toward the con-
trials produced at the beginning of each experimental se

: s[rol condition performance during the final 20 training trials
sion. . X . S
. . in which pitch feedback was maintained at 100 cents above
Figure 2Zb) shows the meaf 0 in cents for the last 20 ) : .
. L - : or below subjects’ tru€0. Figure 4 shows the produced and
trials of the training periodi.e., FO shifted 100 cenjsand heardFO in Hertz for the same 120 training trials. As noted
the FO for the final 10 trials of the experimerite., with g '

normalF0 feedback As can be seen, the data in cents shOWabove, the=0 shifts were intentionally small to avoid detec-

e " : .~ tion by subjects.
the same pattern. In the shift up.condm.dilc mcre@sed n Subjects produced the vowels under loud auditory feed-
response to normal feedback while th8 in the shift-down o o .
" . L . .__back conditions and it is possible that the obserFl
condition dropped, generating a significant |nteract|onChan es could have been due to shifts in speaking volume
[F(2,34)=6.2, p=0.005. 9 peaxing

Figure 3 shows the pitch patterns in cents for the threé)ver the course of the training period. To test for this, the

conditions during the 120 training trials. As can be seen, al[oot-mean-squar(arms) amplitude of the vowels was com-

conditions show an increase FO with respect to their base- puted for the initial baseline ten trials and the final ten test
P trials for each of the three feedback conditions. An ANOVA

showed no effects of training timgnitial baseline versus

Moy Gontrol final test trials:F(1,17)=0.001, p>0.5], feedback condi-
007 U tion [upward, downward, controF(2,34)=0.592, p>0.5],
901 -e Down ', nor the interaction of these two variablelg=(2,34)

=0.113, p>0.5]. Thus pitch changes associated with
speaking volume adjustment do not account for the observed
FO modifications.

In post-experimental interviews, none of the subjects re-
ported being aware of the gradual shifts kD feedback.
While all subjects were aware that something had been ma-
nipulated wherF0 was returned to normal at the end of the
training conditions, they were at a loss to explain what had
20 40 60 80 100 120 transpired.

80 4

Cents

Trials

IV. DISCUSSION

FIG. 3. Average fundamental frequency in cents as a function of blocks of . .
20 trials during the training period for the three feedback conditionsmal The data in this study show two related effects of feed-

feedback control, shifted up, shifted down back transformation ofr0. During the training period sub-
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jectscompensateébr the pitch shifts in an apparent attempt increase in pitch(Gramminget al, 1988. However, there

to maintain habitual pitch targets under feedback controlwas no significant difference between the rms amplitudes of
When pitch was shifted up subjects lowered their pitch relathe utterances during the sessions. It is also possible that the
tive to a control condition; when pitch was shifted down theyincreased pitch is related to vocal fatigue developed over the
raised their pitch relative to the control. The subjects alssession. Unfortunately, there is no established method for
showed evidence of sensorimotadaptation Aftereffects assessing vocal fatigue from the acoustic rec6fitze,
resulted from the relatively short period of exposure to thel994). It should be noted that the tendency for vocal pitch to
alteredFO feedback. When subjects hedf@ feedback that increase even when there is no feedback manipulation under-
was higher than their tru€0, the pitch of their voice in- scores the value of the control condition. If only one shift
creased when they were unexpectedly given normal, unakondition had been tested with no control group, the effect
tered auditory feedback. The opposite effect was observesize of the feedback manipulation could not be determined.
when subjects hearfdl0 feedback lower than it actually was. While this trend for pitch to increase is controlled for, it

Multiple components must be involved in the vocal obscures the sensitivity of subjects to the pitch shifts. None
pitch control system responsible for this behavior. Somedf the subjects was consciously aware that the pitch feedback
have suggested that there is an “optimum” pitch rangewas being modified but their control systems ultimately re-
(Zemlin, 1982 determined by the anatomy and physiology sponded to the changes. TR® patterns in each training
of the vocal mechanism. Since fundamental frequency variesondition could be used to test at what size of pitch shift the
as a function of prosody, speaking volume, social situationFO control system began to compensate. Figures 3 and 4
emotional state, etc., a mechanism must exist for the corshow that for small shifts at the beginning of the training
trolled modulation of this “natural level.” A number of period all three conditions show a similar function and only
studies(e.g., Kawahara, 1995; Larsa@t al, 2000 and the  with larger shifts do the experimental conditions diverge
present compensation data have shown that auditory feedfom the control. For upward shifts, the subjects diverged
back can be used in a closed-loop fashion to control fundafrom the control condition earlier than for the downward
mental frequency. Presumably, talkers also use kinesthetighifts. Unfortunately, all conditions were tested on different
feedback or its perceptual concomitant, vocal effort, to aid irdays, so the conditions producing the gradual increase may
this control. In addition, the present data suggest that someot have been constant across days. This question must await
type of internal model or representation plays a role in thdurther study.
long-term calibration of vocal pitch. This conclusion is sup- Klatt (1973 has shown that subjects can make quite fine
ported by the aftereffect or adaptation data. perceptual discriminationgetween 0.3 and 0.5 Hlin the

The current adaptation results are analogous to thoseO of synthesized vowels with fl& 0 contours. When the
found in classic prism experiments.g., Held, 1965 Fol-  vowels were synthesized with linearly decreadi@or as a
lowing a training period wearing displacing prisms, subjectsdiphthong with a naturaFO contour, the discrimination
make errors for a short time in the opposite direction of thethreshold rose above 2 Hz. Since the final pitch shifts in the
prism displacement. This aftereffect is widely considered taexperiment were small and in this range, our subjects may
result from adaptation. The mechanism of the adaptation rehave been operating at their perceptual limen. However, evi-
mains controversial, but it is clear, that at some level adence from visual-motor contr¢k.g., Milner and Goodale,
remapping between retinal space and body space must occdi995 indicates that there can exist perceptual systems for
In our data, the subjects acted as if a remapping betweethe control of action that are separate from the perceptual
perceived and produced pitch had taken place. system used in categorical judgements. A recent magneto-

It is difficult to determine at what level thiSO remap- encephalography study has provided evidence that suggests
ping is taking place. It may be that a representation of a basthat this also could be true for the auditory system in speech.
or neutral pitch level is modulated during the training phaseHoudeet al. (2000 have shown that the auditory cortex re-
However, habitual pitchi.e., averaged=0 from day to day  sponds differently to hearing one’s own speech while pro-
appears to be quite variable and thus a narfeQvtarget  ducing it versus listening to recordings of one’s own speech.
range seems unlikely. In a study by Coleman and MarkhanThus the Klatt threshold data may not be relevant to the issue
(1991, habitual pitch was found to vary as much as plus orof sensitivity to feedback modification.
minus three semitones or approximately 18e6. Titze, The kind of short-term learning that was observed in this
1994. On the other hand, subjects may attempt to matclstudy has been reported in many speech studies previously.
pitch with perceived vocal effort or kinesthetic feedback Subjects adapt to various stafie.g., bite blockMcFarland
(Guenther, 1994 When pitch is shifted up or down, it may and Baum, 1995; palatal prostheses, Baum and McFarland,
not be the absolute pitch value that drives compensation, buit997; Hamlet and Stone, 1976, 1978; Handegl, 1978]
the discrepancy between the kinesthetic and auditory feedsr dynamic(Gracco and Abbs, 1986hysical perturbations
back. and auditory feedback transformatiofesg., Houde and Jor-

In this study, there was a tendency for subjects to gradudan, 1998 We have chosen to consider this learning in the
ally increase their pitch during the experimental session incontext of internal models. The general concept of an inter-
dependent of the feedback condititsee Fig. 3. Since we nal model is not a new one. Similar roles have been played
did not ask subjects to maintain a particular loudness leveby motor programse.g., Keele, 1968 efference copye.g.,
one possible explanation for this pattern is that subjects invon Holst and Mittelstaedt, 19%Gnd feedforward control
creased their speaking volume during the session, causing &e.g., Arbib, 1981 In proposals about speech production,
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internal models for vocal tract geometry, kinesthetic, and Processing Systemedited by S. J. Hanson, J. D. Cowan, and C. L. Giles
acoustic mappings have been postulated. Our work suggestgMorgan Kaufmann, San Mateo, GAVol. 6, pp. 1043-1050.
that the acoustic mapping must be differentiated to includd'©ude: J. F., and Jordan, M.(1998. “Sensorimotor adaptation in speech
. ) production,” Science79, 1213-1216.
an F_O mpdel as wel[see Kawatq1999 for a discussion of  poyde, J., Nagarajan, S., and Mersenich,(R000. “Modulation of audi-
multiple internal models tory cortex during speech production: An MEG studyPtoceedings of
This suggestion is consistent with evidence from clinical the 5th Seminar on Speech Production: Models and Dpga 249-252.

populations. Post-linguistically deafened individuals often’°"ansson: R. S., and Westling, G984. "Roles of glabrous skin recep-
tors and sensorimotor memory in automatic-control of precision grip when

have difficulty producing normal intonations soon after their |iting rougher or more slippery objects,” Exp. Brain Rei6, 550564
hearing is lost(Cowie and Douglas-Cowie, 1982Perkell  Jordan, M. 1.(1990. “Motor learning and the degrees of freedom prob-
and his colleagues have shown that bef control is lem,” Attention and Performancgeedited by M. JeannerofLawrence

: P : Erlbaum, Hillsdale, N)J Vol. XIll, pp. 796—836.
achieved after activation of cochlear implafferkellet al_" Jordan, M. 1.(1996. “Computational aspects of motor control and motor
1992. Perkellet al. (1997 have proposed that the auditory  |earming,” Handbook of Perception and Actipadited by H. Heuer and S.
system uses information regarding conditions for intelligibil- Keele (Academic, New York Vol. 2, pp. 71-120.
ity (e.g., ambient noise, social contgitt a closed-loop fash- Kawahara, H(1995. “Transformed auditory feedback: The collection of

ion to rapidly make adjustments IO and vocal intensity. $2$:icc’g’l ége%%i ?Rligj'zlg by a new set of analysis procedures,” ATR

The data in the present ?tUdy suggest that in addition to thigawato, M.(1999. “Internal models for motor control and trajectory plan-
closed-loop control, auditory feedback may also play a role ning,” Curr. Opin. Neurobiol 9, 718—727.

in establishing a baseline for the controlled parameters. ~ Kawato, M., Furukawa, K., and Suzuki, RL987). “A hierarchical neural-
network model for control and learning of voluntary movement,” Biol.

Cybern.57, 169-185.

ACKNOWLEDGMENTS Keele, S. W.(1968. “Movement control in skilled motor performance,”
Psychol. Bull.70, 387—403.

This WOI.’k was fL_mded by NIH Grant No. DC_00594, Kirchner, J. A., and Wyke, B. D{1965. “Articular reflex mechanisms in
from the National Institute of Deafness and other Communi- e jarynx,” Ann. Otol. Rhinol. Laryngol74, 748—768.
cations Disorders and NSERC. Chuck Larson and David McKlatt, D. (1973. “Discrimination of fundamental frequency contours in
Farland made helpful comments on an earlier draft of this synthetic speech: Implications for models of pitch perception,” J. Acoust.

manuscript.

Arbib, M. A. (1981). “Perceptual structures and distributed motor control,”
Handbook of Physiology—The Nervous Systeradited by V. B. Brooks
(American Physiology Society, Bethesda, MD

Baum, S. R., and McFarland, D. K1997. “The development of speech
adaptation to an artificial palate,” J. Acoust. Soc. Ab@2, 2353—-2359.

Burnett, T. A., Freedland, M. B., Larson, C. R., and Hain, T.(£298.

Soc. Am.53, 8-16.

Lane, H., and Tranel, B1971). “The Lombard sign and the role of hearing
in speech,” J. Speech Hear. Rdgl, 677-709.

Larson, C. R(1988. “Brain mechanisms involved in the control of vocal-
ization,” J. Voice2, 301-311.

Larson, C. R., Burnett, T. A,, Kiran, S., and Hain, T.(@000. “Effects of
pitch-shift velocity on voiceF0 responses,” J. Acoust. Soc. Ari07,
559-564.

McFarland, D. H., and Baum, S. R1995. “Incomplete compensation to

“Voice FO responses to manipulations in pitch feedback,” J. Acoust. Soc. articulatory perturbation,” J. Acoust. Soc. A7, 1865-1873.

Am. 103 3153-3161.

Coleman, R. F., and Markham, I. WL991). “Normal variations in habitual
pitch,” J. Voice 5, 173-177.

Cowie, R., and Douglas-Cowie, £E1992. “Postlingually acquired deaf-
ness,” in Trends in Linguistics, Studies and Monograptdouton de
Gruyter, New Yorl, Vol. 62.

Flanagan, J. R., and Wing, A. M1993. “Modulation of grip force with
load force during point-to-point arm movements,” Exp. Brain R@S.
131-143.

Gracco, V. L., and Abbs, J. H1986. “Variant and invariant characteristics
of speech movements,” Exp. Brain Re&5, 156—166.

Gramming, P., Sundberg, J., Ternsir®., Leanderson, R., and Perkins, W.

H. (1988. “Relationship between changes in voice pitch and loudness,”

J. Voice2, 118-126.

Guenther, F(1994. “A neural network model of speech acquisition and
motor equivalent production,” Biol. Cyberi72, 43-53.

Hamlet, S., and Stone, M1976. “Compensatory vowel characteristics

Miall, R. C., and Wolpert, D. M(1996. “Forward models for physiological
motor control,” Neural Network®, 1265-1279.

Milenkovic, P., and Read, G1995. CSpeechSP Quick Reference Manual
University of Wisconsin.

Milner, A. D., and Goodale, M. A(1995. The Visual Brain in Action
(Oxford University Press, New Yojk

Perkell, J., Lane, H., Svirsky, M. A., and Webster,(1992. “Speech of
cochlear implant patients: A longitudinal study of vowel production,” J.
Acoust. Soc. Am91, 2961-2979.

Perkell, J., Matthies, M., Lane, H., Guenther, F., Wilhelms-Tricarico, R.,
Wozniak, J., and Guoid, P(1997. “Speech motor control: Acoustic
goals, saturation effects, auditory feedback and internal models,” Speech
Commun.22, 227-250.

Sapir, S., McClean, M. D., and Larson, C. 983. “Human laryngeal
responses to auditory stimulation,” J. Acoust. Soc. At8. 315—-321.

Shadmehr, R., and Mussa-Ivaldi, F. @994. “Adaptive representation of
dynamics during learning of a motor task,” J. Neurodal, 3208—-3224.

resulting from the presence of different types of experimental dental prosTitze, I. R. (1994). Principles of Voice ProductioriPrentice-Hall, Engle-

thesis,” J. Phoneticd, 199-218.

Hamlet, S., and Stone, M1978. “Compensatory alveolar consonant pro-
duction induced by wearing a dental prosthesis,” J. Phonétig27-248.

Hamlet, S., Stone, M., and McCarty, T1978. “Conditioning dentures
viewed from the standpoint of speech adaptation,” J. Prosthet. @ént.
60-66.

Held, R.(1969. “Plasticity in sensory-motor systems,” Sci. Aril13 84—
94,

Hirayama, M., Vatikiotis-Bateson, E., and Kawato, KL994. “Inverse
dynamics of speech motor control,” iAdvances in Neural Information

1251 J. Acoust. Soc. Am., Vol. 108, No. 3, Pt. 1, Sep 2000

J. A. Jones and K. G. Munhall: Perceptual calibration of FO production

wood Cliffs, NJ.

von Holst, E., and Mittelstaedt, H1950. The principle of reafference:
Interactions between the central nervous system and the peripheral or-
gans, edited by P. C. Dodwel(Appleton-Century-Crofts, New York,
1971).

Welch, R. B.(1986. “Adaptation of space perception,” iHandbook of
Perception and Human Performancedited by K. R. Boff, L. Kaufman,
and J. P. Thoma&Niley, New York).

Zemlin, W. R.(1981). Speech and Hearing Science: Anatomy and Physiol-
ogy, 2nd ed.(Prentice-Hall, Englewood Cliffs, NJ

1251



