Learning to produce speech with an altered vocal tract:
The role of auditory feedback
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Modifying the vocal tract alters a speaker’s previously learned acoustic—articulatory relationship.
This study investigated the contribution of auditory feedback to the process of adapting to
vocal-tract modifications. Subjects said the words/twhile wearing a dental prosthesis that
extended the length of their maxillary incisor teeth. The prosthesis affected /s/ productions and the
subjects were asked to learn to produce “normal” /s/’s. They alternately received normal auditory
feedback and noise that masked their natural feedback during productions. Acoustic analysis of the
speakers’ /s/ productions showed that the distribution of energy across the spectra moved toward
that of normal, unperturbed production with increased experience with the prosthesis. However, the
acoustic analysis did not show any significant differences in learning dependent on auditory
feedback. By contrast, when naive listeners were asked to rate the quality of the speakers’
utterances, productions made when auditory feedback was available were evaluated to be closer to
the subjects’ normal productions than when feedback was masked. The perceptual analysis showed
that speakers were able to use auditory information to partially compensate for the vocal-tract
modification. Furthermore, utterances produced during the masked conditions also improved over a
session, demonstrating that the compensatory articulations were learned and available after auditory
feedback was removed. @003 Acoustical Society of AmericdaDOI: 10.1121/1.1529670

PACS numbers: 43.70.Fq, 43.70.Aj, 43.70.x1 ]

I. INTRODUCTION tions of sibilant articulations using techniques such as elec-
_ tropalatography, ultrasound, and magnetic resonance imag-
In order to learn to produce speech, children must learing have shown that accurate sibilant production relies on the
the unique configuration of their vocal tracts. Even afterexact placement of the tongue relative to the palate in order
speech acquisition, children’s speech motor control systemg form a medial groove(Fletcher and Newman, 1991;
must adapt to gradual changes in the shape and size of thENrarayanan, Alwan, and Haker, 1995; Staiel., 1992. The
vocal tract due to growth. By comparison, changes to thgyresence of the artificial palate caused the tongue to contact
vocal tract are relatively minor after puberfBenjamin,  the alveolar ridge sooner than it would normally and to re-
1997. However, adults may still be confronted with severejease contact later than it should, lengthening frication and
vocal-tract modifications if they lose teeth, acquire denturesanering the width of the groove of the tong(ldamletet al.,
or wear other types of dental appliances. These vocal-tracg79. These deleterious effects tend to be greater when the
alterations often mean that previously learned articulationgnjckness of the palate is increased.
do not produce speech sounds of the same quality. To adjust Subjects eventually do improve the quality of their
to the new articulatory—acoustic relationship resulting fromspeech in the presence of the artificial pakdamlet, 1973;
vocal-tract modifications, speakers must modify their previ-yamiet and Stone. 1976. 1978: Hamédtal. 1978 1979,
ously learned articulations in order to produce perceptuallyg | improvements are apparent after a relatively small
adequate speech sounds. number of practice trials that occur within an hour-long ex-
A number of studies have demonstrated that adult Spealﬁerimental sessiofMcFarland, Baum, and Chabot, 1996

ers can compensate to some degree for structural changesyig\yever, several days to weeks are often needed to achieve

the oral cavity. Laboratory manipulations have involved sub+,5mal sounding productiongHamlet and Stone, 1976:

jects wearing dental prostheses. For instance, Hamlet and hgi, et et al, 1978. Once adaptation has occurred, it takes

colleagues conducted a series of studies in which subjec[ﬁﬂy a few minutes of practice to readapt to the artificial

had to learn to speak while wearing an “artificial palate” that 5 (ate even if months have elapsed since a subject's previous
covered the alveolar ridge region of the moutdamlet,  oyhosure to the altered oral environmeltamlet et al,
1973; Hamlet, Cullison, and Stone, 1979; Hamlet and Stonelw&

1976, 1978; Hamlet, Stone, and McCarty, 1978bserva- The contribution of auditory feedback to learning to pro-

duce normal speech in the presence of these novel vocal-tract
3Electronic mail: jones@atr.co.jp manipulations is not known. It is widely believed that the
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availability of auditory feedback regarding speech perfor-maintained a good /s/ versug ¢ontrast. However, when a
mance is particularly important for the development of nor-subsequent operation caused her to suffer a slight weakness
mal speech in childrer{Borden, 1979; Oller and Eilers, on the left side of her tongue due to denervation of the
1988; Osberger and McGarr, 1982; Smith, 1p#owever, tongue muscles, she lost the /s/ aficcédntrast and could not
longitudinal studies of postlingually deafened individualsregain accuracy. Perkell and his colleagues concluded that
suggest that auditory feedback is also a factor in the longthe loss of the important auditory information did not allow
term maintenance of accurate speech in adults. Abnormalher to correct for the altered acoustic-motor relationship.
ties in the control of pitch, loudness, and the rate of speech  Experimental data have so far not supported these clini-
appear quite soon after hearing is lost. Longer periods ofal findings. For example, Garbet al. (198009 conducted
deafness lead to increased variability in consonant and vowelne of the few investigations on the effect that noise has on
production(Binnie, Daniloff, and Buckingham, 1982; Cowie adapting to an artificial palate. They found that masking
and Douglas-Cowie, 1992; Lane and Webster, 1991; Waldroise did not differentially affect productions with the appli-
stein, 1990. ance in the mouth compared to productions made without it.
Evidence from the experimental manipulation of the au-More recently, Honda and Kaburag?000 examined the
ditory feedback received by normal-hearing individuals con-effect masking noise had on compensations to rapid changes
firms these clinical data. For example, masking the auditoryn palatal thickness. Immediate but incomplete compensa-
feedback of hearing individuals affects aspects of speections of tongue position were found when the thickness of an
such as pitche.g., Rivers and Rastatter, 1985; Ternstyo artificial palate was suddenly changed during production of
Sundberg, and Collden, 1988Vodifications of the spectra fricatives. Although only a small number of subjects partici-
of feedback often lead to immediate changes in speech thaiated in a perceptual experiment assessing the quality of the
are dependent on the frequencies filtef@drber and Moller, speakers’ productions, the authors concluded that auditory
1979. If subjects’ feedback regarding their, is artificially ~ information did not play a significant role in compensations
raised or lowered, they tend to compensate by shifting theiand that tactile information regarding tongue—palate contact
vocal pitch in the opposite direction of the perturbat{®ur-  or intraoral pressure is likely essential for the process.

nett et al, 1998; Donath, Natke, and Kalveram, 2002; El- Indeed, the importance of tactile information for com-
man, 1981; Jones and Munhall, 2000, 2002; Kawaharapensations to vocal-tract perturbations has been shown for
1995a, 1995h other types of manipulations. For example, a number of in-

Longer-term effects have also been induced. For exfluential studies have shown that when subjects are asked to
ample, Houde and Jorddi998 asked subjects to whisper produce vowels with a “bite block” inserted between their
one-syllable words while they received altered auditory feedteeth, they compensate for the bite block’s presence with
back regarding their vowel productions. Subjects heard feedvery little or no practice(Fowler and Turvey, 1980; Gay,
back in which the formants of the vowels they were produc-Lindblom, and Lubker, 1981; Kelso and Tuller, 1983; Lind-
ing were gradually shifted enough over time to change thélom and Sundberg, 19%,leven from the first glottal pulse
vowels’ phonetic identity. Subjects compensated for the for{Lindblom, Lubker, and Gay, 1979; cf. Flegs al,, 1988;
mant transformations. These compensations persisted evécFarland and Baum, 1995In order for the perceptual
during trials in which feedback was masked by noise. Subidentity of a phoneme to be maintained with a bite block in a
jects either modified their existing mapping between theirspeaker’s mouth, an unnatural articulator configuration must
vocal-tract productions and their acoustic feedback or develbe used. Somatosensory and proprioceptive information is
oped a new mapping. Analogous results were obtained wheavailable regarding the position of the articulators and the
Jones and Munhall2000, 2002 gave subjects altered audi- nature of the bite block restricting movement before speakers
tory feedback regarding their fundamental frequency producspeak. This information helps the speech motor control sys-
tions. tem reorganize speech even prior to movement initiation.

These data suggest that auditory feedback is used both to  The results from bite block studies highlight the impor-
make online corrections and for the longer-term calibrationtance of somatosensory information in adjusting to novel
of the mapping between speech gestures and the resultirgpeech conditions. They also illustrate a potential confound
acoustic feedback. Feedback may become even more crucidlat exists in many of the studies that have experimentally
under circumstances where the characteristics of the vocalltered vocal tracts in ways that reduce or affect tactile feed-
tract or motor system are altered. back. In particular, studies that have involved artificial pal-

There is little previous work on the specific importance ates as a tool to explore adaptation have all been confounded
of auditory feedback in adapting to the novel acoustic-motoby a reduction of tactile information. Covering the palate
mapping brought about by altering the vocal tract. Howeverwith an acrylic shield results in a loss of sensory information
a number of clinical observations indicate that recoveryand may affect the strategies that subjects use during adap-
without auditory feedback is very difficult. For example, Per-tation. Therefore, discerning the precise contributions of au-
kell et al. (1995, 2000a described a subject who became ditory and tactile feedback to the adaptation process is very
deaf as a result of surgery to remove bilateral acoustic neudifficult using these kinds of manipulations.
romas. During the surgery, the subject received an auditory The goal of the present investigation was to examine the
brainstem implant that provided her with information regard-contribution of auditory feedback to learning a novel
ing the auditory envelope but did not provide information acoustic-motor relationship by modifying the vocal tract in a
regarding spectral cues. Despite her situation, the subject stifay that did not hinder movement or reduce somatosensory
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information. To that end, speakers wore a dental prosthesi:

that extended the length of their teeth by a few millimeters. , \\
The prosthesis did not affect the speakers’ bite. In addition, it \ SRL0AR \
was only in contact with the teeth and did not cover any oral 4* ey ' ‘ "
tissues so that tactile information normally available was still 2 “

present with the prosthesis inserted.

Because the prosthesis extended the teeth, production ¢
sibilants was altered. To produce an /s/, speakers must pos
tion their tongue against the dento-alveolar ridge and force
air through a short midsagittal groove along the anterior of
their tongue blade. Sound is generated when the airstreapis 1. (a) Depiction of the dental prosthesis in the subjects mo(BhA
hits the lower or upper incisofShadle, 1985 The presence sagittal view of the maxillary teeth with the prosthesis in positjarosthesis
of the teeth causes an increase in the amplitude of the noid@dlicated by the gray arrow Note that the prosthesis did not affect the

. . subject’s bite when the mouth was closed.
and generates an antiresonance in lower frequeSiesdle,
1991). The lengthened teeth provided an abnormal obstruc-
tion to the airflow normally required for sibilant production Il EXPERIMENT 1
and modified the turbulence. The small cavity in front of the In the first experiment, speakers were asked to learn to
constriction would therefore be increased, causing the resgroduce adequate /s/ sounds in the context of the wasd /t
nance frequencies to be lower. Speakers would have to find@ver the course of training trials.
way to increase the power of higher frequencies and WOU|(A_ Method
likely do this by moving their tongue blade to a more ante-
rior position.

In the first experiment, subjects were asked to produce . SubjectsSix females between 22 and 36 years of age
normal sounding /s/’s while wearing the dental prosthesis(mean age-27 years participated. All subjects were gradu-
This task required subjects to modify their normal /s/ tonguete students at Queen’s University in Canada and were native
position in order to produce a good-sounding sibilant. ThesPpeakers of Canadian English. They reported having no his-
quality of the /s/’s was measured by having subjects say th&rY of hearing, speech, or language difficulties or disorders.
monosyllable ks/. Incorporating the /s/ into the worchgt/ Five of the subjects had recgived qrthodontic treatment for
prevented subjects from simply maintaining a static tonguén average of 2.4 years during their teenage years. All the
position for the entire experiment; in order to say the wordSuPjects had a Class I occlusi¢iormal bite”) and thus
Jtas/, the tongue must move from the position necessary tgjelr mz.;lxn'lary incisors were situated anterior to the man-
produce the open vowel/, up to the dento-alveolar ridge to dibular incisors when their mouth was closed.

produce the /s/. Thus, the /s/ production had to be coordi- b. Dejntall prosthesisDentaI impressions were_made (?f
nated for each trial. each subject’s maxillary and mandibular teeth. Using the im-

During the experiment, subjects were allowed to prac:pressions, an acrylic prosthesis was constructed. The pros-

tice with the dental appliance while hearing their speech an&heSIS lengthened the teeth between 5 and 6 millimeters but

then were tested in the presence of masking noise in order tg)'d not affect the subjects’ bite. The prosthesis fit onto the

) . : ; uccal and occlusal surfaces of the maxillary incisor teeth

track their adaptation to the device. Acoustic analyses were . . : . .
. . and did not require an adhesive or wire clasps to remain
used to parametrize the changes in the power spectrum of t?e

: . . . Ixed in place. Figure 1 is a depiction of the prosthesis on a
/sl over time(see Stoica and Moses, 1997, for discussion Osubject’s teeth.

the computation of power spectral dengitin a second ex- c. Recording equipmentSessions took place in a

periment, the perceptual J'FJdgme”tS of naive listeners WeTBouble-walled soundproof boottindustrial Acoustics Cor-
used to evaluate the quahtyl of the /s/'s §peakers prOduceHoration, model 1204 The sessions were recorded on digital
over the course of the experimental session. __ audiotape so that analysis of the signals could later be carried
Our design allowed us to tease apart the contribution of, ;¢ using algorithms incorporated into tRRAAT software
auditory feedback from that of other sources of feedback. 'brogram (Boersma, 1998 Subjects’ speech sounds were
auditory feedback is the primary vehicle for learning, thenyansduced with a headset micropha@ure WH20 posi-
we should observe that greater improvement occurs duringoned a fixed distance from their moutapproximately 5
blocks when utterances are produced with feedback availablgy). The speech signals were amplifigticker-Davis MA2
in. Comparison to bIOCkS in which Utterance.s are prOduce%icrophone amp“ﬂer and filtered (Tucker-Da\/iS FT6-2
with feedback unavailable. Thus, the learning we observyith a 9 kHz cutoff. The signals were then routed to a mixer
over a session should occur in a stepwise fashion, with intRolls RA62 where they were mixed with white noise
cremental improvements only occurring during blocks whenGrason-Stadler 90)BThe combined noise and signal were
feedback is available. On the other hand, if auditory feedtogether sent to a Yorkville reference amplifi@gnodel SR
back is not crucial for learning the compensations necessar300) that transmitted the sound through EtymdfR-2) ear-
in the presence of the prosthesis, then any improvemenishones foam inserts placed in the subjects’ ear canals. The
observed should be equivalent for the feedback and masketlasking noise was approximately 75 dB SPL. Our pilot
conditions. work showed that this level effectively masked voiceless

A) B)

1. Voocal tract modification
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subjects’ ability to compensate for the modification of
Block 1 Feedback the oral environment without the aid of auditory feed-
Prosthesis out back.

(4) During the fourth block, subjects were given their first
opportunity to practice sayingda$/ while wearing the
prosthesis and receiving auditory feedback regarding
the accuracy of their productions. Any differences ob-
served between this block and the one previous can be

4 Feedback attributed to the availability of the acoustic feedback
(interacting with potential practice effegts

(5) Subjects were again asked to produce utterances in the
presence of masking noise while wearing the prosthe-
sis. These utterances were later compared to those
made in the block previous to this one in order to test
learning that may have occurred while receiving audi-

12 | [Feedback tory feedback.

(6)—(13) These blocks were merely alternations of the avail-

Prosthesis in

IaH--iH -

13 ability of auditory feedbacKblock 4) and speaking in
the presence of masking noifaock 5) to give speak-
ers practice over a number of trials.
Lo (14) During the second to last block, the subjects removed
Prosthesis out the prosthesis from their mouth and produced ten utter-
15 Feedback ances in the presence of masking noise. These utter-

ances were compared to those they made before the
FIG. 2. Flow diagram depicting the order of conditions subjects encountered appliance was first placed in their mouth to determine if
in each of the two sessions in the experiment. there was any evidence of carry-over effects that re-
sulted from learning the new articulatory behavior.
sounds. The white noise was absent during trials in which thél5) Subjects producedds/ in the absence of noise and
subjects were to receive auditory feedback regarding their ~ without the prosthesis in their mouth.
utterances. Subjects monitored a vertical array of light-
emitting diodes located in front of them. The array indicated2. Acoustic analyses

the sound level of their productions and was used to keep Although a number of techniques for parametrizing fri-

their.s.peech at similar levels across the different auditory. iives have been proposed, finding a good numerical

conditions. , _ _ _method for characterization and classification of fricatives is
d. Procedure The design of the experiment is schemati-gij| 5 problem. We determined the centrdfttst moment of

cally deplcte_:d in Fig. 2. Eac_h expenr_nental session conS|_steg1e long-term average spectrum of each /s/ production using

of two sessions. After the flrs'_[ session, subjects were 9iVeR,nctions implemented iRRAAT (Boersma, 1998 The first

the opportunity to rest and drink water. However, both Sesy,ment or “centroid” is an index of the “center of gravity”

sions occurred in a single stint that lasted less than an hougt ihe spectrum for each fricative. Centroids have been found

Within each block, subjects made 10 productions @$/in 5 correlate with the perceptual categorization of some frica-

each of the following 15 blocks. tives and may therefore represent a perceptually salient fea-

(1) The first block was a baseline condition in which sub-tures that speakers modify to alter the quality of their frica-
jects were recorded producingé without the prosthe- tive productions(Forrest et al, 1988. For example, /s/
sis inserted into their mouth, and without any maskingsounds typically have higher centroid frequencies than /
noise present. These initial utterances represented ttmounds produced by the same spedaRéttrouer, Studdert-
normal /s/ productions for each subject and were lateKennedy, and McGowan, 1989
compared to other blocks to evaluate the progress of During the production of an /s/, speakers modify their
learning and the effects noise and the prosthesis had aair pressure as well as their tongue blade and tip position in
production. order to direct a jet of air at the teeth. This jet of air is

(2) The second block involved subjects producing utter-directed to the surface of the teeth. The presence of unex-
ances without the prosthesis in their mouth but in thepectedly long teeth would cause the normally small cavity in
presence of the white noise. This block controlled forfront of the constriction to be larger and make the resonance
the influence of masking noise on subjects’ utterancedrequencies lower. This change would make speakers’ initial
in the absence of the vocal tract perturbation. It wasproductions moref/-like. Centroid values were therefore ex-
used to establish the subjects’ baseline productions ipected to be lower than normal until speakers learned to
the absence of auditory feedback. compensate.

(3) In the next block, subjects produced utterances while  In addition to the computation of the central moment,
wearing the prosthesis. Their auditory feedback wasve also applied a technique first implemented by Evers,
masked by noise and these utterances demonstrated tReetz, and Lahir{1998 to distinguish the acoustics of an /s/
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ence of noise in a speaker’s environment often causes them
to produce utterances with higher amplitudes than environ-
ments without noisglLane and Tranel, 1971 Amplitude
does not affect the classification of sibilari®ehrens and
Blumstein, 1988 However, to avoid any complication, we
provided our speakers with a visual aid to help them make
each production with the same amplitude. Nevertheless, the
noise that was intended to mask the fricative sounds did not
entirely mask the voiced portions of their utterances. There-
fore, it is possible that speakers may have used the vowel

Power (db/kHz)

-85, > 2 6 8 portions to maintain their speaking level while fricative
: sounds remained affected by the masking noise. In order to
Frequency (kHz) test this notion we calculated the root mean squéned) for
each /s/ production and evaluated the relative sound

FIG. 3. The power spectrum of an unperturbed /s/ produced by a speaker
experiment 1. The linear regression lines between 0.5 and 2.5 kHz and 2
and 8 kHz are present for slope a and b, respectively.

'\?gvels.
B. Results and discussion

from ff/. Everset al. (1998 compared the distribution of The analysis of the relative_ intensity of _the utteran_ces
intensity over frequency of the spectra for /s/ afidnl dif- ~ Showed that speakers’ productions had a higher amplitude
ferent languages. They noted that based on the slope of t¥1€n the masking noise was preséit dB) in comparison
spectral envelope below 2.5 kHz, and the slope between 2§ When it was not(55.6 dB [F(1,5)=124.4, p<0.05].

and 8 kHz, one could visually distinguish between the twoliowever, this difference was stable across the blocks
fricatives. The authors developed a reliable metric theyF(1,5)=1.16, p>0.05] and across the two sessions
called the “steepness difference” in which intensity valueslF(1,5)=2.35,p>0.05], so any patterns observed across the
were regressed onto corresponding frequency values in theSESSIONs can be attributed to increased experience with the
two frequency regions and subtracted. That is, the differencBrosthesis and not the presence of the masking noise.
between the slope of a linear regression liskope a be- The centroid analysis showed that the presence of the
tween 0 and 2.5 kHz and the slope of a linear regression linkooth prosthesis affected the center of gravity of the distribu-
(slope b between 2.5 and 8 kHz was used to reliably SepaIion of energy over the spectrum of each subject’s initial /s/
rate /s/ andf/. Figure 3 shows the power spectrum and theProductions. The average centroid frequency values changed
two regression lines for an /s/ produced by one of the speaknarkedly after the prosthesis was inserféd1,5)=56.71,

ers in this study. Everst al. (1998 found that the spectral P<0.01]. The mean centroid frequency before the prosthesis
slope for frequencies up to 2.5 kHz quickly rises then abovevas inserted into the subjects’ mouths was 6171.8 Hz. After
this frequency, abruptly levels off or declines fdfs. For the prosthesis was inserted the mean centroid frequency
Isl's, the slope is initially near zero or negative and then ther&ropped to 4482.0 Hz.

is a slow rise through to the 8-kHz range. This distinction is ~ Apart from this initial difference, no other significant
reflected in a smaller difference in the rate of increase bedifference was observed in the centroid values between the

tween the lower and higher frequencies for /s/ as compared@uditory and masked conditions or across the sessions. There
to an f/. are at least two possible reasons for the null effects in the

Since the prosthesis speakers encountered createdagoustic analyses. The most obvious explanation is that
slightly larger cavity within which the fricative noise would Speakers were unable to learn to compensate for the dental
resonate, initial productions were expected to have mor@rosthesis. Perhaps if speakers were given more extensive
power in lower frequencies than productions without thetraining, improvements in their productions might have been
prosthesis. Thus, the steepness difference may reflegetectable with these statistical analyses. Notwithstanding
changes in production as well or better than the centroid ofhe null finding in the acoustic analyses, the experimenters’
the frequency distribution. We calculated the index in thesubjective experience while listening to each subject was that
same way as Everst al. (1999 with two exceptions. First, the speakers’ productions changed, if not improved, over the
Evers and his colleagues computed their slopes based ontwo experimental sessions. Thus, a second, alternative expla-
40-ms window placed in the middle of the fricative. We nation for the null results is that the centroid was not an
chose to calculate the power spectrum over the entire /sidequate measure for the evaluation of changes in the quality
produced using Welch's methativelch, 1967. In addition,  of the fricative in this particular context. It is clear from the
our linear regression lines were calculated over the 0.5 tditerature that finding robust summary statistics that ad-
2.5-kHz (slope a and 2.5 to 8-kHz(slope b frequency equately characterize and distinguish between fricatives has
ranges. We expected the steepness difference to be initiallyeen a difficult endeavor. Indeed, the reliability of such sta-
larger for productions made with the prosthesis in the mouthtistical measures seems to be dependent on the corpus used
After a period of learning, this value was expected to dein a study (Evers et al, 1998; Jesus and Shadle, 2002
crease towards previously observed unperturbed values. Small, nonsignificant changes in the spectral distribution

Apart from our spectral parametrizations, we were alsanay be associated with significant changes in the perception
interested in the relative intensity of the utterances. The presf the /s/.
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FIG. 4. The mean steepness differerisiepe a-slope b for the 15 blocks b
in sessions 1 and 2. Block numbers that are underlined indicate that the .0061
prosthesis was in the speakers’ mouth during these blocks. The gray shading .
indicates that auditory feedback was masked during these blocks. The un- ~ 004
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the difference between slope a and b, over the course of the © x o x * .
15 blocks in each of the two sessions. A clear pattern is S “%% .
observable in that the values for the second session are closer &--006- o :
to values measured before exposure to the prosthesis. The 2= _o0a - *
steepness difference values not only reflect a clear improve- &2 oot “ B ©o
ment between the two sessions, but also a linear trend toward
normal values over the course of training in session 1. Both 002513 4 5 6 7 8 9 011 121314 15
the difference between sessions 1 angF21,5)=11.25,p Block

<0.05] and the interaction between session and block
_ ot i FIG. 5. The mean steepness differerisiope a-slope b for the first and
=3. <0. .
[F(1,5=35,p<0 05] are Stat.ls.tlca”y _S|gn|f|cant However, last utterances produced in the 15 blocks in sessidpadel a and 2(panel
ther_e was no Stat'St'Ca”y \_/?nﬂable difference between th%). Block numbers that are underlined indicate that the prosthesis was in the
auditory and masked conditions. speakers’ mouth during these blocks. The gray shading indicates that audi-
In addition to our interest in the learning across blockstory feedback was masked during these blocks. The underlining of the block

and sessions. we were also interested in differences in ,[H&lmbers between the two black vertical lines indicates that speakers had the
! prosthesis in their mouth for these productions.

learning within a block. Figure 5 shows the steepness differ-
ence for the first and last production within each of the 15
blocks across sessior{4ee Fig. 5a)] and session Psee Fig. ~ as a function of experience wearing the prosthesis. However,
5(b)]. Even within these selected trials a significant improve-there were no statistically verifiable differences between pro-
ment across the two sessiof(1,5)=8.23, p<0.05] and ductions produced at the beginning as opposed to the end of
across the block§F(1,5)=2.88, p<0.05] was observed. @ particular block. Neither was a difference between the two
Again, no significant difference existed between the auditonauditory conditions observed. As previously mentioned,
and masked feedback conditions. Moreover, despite the pagteepness difference has been shown valuable for separating
tern visible in the data from sessionBig. 5a)] there were /f/ from /s/ sound¢Everset al, 1998. However, the index is
no significant differences observed between the first and lagt simple and relatively crude representation of the power
trials within a block. spectrum of a fricative. Listeners, and therefore speakers, are
To summarize, the presence of the prosthesis causdiely sensitive to smaller changes in the shape of the power
centroid values to drop significantly. However, evidence thaspectrum. We therefore obtained listener judgments to see if
speakers were improving their productions over the experithe results we found in the acoustic analysis were compa-
mental sessions was only observed in the spectral slope mef@ble to the perceived quality of the /s/ productions.
sure. Although normal production was never completely re- ~ As a result of the experimental design, a large quantity
stored, the steepness difference values approached nornfdl data was collected. For the perceptual experiment, we
values gradua"y over blocks in session 1. This |earning aptherefore focused on a subset of these data. Only productions
pears to have leveled off so that the improvement observeiom the first and last trials of key blocks were presented to

in session 1 is maintained during session 2. listeners. Specifically, listeners heard the first and last trials
of blocks 3 and 4 which were the first masked and auditory
. EXPERIMENT 2 feedback blocks after the prosthesis was inserted into the

The acoustic analyses of speaker productions indicatesubjects’ mouthsee Fig. 2. We presented the first and last
that speakers were altering the acoustics of their productiortsials of blocks 12 and 13, the last masked and auditory feed-
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back blocks prior to the removal of the prosthesis. Finally, 5-
the subjects rated the first and last trials of blocks 14 and 15 4]
which were the masked and auditory feedback blocks imme-

diately after the prosthesis was removed from the subjects 2
mouth. The /s/ productions from both sessions for the bIocksg =

44

and trials above were rated by listeners. G 28 ®m Auditory Feedback
5 25 ® Masking
A. Method g > 1B
1. Subjects § 1.57
Sixteen listenerél3 women and 3 merbetween 20 and 17
25 years of agémean age 21.4 yegrsnade judgments re- 051

garding a subset of the /s/ productions made by the speaker:
The listeners were native speakers of Canadian English an
reported having no history of hearing, speech, or language

0 Beginning End Beginning End
Session 1 Session 2

difficulties or disorders. FIG. 6. The mean and standard errors of listeners’ ratings of the quality of
/sl productions during the auditory and masked feedback conditions at the
2. Stimuli beginning and end of session 1 and 2.

The stimuli consisted of the subset of the segmented /s

/. .
productions analyzed using the acoustical analyses describ@§9inal, recorded leveiNAD Electronics, model 3020land

in experiment 1. The fifth utterance produced during thepresented ovc?r headphonéSennheiser, H,D,265 .Line)ar
baseline blocks 1 and @ithout the prosthesis present, with Each speaker’s tokens were presented within a single block

or without noise of the first session were selected as com-Wlth the order of the six different speakers randomized

parison exemplars of each speaker’s normal /s/ productiorﬁcross listeners. The presentation of the tokens within each

The fifth or middle production of these blocks was chosenOf the six-speaker blocks was also randomized. On each trial,

because subjects were most likely to be acclimated to th&UPiects first heard an exemplarbaseline /s/ from blocks 1
speaking condition by this trial. Productions made with anc@d 2 that was produced with or without the presence of
without the presence of the masking noise were chosen tg°iS€ and then an /s/ production that had been produced in

control for any differences that may have been solely causel'® Presence or absence_ i masking noise while the SPea"er
by the presence of the masker. wore the dental prosthesisSubjects were asked to consider

The test utterances were the first and last utterances pr(TJhe first stimulus to be a normgl /sl production for that
duced during blocks 3, 4, 12, and 13. Blocks 3 and 4 Werecfpeaker. They then rated the qua!lty of the secopd /sl produc-
the first masked and auditory conditions during which speak!ion On a scale of 1 through 5, with 5 representing a perfect

ers wore the prosthesis; blocks 12 and 13 were the last alg/ Production and 1 representing a very poor quality produc-
ditory and masked conditions during which speakers word!On- Subjects made responses by pressing appropriately la-

the prosthesis. Each comparison exemplar was paired withé!ed keys on a keyboard.
all the test conditions. This design meant that exemplars that
were produced during the masking condition and exemplarB. Results

produced during the feedback condition were both paired The results of our perceptual study showed that utter-

with test stimuli that were produced with and without feed- ¢ produced while speakers could hear their own feed-
back. This proced_ure allowed us to test for any d'ﬁerencesff)ack were rated by listeners to be higher quality /s/’s than the
that could be attributed to the presence of noise, and n roductions that occurred while speakers’ feedback was
merely th(=T result of the presence or absence of feedbac asked by noise. The study also showed that speakers’ ut-
Only the f|_rst and last productions from the§e b,IOCkS Wer&erances improved with increased practice. In addition to
presented in order to reduce the number of trials listeners haéi/aluating the perceptions of listeners, we also wished to
to judge. Testing these trials also allowed us to track theyqstically quantify the differences between the utterances

effects of learning within the blocks. , roduced during the two auditory conditions across the two
The exemplars were also paired with the first and Iasgessions

productions of blocks 14 and 15 in each session. These Figure 6 shows the mean and standard errors of listen-

blocks occurred after the removal of the prosthesis and, rés o nerceptual ratings of the auditory stimuli speakers pro-
spectively, with and without the presence of the maskingy,ceq quring the four blocks from the first and second ses-
noise. Asking listeners to judge utterances from these bloc ions. A 5-way ANOVA [sessioxposition in session
allowed us to evaluate the effects noise had on normal pro(begiﬁning versus end of each of the two sessismasiditory
duction. In all, each listener made 192 judgments. feedback(feedback versus masKedexemplar(tokens pro-
duced in the presences of feedback versus those in masking
3. Procedure noise@ xtrial (first versus last trial within a blogkwas used
Perceptual judgment sessions took place in the sounde analyze the subjects’ responses. The ANOVA revealed an
proof booth previously used to record the speakers. The digieverall main effect for sessiopF(1,15)=24.98,p<<0.01].
tized auditory stimuli were equally amplified relative to the As can be seen in Fig. 6, productions made during the second
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5+ first utterances were rated more /s/-like than the last utter-

451 ances. On the other hand, the first and final utterances of test
> 4 stimuli produced in noise received equivalent ratings when
T 3.5 paired with exemplars that speakers produced in the presence
8 3- m Auditory Feedback of auditory feedbacK F(1,15)=0.13, p>0.05]. In either
"= 251 = Masking case, however, there was no improvement in /s/ quality over
o o each block of ten trials when there was no auditory feedback.
£ e Finally, we examined the ratings assigned to blocks 14
g 1 and 15 of each session. These blocks occurred immediately

| after the dental prosthesis had been removed from the sub-
=2 jects’ mouths. A separate ANOVA did not reveal a significant

o First Trial Last Trial difference between utterances produced in the presence or

Order of Trial within Block absence of noise during these blodks(1,15)=0.84, p

e 7 Th 4 standard . s for the f " >0.05]. However, there was a significant difference between
e e mean and standard error of listener ratings for the first and la: : Fs H _
utterances produced in the auditory feedback and masked conditions avz[trljese trials and the tr?m!ng trials at the end of the tW,O Ses
aged across the first and second session. smns[quey honest significance teg< 0.'01; mean rating
for the final two blocks of unperturbed trials was 3.6; mean

session were judged to be better /s/’s than those producé@ting for the final two blocks of training trials was 2.7

during the first session. In addition, there was no interaction q In fun;rr::ry, the rte_sults |Of the ﬁei;]ceptualkstuq;// </:onf|(rjm
between session and auditory condition. Thus, speakePSn extend the acoustic analyses of the Sspeakers /s/ proguc-

learned to produce better /s/’s in both the auditory feedback®"S: LisFeners Judged productions made at the end of the
and masked conditions. first session to be better than those produced at the begin-

A similar main effect of practice was observed within ning. This improvement was maintained throughout the sec-

each session. Utterances produced at the beginning of eaeﬂd session. Listeners aI;o rated productu_)ns made yvh|le au-
ory feedback was available to be of higher quality than

. . - t
session were rated poorer in quality than those produced . : :
the end of each session across both the auditory feedback a se produced while the feedback was masked with noise.

masked conditiong F(1,15)=49.5, p<0.01]. As can be n addition to the learning that occurred with increased ex-
seen in Fig. 6, the amo,unt of ir.n[:;roverﬁent' observed in th@erience across the blocks of session 1, utterances produced

ratings from the beginning of a session to the end was greaﬁt the end of individual blocks were more highly rated than

est in the first session for both the auditory feedback an(&hose produced first in a block. However, this pattern was

masked conditions. This difference in improvement gener-Only observed for utterances produced in the auditory feed-

ated a significant interaction between session and the ordglaCk condition.
of conditions[F(1,15)=39.72,p<0.01].

Thg a\{e_\ilability of auditory .feedback dgring production IV. GENERAL DISCUSSION
had a significant effect on the listener’s ratings of the speak-
ers’ utterances. When auditory feedback was available during  Subjects were asked to learn to say the word /tAs/ wear-
productions, utterances were judged to be of significantlyng a prosthesis that elongated their maxillary incisor teeth
higher quality than those produced in the presence of thavhile receiving intermittent auditory feedback. When speak-
masking nois¢F(1,15)=13.93,p<0.01]. The difference in ers produce the word in the auditory feedback condition, a
ratings between the auditory conditions was greatest duringaive group of listeners judged their final utterance to be of
the second session, but the interaction effect did not quit@igher quality than their initial utterances in the condition.
reach statistical significandd-(1,15)=2.39, p>0.05] (see = The opposite trend was observed when speakers’ feedback
Fig. 6). was masked; their initial utterances were judged to be higher

In addition to the main effect for auditory condition, in quality than their final utterances. This difference suggests
there was also a significant interaction between auditory corthat speakers were able to use auditory information to adjust
dition and trial[ F(1,15)=25.4, p<<0.01]. Figure 7 shows their articulations and compensate online and the lack of
the mean ratings for the first and last of the ten utteranceauditory feedback led to degraded performance over trials.
produced in the auditory feedback and masked conditions In addition to the immediate effects caused by the pres-
averaged across the first and second session. In only thénce of auditory feedback, speakers also gradually improved
comparison were the results complicated by the use of extheir productions with increased exposure to the novel vocal-
emplars from different auditory feedback conditions. Whentract configuration. The learning curve resembled patterns
test stimuli produced in the presence of auditory feedbacirom other skill acquisitions studidg.g., Rosenbaum, Carl-
were paired with exemplars produced in either feedback conson, and Gilmore, 20Q1Large gains are made initially and
dition, last utterances were rated more “/s/-like” than first performance slowly asymptotes, producing an exponential
utterances[exemplar produced with feedbacks(1,15) learning curve(Heathcote, Brown, and Mewhort, 2000
=8.92, p<0.01; exemplar produced in noisé;(1,15)  Within and across each session, productions were judged to
=11.31,p<0.01]. However, the opposite pattern of resultsbe higher in quality with increasing amounts of practice. This
was observed when test stimuli produced in noise wereffect was also observed for tokens produced in the presence
paired with exemplars that were also produced in noise; thef the masking noise. These observations suggest that the
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learning that occurred while feedback was available to then the previous session. Similar benefits have been reported
speakers transferred to utterances produced in the absenceimfother speech and motor learning studies. In one study,
feedback. subjects quickly readapted to the presence of an artificial
The multidimensional nature of speech perceptionpalate even though the original training with the palate had
means that identifying acoustic correlates is often difficult.occurred months earligiHamletet al, 1978. This facility
The learning effects we observed were partially supported byor rapid adaptation during subsequent exposure to an artifi-
acoustical analysis of the data. The size of the steepnesgsal palate suggests that new speech motor programs can be
difference moved toward unperturbed values as speakefsarned and then later recalled for the appropriate context
gained more experience during the first session. This im¢McFarlandet al, 1996. These findings are strikingly simi-
provement plateaued but was maintained through session R to observations that subjects reaching for visual targets
However, in contrast to listener judgments, no statisticallyadapt to visual perturbation@.g., McGonigle and Flook,
significant difference was found between the auditory and 978 and dynamic perturbatior@®rashers-Krug, Shadmehr,
masked conditions. Additionally, no differences were ob-and Bizzi, 1996 faster if they have previously experienced
served between the first and the last trials within a block. Wehe unusual sensorimotor conditions.
believe that the null effects in the acoustic analysis reflecta  The improvements that we observed resulted from the
lack of sensitivity rather than the absence of effects. Th%pportunity for speakers to practice in the presence of audi-
steepness difference reflected the larger differences that Ofory feedback. This finding that auditory feedback provides
curred over the course of the experiment, but we must relynformation used to compensate for altered vocal tracts is
on listener perceptions for evaluatio_n of smaller changes i’&ontrary to prior observations in adularberet al, 1980b:
the spectra of the speakers’ productions. o Honda and Kaburagi, 200@nd even young childre(Gar-
~ Speakers were asked to make productions of similar amse gpejdel, and Siegel, 1980@he null effects observed in
plitude. Nevertheless, an analy3|s of the llntensny of the Utihase other studies, however, could be related to measure-
terances showed that productions made in the masked fee lent sensitivity or the task that subjects were asked to per-

back condition were higher in amplitude than those mad‘?orm For example, Honda and Kabura#000 tracked
when feedback was available. Although undesirable, the dncZ:ompensations made to dynamical structural perturbations of

ference in_ inter!sity betwgen the feedba_ck conditions doeﬁwe palate shape while we imposed a static perturbation. Re-
not complicate interpretation of the learning effects we ob- overy from other static perturbations such as the restriction

se;ved ttr)]ecausei t:ls _Ifikllﬁere;cet v¥a;] C?:st?(?; V‘;:tr:'n ‘3\? f articulator movement with a bite block is enhanced by the
across the sessions. 1he efiect of the masking noise esence of auditory feedbadle.g., Hoole, 1987; Flege

9- y case, P P and Diab, 1996; McFarlanet al, 1996.

tion does not affect classificatiofBehrens and Blumstein, Even in the absence of vocal-tract modifications, audi-

1988. tory feedback has been shown to increase the precision with

Our finding that the overall quality of the speech S’Oundwhich speech categories are produced. For instance, studies
improved with increased practice with our novel vocal-tract P 9 P : '

arrangement is not surprising and replicates the observatior?g cochlear implant patients for whom feedback can be di-

of a number of other researchers. For example, Baum anr&ctly manipulated by turning the implanted device on and

McFarland(1997 found comparable results when they askedC)ﬁdh"’“/e T?Own rapid_msdificgtionbs in speakinglllt(aj\_/lft;ab,
subjects to speak with an artificial palate in their mouth.@N¢ VOW€ ormant¢Svirsky and Tobey, 1991Small differ-

Subjects read /s/-laden passages in order to promote adapfficeS have also been observed in fricatiterkell et al.

tion. Every 15 min over the course of an hour, subjects pr0_2000k). .
Furthermore, larger effects tend to occur when the im-

duced the consonant—vowel /sa/ a number of times. The re-

sults showed that subjects gradually improved their /sPlantis turned on compared to when it is suddenly turned off
productions with increased exposure to the altered vocdPerkellet al, 2000a. That is, the improvements observed

tract. Thus, even short periods of exposure can lead to Sidyhen deaf speakers receive auditory feedback after a period
nificant improvements in speech. of time without it are larger than the degradations that appear

However, others have found that it can take Speakergnmediately after feedback is removed. These observations
from several hours to weeks of practice with an artificialindicate that the speakers maintained the parameters neces-
palate before a speaker regains the high quality of their origiSary for normal speech production for a period of time after
nal speech categoriedHamlet and Stone, 1976; Hamlet the feedback was removed. This result parallels our own ob-
etal, 1978. Although our speakers improved over the Servations that utterances produced while speakers’ auditory
course of the experimental session, they did not fully comfeedback was masked, improved as a function of their previ-
pensate for their artificially elongated teeth. Listeners on avous practice while feedback was available. In essence, we
erage judged the speakers’ productions at the end of the segurned off” the feedback received by subjects and found
sion to be much lower in quality than utterances producedhat the new articulations they learned while feedback was
after the prosthesis was removed. present persisted to some extent when feedback was re-

Even within this short experiment there is evidence thatmoved. Thus, the improvements we observed were not
longer-term learning took place. Subjects’ performance in thestrictly due to feedback control but were also a function of
second session of training showed benefits from experiendearning: The auditory feedback was used by the speech mo-
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tor control system to modify an underlying representationtract perturbations. In addition, although the lengthening of
mapping vocal gestures to their acoustic consequences. the teeth was relatively equivalef@ mm), the effective per-
Although the quality of /s/ productions improved during turbation differed depending on the shape of a speaker’s al-
the masked condition, the new articulatory movements thageolar ridge, the position of their teeth, or how they normally
were learned during the auditory feedback conditions did noproduce an /s/.
completely transfer to production in the absence of feedback.
Utterances produced in the presence of feedback consistentl
received higher quality ratings from listeners. There are a

number of possible reasons for this effect. First, it is possible  The nature of the learning that takes place when adults
that auditory feedback provides information that the speeclancounter modified vocal tracts is still a matter of debate.
motor system can use to adjust ongoing articulation, andhe merit of the unique vocal-tract modification is that all
over time, these compensatory modifications are learned s§ormal tactile information remains intact, allowing a more
that the new speech gestures can be reproduced in the aflirect evaluation of the role feedback plays. The results of
sence of feedback. There is evidence that auditory feedbackur investigation show that the availability of auditory feed-
is used for both online compensation and long-term adaptaack can help speakers compensate for structural modifica-
tion. For instance, Houd€l997) asked speakers to whisper tions of their vocal tract. Indeed, the learning we observed
one-syllable words while hearing altered auditory feedbackenly occurred when speakers could hear their speech. In ad-
His speakers heard the formants of their vowel productionglition, our data also suggest that auditory feedback provides
gradually shifted enough over successive utterances to evemformation necessary for long-term modification of a sub-
tually change the vowels’ phonetic identity. Speakers sponject’s productions.

taneously compensated for the formant transformations.
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