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Sensorimotor adaptation to a nonuniform formant perturbation generalizes to
untrained vowels
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Abstract

When speakers learn to change the way they produce a speech sound, how much does that learning generalize to other speech
sounds? Past studies of speech sensorimotor learning have typically tested the generalization of a single transformation learned
in a single context. Here, we investigate the ability of the speech motor system to generalize learning when multiple opposing
sensorimotor transformations are learned in separate regions of the vowel space. We find that speakers adapt to a nonuniform
“centralization” perturbation, learning to produce vowels with greater acoustic contrast, and that this adaptation generalizes to
untrained vowels, which pattern like neighboring trained vowels and show increased contrast of a similar magnitude.

NEW & NOTEWORTHY We show that sensorimotor adaptation of vowels at the edges of the articulatory working space general-
izes to intermediate vowels through local transfer of learning from adjacent vowels. These results extend findings on the locality
of sensorimotor learning from upper limb control to speech, a complex task with an opaque and nonlinear transformation
between motor actions and sensory consequences. Our results also suggest that our paradigm has potential to drive behavior-
ally relevant changes that improve communication effectiveness.

altered auditory feedback; generalization; sensorimotor adaptation; speech production

INTRODUCTION

When speakers learn to change the way they produce a
speech sound, how much does that learning generalize to
other speech sounds? Generalization is a critical considera-
tion in speech therapy, as treatment strategies that target the
pronunciation of a given speech sound aim tomaximize ben-
eficial learning in untreated as well as treated targets.
However, much of what we understand about the transfer of
learning in speech comes from studies in which a single
transformation is learned in a single context (for example,
learned changes to the pronunciation of a single word), lim-
iting the expected scope of generalization. Here, we investi-
gate the ability of the speech motor system to generalize
learning when multiple opposing sensorimotor transforma-
tions are learned in separate regions of the vowel space.

When exposed to errors in sensory feedback, humans
update their motor commands in a process called sensorimo-
tor adaptation. For example, an alteration to the auditory
feedback of speech, e.g., shifting the formant frequencies of

“bed” to resemble those of “bad,” induces an adaptive
change in the opposite direction, i.e., toward “bid” (1). This
change persists into subsequent utterances and can be meas-
ured after a single exposure to auditory error (2). Additionally,
speakers can simultaneously learn distinct adaptive changes
to separate movements, for example different words (3). In
previous work, we capitalized on this ability to demonstrate
that participants can learn to increase their global acoustic
contrast when exposed to a nonuniform perturbation field
designed to reduce the perceived contrast between vowel
sounds (4). Specifically, the perturbation field altered the au-
ditory feedback of all vowels toward the center of the vowel
space, making all vowels sound more like schwa. The present
study examines the degree to which adaptation to such a non-
uniform perturbation field can transfer to intermediate vow-
els not experienced during training.

On one hand, an extensive literature examining sensori-
motor adaptation in limbmovements has provided evidence
that learning is primarily local, with generalization observed
only when movements have considerable overlap: learning
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decays with distance (5), consistent with a local remapping of
sensory-to-motor space in the region of the perturbation (6).
Similar gradients of generalization have been reported in
speech training with a single stimulus word, in which the
transfer of learning to new spoken contexts is conditioned on
the acoustic similarity between the trained and transfer words
(7). On the other hand, when training movements encompass
a wider workspace as in the nonuniform perturbation field
used in Parrell andNiziolek (4), withmultiple instances of local
learning, transfer is readily observed within the workspace,
with participants interpolating between extreme end points (5,
6, 8–14). Furthermore, when considering movements that
share direction but differ in extent, learning generalizes from
larger- to smaller-amplitude movements (15), though not the
other way around. In vowel production, large movement
amplitudes correspond to extreme degrees of constriction in
the vocal tract (“corner” vowels), with noncorner vowels pro-
duced with lesser degrees of constriction at the same limited
set of constriction locations (16). These results suggest that,
contrary to local learning when adapting to perturbations of a
single word or vowel, sensorimotor adaptation to a complex
vowel-dependent perturbation field will show complete gener-
alization to untrained vowels when the trained movements
encompass the extremes of the articulatory workspace.

Our past work used words containing the English corner
vowels (/i/, /æ/, /A/, /u/) as training stimuli, maximizing the
possibility of generalization by interpolating over the vowel
space. In the present study, we replicate our past finding of
increased acoustic contrast, and we additionally find evi-
dence of strong generalization, in which learned changes to
the production of corner vowels transfer to neighboring
vowel sounds. These changes were largely specific to form-
ant frequencies and were not accompanied by increases in
duration or voice pitch, arguing against a strategy-based
change to speaking style (i.e., a “clear speech” mode). Our
results additionally show that the magnitude and direction of
the generalization are locally conditioned by the nearby train-
ing vowels, suggesting that generalization occurs through the
combination of local learning fields rather than through a
global remapping of motor and sensory systems. This
ready generalization is promising for the potential applica-
tion of sensorimotor adaptation to increase acoustic con-
trast in speech sounds.

METHODS

Participants

Twenty-two individuals participated in the present study
(14 female, 7 male; mean age ± SD: 28.1 ± 11.5 yr). All partici-
pants self-identified as native speakers of American English
and reported no history of neurological, speech, or hearing
disorders. All participants gave written informed consent
before participation in the study and were compensated ei-
ther monetarily or with course credit. All procedures were
approved by the Institutional Review Board of the University
of Wisconsin-Madison.

Auditory Perturbation

Participants’ speech was recorded with a head-mounted
microphone (AKGC520), digitized at 48 kHz with an external

sound card (Focusrite Scarlett 2i2), and downsampled to 16
kHz and processed with Audapter (17, 18). Audapter identi-
fies and shifts speech formants, using linear predictive cod-
ing (LPC) and signal filtering techniques. The filtered
output of Audapter was played back to participants over
closed-back circumaural headphones (Beyerdynamic DT
770). The latency of this process was �18 ms as measured
following Kim and colleagues (19). The same process was
used for all spoken trials whether or not a perturbation
was applied, such that the latency was consistent through-
out the experiment.

For most trials, participants’ speech (either veridical or
altered) was played back to them at �80 dB SPL (volume
based on productions during a preexperiment calibration
phase, see below)mixed with speech-shaped noise at�60 dB
SPL. The noise served to partially mask the participants’
unaltered speech that could otherwise be perceived through
air or bone conduction. The volume of the speech signal var-
ied dynamically with participants’ produced speech but was,
in all cases, louder than the produced speech. On a subset of
trials (see Procedure), participants did not receive feedback
of their own speech; rather, they received only speech-
shaped noise (masking). The amplitude of this noise was
modulated by the participants’ speech, such that habitual
speech volume resulted in a masking noise level of �80 dB
SPL, and no noise was played while they were not speak-
ing. The use of this amplitude-modulated noise severely
limited participants’ ability to hear any feedback of their
own speech, while avoiding some changes in speech typi-
cally caused by speaking in the presence of background
noise (20–22).

A modified version of Audapter (4) was used to deliver au-
ditory perturbations that depended on the current values of
the first (F1) and second (F2) formants. A participant-specific
perturbation field was created such that F1 and F2 were
pushed toward the center of the vowel space, defined as the
centroid of the quadrilateral formed by the four corner vow-
els of American English [/i/, /æ/, /A/, and /u/ (Fig. 1A)] pro-
duced by each speaker during a preexperiment calibration
phase (see below). The magnitude of the perturbation was
50% of the distance between the produced F1/F2 values and
this center point (Fig. 1C). Although it is possible that the
precise center of this space may vary slightly over time, the
perturbation will nonetheless push all productions toward
the general center of the working vowel space, resulting in
reduced acoustic contrast between the vowels.

Procedure

Stimuli were presented on an LED computer screen, with
one word presented per trial. Participants were instructed to
read each word out loud as it appeared. Each stimulus was
presented for 1.5 s, with a randomly jittered interstimulus pe-
riod between 0.75 and 1.5 s. There were two sets of stimuli
used. The training stimuli were presented during the base-
line and exposure phases (Fig. 1C, shown in red). These
consisted of the words “bead,” “bad,” “bod,” and “booed”
containing the four corner vowels of American English (/i/,
/æ/, /A/, and /u/, respectively). The generalization stimuli
(“bid,” “bayed,” “bed,” “bud,” “bode”) contained noncorner
vowels (/I/, /eI/, /e/, /ˆ/, and /oU/, respectively). These stimuli
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were presented during the generalization baseline and
generalization phases (Fig. 1C, shown in blue). Stimuli
were randomly ordered within groups of four (training
stimuli) or five (generalization stimuli) during the experi-
ment, with each word occurring a single time per group.
Before the main experiment, participants completed a
brief calibration phase, where they produced 10 repetitions
of each training stimulus. These productions were used by
the experimenter to determine participant-specific values
for the LPC order used by Audapter in the main experiment.
In the case where the default LPC order for the participant
resulted in mistracked formants (visually represented using
a custom GUI), a different LPC order that resulted in tracks
without errors was chosen.

Themain experiment consisted of four phases (Fig. 1C):

1) The generalization baseline phase, where participants
produced 15 repetitions of each of the generalization
stimuli. Participants received masking noise with no
playback of their own speech in this phase to provide
similar conditions as in the generalization phase,
described below.

2) The second baseline phase, where participants pro-
duced 10 repetitions of each of the training stimuli.
Participants heard their own speech over the head-
phones, but no perturbation was applied. Formant val-
ues from this phase (taken from the middle 50% of the
vowel) were used to determine the participant-specific
perturbation field used in the following phase (see
Auditory Perturbation).

3) The exposure phase, where participants produced 60
repetitions of each training stimulus. Participants heard
their own speech with formants shifted toward the cen-
ter of the vowel space. The magnitude of the shift was
held constant at 50% of the distance between the pro-
duced formant values and the vowel space center.

4) The generalization phase, where participants produced
10 repetitions of each generalization stimulus. As in the
first baseline phase, participants receivedmasking noise

over the headphones without playback of their own
speech. This masking noise served to prevent the deadap-
tation that occurs when participants are exposed to veridi-
cal feedback after exposure to altered auditory feedback.

A short, self-timed break was given every 30 trials.

Data Analysis

Data from one participant were excluded from analysis
because of equipment failure during the final portion of the
training phase, leaving a total of 21 analyzed participants.

Formants were tracked with wave_viewer (23), a MATLAB
GUI interface to formant tracking with Praat (24). Vowel
onset and offset were initially determined using a partici-
pant-specific amplitude threshold. These events were then
hand-checked and corrected as needed, using landmarks
from the spectrogram: vowel onset was determined as the
time when formants were first visible, and vowel offset was
determined as the time where vowel formants, particularly
F2 and higher formants, were no longer visible. Within this
window, F1 and F2 were tracked using participant-specific
values for LPC order and preemphasis. Errors in formant
tracking were corrected by adjusting the LPC order and/or
preemphasis. A small number of trials with unresolvable
formant tracking errors or speech production errors (saying
the wrong word, coughing, etc.) were discarded (1.5% in
total, 0–6.5% across participants). Single values for F1 and F2
for each trial were calculated as the mean values in the mid-
dle 50% of the vowel and converted to themel scale.

Our primary outcome measure was the average of the dis-
tance in F1/F2 space between each pair of stimuli vowels, or
average vowel spacing (AVS). We chose AVS for two reasons.
First, AVS can be used with any set of vowels, including the
noncorner vowels in our generalization stimuli, whereas alter-
native metrics of vowel contrast, such as vowel space area
(VSA), only take the four corner vowels into account. Second,
our previous work (4) has shown that AVS is a more sensitive
metric of vowel spacing for measuring adaptation to the cur-
rent vowel centralization perturbation compared to VSA.
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Figure 1. Experimental protocol. A: example perturbation field used in the exposure phase. All formants are perturbed toward the center of the vowel
space (yellow) for training vowels (black). Vowels used in generalization phases (blue) are shown for illustration only and were not produced under per-
turbation. B: example spectrograms of the 4 training words showing the produced formants (purple), perturbed formants (red), and vowel space center
(black dashed line over yellow). C: trial structure. Trials with generalization words are shown in blue and trials with training words in red. Loud masking
noise (�80 dB SPL) was played during both the generalization baseline phase and generalization phase.
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We calculated AVS separately for each block of 10 stimulus
repetitions (50 trials per block for the 5 generalization stim-
uli and 40 trials per block for the 4 training stimuli). The first
25 trials of the first baseline block were excluded from this
analysis to give participants time to adjust to speaking under
masking noise. Subsequently, each block’s AVS value was
normalized by dividing the AVS value in the corresponding
baseline block (containing the same stimuli).

To measure the degree of adaptation to the auditory per-
turbation, we used the normalized AVS values calculated in
the last block of the exposure phase. To measure generaliza-
tion of learning, we used the normalized AVS value from the
generalization phase. Two-tailed t tests were used to deter-
mine whether AVS values in each phase differed from 0.
To examine the relationship between adaptation and gen-
eralization, we used Spearman’s rank correlation. This
allows us to assess whether, across participants, increased
learning was related to increased generalization, without
making assumptions about the nature of the relationship
between AVS calculated over different sets of vowels.
Inferential statistical analysis was conducted in R (25),
except where noted.

In addition to the global AVS metric, we additionally
measured vowel-specific adaptive changes. Because the
perturbation was toward the center of the vowel space, we
defined vowel-specific adaptation as movement that
increased the distance from this center point. To do this,
the average F1 and F2 for each vowel were calculated in the
baseline phase as well as in the end of the exposure (adap-
tation stimuli) or generalization (generalization stimuli)
phases. From these average values, the average Euclidean
distance in F1-F2 space to the center of the vowel distribution
was calculated. We examinedwhether themagnitude of adap-
tation differed between the baseline and exposure and base-
line/generalization phases, using a mixed-effect ANOVA with
magnitude as the dependent variable, phase and vowel as the
independent variables, the interaction between these factors,
and a random effect of participant. A Greenhouse–Geisser
correction was automatically applied when sphericity was
violated. Post hoc comparisons for each vowel across condi-
tions were conducted by paired t tests with a false discovery
rate correction for P values (26).

We additionally tested whether the magnitude of adapta-
tion transfer in each of the generalization stimuli was related
to its distance from each of the four training vowels. We
assumed that the influence of each training vowel on a
particular generalization vowel would scale inversely with
the distance in mels between the two (7). To estimate the
relationship between generalization magnitude and
acoustic distance, we fit the following linear model, where
the magnitude of adaptation in the generalization vowels
(maggen) is predicted by the magnitude of adaptation in
the training vowels (magiy, magae, magaa, maguw) and the
distance from each generalization vowel to each of the
training vowels (distiy, distae, distaa, distuw):

maggen�B0 þ B1 � magiy=distiy þ magae=distae
�

þmagaa=distaa þ maguw=distuwÞ
Amixed-effects model with a random intercept by partici-

pant returned singular fits, so the linear model without this
termwas used.

In addition to the analysis of the magnitude of adaptation,
we additionally examined the direction of this change in F1/
F2 space, calculated as the angle between the vector connect-
ing the average F1/F2 values in the baseline and exposure/
generalization phases and the x-axis, such that 0� reflects an
increase in F1 with no change in F2. These analyses were
conducted with the CircStat software package in MATLAB
(27). First, we used a nonparametric multisample test for
equal medians (circ_cmtest) to test whether the angle of ad-
aptation differed between the vowels, using amodel with ad-
aptation angle as the dependent variable and vowel category
as the independent variable. Pairwise post hoc tests were
conducted using the same test, with P values adjusted using
the false discovery rate. Second, we tested whether the dis-
tance between training and generalization vowels had an
effect on the angle of change in the generalization vowels by
constructing a circular regression function with the adapta-
tion angle as the dependent variable and the circular
weightedmean angle of the training vowels as the independ-
ent variable, where the weights were set to the inverse of the
distance between each particular generalization vowel and
each training vowel (wiy ¼ 1/distiy, etc.).

To assess whether changes observed in response to the au-
ditory perturbation could potentially be related to a change
in speaking style, we measured several speech parameters
that undergo increases in clear speech, including vowel
duration, peak amplitude, maximum pitch, and pitch
range (4). For each of these measurements, repeated-
measures ANOVAs were conducted with factors of vowel
and phase (baseline, end of exposure/generalization) and
the interaction between these two factors.

Finally, we calculated cross-correlations between adapta-
tion magnitude (linear correlations) and angle (circular cor-
relations) across all nine stimulus vowels (4 training vowels
and 5 generalization vowels). Where applicable, effect sizes
[partial eta-squared (g2

p), Hedges’ g] were calculated with the
effectsize package (28). Summary statistics are reported as
means and standard errors.

RESULTS
We examined whether exposure to an auditory feedback

perturbation that reduces vowel contrast in the four corner
vowels of English (/i/, /æ/, /A/, /u/) would 1) lead to an
increase in vowel contrast in these “trained” vowels and 2)
additionally cause an increase in vowel contrast in five non-
corner “generalization” vowels (/I/, /eI/, /e/, /ˆ/, /oU/).
Participants strongly adapted to the auditory perturbation in
the exposure phase, producing a mean increase in AVS of
6.1 ± 1.7% at the end of this phase [t(20) ¼ 60.1, P < 0.0001,
g ¼ 12.62; Fig. 2B]. This increased contrast transferred to the
generalization stimuli, which were produced with an AVS
7.3 ± 1.7% higher in the generalization phase than in the gen-
eralization baseline [t(20) ¼ 63.2, P < 0.0001, g ¼ 13.27;
Fig. 2B]. Across participants, there was a strong positive rela-
tionship between the AVS increase in the training vowels
and that of the transfer vowels (r¼ 0.54, P¼ 0.014; Fig. 2D).

We additionally examined how individual vowels were
affected by the centralization perturbation (Fig. 3A). We
found that vowels were produced significantly farther from
center of the vowel space at the end of the exposure/
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generalization phases compared to the baseline phases [mean
increase of 19.6 ± SE 2.6 mels, F(8,359) ¼ 81.8, P < 1e�15, g2

p ¼
0.65]. Whereas vowels varied in their distance to the center of
the vowel space, as expected [F(1,359) ¼ 11.0, P ¼ 0.001, g2

p ¼
0.03], there was no difference in themagnitude of their adapt-
ive movement away from the center [interaction F(8,359) ¼
0.6, P ¼ 0.79, g2

p ¼ 0.01]. Post hoc tests on individual vowels
showed that the difference between baseline and exposure/
generalization phases was significant for /I/, /e/, /æ/, /A/, and
/ˆ/ (all corrected P< 0.01).

In terms of the angle of change in formant space, most
vowels showed changes that moved in the direction opposite

the vowel center (Fig. 3B). For the training vowels, thismove-
ment opposed the applied perturbation. The exception is /u/,
for which minimal changes were observed. Overall, there was
a significant difference between the vowels in the angle of
this change (P ¼ 28.2, P < 0.0001). Individually, the angle for
/i/ differed from the angles in /A/, /æ/, and /ˆ/, and the angle
for /I/ differed from the angles in /æ/ and /e/ (corrected P <
0.05). These results are consistent with vowel-specific adapt-
ive changes in response to the different perturbations deliv-
ered to the four training vowels.

Finally, we examined whether the distance, in F1/F2 space,
between the generalization and training vowels influenced
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the magnitude and direction of changes in the generalization
vowels. Previous work has suggested that the magnitude of
transfer of learning following adaptation of a single vowel is
related to the acoustic similarity between training and gener-
alization tokens (7). In the present study, we found a signifi-
cant relationship between the magnitude of adaptation for
each generalization vowel and a weighted sum of the adapta-
tion in the training vowels, where weights decrease with
increased distance to the generalization vowel (b ¼ 28.3, t ¼
4.7, P < 0.0001, adjusted R2 ¼ 0.17). This indicates that the
magnitude of transfer was indeed related to the distance
between the generalization and training vowels. We similarly
found a significant positive circular correlation between the
angle of adaptation in the generalization vowels and a mea-
sure of adaptation angle in the training vowels, weighted by
distance (r¼ 0.32, P< 0.0002).

To further investigate how generalization related to pat-
terns of adaptation, we calculated regression coefficients
(Pearson’s r) between each pair of vowels for both themagni-
tude of change from baseline as well as the angle of change
(Fig. 4). As expected, we saw the highest correlations for
vowels near to one another in F1/F2 space. Front generaliza-
tion vowels (/I/, /eI/, /e/) were most similar to front training
vowels (/i/, /æ/); low generalization vowels (/e/ and particu-
larly /ˆ/) were most similar to the low training vowels (/æ/,
/A/), while the back generalization vowel /oU/ was most simi-
lar to the back training vowel /u/. Overall, the pattern of cor-
relations was similar for adaptation angle, though somewhat
less reliable.

Finally, we confirmed that the changes we observed in
these vowels are unlikely to be due to participants adopting
a clear speech style. Repeated-measures ANOVAs showed
that vowel duration, pitch range, and maximum pitch did
not differ significantly between the baseline/generalization
baseline phases and the end of exposure/generalization
phases (main effect of phase and interaction of phase with
vowel all P > 0.14). Although we did find a minimal, but sig-
nificant, increase in intensity in the latter phases [F(1,342) ¼
7.4, P ¼ 0.007; baseline: 11.4 ± 2.5 arbitrary units (a.u.); ex-
posure/generalization: 14.8 ± 3.2], this increase was similar
in magnitude to the increase in intensity we observed in a
previous study using the same adaptation paradigm that

occurred both when the perturbation was applied as well
as in a control session with no perturbation (an increase of
�3 a.u. in Ref. 4). Thus, this increase in intensity in the
present study likely reflects a change due to repeated pro-
duction of the stimuli used here rather than an increase in
speech clarity per se.

DISCUSSION
Auditory feedback perturbations elicit speech motor learn-

ing, driving changes to pronunciation that reduce sensory
error. In the present study, we confirmed that a nonuniform
perturbation field can drive differential changes to the pro-
duction of different vowel sounds, resulting in an increase in
the average spacing between vowels (AVS) and thus in acous-
tic contrast. Crucially, we show that this learning generalizes
to vowels not produced during the training, giving rise to an
increase in contrast of a similar magnitude. The increase in
contrast was achieved without a concomitant increase in syl-
lable duration, strongly suggesting that it is the result of suc-
cessful sensorimotor learning and not the result of a clear
speech mode. The magnitude and direction of adaptation in
the generalization words were highly predicted by those of
the trained words, both at the participant level and at the level
of individual vowels, suggesting the generalization of learning
to neighboring vowel sounds.

These findings are consistent with studies of speech learn-
ing and generalization employing a single uniform auditory
feedback transformation, which reported greater generaliza-
tion to utterances that were closer in acoustic space (7, 29).
In the present study, the nonuniform centralization pertur-
bation field additionally introduced conflicts between the
required adaptive changes for vowels occupying different
regions of formant space (e.g., a raising of the tongue for /i/
and a lowering of the tongue for /æ/); nevertheless, the
adaptive changes in untrained vowels were appropriate to
the centralization field, resembling the formant changes of
their neighbors (e.g., /I/ patterned with /i/ while /e/ pat-
terned with /æ/). The generalization seen here is expected
given similar findings in limb control, in which changes in
an untrained region of a spatial workspace reflect the inter-
polation of local learning at multiple surrounding regions
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Figure 4. Correlation between changes in
individual vowels (n ¼ 21 participants). Left:
correlation of adaptationmagnitude, meas-
uredas the change in distance to the center
of the vowel space between the adapta-
tion/generalization phases and baseline.
�Significant correlations (corrected P <
0.05).Right: as on left, showing circular cor-
relations for the angle of adaptation.
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(11). This pattern of learning can be explained by a model in
which speakers learn multiple local sensorimotor transfor-
mations that decay with distance away from the observed
perturbation in an extrinsic coordinate system (e.g., radial
basis functions in vowel formant space), with effects at
untrained regions of vowel space defined by the superposi-
tion of the local transformations (6). In other words, par-
ticipants interpolate between transformations learned at
different parts of the workspace (30).

For this reason, we chose corner vowels as the targets of
training. They cover the extent of the available vowel space,
representing the most extreme vocal tract configurations
(e.g., the tongue is at its highest and most fronted position
for /i/ and at its lowest and most backed position for /a/) and
consequently resulting in the most extreme formant values.
More central vowels, then, can be seen not only as interme-
diate positions in an extrinsic coordinate space (i.e., formant
space) but also as less extreme movements with vocal tract
constrictions that differ in extent. Given past findings on
generalization across movement amplitudes (15, 31), this is
precisely the situation in which learning would be expected
to generalize; we capitalized on these circumstances to train
a limited number of vowel targets and elicit learned changes
across the vowel space.

A perennial question in speechmotor control is the nature
of the planning or representational space [e.g., are vowels
planned in acoustic space or as constrictions in the vocal
tract? (32–34)], similar to questions in limb control about ex-
trinsic/visual or intrinsic/joint angle control (12). Similarly,
the precise level of representation at which adaptation
occurs and generalizes has received little direct evaluation.
One study has presented evidence that adaptation in
speech may transfer based on distance in acoustic space
(7); conversely, recent modeling work has shown that ad-
aptation could occur by modifications to the transforma-
tion between the articulatory (muscle/articulator position)
and vocal tract constriction levels of representation (35).
Given the difficulty in distinguishing between acoustic
and constriction-based goals in speech (36), careful experi-
mental work will be needed in the future to resolve the
representational basis of both learning and generalization
in speech adaptation.

As is typical in speech sensorimotor adaptation, there was
considerable variability across participants in the magnitude
of adaptation, and not all participants increased their AVS
over the course of the experiment. However, prior work has
indicated that AVS goes down over time when feedback is
veridical (4), which may mask effects of adaptation in the
participants who did not appear to increase their AVS.

A perennial problem in speech therapy is maximizing the
effect of the limited training available to most patients. The
generalization of learned improvements to the production of
speech sounds is therefore of considerable interest and util-
ity. In this experiment, we show that exposure to a nonuni-
form formant perturbation at the extremes of vowel space
shows strong generalization to productions at intermediate
locations, resulting in increased acoustic contrast. For future
clinical applications, further work is needed to explorewhether
the results found here for isolated word production are also
found in running speech (37). Nonetheless, as increased con-
trast is a predictor of intelligibility, this paradigm has the

potential to drive behaviorally relevant changes that improve
communication effectiveness.
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