





hypothesize that intra-articulatory contexts with more contin-
uous manners or articulation (i.e., lingual fricatives) will show
the greatest interference with vowel adaptation, while inter-
articulatory contexts with non-continuous manners of articula-
tion (i.e., bilabial stops) will show the least interference, offer-
ing the most facilitatory context for vowel adaptation.

2. Methods

Each experimental run in this study required a participant to
repeat words or near-words with varying consonant and vowel
contexts. Each participant wore a headset microphone and
audiology-grade insert earphones. As the participant spoke,
auditory feedback was systematically manipulated using the
Audapt LPC resynthesis software [1] to shift the 1% and 2™
formant center frequencies (F1 & F2) with the goal of eliciting
involuntary changes in vowel articulation (see Figure 1).
Participants in the study were 4 typically-functioning
(neurologically healthy) American English talkers (1 male)
with no history of speech, language, or hearing pathology.
Participants ranged in age from 20-22 years and had upper-
Midwestern dialects.
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Figure 1: Schematic of experimental setup.

The vowel /e/ was used for “training” in the study. Thus,
participants only heard formant perturbations to utterances
containing /e/. The vowel /o/ was used to assess
generalization. Thus, participants never heard formant
perturbations during utterances containing the vowel /o/.
Figure 2 schematizes the perturbations and expected
consequences within a vowel quadrilateral. Axes indicate the
orientation of (approximate) acoustic and articulatory
relations. Specifically, increases in F2 are presumed to
roughly correspond with increases in tongue advancement and
decreases in Fl are presumed to roughly correspond to
increases in tongue height. Utterances containing the training
target /e/ were perturbed to create the perception of the vowel
/i/ at full perturbation (F1 was decreased and F2 was
increased). The magnitude of the perturbations varied by
participant and was determined by the formant shift required
to mostly closely transform a participant’s habitual /e/
production into her habitual /i/, based on values obtained
during a brief screening. Across participants, F1 shifts ranged
from 175-200 Hz, and F2 shifts ranged from 200-400 Hz. In
response to these perturbations, it was hypothesized that each
participant’s productions would demonstrate compensatory
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acoustic changes (increased F1 and decreased F2 relative to
baseline) corresponding to a lower and more posterior tongue
position for the target vowel (closer to the vowel /ae/).
Utterances with the vowel /o/ were not acoustically perturbed
and were used to determine if compensatory articulatory
changes generalized to “untrained” vowel contexts. The words
or near-words spoken in this study were constructed from
symmetric CVC forms and included voiceless stops (/p/ or /t/)
or fricatives (/f/ or /s/) flanking the training and generalization
vowels. Voiceless consonants were chosen to avoid
unintended triggering of acoustic changes in consonants
during LPC resynthesis. The resulting stimuli set included 8
CVCs with contrasting consonant manner and place of
articulation that allowed assessment of the spatial and
temporal manifestation of coarticulation on vowel adaptation.
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Figure 2: Schematic of experimental manipulations.

Each experimental run included multiple, continuous
phases (see Figure 3). First, a baseline phase established
habitual performance for both the training and generalization
vowels. During this phase, participants repeated 80 CVCs (40
per vowel) and heard resynthesized productions without
formant frequency changes. Data from the baseline phase
served as the reference point for assessing compensation and
adaptation. The training process was comprised of a ramp
phase, in which formants were gradually shifted away from
baseline values, and a full perturbation phase, during which
formants were maximally shifted. Comparisons of
performance between baseline and full perturbation were used
to assess sensorimotor compensation. Following full
perturbation, during the masking phase, speech-shaped white
noise was used to eliminate auditory feedback. Participants
produced CVCs with both training and generalization vowels
during masking. Comparisons of performance between
baseline and masking were used to assess sensorimotor
adaptation and generalization. Finally, during the return phase,
auditory feedback was returned to the baseline condition to
facilitate de-adaptation.

To analyze the patterns of articulatory change throughout
the different experimental phases, the TF32 software [17] was
used to mark the boundaries of the vowels on the spectrogram
based on the occurrence of the first and last glottal pulses as-
sociated with the vowel. TF32 was also used to generate pitch-
synchronous LPC tracings (26 coefficients) of the time-
varying F1 & F2. Apparent LPC tracking errors were manual-
ly corrected to define complete, time-varying patterns of
change for F1 & F2. Formant center frequency values were
extracted at the temporal midpoint of the vowel for all partici-
pants. For a subset of data, complete time-varying formant
patterns were extracted for analysis.
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Figure 3: Experimental phases.
3. Results

Initial analysis focused on the discrete F1 & F2 values at the
temporal midpoint of the vowel. Figure 4 shows example data
from one talker and context. Formant axes are oriented to
roughly approximate the articulatory working space of talker
in right-facing profile. Thus, increases in F2, along the x-axis
correspond roughly with forward movement of the tongue and
decreases in Fl, along the (inverted) y-axis correspond
roughly with increases in tongue height. 20 replicates of the
training vowel /e/ are shown from each condition (except
“return” during which only 10 replicates occurred). Baseline
/e/ productions are indicated by black circles. Compensation is
reflected in the shift from baseline to full perturbation,
indicated by red triangles. Adaptation is reflected in shift from
baseline to masking, indicated by green squares. De-
adaptation is reflected by the return condition, indicated by
yellow triangles.

Following Figure 4, this talker demonstrates the general
compensation and adaptation effect hypothesized since
acoustic perturbations that increased perceived F2 and
decreased perceived F1 elicited changes in articulation that
reduced F2 and increased F1. Thus, compensatory (down and
back) changes in tongue position are indicated by the change
from baseline to full perturbation. Slightly lesser magnitude
adaptation of tongue position (also down and back) are
indicated by the change from baseline to masking.
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Figure 4: Example data from one participant & context.

Since adaptation changes reflect short-term sensorimotor
learning, and have the most relevance to speech rehabilitation,
the remainder of this work will focus on articulatory changes
between baseline and masking phases. Figure 5 summarizes
the adaptation shifts exhibited by all participants. Significant
effects of manner of articulation were obtained for all
participants  (p<0.005). Significant effects for place of
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articulation (“coupling™) were obtained for 2 participants
(p=<0.005).

While significant effects of place and manner of
articulation were observed for a majority of the participants,
the magnitudes of adaptation effects did not strictly follow the
hypothesized directions and were not necessarily consistent
across F1 and F2. For example, the “stop-decoupled”
condition (/pep/) was hypothesized to have the largest
adaptation magnitudes. However, this was never strictly true.
Specifically, results for subject 2 were closest to this
expectation, though F2 shifts for the stop-decoupled condition
were indistinguishable from those for the fricative-decoupled
condition (/fef/). Also, results for subject 1 showed the
predicted effect (stop-decoupled maximum shift across
contexts) for F2, but had maximum F1 shifts for the fricative-
decoupled context. Subjects 3 and 4 deviated the most from
expectations, with “coupled” (lingual consonant) contexts
tending to show larger adaptation effects than decoupled
contexts.
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Figure 5: Summary of adaptation formant shifts.

Vowel midpoint measures of acoustic change provide
general support for the hypothesis that consonant context
effects influence vowel sensorimotor adaptation, but only
limited support for the specific hypotheses that effect
magnitudes should follow a systematic pattern of change
based on place and manner of articulation. Qualitative
appraisal of complete formant tracks suggest potentially
complex changes in articulation that may not be characterized
by discrete, temporal midpoint measures. Figure 6 shows an
example of time-varying formant patterns obtained for one
talker for baseline (black) and masking (green) phases for the
near-words /fef/ (adaptation) and /fof/ (generalization).

The upper panel of Figure 6 shows F1 and F2 patterns for
the training CVC /fef/ and the lower panel shows patterns for
the generalization CVC /fof/. Baseline productions are in
black and masking productions are in green. Since formant
tracking was pitch synchronous, the x-axis of these plots is
glottal cycle count. A noteworthy observation from these plots
is that formant shifts may occur at the vowel temporal
midpoint, as can be seen for /fef/. However, other effects, (on
transitions for /fef/) and possible changes in the overall pattern
of formant movement not affecting the temporal midpoint
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Figure 6: FI & F2 patterns for training and generalization.

(note the F1 and F2 difference across conditions for the
generalization context /fof/) would not be adequately
characterized by a singular, discrete time measure.

To assess the possibility of more complex, formant
pattern changes associated with adaptation effects in different
consonant contexts, we time normalized formant patterns,
calculated a mean pattern per formant and experimental phase,
then calculated the zero-lag cross correlation (based on 5
proportionally-distributed points along each formant pattern).
By comparing formant patterns of individual replicates to the
mean pattern for each condition, we obtain a description of the
likelihood of changes in formant pattern shape as an effect of
sensorimotor adaptation.

Figure 7 shows a series of box and whisker plots
characterizing zero-lag cross correlations for formant patterns
from individual replicates compared to mean patterns for
training CVCs. These plots essentially describe the variability
in formant pattern within and across conditions. F1 and F2
pattern correlations were calculated separately. Comparisons
are color coded as follows: 1) black boxes characterize pattern
variation within the baseline condition; 2) red boxes
characterize pattern variation within the full perturbation
condition; 3) green boxes characterize pattern variation within
the masking condition; 4) brown boxes characterize pattern
variation within full perturbation compared to the baseline
mean pattern (shape-change associated with compensation);
and 5) blue boxes characterize pattern variation within
masking compared to the baseline mean pattern (shape-change
associated with adaptation). For each plot, the upper and lower
bounds of the “box™ are the Ist and 3rd quartiles and the
“center bar” is the median, The “whiskers” indicate the highest
and lowest values within 1.5 of the inter-quartile range.
Formant pattern shape changes are indicated both by changes
in the location of the box boundaries and center bar (implying
“systematic” changes in the patterns) as well as the length of
the whiskers (indicating increased pattern variability).

Clear context differences appear to be present in the
extent to which formant pattern shape is affected in these data.
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Fricative contexts appear to elicit substantially larger changes
in shape than stop contexts, as well as substantially greater
changes in F2 shape compared to F1. In contrast, stop contexts
show substantially smaller differences between formants, as
well as examples (such as “compensation” for /pep/) of Fl
patterns changing more than F2. While this analysis approach
suggests that the shape of formant patterns may be affected in
both compensation and adaptation, it is important to note that
similar (though somewhat less) variability in pattern shape is
often evident in “within condition” analyses. For example, the
blue box and whisker plot for /fef/ suggests that adaptation
elicits substantial change (and variability) in F2 pattern shape.
Yet, the noteworthy, though somewhat smaller, green box plot
suggests that F2 shape change and variability increase simply
as a function of masking. Thus, some apparent “adaptation”
effects on formant pattern change may reflect performance
variation resulting from masking auditory feedback and are
not completely related to sensorimotor learning.
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Figure 7: Cross-correlation analysis of formant shape.

4. Conclusions

Auditory feedback elicited speech sensorimotor adaptation is
influenced by coarticulatory context. Context effects are
complex and reflect the influences of adjacent consonant place
and manner. The effects of vowel adaptation on formants
cannot be adequately characterized by singular, discrete-time
measures as changes in formant pattern shape are evident.
These findings have important implications for the design of
adaptation studies and methods of analysis. Moreover, the fact
that formant transitions appear to be affected by vowel
adaptations suggests that vowel-based adaptation paradigms
may be used to affect consonant articulation. This conclusion
has  substantial implications for potential  speech
neurorehabilitation applications of sensorimotor adaptation,
since individual vowel targets are rarely a primary or a
sufficient focus in the treatment of motor speech disorders.
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