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Acoustic and perceptual analyses of vowels, stops, and fricatives produced with and without an
artificial palate were conducted. Recordings were made both immediately upon insertion of the
palate and following a 15-min adaptation period. Results of the acoustic analyses revealed
significant alterations in the fricative spectra under conditions of perturbation with fewer, if any,
changes in the vowels and stop consonants. Perceptual data confirmed these patterns and provide
evidence of possible improvements in compensation over time. The data are compared to our
previous studies of speech sound articulation under bite-block conditions. Differences between
adaptation to modifications of oral structure~artificial palate! and oral function~jaw fixation by a
bite block! are considered. ©1996 Acoustical Society of America.

PACS numbers: 43.70.Aj, 43.70.Fq@AL #
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INTRODUCTION

Observing speech compensation to oral-articulatory p
turbations has provided valuable insights into many imp
tant issues in speech motor control. Among them is the
tent to which somatosensory and/or auditory feedba
interact with central control signals in the production
speech ~Kent et al., 1990; McFarland and Lund, 1995
Smith, 1992!. Adaptation to perturbations reveals our capa
ity to use sensory feedback and to form articulatory pr
grams that are appropriate for the changed environment.
turbations or alterations to the oral-articulatory system th
have been studied may be generally classified into functio
and structural modifications.

Functional perturbations interfere with the movemen
or positioning of speech articulators without modifying the
structure. Dynamic functional perturbations have been u
to rapidly impede ongoing speech articulation. Many stud
have explored speech production with the mandible or low
lip unexpectedly lowered by the application of a load~e.g.,
Abbs and Gracco, 1984; Gracco and Abbs, 1988; Folk
and Zimmerman, 1982; Kelsoet al., 1984; Munhallet al.,
1994!. In general, results have revealed the immediacy
speech compensation and the potential contribution of s
sory information in the adaptive process. The specific pa
ways involved, however, are unclear, and disagreements
ist over the contribution of brain-stem reflex versu
transcortical feedback processes in the modification
speech gestures~see Smith, 1992!. Recent data suggest tha

a!Author to whom correspondence should be addressed. E-m
mcfarlad@ere.umontreal.ca
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the degree of adaptation to dynamic articulatory perturbati
is subject-dependent and indicative of individual compens
tory strategies~Munhall et al., 1994!.

For purposes of the present investigation, we will focu
on static functional perturbations of the oral environmen
such as the fixation of the jaw by means of a bite bloc
Despite previous claims that there is both immediate a
complete compensation to this articulatory perturbatio
more recent work~Flegeet al., 1988; Fowler and Turvey,
1980!, including our own~Baumet al., 1995; McFarland and
Baum, 1995!, suggests that there are small but significan
differences in acoustic, physiological, and perceptual chara
teristics of vowels and consonants produced under bite-blo
and normal conditions. Furthermore, there is some improv
ment in the accuracy of vowel production during a period o
adaptation with the bite block in place, suggesting th
speech compensatory strategies develop over time us
error-based correction. Consonants, and in particular fric
tives, appear particularly resistant to adaptation perhaps
cause they require greater articulatory precision than oth
sound classes such as vowels~McFarland and Baum, 1995;
Stoel-Gammon and Dunn, 1985!.

Structural perturbations can be either clinically or ex
perimentally introduced changes to the vocal tract that do n
directly impede movement. There are a variety of clinica
conditions that may introduce structural changes to the o
environment and, in turn, affect speech. Missing or mis
aligned teeth, malocclusions, dental prostheses, and or
odontic appliances all have the potential to adversely infl
ence speech articulation. Most of this work has focused
the effects of various types of dental prostheses, and clinic
il:
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observations have shown that the presence of such a
ances can result in significant speech articulation er
~Chaneyet al., 1978; Palmer, 1979; Tanaka, 1973!.

Artificial palates placed in the mouths of otherwise no
mal speakers may result in distortions of both vowel a
consonant articulation, but consonants may be selecti
impaired. Articulation errors have been found to increase
proportion to the thickness of the alveolar-palatal acry
~Hamlet, 1973; Hamlet and Stone, 1974; Hamlet and Sto
1978; Hamletet al., 1979!. The presence of artificial palate
also increases the duration of the consonants@s# and @z#, as
the tongue contacts the alveolar ridge earlier and rele
later than under control conditions~Hamlet et al., 1979;
Hamlet and Stone, 1978!. Artificial palates appear to requir
a lengthy adaptation period, perhaps involving days
weeks, before normal speech is approached. However, m
rapid changes in speech articulation, presumably reflec
compensatory strategies, have been observed 15 min
the insertion of appliances~Hamlet and Stone, 1974!.

Although each has been relatively intensely studied,
perturbing effects of bite blocks and artificial palates ha
not been directly compared. There may be a number of c
cal differences between these two types of perturbatio
First, it seems likely that speech sounds of different phone
classes may be differentially affected by bite blocks ver
artificial palates. Covering the palatal surface may be p
ticularly detrimental to sibilants, for which a precise po
tioning of the tongue relative to the palatal surface is
quired. A fixed jaw opening associated with the presence
a bite block, on the other hand, may be more detrimenta
vowel production because of the important contribution
jaw opening to vowel formant structure~Lindblom and
Sundberg, 1971!.

It also seems likely that the time course of compensa
will differ between bite block and palatal alterations. Spee
has been found to gradually and progressively improve
lowing insertion of an artificial palate~Hamlet and Stone
1976a, b; Hamletet al., 1978; Hamlet and Stone, 1978! or a
dental prosthesis~Allen, 1958; Chierici and Lawson, 1973
Palmer, 1979; Tanaka, 1973!. These data have been inte
preted to suggest that a new set of articulatory programs
developed for the change in oral structure. These progr
take time to develop, but once established they can be
called quickly~Hamletet al., 1978!. In contrast, the majority
of the evidence suggests that compensation to bite blo
will not require as lengthy an adjustment period as ada
tion to palatal appliances, at least for certain sound clas
~Gay et al., 1981; Kelso and Tuller, 1983; Lindblomet al.,
1979!.

The present investigation was designed to examine
detail the adaptation to artificial palates of two thicknes
placed in the mouths of otherwise normal speakers.
methods employed followed as closely as possible th
used in our earlier bite-block studies~Baum et al., 1996;
McFarland and Baum, 1995! with the eventual goal of com
paring these two forms of oral-articulatory perturbation
Acoustic and perceptual variables were studied over tim
provide a multilevel analysis of the nature and time course
the compensatory process.
1094 J. Acoust. Soc. Am., Vol. 100, No. 2, Pt. 1, August 1996
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I. METHODS

A. Acoustic analyses

1. Subjects

The subjects included fifteen adult female native spea
ers of ~Quebec! French ~aged 20–23! with no history of
speech and/or language disorders. All speakers passed
audiometric screening~,15 dB HL at 0.5, 1.0, and 2.0 kHz!,
and were screened to assure normal occlusal relationsh
~normal bite! and palatal configurations.

2. Artificial palates

A dentist assisted in the fabrication and insertion of two
alveolar-palatal acrylic appliances for each subject. The pro
theses were similar to orthodontic retainers except for th
fact that the alveolar-palatal contour was lowered and re
tracted in order to perturb oral cavity structure. The two ap
pliances differed only in alveolar-palatal thickness, the firs
prosthesis being 6 mm thick at the midline of the cuspid-to
cuspid plane from the incisive papilla to 2 mm posterior to
the cuspids. Posterior to the plane the appliance tapered t
thickness of approximately 2 mm. An alveolar thickness of
mm was the largest that could be used without interferin
with normal occlusion. Ball clasps were used to hold th
prostheses securely but comfortably in the subject’s mout
The second prosthesis was identical to the first except tha
had an alveolar thickness of 3 as opposed to 6 mm.

3. Stimuli

Stimuli included the three vowels@i a u# produced in
isolation, the voiceless stop consonants@p t k# in the envi-
ronment preceding the same three vowels, and the voicele
fricatives@s b# in the same vowel environments. Each stimu
lus was presented in orthographic form on a computer scre
placed 25 in. from the subjects at eye level. Five repetition
of each stimulus were elicited in random order in each of
series of perturbed and unperturbed conditions as describ
below.

4. Procedure

As in our previous bite-block study~McFarland and
Baum, 1995!, two subtests, immediate and postconversatio
were run over three different experimental sessions on sep
rate days. Three conditions were included in the immedia
compensation subtest: no artificial palate~no palate!, thin ~3
mm! artificial palate, and thick~6 mm! artificial palate. For
the postconversation subtest, the thick palate was compa
to the no palate condition. The stimuli in the postconversa
tion condition were elicited following a 15-min period of
conversation with the thick palate in place to determin
whether speakers would accommodate to the perturbati
subsequent to a short period of practice. Presentation of t
blocks of vowel and consonant-vowel stimuli were counter
balanced within each subtest. Subjects inserted and remov
the artificial palates for each trial~regardless of whether the
subsequent trial required the same palate!. A digital audio
tape recorder~Sony DTC-57ES! and a directional micro-
1094McFarland et al.: Speech compensations
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phone ~Sennheiser MD421U! placed approximately ten
inches in front of the speaker’s mouth were used to rec
speaker’s productions.

5. Analyses

Vowel and stop-vowel stimuli were digitized at a rate o
10 k samples/s with a 4.5-kHz low-pass filter and 12-
quantization using the BLISS speech analysis system.
fricative-vowel stimuli were digitized at 20 k samples/s wit
9-kHz low-pass filtering. Both temporal and spectral me
sures were computed for each stimulus. First, for each tok
the duration of the target vowel or consonant was determin
from the waveform display. Vowel durations were measur
from the onset of voicing through the end of periodicit
Stop consonant durations~defined here as voice onset time!
were delineated by the burst associated with the stop rele
and the end of aspiration noise and the onset of periodic
associated with the following vowel. For fricatives, the tim
from the onset of frication noise to the end of the noi
segment and onset of vocalic periodicity was measured.

Next, for vowel segments, the first two formant freque
cies were identified at two points in the waveform to exam
ine the immediacy of compensation. The formants were
tracted via linear-predictive coding~LPC! analysis using a
14-pole network, and a 25.6 ms full Hamming window wa
placed at the first glottal pulse of the vowel. A range
acceptable formant values was used to avoid errors in
extraction algorithm; if theF1 or F2 values did not fall
within that range~see Table I and Delattre, 1966; McFarlan
and Baum, 1995; Peterson and Barney, 1952!, the number of
poles in the LPC algorithm was adjusted and the forma
were recomputed. Values that remained out of range w
excluded from the analyses~Baum and Katz, 1988; McFar-
land and Baum, 1995!. F1 andF2 values were computed in
the same fashion at the midpoint of the vowel. If the adju
ment of LPC poles did not yield appropriate values, the w
dow was shifted620 ms and the analysis recomputed. A
above, frequency values outside the range limits were
cluded ~a total of 5% and 4% of theF1 and F2 values,
respectively, across both window positions were elimina
via this procedure!.

For stop and fricative consonants, the spectral analy
included measures of the first~centroid!, third ~skewness!,
and fourth ~kurtosis! moments of the consonantal spectr
distributions ~following Forrestet al., 1988!. The centroid
represents a weighted average of the spectral peak freq
cies, and was used previously by us~McFarland and Baum,
1995! to summarize consonant spectral energy concentra
and to assess the acoustic consequences of speech com
sation~or lack thereof! to increased jaw opening. Measure
of the higher-order moments of skewness~spectral tilt! and

TABLE I. Acceptable frequency ranges~Hz! for F1 andF2.

F1 F2

@u# 200–500 700–1600
@a# 600–900 900–1600
@i# 200–500 1700–2700
1095 J. Acoust. Soc. Am., Vol. 100, No. 2, Pt. 1, August 1996
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kurtosis ~peakedness of the spectrum! were included in the
present investigation to provide a more complete descripti
of spectral shape~Forrestet al., 1988!. Such measures have
been used previously to classify voiceless stop and fricat
productions~Forrestet al., 1988! and to characterize, in part,
the accuracy of consonant place of articulation~Baum and
McNutt, 1990; Nittroueret al., 1989; Waldstein and Baum,
1991!. Spectral moments were computed by positioning
20-ms full Hamming window beginning at the onset of th
burst of the stop consonants and at the midpoint of the f
catives in order to capture the attributes of the consonants
a point least affected by vocalic environment.

B. Perceptual analyses

1. Subjects

Ten adult native speakers of~Quebec! French ~aged
19–27 years! participated in the perceptual experiments. Lis
teners were unaware of the purposes of the investigati
were free from speech and/or language disorders, had pas
an audiometric screening, and had received no training
phonetic transcription.

2. Stimuli and procedures

Isolated vowel and consonant segments~as defined in
the acoustic analyses! were used to create six perceptua
tests, one for each phoneme class~vowels, stops, fricatives!
and subtest~immediate compensation and postconversation!.
Consonants were presented to listeners isolated from th
vowel context in order to avoid any contaminating effects
vowel quality in perceptual judgements. Three productio
for each of the 15 speakers in each condition were selec
randomly for each of the six tests.

For perceptual judgements, stimuli were presented
random order to listeners via headphones at a comforta
loudness level using the BLISS system. The order of the s
perceptual tests was counterbalanced across listeners. T
task was to identify the sound presented from a limited set
alternatives and rate its quality. For example, for the vow
tests, subjects were provided with the choices@a i u# and
were instructed to identify which corresponded to the sou
they heard. They were then asked to rate the quality of t
sound on a five-point scale, with the anchor words bein
‘‘unintelligible’’ and ‘‘perfect.’’ Stimuli were presented us-
ing a 6-s intertrial interval and six practice trials were pro
vided.

II. RESULTS

A. Acoustic analyses

1. Immediate compensation—Duration measures

Mean durations for each of the vowel and consona
segments~produced in isolation! were computed and group
mean averages are presented in Table II.1 Significant differ-
ences between conditions, as revealed by statistical comp
sons, are indicated. Separate analyses of varian
~ANOVAs! were conducted for the three sound types. D
tails of ANOVA results for the immediate compensation an
1095McFarland et al.: Speech compensations
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postconversation subtests can be found in Appendices A
B, respectively. Only significant differences across con
tions will be highlighted.

As can be seen in Table II, for@t#, durations in the thick
palate condition were significantly shorter than those in
no palate and thin palate conditions which did not dif
significantly from one another. For@k#, durations in the thick
and thin palate conditions~which did not differ signifi-
cantly!, were significantly longer than those in the no pala
condition.2

2. Immediate compensation—Spectral measures

Group mean values of vowelF1 andF2 calculated at
both measurement points are presented in Table III.
ANOVAs revealed thatF1 values at onset were significant
higher than those measured at vowel midpoint. As expec
F1 values for@a# were significantly higher than those for@i#
and @u#. Also as expected,F2 values for@i# exceeded those
of @a# which in turn exceeded those of@u#. No significant
effects of palate condition emerged.

Mean stop and fricative consonant centroid frequenc
skewness, and kurtosis values are presented in Table IV
@t#, centroid values in the thin palate condition were sign
cantly higher than those in the no palate condition only,
dicating a shift in spectral energy concentration to a hig
frequency. For@k#, centroid values in the thin palate cond

TABLE II. Mean ~1s.d.! of the durations~ms! in immediate compensation
subtest for vowels, stops, and fricatives in three palate conditions. Va
that differ significantly across conditions are indicated between column

No palate Thin palate Thick palate

Vowels
@u# 297~57! 302~51! 286~50!
@a# 272~61! 275~69! 276~59!
@i# 276~49! 287~57! 289~53!

Stops
@p# 37~10! 38~11! 38~10!
@t# 60~10! 58~12! . 53~14!
@k# 67~11! , 72~14! 73~17!

Fricatives
@s# 232~22! 237~26! 232~29!
@b# 232~26! 241~24! 239~25!
1096 J. Acoust. Soc. Am., Vol. 100, No. 2, Pt. 1, August 1996
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tion were significantly lower than those of the no palate co
dition. However, it should be noted that this trend for@k#
centroid values was apparent in the data of only 11 of the
subjects tested.3 In the data of the other four subjects, this
pattern was reversed. Kurtosis values for@k# were also sig-
nificantly lower in the thin and thick palate conditions
~which did not differ significantly! than those in the no palate
condition. No significant differences across condition
emerged for@p#.

For the fricative@s#, centroid values in the thin and thick
palate conditions~which did not differ significantly! were
significantly lower than those of the no palate condition in
dicating a shift in the spectral energy concentration to
lower frequency. The skewness and kurtosis values for@s#
were also significantly lower in the thin and thick palat
conditions~which did not differ! as contrasted to no palate
values indicating a less negatively skewed and flatter@s#
spectral distribution. No significant differences across cond
tions were found for@b#.

3. Postconversion—Duration measures

Presented in Table V are the mean duration values in t
no palate and thick palate conditions for the vowel, stop, a
fricative stimuli. As illustrated, the presence of the artificia
palate had no significant effect on segment durations.

4. Postconversation—Spectral measures

Mean F1 andF2 frequencies computed at both mea
surement points are presented in Table VI, which shows litt
difference in averageF1 or F2 values across conditions,
similar to the immediate compensation results. For@a# and
@i#, F1 values at onset were significantly higher than thos
measured at vowel midpoint.

Mean stop and fricative consonant centroid frequenci
and skewness and kurtosis values are presented in Table
For @k#, skewness values in the thick palate condition we
significantly more positively skewed than those of the n
palate condition. However, this trend was apparent in th
data of only ten of the 15 subjects tested with the rever
pattern apparent in the data of the remaining five subjec
Only two of these five subjects had failed to show the grou

es
TABLE III. Mean ~1s.d.! of F1 andF2 frequencies~Hz! at both measurement points in three palate conditions
~immediate compensation subtest!. Values that differ significantly across conditions are indicated between
columns.

Onset Midpoint

No palate Thin palate Thick palate No palate Thin palate Thick palate

F1 .a

@u# 357~47! 347~43! 345~48! 335~51! 324~51! 327~49!
@a# 842~78! 849~41! 852~47! 769~56! 757~80! 764~80!
@i# 325~41! 307~56! 324~45! 308~40! 304~43! 298~43!

F2
@u# 833~106! 805~79! 784~48! 889~156! 843~104! 807~84!
@a# 1330~137! 1340~141! 1328~130! 1237~130! 1218~138! 1244~125!
@i# 2425~221! 2496~153! 2499~138! 2323~286! 2435~198! 2404~171!

aOverall,F1 values were higher when measured at vowel onset as contrasted to midpoint.
1096McFarland et al.: Speech compensations
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TABLE IV. Mean ~1s.d.! of stop and fricative consonant centroid~cent.! frequencies~Hz!, skewness~skew.!,
and kurtosis~kurt.! in three palate conditions~immediate compensation subtest!. Values that differ significantly
across conditions are indicated between columns.

No palate Thin palate Thick palate

Stops
@p#

Cent. 2696~225! 2659~187! 2612~267!
Skew. 0.33~0.36! 0.23~0.25! 0.32~0.27!
Kurt. 0.60~1.14! 1.05~1.11! 0.66~1.13!

@t#
Cent. 3183~242! , 3339~268! 3258~229!
Skew. 20.63~0.30! 20.68~0.32! 20.58~0.26!
Kurt. 0.69~0.89! 0.79~1.17! 0.25~0.58!

@k#
Cent. 3089~156! . 2963~287! 3025~324!
Skew. 20.17~0.25! 0.02~0.50! 20.05~0.44!
Kurt. 3.48~2.46! . 1.72~2.96! 1.05~1.24!

Fricatives
@s#

Cent. 7874~671! . 7061~770! 7057~826!
Skew. 21.12~0.65! . 20.38~0.59! 20.42~0.67!
Kurt. 3.38~3.5! . 0.81~0.87! 1.14~1.57!

@b#
Cent. 5045~258! 4869~435! 5055~470!
Skew. 0.55~0.27! 0.69~0.35! 0.61~0.42!
Kurt. 0.75~0.69! 1.64~1.13! 1.63~1.63!
n
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pattern in the immediate compensation condition. Kurtos
values for@k# were also significantly lower~indicating a flat-
ter spectral distribution! in the thick palate as contrasted to
the no palate condition. For@s#, centroid values in the thick
palate condition were significantly lower than those of the n
palate condition indicating a shift in spectral energy conce
tration to lower frequencies. The skewness and kurtosis v
ues for@s# were also significantly lower in the thick palate a
contrasted to the no palate condition characterizing a le
negatively skewed and flatter@s# spectral distribution. The
trend for kurtosis was present in the data of only 11 of the
subjects, and the reverse pattern was seen in the data of
other four subjects. Only one of these four subjects was
same as those who failed to show the group pattern in eit
the immediate compensation condition for@k# kurtosis or

TABLE V. Mean ~1s.d.! of durations~ms! in the postconversation subtest
for vowels, stops, and fricatives in two palate conditions. Values that diff
significantly across conditions are indicated between columns.

No palate Thick palate

Vowels
@u# 278~56! 278~48!
@a# 259~47! 262~47!
@i# 270~65! 278~58!

Stops
@p# 36~8! 36~9!
@t# 62~11! 58~11!
@k# 66~9! 71~12!

Fricatives
@s# 231~21! 232~26!
@b# 227~21! 235~29!
Soc. Am., Vol. 100, No. 2, Pt. 1, August 1996
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postconversation condition for@k# skewness. No other con
sonantal attributes were affected by the palatal appliance

B. Perceptual analyses

1. Immediate compensation

Overall means for percent correct identification an
quality ratings for the immediate compensation and postc
versation subtests are presented in Figs. 1 and 2, res
tively. Separate analyses of variance~ANOVAs! were com-
puted for identification responses and quality ratings for ea
of the three sound classes.4 ~See Appendices C and D fo
details.!

As illustrated in Fig. 1~a!, identification accuracy was
quite high across vowels and palate conditions. Statisti
analyses did, however, reveal a significant vowel by con

r

TABLE VI. Mean ~1s.d.! of F1 andF2 frequencies~Hz! at both measure-
ment points in two palate conditions~post conversation subtest!. Values that
differ significantly across conditions are indicated between columns.

Onset Midpoint

No palate Thick palate No palate Thick palate

F1
@u# 333~38! 333~28! 302~30! 300~25!
@a# 840~33! 846~71! . 766~79! 779~60!
@i# 327~39! 312~25! . 286~32! 285~27!

F2
@u# 812~133! 801~65! 905~229! 832~162!
@a# 1321~176! 1309~155! 1239~163! 1246~175!
@i# 2406~225! 2352~253! 2380~186! 2289~208!
1097McFarland et al.: Speech compensations
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tion interaction for vowel quality ratings. Newman–Keu
post-hocanalyses revealed significantly higher quality r
ings for @i# in the no palate as contrasted to the thin and th
palate conditions, which did not differ. No other significa
differences were found between conditions for the other
vowels.

It may be seen from Fig. 1~b! that identification accu-
racy tended to be lower for stop consonants when contra
with vowels @and fricatives, Fig. 1~c!#. As also apparent in
Fig. 1~b!, no significant effect of condition was observed
stop quality ratings. Identification responses varied acr

FIG. 1. Mean percent correct identification and quality ratings for the
mediate compensation subtest. A: vowels, B: stops, C: fricatives. P
conditions, N: no palate, P1: thin palate, P2: thick palate.
1098 J. Acoust. Soc. Am., Vol. 100, No. 2, Pt. 1, August 1996
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stops and palate conditions, with the lowest identificatio
accuracy evident for@t#. Confusion matrices for stops are
presented in Table VIII. As can be seen,@t# was most often
misidentified as@p#, while @k# and @p# were most often mis-
perceived as@t#.

As illustrated in Fig. 1~c!, percent correct identification
and quality ratings for fricatives tended to be lower in the
artificial palate conditions, and significant main effects o
condition were found for both measures.Post-hocanalyses
of identification and quality ratings revealed significant dif-
ferences among all three conditions, with the best perfo

-
late
FIG. 2. Mean percent correct identification and quality ratings for the pos
conversation subtest. A: vowels, B: stops, C: fricatives. Palat
conditions—N: no palate, P2: thick palate.
1098McFarland et al.: Speech compensations
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mance in the no palate condition followed by the thin an
thick palate conditions.

2. Postconversation

As revealed in Fig. 2~a! and similar to the results of the
immediate compensation subtest, percent correct identifi
tion of vowels in the postconversation condition was overa
very high and varied little across palate conditions. An

TABLE VIII. Confusion matrices for stops: Immediate compensation co
dition.

No palate
Sound produced

@p# @t# @k#

Sound
identified

@p# 60% 36% 8%
@t# 32% 52% 31%
@k# 8% 12% 61%

Thin palate
Sound produced

@p# @t# @k#

Sound
identified

@p# 69% 34% 10%
@t# 22% 55% 26%
@k# 9% 11% 64%

Thick palate
Sound produced

@p# @t# @k#
Sound
identified

@p# 71% 42% 9%
@t# 21% 48% 26%
@k# 8% 10% 65%

TABLE VII. Mean ~1s.d.! of stop fricative consonant centroid~cent.! fre-
quencies~Hz!, skewness~skew.!, and kurtosis~kurt.! in two palate condi-
tions ~postconversation subtest!. Values that differ significantly across con-
ditions are indicated between columns.

No palate Thick palate

Stops
@p#

Cent. 2648~284! 2677~275!
Skew. 0.37~0.26! 0.19~0.21!
Kurt. 0.14~0.90! 0.16~0.49!

@t#
Cent. 3221~236! 3219~181!
Skew. 20.71~0.36! 20.53~0.24!
Kurt. 0.85~0.93! 0.29~0.72!

@k#
Cent. 3130~211! 2985~338!
Skew. 20.22~0.35! . 0.02~0.44!
Kurt. 3.05~2.43! . 1.07~1.40!

Fricatives
@s#

Cent. 7655~762! . 7065~860!
Skew. 20.86~0.61! . 20.47~0.60!
Kurt. 2.65~2.64! . 0.86~1.36!

@b#
Cent. 4968~431! 4912~490!
Skew. 0.63~0.41! 0.64~0.52!
Kurt. 1.06~1.19! 1.65~1.43!
1099 J. Acoust. Soc. Am., Vol. 100, No. 2, Pt. 1, August 1996
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unlike the immediate compensation subtest, vowel qualit
was not significantly affected by the presence of the artificia
palate for any of the vowels.

As demonstrated in Fig. 2~b!, identification accuracy and
quality tended to be lower overall for stops when contraste
to both vowels and fricatives@Fig. 2~c!# as in the immediate
compensation condition. Identification scores for stops va
ied considerably, and no significant differences in pattern
emerged. Confusion matrices for stops are presented in Tab
IX. Again, @k# and @p# were most often misperceived as@t#,
which in turn was most often misidentified as@p#. Quality
ratings tended to be lower in the thick palate as contrasted
the no palate condition, as indicated by the statistical result

Means of identification scores and quality ratings for
fricatives are presented in Fig. 2~c!. Unlike the immediate
compensation condition, no significant effect of condition
was found for identification accuracy. In contrast, quality
ratings tended to be lower in the thick palate as contrasted
the no palate condition for both fricatives, as in the immedi
ate compensation subtest.

III. DISCUSSION

Probably the most striking difference between our ear
lier bite-block results and those of the present investigatio
was the fact that virtually no significant differences were
found in the acoustic and perceptual parameters of vowe
produced under normal and palate conditions.5 The only sig-
nificant effects were subtle and involved differences in qua
ity ratings of the vowel@i# in the immediate compensation
condition only. These data are generally consistent wit
those of previous investigators exploring the effects of arti
ficial palates on vowel production~Garberet al., 1980; but
see Hamlet and Stone, 1976b!. Although there were few dif-
ferences in the present study, our earlier experimental da
revealed that the presence of a bite block is significantl
perturbing to vowel production and adequate compensato
articulation is neither immediate nor complete. Instead, a pe
riod of adaptation is necessary for the development of com
pensatory strategies~McFarland and Baum, 1995!. Not sur-
prisingly, a fixed jaw opening is relatively more perturbing
to vowel production than the presence of an artificial palate
Clearly the jaw is free to move in the case of the artificia
palate and our data suggest that a new vocal tract configu
tion appropriate for the change in oral form is rapidly

-

TABLE IX. Confusion matrices for stops: Postconversation condition.

No palate
Sound produced

@p# @t# @k#

Sound
identified

@p# 71% 29% 6%
@t# 23% 56% 30%
@k# 6% 15% 64%

Thick palate
Sound produced

@p# @t# @k#
Sound
identified

@p# 70% 39% 8%
@t# 20% 52% 25%
@k# 10% 9% 67%
1099McFarland et al.: Speech compensations
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achieved. It has been shown previously that increases in
opening and velocity accompany speech adaptation to a
cial palates~Hamletet al., 1978!.

In marked contrast to vowels, production of the fricati
@s# appears to be highly susceptible to the perturbing effe
of the artificial palate.6 These data are consistent with prev
ous clinical observations and experimental results sugges
that sibilants are selectively impaired by the presence of d
tal appliances~Garberet al., 1980; Hamlet, 1973; Palmer
1979!. Temporary fixation of the jaw with a bite block als
adversely affects sibilant production~McFarland and Baum,
1995!, suggesting that both types of modifications of the v
cal tract perturb sibilants perhaps because this sound c
requires greater articulatory precision than others~Stoel-
Gammon and Dunn, 1985; see also Fletcher and Newm
1991!. That is, sibilants are among the last sounds to
acquired in speech development presumably due in par
the complexity of the articulatory gestures required@e.g., a
particular groove shape for@s# production ~Flege et al.,
1988!#. Sibilants are also among the sounds most suscep
to breakdowns in production for similar reasons~Prather
et al., 1975; Stoel-Gammon and Dunn, 1985!. In addition,
particularly as contrasted to the three ‘‘point’’ vowels test
in the present study, small changes in sibilant articulat
may yield more significant acoustic changes that are perc
tually salient. It has been shown that the acoustics of
point vowels, in contrast, are particularly resistant to sm
changes in articulation~Stevens, 1972!.

In the present study, lower centroid, skewness, and k
tosis values were found for@s# in palate as contrasted to n
palate conditions for both the immediate and postconve
tion subtests. These spectral changes may represent sig
cant differences in lingual articulatory configuration for@s#
and/or the aerodynamics of fricative production under co
ditions of perturbation. Reductions in tongue groove wid
and tongue overshoot during fricative production with
artificial palate in place have been previously reported~Ham-
let and Stone, 1978!. The present acoustic findings were su
ported by perceptual results as identification accuracy
quality ratings were significantly lower for both fricatives i
palate versus normal conditions in the immediate compen
tion subtest. Although quality ratings were significant
lower under conditions of perturbation for both fricatives
the postconversation subtest, no significant effect of con
tion was observed for identification accuracy. This may
dicate that compensatory strategies are developing during
short period of practice with the palate in place. Recall t
the 15-min adaptation period was chosen to allow for co
parisons to our previous bite-block data. Previous res
have revealed that artificial palates may require a leng
adaptation period, perhaps involving days or weeks, bef
normal speech is approached~Hamlet and Stone, 1974!. It
would be useful, therefore, to study sibilant production und
conditions of perturbation over a much longer time frame
ascertain both the nature of the compensatory process
the time required for various aspects of compensation to
cur.

Although some evidence of the perturbing effects of t
artificial palate on the acoustic parameters of stops w
1100 J. Acoust. Soc. Am., Vol. 100, No. 2, Pt. 1, August 1996
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found in the results of both the immediate and post con
sation subtests, we hesitate to draw firm conclusions bec
the data are complex and difficult to interpret. Further, th
were no differences in stop identification or quality ratin
across experimental conditions in either the immediate c
pensation or postconversation subtest. Recall, however,
isolated stops were presented to listeners for percep
judgements, and acoustic differences may not have bee
tected in the very short duration stimuli. Moreover, the id
tification of voiceless stop consonants extracted from dif
ent vowel environments may be influenced by coarticulat
‘‘smear’’ ~Winitz et al., 1972!. Such effects would decreas
correct identification rates overall, possibly rendering
task less sensitive to effects of condition. We tentatively c
clude that stops fall somewhere between vowels and fr
tives in terms of their susceptibility to structural modific
tions of the oral environment. This interpretation is
general agreement with previous investigations of the eff
of artificial palates and dental prostheses on speech pro
tion ~Garberet al., 1980; Hamlet, 1973!.

One of the more confusing findings for stops was t
spectral differences were found only between the thin an
palate conditions in the immediate compensation sub
One possible explanation is that it is more difficult to ad
to the subtle changes in palatal contour associated with
thin palate because approximately the same articulatory
sitioning as in the absence of the palate could be attemp
The thick palate may require a radically different articulat
configuration than normal and consequently this articula
perturbation may ‘‘force’’ the development of compensato
strategies. It is interesting to note that even very thin artifi
palates~e.g., 1 or 1.5 mm! may result in speech sound erro
~Garberet al., 1980, Hamlet and Stone, 1978!.

Consistent with previous experiments, there appeare
be individual variability in compensatory abilities~Flege
et al., 1988; McFarland and Baum, 1995!. In a recent experi
ment, Savariauxet al. ~1995! studied compensatory vowe
articulation~French vowel@u#! to altered lip constriction are
~a Plexiglas tube was held between the lips!. Vocal tract
configuration including tongue shape and constriction lo
tion was measured using teleradiography. Results reve
that individual subjects differed significantly in their abili
to compensate to the oral-articulatory perturbation, and o
one subject showed complete compensation in the form
appropriate F1-F2 values and posterior compensato
tongue positioning. Seven subjects compensated only
tially, and four of the subjects demonstrated no compe
tion to the change in oral form. The authors suggest
individual speakers may differ globally in their articulato
‘‘skill’’ and the ability to utilize sensory information in as
sessing the acoustic consequences of altered vocal tract
figuration ~Savariauxet al., 1995!. We provided a similar
interpretation of our earlier finding of individual differenc
in speech compensatory abilities to increased jaw ope
~McFarland and Baum, 1995!. It is interesting to note tha
individual speakers have been found to differ in their cap
ity to systematically alter sibilant groove shapes in respo
to specific feedback, suggesting that even with intentio
control, some speakers may be unable to adapt complete
1100McFarland et al.: Speech compensations
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an articulatory pertubation~Fletcher and Newman, 1991!.
Further investigations involving the simultaneous recordi
of both acoustic and articulatory-kinematic variables und
conditions of perturbation are likely to provide importan
insights into mechanisms underlying individual compens
tory abilities.

IV. SUMMARY

Taken together, the findings of the present investigati
and those of our previous bite-block studies can be summ
rized as follows. First, our results suggest that there are s
nificant acoustic and perceptual differences between norm
vowel and/or consonant productions and those articula
under certain conditions of perturbation. Second, spee
compensation for at least a subset of speech sounds app
to improve over time, and these data support a role for s
sory feedback in the adaptation of articulatory gestures~Mc-
Farland and Baum, 1995!. Third, the patterns of compensa
tion to bite blocks and artificial palates differ. For example,
1101 J. Acoust. Soc. Am., Vol. 100, No. 2, Pt. 1, August 1996
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fixed jaw opening appears to be relatively more perturbing
vowel production than the presence of an artificial pala
Finally, speech sounds of different phoneme classes ma
differentially impaired by the presence of a perturbatio
Sibilants appear to be particularly susceptible to the per
bations we have examined. In future investigations, it will
important to consider in detail the effects of any particu
perturbation on the articulatory requirements of spec
sound production.
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APPENDIX A

TABLE AI. Acoustic analyses, significant ANOVA results, immediate compensation condition. V5vowel,
S5stop, F5fricative, meas.5measurement point, cond.5condition.

Main effects Interactions

Duration

V X condition

S X condition S: F~2,28!589.311,p,0.001 S X cond.:F~4,56!57.125,p,0.05

F X condition

Vowel F1

Meas. X V X condition meas.:F~1,5!59.571,p,0.05

V: F~2,10!5570.310,p,0.001

Vowel F2

Meas. X V X condition V:F~2,12!5834.600,p,0.001

Stop centroid

S X condition S:F~2,28!563.637,p,0.001 S X cond.:F~4,56!54.870,p,0.05

Stop skewness

S X condition S:F~2,28!551.132,p,0.001

Stop kurtosis

S X condition S:F~2,28!56.948,p,0.05 S X cond.:F~4,56!55.601,p,0.05

cond.:F~2,28!57.507,p,0.05

Fricative centroid

F X condition F:F~1,14!5144.983,p,0.001 F X cond.:F~2,28!519.746,p,0.001

cond.:F~2,28!527.955,p,0.001

Fricative skewness

F X condition F:F~1,14!549.698,p,0.001 F X cond.:F~2,28!58.507,p,0.05

cond.:F~2,28!518.525,p,0.001

Fricative kurtosis

F X condition cond.:F~2,28!53.473,p,0.05 F X cond.:F~2,28!511.473,p,0.001
1101McFarland et al.: Speech compensations
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APPENDIX B

TABLE BI. Acoustic analyses, significant ANOVA results, postconversation condition. Legend: V5vowel,
S5stop, F5fricative, meas.5measurement point, cond.5condition.

Main effects Interactions

Duration
V X condition V: F~2,28!54.674,p,0.05
S X condition S:F~2,28!5123.881,p,0.001
F X condition

Vowel F1
Meas. X V X condition meas.:F~1,8!511.911,p,0.05 meas. X V:F~2,16!56.101,p,0.05

V: F~2,16!5589.480,p,0.001

Vowel F2
Meas. X V X condition V:F~2,14!5178.229,p,0.001

Stop centroid
S X condition S:F~2,28!542.881,p,0.001

Stop skewness
S X condition S:F~2,28!550.818,p,0.001 S X cond.:F~2,28!54.978,p,0.05

Stop kurtosis
S X condition S:F~2,28!511.722,p,0.001 S X cond.:F~2,28!511.407,p,0.001

cond.:F~1,14!533.588,p,0.001

Fricative centroid
F X condition F:F~1,14!5125.517,p,0.001 F X cond.:F~1,14!514.925,p,0.05

cond.:F~1,14!519.874,p,0.05

Fricative skewness
F X condition F:F~1,14!539.764,p,0.001 F X cond.:F~1,14!55.071,p,0.05

cond.:F~1,14!55.057,p,0.05

Fricative kurtosis
F X condition cond.:F~1,14!510.477,p,0.005 F X cond.:F~1,14!57.392,p,0.05
end:

0

APPENDIX C

TABLE CI. Perceptual analyses, significant ANOVA results, immediate compensation condition. Leg
V5vowel, S5stop, F5fricative, cond.5condition.

Main effects Interactions

Percent correctly identified
Vowel
V X condition

Stop
S X condition S:F~2,28!512.558,p,0.001

Fricative
F X condition cond.:F~2,28!54.885,p50.015

Quality
Vowel
V X condition V: F~2,28!59.824,p50.001 V X cond.:F~4,52!57.755,p,0.001

Stop
S X condition S:F~2,28!576.622,p,0.001

Fricative
F X condition F:F~1,14!525.279,p,0.001

cond.:F~2,28!516.426,p,0.001
2 1102J. Acoust. Soc. Am., Vol. 100, No. 2, Pt. 1, August 1996 McFarland et al.: Speech compensations
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APPENDIX D

1These VOT values correspond well with those previously found in stud
of Québec French~Jacques, 1983!.
2As suggested by one reviewer, increased airflow resistance following
sonantal release and a delay in transglottal pressure drop suitable for
ing may have contributed to differences in@k# duration under conditions of
perturbation. The duration results for@t#, however, indicate the reverse
pattern with shorter durations found under conditions of perturbation.
3Unless otherwise noted, other group trends were apparent in the data
least 13 of the 15 subjects tested.
4ANOVAs were computed both by speaker and by listener. To be con
vative, we will report only those differences that were significant in bo
analyses.
5There is a remote possibility that, by setting range limitations for the vo
formant frequencies we made the measures less sensitive to extreme~out-
lier! errors of production~such a procedure was not undertaken for me
sures of consonants!. However, the same vowel formant screen was utiliz
in our previous bite block study in which significant effects of the pertu
bation emerged. Therefore, it seems unlikely that differences across co
tions were obscured in the analysis.
6Because the same acoustic measures cannot be made for vowels an
sonants, it is possible that the spectral measures computed for conso
were more sensitive than those computed for vowels. However, the per
tual data support the claim based on acoustic analyses that the presen
the artificial palate was more detrimental to fricatives than vowels.
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