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ABSTRACT
Compensatory tongue positioning in
vowel production was examined in two
conditions of lower-than-normal jaw
positions (bite-block speech and loud
speech), and compared to a "normal”
speech condition. Tongue-palate dis-
tances in multiple productions of the
German vowels /i, I, u, U, y, Y/ were
measured using flossometry. The
tongue compensated for the lower jaw
positions in both perturbation condi-
tions. Jaw lowering in bite-block and
in loud speech did not much affect the
degree of precision in tongue
positioning.

1. INTRODUCTION

Comparisons of normal and perturbed
speech may help understand impor-
tant aspects of speech motor control.
Over the past twenty years, a research
paradigm has become established
which addresses issues such as invari-
ance in the control of speech gestures,
adaptive abilities of the speech motor
s}){ls_tem, and the role of feedback
through experiments in which normal
production patterns are disrupted. By
€xamining the behavior o? unper-
turbed articulators, the acoustic out-
put, and/or the intelligibility of per-
turbed speech, studies employing this
paradigm have aimed at determining
If, how,' and how successfully talkers
Teorganize articulatory gestures.
:Probably the majority of perturbation
’sj(udles examined the acoustic proper-
'ties of vowels produced with and with-
’o_ut the mandible being fixed in posi-
tions that required tall%ers to reorga-
nize tongue gestures in order to pro-
duce intended vowel qualities. These
studies have generally shown that
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adults [7, SLand children [2] compen-
sate remarkably well for a fixed jaw
even before auditory feedback can oc-
cur. The small number of articulatory
studies that examined tongue shapes
for bite-block vowels [4, g’u 11] indi-
cate that intended acoustic output in
bite-block speech is achieved through
selective  compensation, i.e, by
preserving "cavity configuration(s) at
points of maximum constriction” (6].
Although previous research on bite-
block vowels has contributed impor-
tantly to the construction and refine-
ment of models of speech motor con-
trol, this line of research has not
made it clear whether talkers aim to
achieve invariance in the acoustic,

rceptual, or articulatory domain.
e recently renewed interest in
speech produced with loud vocal
effort {9, 10] is to some extent moti-
vated by a desire to determine the
nature of talkers’ "goals" or "targets",

Loud speech is similar to bite-block

speech in that the jaw assumes lower-

than-normal positions which, how-
ever, are not artificially induced but

.natural”, In the only detailed study of

‘;amculatory consequences of loud

'speech, Sphulman [9] found that the

upper lip compensates for the

lowered " jaw in  bilabial stop

Pproduction, demonstrating that motor

equivalence for bilabial closure

curs in both the "natural bite block
ondition" [9] and its artificial
unterpart [1].

However, the acoustic properties of
owels produced with loud vocal
ffort, which have been examined ina
umber of studies (summarized in
10]), suggest that the analogy

tween loud and bite-block speech

does not extend to vowel production,

for the frequencies of F1 and Fo (but
not usually the upper formants) are

much higher in loud than in normal
speech. The increase in F1 for shouted

vowels led Traunmiiller [10] to hypo-
thesize that the tongue does not
compensate for lower jaw positions in

loud speech. )

The present study, which compared
tongue-palate distances for normal,

bite-block, and loud vowels, was pri-
marily motivated by the fact that only
very few studies have presented direct
evidence (as opposed to inferences
from the acoustic output) concerning

compensatory tongue positioning in
bite-block vowels [4, 6, 11], and by the
complete lack of published data on
tongue shapes in loud vowels. Bite-
block and loud vowels were compared
to normal vowels to determine if and
how the tongue would compensate for
an artificially and a naturally lowered
jaw. This study also examined vari-
ability in tongue positioning for
normal, bite-block, and loud vowels.
Because most earlier studies [6, 11]
used x-ray techniques, which preclude
detailed analyses of token-to-token
variability, very little evidence exists
concerning this aspect of motor
control precision for the tongue in
perturbed speech (but see [4]).

2. METHODS

2.1 Subject, Material, Procedure

A male native speaker of German
(age: 35 years) produced 12 tokens
each of the German vowels /i, I, u, U,
y, Y/ in the carrier phrase ob er
(bVp/ habe (blocked on vowel). The
vowels were produced in three condi-
tions. In the normal (NO) condition
jaw movement was unperturbed and
vocal effort was conversational (64 dB
SPL). In the bite-block (BB)
condition the talker’s jaw was fixed in
a lower-than-normal position for non-
low vowels. An acrylic bite block, held
between  the ‘right premolars,
provided an interincisal distance of 21
mm. In the loud (LO) condition the
talker produced the vowels with loud
vocal effort (84 dB SPL).
Tongue-palate distances were mea-
sured using glossometry. This opto-
electronic device for measuring and
displaying tongue positions below the
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hard palate has been described previ-
ously (see [5] and references therein).
Briefly, the glossometer makes use of
four sensor assemblies mounted on a
thin acrylic pseudopalate. Each
assembly contains an LED and a
phototransistor. The assemblies are
positioned equidistantly along the
palatal vault and are oriented perpen-
dicularly to the occlusal plane. Sensor

1 is located just posterior of the
alveolar ridge, and sensor 4 just
anterior of the juncture of the hard
and soft palates. Infrared light
emitted from the LED is reflected
from the tongue’s surface, detected by
the phototransistor and transduced to
a voltage level. The detected voltage
is approximately proportional to the
inverse square of the distance of the
tongue from the sensor assembly.
2.2%)ata Analysis

Tongue-palate distances for tokens 2-
11 for each vowel in the three condi-
tions were measured at that point
within the acoustic vowel interval that
best represented the endpoint of
tongue movement for each token.
Endpoints were selected by visual
inspection of the time-varying
distance traces, which were displayed
together with RMS intensity on a
high-resolution graphics terminal.
Articulatory compensation with re-
spect to tongue positioning below the
hard palate was considered (by way of
definition)

-complete if the average unsigned
tongue-palate distance at the four
sensor locations differed by less than
1.0 mm for NO vs. BB qr O produc-
tions of a given vowel;

-selective If the mean tongue-palate
distances in BB or LO productions at
sensor locations that are near the
acoustically critical maximum con-
striction for a given vowel were within
the range of the standard deviation
(SD) associated with the mean for the
NO tokens at those sensor locations;
-partial if the tongue compensated
for the lowered jaw, but did not com-
pensate completely or selectively.
Overshoot and undershoot refer to
partial compensation with higher-

1 Reasons for selecting this criterion
to determine tongue shape overlap
are given in [S].



than-normal and lower-than-normal
tongue  positions, respectively.
Finally, in zero compensation the

tongue does not compensate for the

lowered jaw in BB and LO speech.
Variability in tongue positioning was
assessed 1n terms of the SDs associ-
ated with the multiple productions of
NO, BB, and LO vowels.

3. RESULTS

3.1 Tongue Positions

The most important result was that in
the production of all six vowels, the
tongue compensated for the lower-
than-normal jaw position in both BB
and LO speech. However, the tongue
was lower in LO than BB speech at all
four sensor locations for five vowels,
suggesting that the tongue did not
compensate as much for jaw lowering
in the "natural” as in the artificial BB
condition. The exception was /Y/
with overlzg)ging tongue configura-
tions in the BB and LO conditions.
Complete compensation by the
tongue for jaw perturbation was ob-
served in only two instances: For /i/
in the LO and for /U/ in the BB con-
dition. Compensation was selective
for /i/ in the BB condition, for /I/ in
the BB and LO conditions, and for /y/
in the BB condition.

Partial compensation (undershoot)
was observed for /y, Y, u, U/ in the
LO and /Y/ in the BB condition. Un-
dershoot relative to NO tongue posi-
tions, which increased monotonically
from anterior to posterior sensor
locations, was small for /Y/, medium
for /y/ and /U/, and large for /u/.
Sur})r_lsm ly, undershoot for /u/ and
/U/ in the LO condition was largest
at sensor 4, which is located close to
the acoustically critical maximum
constriction for these back vowels at
the velum. Results for perturbed /u/-
productions differed from all other
results in that undershoot in LO
sgeech contrasted with overshoot (at
the posterior sensors) in BB speech.
3.2 Variability of Tongue
Positioning

The most important result concerning
variability of tongue positioning in
the three conditions was that per-
turbed vowels were not produced with
uniformly more or uniformly less pre-
cise tongue gestures than NO vowels,

The SDs associated with the multiple
roductions of the six vowels averaged
.84 mm in the NO, 0.93 mm in the

BB, and 0.77 mm in the LO condition,
Tongue positioning for /i, L, y, Y/ was
slightly more variable in the BB thay
the NO condition (SDs were 0.1 - (2
mm lar§er), but variability did not dif-
fer for /u, U/ across these conditions,
Token-to-token variability was slight-
ly larger in the LO than the NO condi-
tion for /i, I, U/ (SDs were 0.1 - 02
mm larger), did not differ for /Y/,
and decreased for /u/ and /Y/ (by 03
mm and 0.6 mm, respectively).
The most conspicuous result was that
for all vowels and all conditions, SDs
increased monotonically from
anterior to posterior sensor locations.
This  front-to-back  increase in
variability was observed irrespective
of whether the acoustically critical
maximum constriction was in the
prepalatal (/i, 1/), palatal (/y, Y/), or
velar (_/u, U/) region. It may be of
some interest to note that tongue
positioning for each of the nominally
tense vowels /i, y, u/ was more
variable than for its nominally lax
counterpart (/I, Y, U/) in all three
conditions.

4. DISCUSSION

The single-subject experiment re-
ported here showed that the tongue
compensated for a lowered jaw in
both BB and LO speech, and that both
conditions of jaw perturbation did not
importantly affect the precision of
motor control for the tongue.

Results of previous BB studies led to
the expectation that articulatory com-
pensation by the tongue in BB speech
would be selective or complete. The
present results for four (i, I, y, U/) of
the six vowels examined contormed to
this expectation. However, tongue po-
sitions for /Y, u/ in BB speech did not
overlap with NO tongue positions or
maintain NO tongue-palate distances
near the acoustically critical maxi-
mum constriction. Preliminary acous-
tic analyses of the vowels examined in
the present study indicated that par-

.tial  compensation  for /Y
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(undershoot) and /u/ {overshoot) did
not result in changes in acoustic out-
put that one migﬁt expect given the
differences between NO and BB

tongue positions below the hard
alate. This suggests that
compensation for the lowered jaw in
the BB production of /Y, u/ may have
occurred in an area of the vocal tract
not registered by the glossometer.
The hypothesis being tested for LO
vowels was that the tongue would not
compensate for the "natural bite
block”. This hypothesis, which
Traunmiiller [10] based on the acous-
tic properties (increase in F1) of LO
vowels, was not supported. The pre-
sent experiment showed that compen-
sation by the tongue for a lowere Y]aw
in LO speech may be partial (y, Y, u,
U/), selective (/1/), or even complete
(/i/). This suggests that motor pro-
gramming in both LO and BB speech
Involves reorganization of tongue
positioning to achieve precisely
defined articulatory goals that are not
necessarily (as for /1/ in LO speech)
the same as in NO speech. The lower
tongue positions in LO than in NO
speech for four of the six vowels

examined may have been effected to-

increase F1, so that the percelgtually
important distance between Fi and
the increased Fo in LO speech would
be maintained for a given vowel
irrespective of vocal effort (see [10]).
Degree of precision in tongue posi-
tioning did not differ much across the
three conditions. The SDs associated
with multiple productions of NO (0.84
mm), BB 30. 3 mm), and LO (0.77
mm) vowels were of approximately
the same magnitude as the mean SD
for the com %ete set of NO German
vowels (0.78 mm [3]), the complete
set of NO English vowels (0.81 mm
[5]), and five Spanish and English
vowels spoken normally (0.76 mm)
and with a BB (0.80) {4]. )E'hese earlier
studies suggested that neither vowel
inventory size [4] nor mechanisms
used to differentiate large vowel in-
ventories [3] affect variability of
tongue positioning. The present re-
sults corroborate and extend Flege’s
%4] BB study by showing that both arti-
icial and natural jaw perturbation
need not importantly affect degree of
recision in tongue positioning.
EResearch supported by  grant
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