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1.1 Studies of Normal Speech
Production

1.1.1 Speech Motor Control: Phonemic
Goals and the Use of Feedback

Two oral presentations contained the following the-
oretical overview of speech motor control along with
examples of supporting data from studies of
articulatory-to-acoustic motor equivalence and
changes in the hearing status of cochlear implant
and NF2 patients.

Much of the information content in speech is con-
veyed by phonemic mechanisms, which consist of
neuro-muscular synergisms that achieve segmental
articulatory and acoustic goals. Some of the goals
are determined by quantal (nonlinear) relations
between articulation and sound. The goals may
also be influenced by other principles, such as a
compromise between sufficient perceptual contrast
and economy of articulatory effort. This leads to the
prediction that the goal definitions correspond to
regions (as opposed to points) in acoustic and artic-
ulatory space. Thus the goals are characterized by
some parameter variation, which is possible in part
because listeners can understand variable speech.
The speech motor control system includes a
number of phonemic mechanisms, organized in a
modular, hierarchical fashion.

When utterances are produced, sequences of goal
specifications are converted to smooth, appropriate-
ly-timed articulatory movements by the control
system, which takes into account the biomechanical
properties of the articulators. To help keep acoustic
variability within perceptually-acceptable limits,
speech motor control mechanisms may include a
strategy by which different parts of the vocal-tract
area function are adjusted in a complementary
("motor equivalent") manner. This strategy takes
advantage of the fact that for some sounds, a
similar acoustic transfer function can be achieved
with somewhat different area functions. The exist-
ence of such a strategy and the idea that speech
motor programming is based in part on acoustic
goals are supported by data that show motor equiv-

alent relations between lip and tongue constrictions
in production of the sounds /u/, /r/ and //. The
strategy also implies that speech motor program-
ming relies on the use of a robust internal model for
feedforward control. The internal model represents
relations between speech motor commands and the
sound output.

Information about the relation between speech
motor commands and the sound output is estab-
lished during speech acquisition with the use of
auditory feedback. The role of auditory feedback
for speech production in adults is unclear, since the
speech of people deafened as adults can remain
intelligible for decades. However, their speech
often develops abnormalities, indicating some role
for auditory input in adult speech motor control.
Studies of changes in speech production when
postlingually-deafened patients receive cochlear
implants have led us to hypothesize that auditory
feedback has at least two functions in adult speech
motor control. These are: (1) maintenance of the
information represented in the internal model, and
(2) monitoring the transmission channel to help
make situation-dependent adjustments in "postural"
settings of parameters that underlie average sound
level, speaking rate, voice fundamental frequency,
and vowel formants, which influence clarity and
intelligibility. By inference, phonemic settings
should be less labile than postural settings. Since
phonemic settings and postural settings affect the
same articulators, there can be interactions
between them, but in some cases their changes
can be observed separately.

1.1.2 Lip Protrusion Movements in Normal
versus Clear Speech

A kinematic analysis of midsagittal movement
(EMMA) data was performed for upper lip
protrusion from /i/ to /u/ in /iku/, /ikku/ and /iktku/,
produced by a speaker of American English. Utter-
ances were embedded in a carrier sentence and
spoken in four conditions: normal rate, normal rate
and clear, fast rate, fast rate and clear. The results
show several regularities across all conditions: (1)
the delay between the protrusion onset and the
acoustic onset of /u/ varies linearly with the vowel-
to-vowel duration (VVD), /i/-end to /u/-onset, with a
slope of 0.7; (2) the overlap between the protrusion
movement and vowel /i/ decreases as VVD
increases, with no significant differences between

12 U.S.-India Cooperative Science Program.

13 Under subcontract to Boston University.
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conditions for similar VVD values; (3) the relation-
ship between the ratio of maximum velocity (Vmax)
to protrusion amplitude (Amp) and the movement
duration (T) is constant: Vmax/Amp=c/T; (4) the
number of velocity peaks increases linearly with
VVD. These regularities suggest that the same
control strategy underlies the protrusion gesture,
whatever the condition. However, for a given rate,
clear tokens were produced with longer VVDs and
larger protrusion amplitudes. For similar VVD
values, fast clear tokens had larger values of Vmax
than normal tokens.

1.1.3 Physiological Modeling of Speech
Production

For a computational finite element tongue model, a
new finite element type was implemented exper-
imentally, using Matlab and C subroutines. The
code computes triquadratic interpolation of the dis-
placements from 27 nodes per element, and a pres-
sure field that is represented as linear function with
four coefficients. All computations are vectorized.
The total system of equations constitutes a mixed
differential and algebraic system. The differential
equations result from the dynamics of the system,
and the purpose of the algebraic equations is to
determine, for each element, four coefficients of a
pressure field, such that each element's incompres-
sibility condition is maintained. To solve the large
system of equations, the previously used explicit
method is being replaced by an implicit algorithm
that is based on the conjugate gradient method.

One goal of the biomechanical vocal tract modeling
is to emulate the morphological characteristics of
individual speakers. For this purpose, MRI data are
used to obtain data on the individual speaker,
beginning with the extraction of vocal tract shapes
(area functions). Software has been developed that
loads three sets of MRI data, representing sagittal,
coronal, and transversal series of slices of the oral
and pharyngeal region of a subject who maintains
an articulatory posture for a vowel or consonantal
constriction. The spatial locations and spatial
ranges of the three data sets are adjusted so that,
at any spatial location, maximal similarity is
achieved. The adjustment method is semi-
automatic: initial values are set interactively using
visual feedback; then an iterative search tries to
maximize a quantitative measure of similarity (a
binary correlation measure, formed as the relative
number of equal bits in two thresholded images).
The next stage extracts connected regions in the
three-dimensional stacks of MRI images and elimi-
nates the smallest (spurious) regions. For the final
step, software has been implemented for regions
growing in three dimensions and for hand-editing

binary images to aid the extraction of the vocal tract
shapes. MRI data have been obtained on several
speakers. Data from MRIs helps us to make sub-
stantial progress in obtaining high quality images.

1.1.4 Improvements in Facilities for Speech
Production Research

A number of improvements were made in hardware
and software facilities for gathering and analyzing
data on articulatory movements. We received a
new set of electronics for our EMMA system and
new, smaller, pre-wired transducers. The new com-
ponents were tested extensively, and a number of
steps were taken to assure adequate performance.
A new procedure was developed to facilitate the
mounting of transducers on subjects' articulators.
An interface box was designed and constructed to
increase the channel capacity of the EMMA real-
time display and eliminate interference between the
real-time display and output voltages of the EMMA
system. Improvements were also made in the
functionality of the program for the EMMA real-time
display. Several improvements were made in
methods for taking and analyzing video recordings
of subjects' lip areas. Additional algorithms were
developed and used for the interactive, semi-
automatic extraction of kinematic and timing data
from movement signals.

1.2 Speech Research Relating to
Special Populations

1.2.1 Speech Production of Cochlear
Implant Patients

Intersyllabic Regulation of FO and SPL Both
With and Without Auditory Feedback

Syllable-to-syllable fluctuation of FO and SPL were
measured in readings of a passage by (1) four
post-lingually deafened adults, recorded before and
after they received cochlear implants, and (2) one
adult with neurofibromatosis-2 (NF2), who was ini-
tially profoundly deaf in one ear and had a mild to
moderate hearing loss in the other (aided). Three
of the four cochlear implant users reliably reduced
syllable-to-syllable fluctuation in FO and SPL fol-
lowing the activation of their speech processors.
The fourth speaker began with and maintained the
regularity achieved by the others post-activation. In
recordings made following the onset of bilateral pro-
found deafness, the NF2 subject showed increased
syllable-to-syllable fluctuation in FO and SPL.
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Results from another experiment' 4 in which multiple
repetitions of vowels in an /hVd/ context were
produced by cochlear implant users with their
processors turned off and on, suggest that some
subjects showed less token-to-token variability in FO
and SPL with their processors turned on. The
present results indicate that auditory feedback may
also constrain the syllable-to-syllable variability of
FO and SPL contours.

Acoustic and Articulatory Measures of Sibilant
Production Both With and Without Auditory
Feedback from a Cochlear Implant

The articulator positions of a subject with a cochlear
implant were measured with an electro-midsagittal
articulometer (EMMA) system both with and without
auditory feedback available to the subject via his
implant. Acoustic analysis of sibilant productions
included specific measures of their spectral proper-
ties as well as the F3 formant amplitude. More
general postural characteristics of the utterances
such as speech rate and sound level were also
measured. Because of the mechanical and aero-
dynamic interdependence of the articulators, the
postural variables must be considered before attri-
buting speech improvement to the selective cor-
rection of a phonemic target with the use of
auditory feedback. The tongue blade position was
related to the shape and central tendency of the /g/.
spectra; however, changes in the spectral contrast
between /s/ and /A/. were not related to changes in
the more general postural variables of rate and
sound level. These findings suggest that the
cochlear implant is providing this subject with
important auditory cues that he can use to monitor
his speech and maintain the phonemic contrast
between /s/ and /5/.

1.2.2 Acoustic and Perceptual Effects of
Endoscopic Nasal Surgery

Past research has shown that some modifications
occur in the speech of patients who have under-
gone endoscopic nasal surgery. These changes
have been measured in the spectra of nasal conso-
nants and nasal vowels produced by these individ-
uals. The measurements suggest that the surgery
has two effects on the nasal vowels: an increased
prominence of spectral peaks, due presumably to
the decreased acoustic losses in the modified nasal
cavity, and an enhanced influence of sinus reso-
nances in the spectrum. Two of the nasal vowels

produced by the patients were excised from the
speech and were presented to listeners, who com-
pared the nasality in the vowels recorded pre- and
post-operatively. The vowel /i/ was judged to be
less nasal after the surgery and /ae/ sounded more
nasal. A theoretical account of this result has been
proposed in terms of the two abovementioned
effects.

1.2.3 Speech Input for Dysarthric Computer
Users

Previous work on this project has reported on the
kinds of speech errors made by a group of
dysarthric speakers. Errors or inconsistencies in
production were especially prevalent for obstruent
consonants. Within this class of sounds, the
greatest difficulties were experienced for fricatives
and affricates produced by forming a constriction
with the tongue blade. One goal of this project is to
facilitate interaction with computers by these individ-
uals through the use of a speech recognizer.
Based on a study of the characteristics of the
speech sounds produced by each speaker, a list of
words was selected for the speaker to control the
computer. The words were designed to avoid the
sounds that the speaker was unable to produce
consistently. The percent error in recognition of
these words for different speakers was 10-35
percent less than the error when the words were
randomly selected.

1.2.4 Voice Source Analysis of Speakers
with Vocal-Fold Nodules

The purpose of this research is to study the voice
production mechanism in patients with vocal-fold
nodules in an attempt to understand how they
happen. Vocal-fold nodule formation has often
been thought to be caused by voice misuse or
abuse. This condition can cause partial or total
loss of voice and often requires treatment with
voice therapy and/or surgery.

Aerodynamic measures for a selected set of five
female nodule patients and control subjects were
studied and related to published data. The subjects
were asked to speak at three levels of voice effort:
comfortable, intermediate, and loud. In general, the
nodule patients were found to be speaking louder
when speaking at comfortable voice effort than the
normals. They used increased transglottal pres-
sure, and the glottal flow had a greater AC compo-

14 M.A. Svirsky, H.L. Lane, J.S. Perkell, and J.F. Wozniak, J. Acoust. Soc. Am. 92(3): 1284-1300 (1992).
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nent, maximum flow declination rate, and minimum
flow.

One nodule patient exhibiting high transglottal pres-
sure and maximum flow declination rate was
chosen for more detailed study. This patient had
undergone voice therapy. The aerodynamic and
acoustic properties of this patient's speech before
and after voice therapy were compared, and in
general showed a change toward more normal
characteristics. Voice therapy appeared to reduce
the transglottal pressure used by this patient and
increase the speech intensity for a given pressure.
The speech before therapy sometimes underwent
large changes in amplitude during sustained vowel
phonation, and spectral measures show that some
of the low amplitude regions were more breathy in
character or accompanied by diplophonia in severe
cases when the voice "catches." All observations
made have been on a small scale and need to be
verified for other recordings for this subject as well
as other patients who have the same voice
pathology.

1.3 Studies of the Acoustics,
Perception, and Modeling of Speech
Sounds

1.3.1 Effects of Tracheal Resonances on
Vowel Spectra

We often observe prominences in the spectra of
vowels that are not attributable to natural fre-
quencies of the vocal tract. These irregularities in
the spectrum result from acoustic coupling, through
the glottis, between the vocal tract and the trachea,
and can be modeled as pole/zero pairs introduced
into the transfer function between the glottal source
and the output at the mouth. The amount of sepa-
ration between a pole and a zero in such a pair
depends on the size of the glottal opening, i.e., the
glottal impedance. For different speakers, the
average glottal area, and hence the magnitude of
the glottal impedance may be different. Thus,
tracheal resonances should be more evident in
vowel spectra for individuals who phonate with a
glottis that remains partially open throughout a
glottal cycle. Such individuals are known to exhibit
a greater high-frequency tilt in

the glottal spectrum and a greater first-formant
bandwidth due to increased acoustic losses at the
partially open glottis.

Theoretical analysis suggests that there are two
kinds of acoustic evidence for acoustic coupling to
the trachea: one is the presence of spectral promi-
nences in addition to the prominences due to vocal-
tract resonances, or formants, and the other is the
disruption of prominences due to formants as they
pass through frequency ranges of tracheal reso-
nances. Acoustic data obtained from vowels
produced by 22 female speakers were studied for
such evidence of acoustic coupling to the trachea,
and were examined in relation to acoustic meas-
ures of average glottal opening. The results show
that when spectral measures indicate significant
glottal openings, evidence for tracheal resonances
appear in vowel spectra. The effect of the tracheal
resonances on the spectrum is more pronounced
for speakers who phonate with a greater average
glottal opening.

1.3.2 Estimating the Effects
Losses in the Nasal Cavity

of Acoustic

Creation of a velopharyngeal opening during vowel
production has two major acoustic consequences.
One consequence is to shift the frequencies of the
vocal-tract resonances or formants and to introduce
additional resonances due to the nasal cavities or
sinuses. Another influence is to create additional
acoustic losses because of the relatively large area
of the surfaces of the nasal passages. A theore-
tical examination of the influence of these losses on
the bandwidth of the first formant has been carried
out as part of an effort to develop acoustic meas-
ures of nasalization. The theory uses as a starting
point published acoustic data on the transfer func-
tion of the nasal cavity. From these data, the
impedance looking into the nasal cavity can be esti-
mated, particularly the resistive component that
accounts for the losses. This impedance is con-
nected across the main vocal tract at about its mid-
point. The effect of the resistive component of this
impedance on the bandwidth of the first formant
can then be calculated. The calculations show that
the losses in the nasal cavity can lead to a 10 dB
decrease in the amplitude of the first-formant peak
when there is an appreciable velopharyngeal
opening. This decrease in F1 amplitude is con-
sistent with acoustic measurements comparing
nasal nd nonnasal vowels, although some vari-
ability in this measure is observed. Perceptual
studies with synthetic speech have shown that this
increased F1 bandwidth is a major contributor to
the perception of nasality.

381



Chapter 1. Speech Communication

1.3.3 Lateral Consonants

As part of a continuing study of liquid consonants,
we have been comparing the acoustic correlates of
syllabic / ! / (in words like buckle and the
unstressed syllable nucleus /o/ (in words like
bucko). We have completed the analysis of
several such utterances by four speakers. The
principal findings from the analysis are a decreased
prominence for the second formant and an
increased prominence for the third formant for / i /
although there are inividual differences in the mag-
nitude of these effects. Perceptual experiments
with synthetic speech show that both of these spec-
tral changes are cues for syllabic / ! / with the
second-formant bandwidth being the stronger cue.
The increased F2 bandwidth can be explained
through the analysis of the behavior of models of
/ i / production, which show that acoustic losses
arise from airflow through a narrow constriction
formed by the tongue blade.

1.4 Models of Lexical Representation
and Lexical Access

1.4.1 Theoretical Background:
Representation of Segments in the Lexicon

In a proposed model for lexical access that is under
development, lexical items are stored in memory in
terms of sequences of segments, each of which is
specified as a set of features that are arranged in a
hierarchical manner. We have proposed an
arrangement of features in a tree-like structure that
has three principal nodes which dominate nested
sets of articulators. The root node at the top of the
tree dominates the production of vowels. The next
node in the hierarchy dominates the production of
glides, and the lowest node (the supranasal node)
dominates nodes designating articulators involved
in the production of consonant sounds. The major
class features [consonantal] and [vocalic] are speci-
fied by designating which of the three primary
nodes is dominant. The remaining articulator-free
features [continuant] and [strident] are distinctive
only for consonants, and they are attached to the
node designating the primary articulator for the con-
sonant.

1.4.2 Identification of Landmarks

One component of a proposed model of lexical
access is a procedure for locating a sequence of
landmarks that identify times at which consonantal
closures and releases are produced. The process
of locating these landmarks also leads to specifica-
tion of manner features such as [continuant] and
[sonorant] for the consonants.

A consonantal landmark detector has been devel-
oped, and its performance has been evaluated for
consonants in a variety of contexts, for speech in
noise, and for telephone-quality speech. The
detector showed relatively few errors for wideband
noise-free speech but was more error-prone for
consonants occurring in a context with a preceding
stressed vowel and a following reduced vowel-a
context in which the landmarks are less salient.
The detection error rate rose significantly for a
signal-to-noise ratio (with speech-shaped noise) of
10 dB or less and also more than doubled with tele-
phone speech relative to wide-band noise-free
speech. Improved performance was obtained if the
landmark-finding algorithm was adjusted for the
specific noise or band-limited condition.

The development of methods for locating conso-
nantal landmarks is being extended to include the
detection of landmarks for glide consonants. These
consonants do not create abrupt discontinuities in
the spectrum, and the landmarks are defined as
points in the sound where the vocal tract is max-
imally constricted for the glide. Algorithms have
been developed for locating local minima in ampli-
tude and in first-formant frequency. These algo-
rithms are being evaluated with several databases
of utterances, including a group of sentences that
have been designed specifically to evaluate land-
mark detection for glides in various phonetic con-
texts.

1.4.3 Automatic Measurement of Acoustic
Correlates of Place of Articulation for Stop
Consonants

In order to identify the distinctive features of a con-
sonant, the acoustic signal must be characterized
by an informative set of measurements, which can
then be classified. Based on suggestions in the
phonetics literature as well as theoretical analysis of
consonant production, we have designed a set of
acoustic measurements to extract information about
the place of articulation of a stop or nasal conso-
nant release. Algorithms were developed to collect
four burst shape measurements at a stop release,
two measurements of spectral change at a nasal
release, and temporal samples of the first three
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formant trajectories. These algorithms were
designed and optimized manually, and then re-
adjusted using a gradient descent algorithm to give
minimum classification error on a large data set.
Measurements were evaluated in the acoustic
domain, and burst spectral measurements were
also transformed to a related articulatory domain.
Consonant and vowel-dependent shifts predicted by
theory were observed in the mean and variance of
the inferred articulatory variables.

1.5 Speech Production Planning and
Prosody

Our work in speech production planning this year
focused on three aspects of our goal of developing
an integrated model of segmental and prosodic
aspects of planning: (1) development of a corpus of
tape-recorded speech errors with special focus on
sublexical interaction errors between two sites in an
utterance (e.g., phonemic spoonerisms such as "cry
to teep" for "try to keep", and anticipa-
tory/perseveratory substitutions such as "pound the
focket" for "found the pocket"), and prosodic anno-
tation of this corpus; (2) development and analysis
of a corpus of professionally read, nonprofessionally
read and spontaneous speech, with prosodic anno-
tation, to permit analysis of glottalization and other
phonetic markers of prosodic structure, and (3) con-
tinuing expansion and analysis of a prosodically
labeled database of professional FM radio newscast
speech. Results from analyses of these databases
include:

1. Glottalization of vowel-initial syllables, previ-
ously shown to occur at prosodically significant
locations in read speech, shows a similar
pattern in spontaneous dialogues, occurring at
the onset of intermediate intonational phrases
as well as in conjunction with pitch accents.
Although individual speakers differ substantially
in their overall glottalization rate, each shows
the same tendency to glottalize vowel-initial syl-
lables more often at these prosodically signif-
icant locations.

2. Moreover, for most speakers a set of additional
acoustic features often accompany this vowel-
initial glottalization, including breathy onset, low
amplitude and low FO. Re-analysis of tokens
labeled as nonglottalized showed that these
features can occur on their own at the onset of
vowel-initial words. When they occur, it is at
almost entirely at the same prosodically signif-
icant locations, i.e., at phrase onsets and prom-
inent syllables. In conjunction with other work
that is being reported from other laboratories,

these findings support the hypothesis that the
onset of a prosodic constituent is strengthened.

3. Following up on earlier analyses of early pitch
accent within late-stress words like "financial"
and "Massachusetts", we found that early pitch
accent occurs more consistently for alternating
stress words like "Massachusetts" than for
adjacent stress words like "financial". We are
currently investigating the implications of this
result for the role of branching foot structure in
pitch accent assignment in English.

1.5.1 Progress in other Aspects of Speech
Production Planning

1. We are transferring our corpus of 15,000
spoken errors from index cards to a computer-
ized database, using a categorization system
developed cooperatively with Merrill Garrett
and Victoria Fromkin. The database will
enable rapid searches for errors of certain
types, facilitate the testing of large numbers of
hypotheses to make it possible to share
subsets of errors with the research community
in presorted form, reducing the chances that
error data will be miscategorized and misinter-
preted.

2. We participated in the Workshop on Prosodic
Transcription which preceded the International
Congress of Phonetic Sciences in Stockholm in
August 1995. We also began a collaborative
effort which we hope will lead to an extension
of our analysis of glottalization of vowel-initial
syllables as a function of prosodic structure to
examples in a prosodically labeled database of
spoken German.

1.6 Development of Computer and Data
Processing Facilities

We have completed the port of the Klatt Analysis
Tools to the X11 environment and the integration of
the Klatt speech synthesis utility, KLSYN, into the
overall suite of Klatt Tools. This work completes a
total integration of all the Klatt Tools used by the
Speech Group into one seamless application
package (called XKL), which is now available to the
general research community in the X11 distributed
graphics environment. Further ports of XKL have
been done for the Sun and Silicon Graphics work-
station environments, and a Project Athena port is
in progress. The RLE Speech Group has continued
to make increasing use of the new generation of
very high performance RISC architecture UNIX
workstations for signal analysis and biomechanical

383



Chapter 1. Speech Communication

modeling, as well as general purpose data analysis
using MATLAB, PERL and the Entropics tool
package. Work has begun on the migration of the
speech physiology VAX-based real-time data acqui-
sition and stimulus presentation hardware and soft-
ware to a Pentium-based PC platform.
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