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1. Constraints and Strategies in Speech Production 
 
Introduction  
 
The objective of this research is to refine and test a theoretical framework in which words in the 
lexicon are represented as sequences of segments and syllables and these units are represented 
as complexes of auditory/acoustic and somatosensory goals.  The motor programming to 
produce sequences of sensory goals utilizes an internal neural model of relations between 
articulatory motor commands and their acoustic and somatosensory consequences. The relations 
between articulatory motor commands and the movements they generate are influenced by 
biomechanical constraints, which include characteristics of individual speakers’ anatomies and 
more general dynamical properties of the production mechanism.  To produce an intelligible 
sound sequence while accounting for biomechanical constraints, speech movements are planned 
so that sufficient perceptual contrast is achieved with minimal effort.  There are individual 
differences in planning movements toward sensory goals that may be due to relations between 
production and perception mechanisms in individual speakers. 
 
In a current project, funded by the NIDCD, the internal model is implemented as a 
neurocomputational model that is used to control a vocal-tract model (an articulatory synthesizer). 
The combined models provide the bases of hypotheses about the planning of speech 
movements. To test these hypotheses, we are conducting experiments with speakers and 
listeners in which we measure articulatory movements, speech acoustics, perception, and brain 
activation. We are manipulating speaking condition, phonemic context and speech sound 
category and we introduce transient and sustained perturbations. We are also performing 
modeling and simulation experiments, in which we adapt the vocal-tract model to the 
morphologies of individual speakers.  We are testing properties of the neurocomputational model 
by using it to control the individualized vocal tract models in efforts to replicate those speakers’ 
production data.  
 
During this last year, we have made progress on several major studies and have further 
developed our facilities.  
 
1.1 Variation in vowel production  
Acoustic and articulatory recordings were made of vowel productions by young adult speakers of 
American English - 10 females and 10 males - to investigate effects of speaker and speaking 
condition on measures of contrast and dispersion.  The vowels in the words teat, tit, tet, tat, tot 
and toot were embedded in two-syllable “compound words” consisting of two CVC syllables, in 
which each of the two syllables comprised a real word, the consonants were /p/, /t/ or /k/, the two 
adjoining consonants (at the concatenation of the two syllables) were always the same, the first 
syllable was unstressed and the second, stressed. Variations of phonetic context and stress were 
used to induce dispersion around each vowel centroid.  The compound words were embedded in 
a carrier phrase and were spoken in normal, clear and fast conditions.  Initial analyses of F1 and 
F2 on 15 speakers have shown significant effects of speaker, speaking condition (and also vowel, 
stress and context) on vowel contrast and dispersion around means.  Generally, dispersions 
increased and contrasts diminished going from clear to normal to fast conditions.  Further 
analyses are underway.  Results will be related to measures of the speakers’ perceptual acuity 
for vowel contrasts. 
 
1.2 Trajectory planning in the concatenation of larger units 
We have obtained and are analyzing data bearing on the interplay of sufficient auditory contrast 
and economy of production effort, in the context of overlapping articulatory gestures for adjacent 
consonants.  /kt/ clusters formed across word boundaries (pack top) compared with those 
originating in the lexicon (pact op) show distinct patterns of behavior: Compared to lexical 
sequences, those formed across word boundaries show in general greater separation in timing 
between points of maximum constriction at normal speech rates, and greater reduction in these 
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separations under fast production rates. Lexical sequences tend to preserve the rate-scaled 
relative phasing between the two constrictions.   Regardless of utterance type, distinct release 
bursts are not produced consistently, especially as speaking rate increases.  Acoustic analysis is 
ongoing to determine the extent to which distinct articulatory gestures leave traces in the residual 
acoustic signal. 
 
1.3 fMRI study of sensorimotor adaptation in the production of vowels 
We are using functional magnetic resonance imaging (fMRI) to investigate brain regions 
contributing to sensorimotor adaptation – speakers’ compensatory responses to perturbations of 
the first formant (F1) in their auditory feedback. Subjects were asked to pronounce utterances 
while their brain activity was imaged by an MRI scanner. The transduced speech signal was then 
processed with custom software running on a DSP board with a delay of 18ms and fed back to 
the subject via electrostatic headphones. The signal processing used LPC analysis and 
resynthesis to detect and shift the F1 frequency according to a custom-designed algorithm; the 
resynthesis uses the LPC residual as the source, so the voiced sounds fed back to the subject 
sound reasonably natural. We have scanned 14 subjects and are in the process of analyzing the 
data. Half of the subjects showed significant adaptation to the stimuli as assessed through their 
speech recordings. Preliminary analysis of the imaging data showed typical brain responses for 
speech production; however, during the perturbation phase, an unexpected reduction in brain 
activity was observed relative to the activity during speech without perturbation. Analyses are 
being performed to investigate reasons for such a reduction in activity.  
 
1.4 Control of tongue movements in acoustic and articulatory spaces   
This project is investigating the planning of vowel-to-vowel tongue movements using two different 
control models: planning in acoustic space using feedback mechanisms, and motor planning 
through feedforward control of muscle activation. The planning models are used to control an 
improved model of the vocal tract which has been developed based on anatomical and 
physiological data. The vocal tract model receives (simulated) muscle-activation motor 
commands and produces acoustic, EMG, force and kinematic data. The vocal-tract model was 
adapted to an individual speaker, and simulations were conducted with the vocal-tract model 
using each of the two control models. Both planning strategies were able to replicate the 
speaker’s data equally well. These results lead to the preliminary inference that neither a motor-
space planning scheme nor an acoustic-space planning scheme of speech motor control can be 
rejected as a model of the control of speech production. Results are in agreement with the DIVA 
model of speech production (Guenther, et al., 2006, Brain and Language, 96, 280-301), which 
hypothesizes that the normal speech is produced under feedforward control, but when abnormal 
conditions such as acoustic or somatosensory perturbations arise, auditory and somatosensory 
feedback mechanisms are engaged. 
 
1.5 Development of facilities – generation of speech continua for perceptual testing. 
We have developed speech continua for perceptual testing using the Klatt synthesizer. These 
include two vowel continua (pap to pep and pep to pip), a sibilant continuum (said to shed), a 
voicing onset time continuum (doe to toe) and a vowel duration continuum using the utterance 
pup. These continua will be used to determine the perceptual acuity and phoneme category width 
of subjects who have already participated in a corresponding speech production experiment (1.1). 
Software was been developed in Matlab to readily generate the continua and carry out the 
required perceptual testing. We are currently piloting these tests. 
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2. Modeling of Human Lexical Access 
 
Progress over the past year in the Lexical Access from Features project (LAFF) has focused on 
three major areas: (1) the role of voice quality and irregular phonation in cue measurement and 
estimation of prosodic structure; (2) conversion of landmark estimation to a probabilistic 
framework and development of initial methods for predicting the most likely sequence of 
landmarks in an utterance; and (3) further progress in estimation of some distinctive features 
based on appropriate acoustic cues. In addition, progress on clarification of the theory and the 
corresponding computationally explicit model has been presented as invited talks at two 
international conferences. 
 
2.1 Detection and use of irregular phonation 
A region of phonation is considered ‘irregular’ if the speech waveform displays either an unusual 
difference in time or amplitude over adjacent pitch periods that exceeds the normal small-scale 
jitter and shimmer differences, or an unusually wide spacing of the glottal pulses compared to 
their spacing in the local environment, indicating an anomaly with respect to the usual, quasi-
periodic behavior of the vocal folds. In the past year, we have made progress in analyzing the 
range of acoustic and physiological variation associated with irregular phonation, in developing 
automatic methods for classification of regions of phonation as irregular or regular, and in 
quantifying a basis for interpreting occurrences of irregular phonation as cues for speech 
boundaries.  The focus was placed on naturally occurring irregular phonation at the ends of 
utterances. Contrary to previous observations, irregular phonation was commonly observed for 
vocal folds that are relatively widely spread and are in the process of continuing to spread. These 
glottal actions are consistent with the speaker’s preparations to end the current exhalation and 
prepare for the next inhalation. The resulting pitch periods generally show a short closed phase 
and long open phase characterized by increased airflow and increased damping in the latter 
portion of the pitch period. 
 
Four acoustic cues are used to separate regions of regular phonation from regions of irregular 
phonation in a speaker-independent and context-independent manner for a large number of 
speakers. In general, cue distributions are widely separated statistically and classify tokens with 
accuracy rates greater than 90%. The proposed system uses tokens from multiple speakers in 
various contexts —114 different speakers for training and 37 different speakers for testing. Given 
the high inter-speaker variation of irregular phonation, the high accuracy rates using multiple 
speakers support the robustness of the developed system. 
 
Once a region of irregular phonation has been detected, the next step is to appropriately interpret 
what, if any, information about the spoken utterance can be determined. In Surana and Slifka 
(2006), the potential use of irregular phonation as a cue for the segmentation of continuous 
speech was analyzed for two dialect regions of the TIMIT database (read, isolated utterances). 
For 1331 hand-labeled irregular tokens from 114 speakers, 78% of the irregular tokens occur at 
word boundaries and 5% occur at syllable boundaries. Of the irregular tokens at syllable 
boundaries, 72% are either at the junction of a compound-word (e.g. “outcast”) or at the junction 
of a base word and a suffix. Overall, the sentences in our database have a total of about 11000 
word boundaries, and about 10% of these are marked with irregular phonation.  Of the irregular 
tokens which do not occur at word or syllable boundaries, 70% occur adjacent to voiceless 
consonants mostly in utterance-final location. These observations support irregular phonation as 
an acoustic cue for syntactic boundaries in connected speech. 
 
2.2 Probabilistic formulation of landmark detector for a model of speech perception 
Landmarks are the points of time when important events occur in a speech signal.  These events 
provide evidence for the presence of articulator-free distinctive features.  For every segment or 
bundle of distinctive features in an utterance, there is always one articulator-free feature.  
Knowledge of this feature and the landmarks associated with it provide a starting point for 
identifying cues for other (articulator-bound) features for the segment.  Landmarks are classified 
broadly into three types --- consonant, vowel and glide, and there are three types of consonant 
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landmarks --- glottis, sonorant and burst.  Our current research is focused on these three 
consonant landmark types.  
 
An algorithm to detect consonant landmarks was developed several years ago, and we are 
designing and testing a new landmark detector using parts of this earlier algorithm as a starting 
point.  One problem with the earlier algorithm was that it was developed as a deterministic 
process with fixed thresholds, and therefore it did not retain any information about the filtered out 
instances, and it did not provide any information to help the detection of false alarms.  However, 
such information may be useful later in the lexical access process, especially given the range of 
contextual variation in the speech signal. 
 
To overcome this shortcoming, we are reformulating the landmark detection process into a 
probabilistic process that leads to a graded measure of landmark strength.  In this research, 
thresholds are lowered to include more candidates, and then a probability value is calculated for 
each candidate to provide information for unclear instances.  The implementation uses different 
sets of cues to detect the three types of consonant landmarks and computes a probability 
estimate for each landmark based on a set of training data. After training on 28 speakers and 
testing on another 10 speakers (all from the TIMIT database), two of the three types of landmarks 
(glottal and burst) are reliably detected. Greater than 90% of the detected landmarks agree with 
hand-labeled landmarks and only about 4% of the landmarks are missed. However, the third 
landmark type, sonorant, has room for improvement with roughly 75% accuracy.  To compensate 
for the large number of false alarms, we are constructing an algorithm that selects the sequence 
of landmarks that are likely to be true landmarks, making use of known constraints that are 
expected in continuous running speech. 
 
2.3 Classification of fricative consonants 
We have developed procedures for classifying the four places of articulation for the [+continuant] 
consonants in English: /f/, //, /s/, //, and their voiced counterparts /v/, //, /z/, //.  These 
consonants are first classified as [+strident] and [-strident], based primarily on the high-frequency 
amplitude of the frication noise in relation to the amplitude of the adjacent vowel in the same high-
frequency region.  Within each of these classes, the place of articulation for the [+strident] 
consonants is identified based on the spectrum shape of the frication noise.  The distinction 
between the nonstrident labial and dental consonants is based primarily on the onset of the 
second formant frequency in the adjacent vowel. 
 
Identification of the nonstrident dental consonant // presents special problems.  In spoken 
English, this fricative is the most frequently occurring sound in word-initial position, largely 
because it occurs in this position in a number of function words.  In the development of a model 
for human or machine lexical access in running speech, it is important, then, to be able to 
recognize this segment.   
 
We have examined the segmental-contextual effects on the continuancy of the voiced dental // 
in American English and whether certain acoustic attributes of this consonant are preserved 
despite possible modification of the continuancy feature of this fricative.  Word-initial // cases, 
extracted from continuous speech of 146 speakers from the TIMIT database, were frequently 
(averaging 65%) stoplike when they were in utterance-initial position or when the preceding 
phoneme was voiceless and/or [-continuant].  This stoplike modification occurred less frequently 
(averaging 39%) when // was preceded by a voiced fricative and rarely (averaging 13%) when 
preceded by a vowel or liquid consonant.  A comparison of stoplike // and /d/ cases under 
similar contexts showed that the burst peak location, burst spectrum shape, and F2 at vowel 
onset averages were all statistically different between the two groups.  The acoustic data 
suggested that the dental place of articulation was preserved for the modified //.  Preliminary 
automatic classification experiments involving salient acoustic attributes indicated that F2 at 
vowel onset may be a reliable cue for the dental place of articulation in //. 
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3. Quantal Theory, Enhancement, and Speech Production Models 
 
3.1 Quantal/enhancement theory relating phonetics and phonology 
During the past year we have been continuing to refine the quantal/enhancement theory that 
attempts to provide a link between abstract discrete phonological features of language and the 
surface phonetic realization of these features.  The theory attempts to develop physical and 
physiological bases for the universal inventory of distinctive features that appear to account for 
the phonemic contrasts that are observed in the languages of the world. 
 
Our current research on these topics includes: (1) examining the role of the acoustics of the 
sublaryngeal system in shaping the distinctive features for vowels, particularly the front/back 
distinction; (2) investigating the role of enhancement in explaining the variability that is observed 
in production of nasal codas and of certain fricative consonants in Mandarin Chinese; and (3) 
collecting evidence from other languages that can shed light on the quantal/enhancement theory. 
 
3.2 Physical basis for the front-back distinction for vowels 
As a continuation of our research on the role of acoustic coupling between the vocal tract and the 
subglottal system on speech production, we have been examining the details of the acoustic 
discontinuity that occurs in the vicinity of the second formant F2 as it passes through the second 
subglottal resonance in a diphthong like /ai/ in English. 
 
We have developed a theoretical model that incorporates the subglottal impedance and 
measures of the impedance of the glottal opening during phonation --- an impedance that may be 
speaker dependent.  From this model it is possible to estimate the amount of acoustic amplitude 
fluctuation (the “attenuation”) and the discontinuity in frequency of the F2 spectrum peak 
(frequency jump) for various glottal openings. 
 
The range of values of the measured frequency jump for a number of versions of the words “hide” 
and “hoid”, both in citation form and in carrier sentences, produced by 7 male and 7 female 
speakers, was 99 Hz to 311 Hz.  The average attenuation value at the discontinuity was in the 
range 1.2 to 4.2 dB.  Although there were occasional utterances that showed no significant 
frequency jump, all utterances showed an amplitude discontinuity.  These discontinuities are in a 
range predicted by the model. 
 
Acoustic data on the second subglottal resonance and on the second formant frequency were 
also collected for 14 speakers each producing 10 repetitions of 10 words containing 
monophthongs, such as “hid” and “hawed”.  The second subglottal resonance was also 
measured.  For these words, it is expected that the measured F2 frequency should be below the 
second subglottal resonance for back vowels but above that resonance for front vowels.  This 
prediction was true for all front vowels and for most back vowels.  The occasional exceptions 
were for a few cases the vowels //, /U/, and /u/.  For these back vowels it appears that the final 
alveolar consonant in the context /bVt/ had the effect of raising F2. 
 
These observations for diphthongs and for monophthongs vowels provide some support for the 
hypothesis that speakers adjust the production of vowels so that for front vowels F2 is higher than 
the second subglottal resonance and for back vowels F2 is below this subglottal resonance. 
 
3.3 The role of lower airway resonances in defining distinctive feature contrasts 
In the course of our research on the acoustic and articulatory processes underlying some of the 
distinctive features for vowels and consonants, we have encountered situations in which acoustic 
coupling between the resonances of the subglottal respiratory system and those of the vocal-tract 
proper play a potential role in shaping some of these features.  In order to quantify these 
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influences more precisely, we have undertaken a detailed study of the anatomy and the acoustics 
of the subglottal airways.  This study makes use of existing anatomical data on the respiratory 
system, and involves a detailed computational analysis of the impedance of these airways, 
particularly the poles and zeros of the impedance up to frequencies of about 3 kHz. 
 
Among the speech-related observations that emerge from this computational study are the role of 
the second subglottal resonance and its interaction with the vocal tract in providing a basis for the 
distinctive feature [back], the potential role of the third subglottal resonance in shaping the feature 
[high] for front vowels, and (more speculatively) the potential role of these two subglottal 
resonances in providing “landmarks” in formant space that shape the time course of F2 and F3 
trajectories that occur at vowel-consonant boundaries.  
 
3.4 The nature of aspiration in stop consonants in English 
The releases of aspirated stops in English are typically modeled as having three consecutive 
phases, which overlap somewhat in time: (1) transient, (2) frication, and (3) aspiration.  Close 
examination reveals that the noise spectrum in what is considered the aspiration phase is 
sometimes dominated by one spectral prominence, rather than several prominences as expected 
with a glottal source. In this work we explore the possibility that frication noise generated during 
the third phase may sometimes dominate the aspiration noise. The nature of the radiated sound 
during the production of both voiced and unvoiced stop consonants is examined for the three 
places of articulation in English and with several different following vowels. Data from five 
subjects have been observed. Results can be summarized as follows. (1) Spectra measured 
during the early portion of the voice onset time (VOT), assumed to be frication, have similar 
shapes for both voiced and voiceless stops. Some individual differences are observed, and are 
more likely to be due to differences in oral cavity geometry than strategy. (2) Individual 
differences are much more marked in spectra measured during the latter portion of the VOT. For 
some speakers, the nature of the noise source in this portion of the VOT varies greatly with place 
of articulation, and there is also some evidence of vowel dependency. Based on these results, we 
conclude that the first 10-20 ms of noise following the stop release is part of the "interior" portion 
of the consonant, that is, it is a defining acoustic cue corresponding to the place of articulation 
feature. The remainder of the VOT is "exterior" to the consonant, that is, it is due to enhancing 
gestures manifested during the following vowel. In this "exterior" phase, the nature of the noise 
can vary due to a given speaker's strategy to provide enhancing cues to place of articulation: (1) 
primarily aspiration noise generated at the spread vocal folds; (2) primarily frication noise 
generated at a supraglottal constriction; or (3) a mix of aspiration and frication. 
 
3.5 Codas in Standard Chinese: The role of enhancement 
In Standard Chinese (SC), there are only two consonants that can occur in coda position --- the 
consonants /n/ and / --- while the nasal consonants /m/ and /n/ can occur in prevocalic position 
(as in English).  In English, almost all consonants can appear in syllable coda position, including 
the three nasal consonants /m/, /n/, and //.  English and SC also differ in the inventory of vowel 
contrasts: SC has just 3 or 4 contrasting vowels, where English has a much larger inventory.  We 
have examined the acoustic characteristics of the nasal consonants in the two languages, and we 
have observed this combination of a relatively sparse vowel inventory in SC as well as the special 
role of nasal consonants in syllable-coda position raises the possibility that these consonants may 
exhibit more variability in their acoustic and articulatory attributes, particularly their influence on 
the attributes observed in preceding vowels. 
 
Several acoustic and perceptual studies of these nasal consonants in various vowel contexts 
have been carried out, including comparison with nasal consonants in similar contexts in English.  
The following observations have emerged from these studies. 
(1) When SC listeners are asked to identify the four vowel-nasal sequences /an/, /a/, /æn/ and 

/æ/ in terms of their own language, which has only the two codas /An/ and /A/ following the 
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low-vowel /A/, they identify /æn/ as /An/ and /a/ as /A/, that is, the coda with the front vowel 
in English is identified as /n/ and the coda with the back vowel is identified as //. 

(2) Acoustic analysis of the sequence /An/ in SC shows that the vowel is nasalized throughout 
much of its length, and through this interval the second formant frequency is relatively high, 
indicating a fronted tongue body.  Likewise the vowel in /A/ is also nasalized but shows a 
lower F2, indicating a backed tongue body configuration.  The nasal murmur at the end of 
these utterances tends to be short, and sometime lacks evidence of complete oral closure.  
Similar observations are made with the utterances with the mid vowel /e/, i.e., /en/ and /e/, 
again with the vowel being fronted before /n/ and more backed before //. 

(3) When the nasal coda /n/ and // is preceded by a high vowel /i/ or /u/, there is essentially no 
shift in vowel for the two different codas. 

(4) The prevocalic nasal consonants /m/ and /n/ in SC exhibit acoustic properties similar to 
those for the same prevocalic consonants in English. 

 
One can interpret these data for the nasal codas in terms of an enhancement theory which 
postulates that the perceptual saliency of these codas in SC is enhanced by introducing a fronting 
or backing of the preceding vowel.  When the vowel is a low or mid vowel this fronting or backing 
can be introduced without compromising the perceptual saliency of the vowels which do not have 
a front-back distinction.  For high vowels, for which there is a front-back contrast, however, this 
kind of enhancement cannot be used.  
 
 
4. Studies of Speech Development and Speech Disorders 
 
4.1 Improvement of Electrolarynx speech  
In collaboration with Dr. Robert Hillman at the Voice Surgery and Rehabilitation laboratory of the 
Massachusetts General Hospital, we have continued our participation in a project whose aim is to 
improve the intelligibility and naturalness of speech produced with an Electrolarynx device (EL).  
This device is used as a substitute for the larynx for speakers whose larynx has been removed.  
As a first step in evaluating the influence of various modifications of the EL device, we have used 
the speech synthesizer KLsyn to hand-synthesize utterances which are very similar to EL speech.  
The synthesized versions of EL speech are judged to be very similar to the original EL-produced 
utterances. 
 
As an initial experimental step, the F0 contour was manipulated in the synthesizer to be similar to 
the F0 contour produced by a normal speaker with sentence-length utterances produced in a 
normal way.  This produced a significant improvement in the quality relative to the fixed F0 
speech produced by the EL device.  As a next step, the F0 contour in the synthesized EL speech 
was manipulated by a signal derived from the RMS amplitude of the original EL speech.  Indeed, 
these amplitude fluctuations in EL speech were similar to those in original spoken utterances.  
These observations suggest the possibility of implementing a modification of the EL device that 
automatically calculates an F0 contour based on measurements of the time-varying signal that is 
generated from the EL speech.  Further perceptual evaluation of this method of generating F0 
contours based on amplitude fluctuations have been planned for various types of utterances that 
include those for which various types of F0 contours are expected, such as questions and 
manipulations of emphasis. 
 
 
5. Effects of Hearing Status on Adult Speech Production 
 
This work has continued and extended our program of research on postlingual deafness and the 
role of hearing in speech production.  We have been characterizing the speech production of 
adults who were deafened postlingually as children or adults and have had varying degrees of 
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experience with auditory prostheses; and we have described changes in speech communication 
that take place in these deaf adults when they receive cochlear implants.  We have aimed to 
contribute to the research literature on the role of hearing and hearing loss in speech production –  
specifically to the body of knowledge concerning the effects of long and short-term changes in 
auditory feedback on speech, including (i) the deterioration of speech in long-term deafness, (ii) 
the effects of conditions for speech communication, such as environmental noise and visible 
articulation, (iii) the effects of age at hearing loss and its relation to later speech production, and 
cortical activation in relation to age at hearing loss, and (iv) audio-visual integration in speech 
production.  During this year, a number of completed studies (described in previous RLE reports) 
were submitted, accepted for publication or published. 
 
 
6. Speech Prosody 
 
6.1 Intonational phonology 
In collaborative work with Professor Jonathan Barnes (Boston University), Prof. Nanette Veilleux 
(Simmons College), and Alejna Brujos (Boston University), we are investigating the domain of 
realization of the low tonal target just before the final rise in contours that express shock and 
disbelief, as in “Elizabeth?!?” realized with a high F0 on –liz-, followed by a low before the final 
rise during –beth.  Our F0 measures for 9 speakers suggest that this low is aligned at its left edge 
with a metrically strong syllable, and at its right edge with a final syllable, rather than being 
aligned with a single syllable. 
 
In a separate study, we are following up on our earlier finding of temporal alignment between 
spoken pitch accents and gestural ‘hits’ (i.e. movements of hands, head, eyebrows characterized 
by sudden sharp stops that can be aligned with the speech signal) by expanding our database of 
prosodically, segmentally, and gesturally labeled lecture samples.  In this expanded database, we 
are also comparing the alignments of hits produced by different articulators, since preliminary 
results for one speaker suggested that hand hits align with the accented syllable, but head hits 
tend to occur more often with the syllable following the spoken accent. 
 
6.2 Patterns of spoken errors  
We have begun a collaboration with Drs. Marianne Pouplier and Louis Goldstein (Yale 
University/Haskins Laboratories), who have recently reported articulatory measures showing that 
when speakers produce certain types of repetitive tongue twisters (e.g. top cop top cop etc.), they 
make errors that involve the intrusion of individual articulatory gestures (e.g tkop tkop) rather than 
the segmental substitutions (e.g. t  k) commonly reported in error corpora that are collected by 
simply listening to spontaneous communicative speech.  Their hypothesis that such gestural error 
patterns can account for all sound-level errors is in direct competition with the hypothesis that has 
been advanced at MIT and elsewhere, that most such errors reflect the substitution, exchange, 
addition or omission of whole-segment planning units.  Together we are designing a set of 
elicitation experiments (using both acoustic and articulatory analysis) to test the alternative 
hypothesis that tongue twisters, with their alternating patterns, are particularly likely to elicit 
single-gesture errors that regularize the articulatory rhythms (i.e. one /t/ and one /k/ for each –op), 
while speech elicited by increasingly more natural speaking conditions, i.e. those that invoke the 
full complement of planning processes including lexical access, the generation of syntactic and 
prosodic structure and phonetic variation, will induce an increasingly higher proportion of whole-
segment errors. 
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6.3 Spectral correlates of lexical prosody 
We have initiated a new series of experiments that are designed to evaluate the acoustic cues for 
lexical stress in English.  In particular, the experiments are examining the acoustic production and 
perceptual correlates of lexical stress in two-syllable CV words embedded in a carrier phrase in 
which the pitch accent is placed on different syllables within the carrier phrase, either in the target 
word or in a word preceding the target word. 
 
In the production experiment, real-word CVCV utterances are elicited from several speakers, with 
pitch accents placed in different positions in the carrier phrase.  The recorded utterances are 
subjected to acoustic analysis in order to quantify various temporal and spectral attributes of the 
utterances. 
 
In the perceptual experiment, target stimuli with different timing patterns and different attributes of 
the glottal source were synthesized using the Klatt formant synthesizer KLsyn.  These 
synthesized CVCV “utterances” were always of the form /da da/.  These target sequences were 
inserted in a spoken carrier phrase containing a pitch accent two syllables preceding the target.  
Several hundred target utterances with different combinations of duration, spectrum tilt, and 
aspiration noise were synthesized and presented to a group of listeners.  The listeners were 
instructed to state which of the syllables in the target stimulus was more “prominent”, and to 
assign a confidence to this judgment. 
 
One outcome of the preliminary production experiments is that there was an influence of the 
position of the pitch accent on the response to the target word, the influence being smaller for 
more leftward pitch accent placements relative to the target words.  From these data it was 
possible to make a correction for the influence of the focal accent on the spectral characteristics 
of the target, yielding results that provided better estimates of the influence of lexical stress alone.  
These corrected data showed that the spectral tilt, given by H1*-A3*, was greater for the syllable 
with less stress.  Other correlates of lexical stress observed in this preliminary study include the 
presence of noise at high frequencies, and syllable duration, with syllable duration being the most 
salient. Further measurements with more subjects are in progress. 
 
6.4 Subglottal pressure contours of speech utterances 
In order to model Ps variation for speech synthesis we are studying the relationship between 
characteristics of the Ps contour and prosodic events. Subglottal pressure (Ps) contours for 
speech are described as having three phases: initiation phase, constant or declining working 
phase, and termination phase. In past work, it was found that the initiation phase is relatively easy 
to identify, but the transition from the working phase to the termination phase is less clear.  
Confounding issues could include segmental impedances, pitch accents, and phrase and 
boundary tones, all of which can have local effects on Ps. We have attempted to control tones 
and segments at the ends of utterances in order to better identify final fall. Lung pressure is 
estimated from esophageal pressure (corrected for lung volume). Several preliminary findings 
(based on a subset of all data) have been made. First, the distribution of pitch accents, phrase 
tones, and boundary tones affects the clarity of the transition from the working phase to the 
termination phase, but details of this effect appear to vary by speaker. Second, the location of the 
nuclear pitch accent of an utterance does not define the start of the termination phase. Thirdly, 
utterance offset generally occurs after the termination phase begins, but the time between these 
two events is highly variable. This latter result suggests that the production factors controlling 
phonation offset are somewhat independent of those controlling the start of the termination 
phase. Therefore, phonation offset can not be used to pinpoint the onset of the termination 
phase. Finally, line-fitting techniques provide reasonable estimates of the onset of the termination 
phase, but we continue to explore alternative methods for identifying this important landmark in Ps 
contour. 
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7. Speech Corpora 
 
During the past year we have made progress in the labeling and interpretation of acoustic 
landmarks in the spontaneous task-elicited speech of the Maptask corpus.  The observed 
landmarks are compared with the landmarks predicted from the underlying lexical representation 
to determine and classify the prosodic, lexical, and segmental locations where landmarks are 
changed or lost. 
 
In another labeling-related task, we have continued our development of an online tutorial for 
training labelers for the TOBI system for prosodic labeling, and we have trained several new 
TOBI labelers.  The tutorial will be published under the auspices of the OpenCourseWare 
program during the summer of 2006. 
 
These and other speech databases from our group are available as part of the MIT Libraries 
DSpace Initiative, as described in RLE Progress Report No.147 in the section on the Speech 
Communication Group. 
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