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ABSTRACT 

The production of plosive consonants with an ingressive 
airstream is an often-encountered speech characteristic of 
deaf individuals. The present research examined the 
production of ingressive plosives employing an 
analysis-by-synthesis strategy. Production of ingressive 
plosive patterns appears related to specific alterations in 
synthesizer control parameters: supralaryngeal vocal-tract 
volume, glottal aperature, and occlusion duration. It is 
hypothesized that production of ingressives by deaf 
speakers in this study resulted from laryngeal lowering to 
increase vocal-tract volume, glottal closure during the 
occlusion interval, and extended occlusion duration.  

1. INTRODUCTION 

The production of plosive consonants with an ingressive 
airstream is an often-encountered speech characteristic of 
deaf individuals. Although production of plosives with an 
ingressive airstream is not standard in American English, 
such implosives are used in several languages of the world 
and have been studied by phoneticians. Ladefoged and 
colleagues describe the production of implosive sounds in 
terms of glottal configuration and laryngeal position [1, 2]. 
The articulatory characteristics of implosives include: 

• Glottal configuration with the vocal folds held 
together and moving downward. 

• Negative pressure behind the oral-cavity 
constriction  (relative to atmospheric). 

• Small ingressive airflow. 

To date, few measurements have been reported to explain 
the articulatory basis of ingressive plosives produced by 
deaf speakers. Implosives produced by speakers of 
American English are considered to be deviant productions. 
Accordingly, the present research examined the production 
of implosives by deaf speakers, employing an 
analysis-by-synthesis strategy. The specific aims of the 
present research were to: 

1. Copy-synthesize examples of deaf speakers’ 
productions of ingressive voiced bilabial plosives 
using a quasiarticulatory synthesizer. 
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. Interpret the control parameters required to 
synthesize the patterns in order to explain the 
physiological underpinnings of these production 
variants. 

ocedure based on analysis of copy-synthesized 
nces using the HLsyn model was chosen because of 
llowing benefits:  

 Analysis-by-synthesis is minimally invasive, 
needing only the measurements of oral pressure, 
airflow at the lips, and the acoustic signal. 

 The synthesizer HLsyn is based on a 
low-frequency model of airflows and pressures 
and an acoustic representation of vocal-tract 
configuration, thus facilitating comparison to 
recorded measurements of pressures and airflows.  

Lsyn synthesizer [3,4,5] utilizes a model based on 
latory and acoustic parameters such as areas of 
ictions along the vocal tract, change in oral-cavity 
e, tissue compliance, subglottal pressure, and natural 
ncies of the tract. These parameters generate the 
l parameters of a Klatt-type formant synthesizer 
h a set of mapping relations and a low-frequency 

l of the aerodynamics of articulation. The 
ediate aerodynamic parameters (pressures and flows) 
e analyzed along with the synthesized waveform. 
n has been used in a variety of studies, including 
igation of individual speaker characteristics [6], 
ction and perception of various languages including 
h English [7] and Turkish [8], and naturalness of an 
ican English text-to-speech system [9]. 

2. PROCEDURE 

ollection 

ined aerodynamic, acoustic, and electroglottographic 
s were obtained from two deaf speakers. One speaker 
24-year-old, minimally intelligible deaf male, and the 
speaker was a 24-year-old, moderately intelligible 
ale. Both speakers reported being deaf from birth. 

speaker produced utterances that contained plosives, 
s “say boy” and “a bee”. Both aerodynamic evidence 
istener judgments were used to verify that the 
nces examined were ingressive variants of plosive 
ctions.  



Data collection was accomplished in a manner similar to 
that used by Mahshie and colleagues in previous studies 
[10]. Measurements of oral-cavity pressure, airflow, glottal 
resistance, and nasal tract coupling were obtained, in 
addition to recordings of the speech signal. Only the oral 
pressure, airflow, and acoustic signals were examined in the 
present study. 

Copy-synthesis method 

Acoustic measurements were made of spectral and 
temporal characteristics of recordings of natural 
productions of voiced bilabial plosives using SpeechStation 
[11]. Measurements of formant frequencies and 
fundamental frequency were obtained using the analysis 
tools to track formant and fundamental frequencies by 
SpeechStation functions. These measurements were used to 
determine parameter settings for the HLsyn synthesizer. 

HLsyn permits manipulation of parameters for area of 
oral-cavity constrictions formed by the lips and tongue (al, 
ab), area of velopharyngeal port (an), natural frequencies 
of the vocal tract (f1, f2, f3, f4), average area of the glottal 
opening (ag), area of posterior chink in glottis (ap), 
fundamental frequency of voicing (f0), subglottal pressure 
(ps), rate of change in vocal-tract volume (ue), and 
variation in compliance of oral-cavity tissues (dc). 
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Figure 1: Examples of HLsyn parameters for copy 
synthesis of “a bee”: ag, average area of glottal opening 
(top panel), dc variation in compliance of oral-cavity tissue 
(second panel), and ue, rate of change in vocal tract volume 
(third panel). 

The HLsyn control parameters of ue (expansion flow of the 
oral cavity), dc (increase/decrease of tissue compliance), 
and ag (average area of glottal opening) were specified in 
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udy and adjusted in an iterative procedure based on 
g values estimated from the natural productions. 
quent iterations adjusted these parameters based on 
arisons with the data collected from natural 
ctions. 

Lsyn intermediate parameters of Uacx (airflow 
h an oral-cavity constriction, shown in red in the 
anel in Fig. 1) and Pm (pressure in the oral cavity, 
 in red in the lower panel in Fig. 1) were monitored 

y at each iteration of the synthesis in order to reach a 
match to the measured oral cavity pressure and 
 at the lips. 

3. RESULTS AND DISCUSSION 

al copy synthesis of ingressive voiced plosives 
ed: 

 Glottal closure during occlusion, 

 Increased volume of the vocal tract (modeled by 
positive outward flow parameter ue), 

 Protracted duration occlusion (>150 ms). 

L parameter settings for the parameters ag (average 
l opening), ue (flow due to expansion of the oral 
), and dc (change in compliance of the tissues of the 
folds or walls of the oral cavity) act in concert to 
 a lowered pressure in the oral cavity. 

s 2 and 3 show spectrograms of a synthesized copy 
e natural production of “a bee”. The duration of 
ion, controlled by HLsyn parameter al, was specified 

tch the measured occlusion in the natural production. 
ormant frequencies in the synthetic copy were set 
measurements of the natural production, as was the 
mental frequency. The synthesizer parameters of ag, 
d dc were determined from analyses of the natural 
ing and from constraints available in the literature 
The close match in temporal and spectral 

teristics between the synthesized and the natural 
nces can be seen by comparison of Figs. 2 and 
re 2: Spectrogram of synthetic copy of a production 

bee”.  

 2: Spectrogram of synthesized production of ‘a bee’. 
0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9



Figure 3: Spectrogram of natural production of  “a bee”. 

The next pair of figures illustrates a comparison of the 
pressures and airflows of a synthetic copy and the natural 
production of “a bee”. In the middle panel of each figure, 
oral-cavity pressure is shown. Note that in both figures, the 
pressure rises during the initial portion of the occlusion 
interval and then falls during the portion of the occlusion 
interval preceding the release of the lip closure.  Both 
figures also show a small negative airflow at the time of the 
release in the lower panels. The ingressive character 
(negative value) of the airflow at the release of the plosive 
can be seen in both the synthetic copy and recording of the 
natural production. The calculated and recorded waveforms 
are similar in this pair of utterances, in both timing and 
magnitude of oral-cavity pressure and airflow.  

 

 

 

 

 

 

Figure 4: Waveform of synthetic copy of “a bee” (top 
panel), calculated oral-cavity pressure Pm (middle panel), 
and calculated airflow through the labial constriction Uacx 
(lower panel). 
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 5: Spectrogram of natural production of “a bee” (top 
, measured oral cavity pressure (middle panel), and 
red airflow through the labial constriction (lower 
. 

ypothesize that ingressive airflow through the lip 
iction results from a negative pressure in the oral 
 (relative to atmospheric pressure). This negative 
re is due to an increase in the volume of the vocal 

due to lowering of the larynx while the lips and glottis 
osed. The resulting plosive production is ingressive.  

settings of synthesizer parameters that represent 
ing the larynx are consistent with observations of 

etic interpretations of implosive productions in other 
ages, as discussed in the Introduction. Thus, we feel 
deaf speakers of American English might use this 
gy when attempting to produce plosives. 

other attempt to synthesize an utterance that closely 
ed the natural recordings in terms of measured 
avity pressures and ingressive airflows, we 
sized an utterance utilizing HLsyn parameters for 
ttal pressure (ps) and area of the posterior glottal 

ng (ap), as well as the parameters ue and dc, in order 
ance the oral-cavity pressure decrease by lowering 
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bglottal pressure. We were able to obtain a very close 
 to the recorded pressure and airflow waveforms by 
ing the subglottal pressure during the occlusion 
al for the /b/. However, we are not aware of evidence 
the articulatory phonetics literature that would 

rt an interpretation of lowering subglottal pressure 
 occlusion to account for ingressive productions of 
 plosives by deaf speakers. 



4. CONCLUSIONS 

Production of ingressive plosive patterns appears related to 
specific alterations in synthesizer control parameters: 
supralaryngeal vocal-tract volume, glottal aperature, and 
occlusion duration. It is hypothesized that production of 
ingressives by deaf speakers in this study resulted from 
laryngeal lowering to increase vocal-tract volume in 
conjunction with a closed glottis during the occlusion and 
extended occlusion duration. 
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