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ABSTRACT 

Different glottal gestures regulate contrasts between 
voiced, unaspirated, and aspirated stops in many 
languages.  But what about contextually-predictable 
variations in VOT, such as longer VOT before close 
vowels and sonorant consonants than before open vowels:  
are aerodynamic factors responsible, as has been 
hypothesized, or could different glottal gestures be the 
cause?  Glottal aperture was monitored in two adult male 
American-English speakers using photoglottography. The 
results give no indication that glottal gestures vary 
systematically with these contextual VOT variations, thus 
indirectly supporting the aerodynamic hypothesis. 

1. INTRODUCTION 

Different laryngeal gestures often underlie contrasting stop 
series in a language. The presence, timing, and relative 
aperture of a glottal opening and closing gesture, 
controlled in large part by activity of the posterior 
cricoarytenoid muscle, is a crucial component in the 
production of distinct aspirated and unaspirated stops in 
numerous languages [1, 2]. Löfqvist [2], for example, 
found that for Swedish the location of peak glottal opening 
(PGO) with reference to the closure or release of a stop (/t/ 
in his study), differed appreciably for aspirated versus 
unaspirated stops. For the unaspirated stops, PGO occurred 
nearer and was time-locked to the closure of the 
consonant, whereas for the aspirated stops, PGO occurred 
nearer and was time-locked to the release of the 
consonant. Based on these measurements (closure to PGO 
or PGO to release), the two classes of sounds fell clearly 
into separate categories. Additionally, Löfqvist collected 
electro-myographic data which showed that increases in 
glottal opening are accompanied by increases in posterior 
cricoarytenoid activity. Thus, it seems clear that variation 
in VOT as a mechanism for distinguishing contrastive stop 
series is to a large extent controlled by the speaker. 

The question remains, however, of whether the contextual 
variation in VOT within the class of (intentionally) 
aspirated or unaspirated stops in a language is also 
controlled by the speaker. It is generally accepted, for 
example, that within the class of voiceless aspirated stops, 
VOT varies depending on both the identity of the stop 
itself and the identity of the sonorant or vowel that follows 
it. Specifically, VOT tends to be significantly longer 
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ing velar stops than following alveolars or bilabials 
d VOT tends to be significantly longer before 
nts and close vowels than before open vowels [4].  

ypothesis for the contextual variation in VOT is that 
d, indeed, be purposeful on the part of the speaker in 
to help the listener perceive the correct sound. 
er hypothesis for the contextual variation is that it is 
 mechanical [5]. Because a certain pressure drop 

 the glottis is required for voicing, it is reasoned that 
must be directly affected by the amount of time it 
or air that accumulated in the oral cavity during the 
osure to exit so that a pressure differential across the 
 can be restored. Since higher, or closer, vowels 
a smaller opening through which air can escape, it 
onger for the oral pressure to be released and, thus, 
 for voicing to commence for those sounds. 

pts to find experimental evidence in support of the 
nical account of vowel-dependent VOT have tested 
OT varies with oral pressure decay [6], as well as 
 is affected by nasalization of following vowels [7], 
ixed results. An important assumption that underlies 
nd other studies of vowel-dependent VOT variation 

 the timing of the laryngeal gesture responsible for 
ion is held constant. In other words, in order to 
et results obtained in the acoustic and/or 
namic domain as evidence for a purely mechanical 
t of VOT variation, one must assume that 
ents are not also made in the articulatory domain.  

tudy seeks to investigate whether or not speakers of 
can English adjust the timing of the glottal opening 
e required for aspirated stops depending on the 
ing vowel or sonorant. 

2. EXPERIMENTAL DESIGN 

ETHOD 
dy variations in glottal aperture photoglottography 
 was used simultaneously with a standard audio 
ing.  PGG places a light source and light sensor on 
te sides of the glottis such that the detected 
ons in light flux are related to variations in glottal 
Fig. 1 gives a sample record accompanied by the 
acoustic displays.  While the technique cannot be 
ted for glottal area it provides an excellent record of 
ing of variations in glottal area [8].  
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A photoelectric glottograph was made in-house.  A 
miniature light sensor was inserted in a 46 cm long 
transparent plastic medical tube, 5 mm outer diameter, 
leaving approximately 15 cm of tubing beyond the sensor.  
The output of the light sensor was connected to a 
PCQuirer® DC input channel feeding a computer running 
the PCQuirer® data acquisition program.  Subjects 
inserted the PGG themselves via the nose until the light 
sensor was positioned optimally in the pharynx and the end 
of the 15 cm portion was swallowed into the esophagus for 
stabilization.  A flashlight held against the neck just below 
the larynx served as the light source. A noise canceling 
headset microphone was used for the acoustic recording. 
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A word list was designed to place sonorants and vowels of 
varying closeness after a voiceless aspirated stop. The 
following sextuplet was used: /tid/, /tud/, /tæd/, /td/, 
/twd/, /td/. The stimuli were arranged in 10 
independently randomized orders then printed in 
orthography on a single page with the carrier phrase “Say 
___ again.” above each set. 
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2.3. SUBJECTS 
Subjects were native-English-speaking adults from the 
Linguistics Department at UC Berkeley. Of several 
volunteer subjects only two males succeeded in 
swallowing the end of the PGG tube into the esophagus. 
Because stabilizing the position of the light sensor was 
considered essential for obtaining consistent readings, no 
data were collected from the other volunteers. The two 
male subjects were tested individually. After achieving the 
proper positioning of the PGG, each subject was presented 
with the page containing the randomized lists and asked to 
read the stimuli (in the carrier phrase) aloud. 
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2.4. DATA COLLECTION & MEASUREMENT 
The audio recording was sampled at 11,000 Hz; the PGG 
signal was sampled at 1375 Hz. The figure below shows a 
typical synchronized waveform, photoglottogram, and 
spectrogram from Speaker 1.  

 Figur
Figure 1: Synchronized waveform, glottogram, and 

spectrogram from Speaker 1 saying “Say teed again.” At the
of the
 

hat glottal opening gestures are clear for both [s] and 
e opening gesture for breathing, although not shown 
as also easily identifiable where present). Note also 
 addition to the gross opening and closing gestures, 

cord vibration can be seen in the PGG signal; this 
ldom the case for Speaker 2. The cursor is placed at 
 release to show its temporal alignment with the 

llowing measurements were logged for each token:  
et of /t/ closure, 2) /t/ release, 3) onset of voicing as 
ined from the waveform and spectrogram, 4) peak 
 opening, and 5) degree of glottal opening as 
ed by the maximum PGG amplitude in mv. From 
rements 1–4, others, like VOT and the temporal 
e from PGO to consonant release, could be 
ted. Measurements of the relative area of glottal 
g were considered; however, due to the difficulty of 
ining a consistent distance between the light source 
ht sensor, area measurements may not be reliable.  

3. RESULTS & DISCUSSION 

 small number of tokens, the PGG signal was 
ed. Those tokens are not included in the analysis, 
ng in less than 10 tokens for some stimuli. Speaker 2 
 the first randomized set at the end of his recording 
, resulting in 11 tokens for some stimuli. Means and 

rd deviations for all measurements by subject are 
le upon request. 

ONTEXT-DEPENDENT VOT 
preliminary, the data were analyzed to determine 
er or not the expected pattern of higher VOT before 
vowels and sonorants than before open vowels was 
ted. The results, illustrated in Figure 2, show some 
ion from expectations, particularly for the open 
s. Both subjects had slightly longer average VOT 
 the open vowel /æ/ than before the close vowels /i/ 
/, and Speaker 2 had longer average VOT before // 
y other vowel.   

 
e 2: Mean VOT (ms) by following segment +/- 2 SE 
 same time, the error bars in Figure 2 show that few 
 differences in VOT by vowel are statistically 



 

significant. It may be that to observe a significant effect for 
this low level variation would require collection of many 
more than 10 samples per item. Pooling the data for the 
two subjects to result in 20 tokens does not help in this 
case, since their individual VOT ranges were so different. 
On the other hand, Klatt found a significant 15% 
difference (p<.01) between VOT preceding close vowels 
/i, u/ verses open vowels /, ai/ based on averages of 30 
tokens which had been pooled from three subjects and 
three consonant places [4]! Actually, for Speaker 1 in this 
study, one might argue that the sonorants, high vowels, 
and // fall into three distinct categories as expected. The 
lax vowel /æ/ calls for further investigation. 

3.2. TIMING OF PEAK GLOTTAL OPENING 
Because this study concerned aspirated stops, it was 
expected that a glottal opening and closing gesture would 
be observed, and that its “peak” (the point at which the 
gesture changes from abduction to adduction) would be 
timed to occur closer to the release of the oral constriction 
than to its closure. This was, indeed, the case, as shown 
schematically in Figures 3 and 4. In fact, in most cases, the 
peak glottal opening (PGO) occurred after the oral release. 

 
Figure 3: Average timing (ms) of closure (solid), PGO 

(vertical line), and aspiration (hatched) sequence; Spkr 1 

 
Figure 4: Average timing (ms) of closure (solid), PGO 

(vertical line), and aspiration (hatched) sequence; Spkr 2 
Turning to the primary question being investigated here—
whether or not speakers systematically vary the timing of 
the glottal opening gesture—the PGO lag time was 
analyzed according to following segment. Figure 5 shows 
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erage PGO lag time by following segment and 
r. The zero line corresponds to the point of 
ant release. 

 
e 5: Mean PGO lag time (ms) by following segment 

+/- 2 SE 
eans in Figure 5 provide no evidence that the timing 
 PGO is systematically varied according to the 
ing segment. For Speaker 2, the only context for 
 the timing is significantly different is before /i/; 
er, this difference is in the opposite direction to that 
 would be expected if the gesture were timed to 
e the characteristically long VOT for that high close 

. For Speaker 1, the PGO lag time is substantially 
 for /®/, than for /w/ and /i/; however, if one recalls 
e VOT for /w/ and /r/ were virtually the same for 
bject, it is clear that alignment of PGO with respect 

 consonant release is not responsible for the VOT 
on. 

GO TIMING AND VOT 
gh the VOT was not always found to vary with 

 closeness as expected, it was nonetheless deemed 
hile to see how the VOTs that were exhibited by 

o speakers covaried with PGO delay. Only very low 
n-significant correlations were found between VOT 
GO delay for each speaker (Pearson’s r(55)=.176 

and r(59)=.136 p=.297 for Speakers 1 & 2, 
tively). Figure 6 shows the scatterplot with 
sion lines. 

 
Figure 6: VOT by PGO delay; Speaker 1 



 

3.4.  DEGREE OF GLOTTAL OPENING 
Degree of glottal opening was considered as another factor 
that speakers might manipulate in order to vary VOT. 
However, as was the case for the timing of the glottal 
opening gesture, analysis of the data showed no evidence 
that the degree of opening was varied systematically 
according to following segment by either speaker.  
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Figure 7: Degree of glottal opening (mv) by following 
segment +/- 2SE 

Again, analysis of the data showed no significant 
correlation between the glottal gesture (its degree of 
opening in this case) and VOT (Pearsons r(55)=.167 
p=.216 and r(59)=-.005 p=.972 for Speakers 1 & 2, 
respectively). Figure 8 shows the scatterplot with 
regression lines. 
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1,Figure 8: VOT by Degree of Glottal Opening; Speaker 1 

It should be noted that, while the timing data collected by 
PGG is considered highly reliable, the “degree of glottal 
opening” data in Figures 7 and 8 must be interpreted with 
caution. First, one cannot be certain whether the noticeably 
higher overall magnitude of glottal opening exhibited by 
Speaker 1 is due to actual wider opening, to closer relative 
placement of the light source and sensor, or to a 
combination of these factors. Second, the variability in 
degree of glottal opening exhibited by both speakers may 
represent actual variability in glottal aperture as well as 
minor flashlight and/or light sensor movements during data 
collection.  
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4. SUMMARY 

idence was found to indicate that speakers make 
tent, fine-tuned adjustments to the timing of the peak 
 opening for aspirated stops according to the 
ing segment. The timing differences that were found 
t correspond to differences in VOT duration. At this 
vel, there was no correlation between the timing of 

O and the duration of VOT. Nor was there a 
tion between the degree of glottal opening and 
although that finding may be due to the data 

ion method. VOT before the vowel /Q/ was 
ectedly long for both speakers, warranting further 
gation 
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