
The front and sub-lingual cavities in 
approach to volume 

Svante Granqvist †, Johan Sundberg †, Elisabet Eir Cortes‡

† Royal Institute of Technology, St

‡ Stockholm University, 

E-mail: svante@speech.kth.se, pjohan@speech.kth.se, elisabe

peter@ling.su.se,

ABSTRACT 

The subapical cavity has been shown to play a 
significant role in determining the F-patterns of 
articulations made with a raised tongue blade. This paper 
reports quantitative data on subapical volumes for 
Swedish dental and retroflex voiced stops. These 
estimates were made by means of an acoustic method 
using pulse excitation of the front cavity. EPG was 
employed to determine the place of articulation of the 
consonants. Front cavity volumes were found to vary in 
an approximately linear fashion as a function of place of 
articulation. For retroflex consonants, volumes ranged 
between 2 and 11 cm3. A lawful second-order effect was 
observed with front vowel contexts tending to shift the 
pattern towards smaller, and back vowels towards larger 
volumes.

1. INTRODUCTION 

For coronal consonants, the cavity formed below the 
tongue blade plays an important acoustic role. An example 
is a retroflex [r] sound with say F1 around 400 Hz, F2 at 
about 1300 Hz and F3 near 1700 Hz. Stevens concludes [1] 
that, for this type of a sound, F1 is tuned by the entire vocal 
tract – it can be interpreted as a Helmholtz resonator, F2 is a 
back cavity resonance and F3 originates in the front cavity 
system that includes the space under the tongue. 

It is true that the dimensions of this front cavity can be 
estimated using optical data derived for instance from MR 
imaging or X-ray photography. However, a limitation of 
such methods is that, even in cases where they give a 
correct determination of the geometry of the front cavity, 
they do not necessarily specify the acoustically relevant 
dimensions in a direct way. Given that observation, we 
decided to investigate the front cavity volume in Swedish 
dental and retroflex stops with the aid of an acoustic 
method. 

2. EXPERIMENTAL PROCEDURES 

The general strategy was to measure the front cavity 
resonance continuously while the subject produced apical 
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in different vowel contexts. Figure 1 provides an 
ew of the experimental set-up.  

sition of the tongue tip was tracked by means of 
palatography (Reading EPG 2 system) which 
s tongue palate contact by means of electrodes 
ed in an artificial acrylic palate molded after the 
t’s anatomy. The EPG data extraction was performed 
e PHONÉDIT software package. 

 1. Experimental set-up for the measurement of front 
volume and place of articulation. The volume 

tes were made using pulse excitation of the system 
 by the lip tube and the sublingual cavity in dental 
roflex stops. Place of articulation was determined by 
 of EPG. The position of the jaw was fixed by means 
te block. 

 previous study of the front cavity of apical stops [2], 
ject was asked to seal her lips around a brass tube 
hold it firmly against her teeth. This tube served the 
e of keeping the cross-sectional area and length of 
 section constant throughout the experiment. It was 
 long and had a diameter of 10.4 mm. In some of the 
ed speech samples, the subject’s jaw opening was 
lled by means of a bite block. In others the jaw 
 freely. In the data to be reported, the subject had a 5 
te-block between her first molars. Its purpose was to 
ilize the jaw and to produce an opening typical of 

lly articulated coronal stops. 

oustic method utilized a pulse excitation (repetition 
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rate 50 Hz) which was produced by means of an earphone 
attached to a thin plastic tube approximately 5 cm long. 
This tube was fastened with the aid of plasticine to the 
outside of the brass tube in such a way that the open end 
reached the subject’s front cavity. To make the spectrum of 
the pulse excitation signal as flat as possible, the resonances 
of the plastic tube were compensated for. This was 
accomplished by measuring the pulse signal spectrum in 
free air and processing this signal by means of a 
custom-made inverse filtering program (DECAP). The 
inverse filtering setting that effectively flattened the 
spectrum was then used for filtering the pulse signal that 
was fed to the earphone. In this way an approximately flat 
spectrum was obtained at the end of the tube. The speech 
signal and the pulse responses were recorded by a 
microphone placed a few centimeters in front of the 
subject’s lips. The sound and EPG recordings were stored 
in computer files for further analyses. 

The subject was a trained female phonetician. The 
experimental task involved the production of [hV:C ]
sequences which were pronounced with the grave word 
accent and with V: = [y  e  œ  o  u ] and C = [d] or [ ]. 
Five repetitions of each test word were recorded. 

The EPG method provided a tongue-palate contact pattern 
every 10 milliseconds. The EPG was synchronized with the 
acoustic signal making it possible to match any given EPG 
frame with its corresponding time point in the speech wave. 
The custom-made palate had 62 electrodes arranged in 8 
rows, each containing 8 electrodes. An exception was the 
anteriormost row which had 6.  

The contact patterns for [d] and [ ] would typically exhibit 
active electrodes across the most anterior rows as well as 
along the sides. The present analyses are limited to frames 
sampled during the occlusion and focus primarily on place 
of articulation. In determining the place of articulation in 
any given EPG frame, we used the anteriormost contacts in 
each row. These points were not necessarily confined to the 
same row. They often spanned two rows. Place of 
articulation was quantified using an algorithm that 
computed a weighted average of these electrodes [3]. 

Sound files were sampled at 32000 kHz. During closures 
the pulse responses were sufficiently strong to be clearly 
visible in the waveform. FFT analysis was applied 
individually to all stop closure pulses. The software used 
was PCQUIRER. Analysis options were set so as to yield 
broad-band spectral representations. The filter width was 
250 Hz and the applied window length 4 ms (128 points). 
These records were examined with respect to the 
frequencies of the strongest peaks and with special 
attention to resonances that could be associated with the 
front cavity system. 

3. RESULTS 

Figure 2 and 3 present some sample results for five 
repetitions of [hy ] and [h ] both with retroflex 
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ants. These diagrams present pulse-by-pulse 
s of the articulatory and acoustic measurements 
d during the stop closures. The filled circles refer to 
quency of the resonance that, in our judgment, 
 be attributed to the front cavity under investigation 
-axis). The shaded triangles represent place of 

ation calibrated in cm and defined relative to the 
incisors (right y-axis). The five repetitions of each 
re seen as five groups of paired circles and triangles. 
each such cluster the points pertain to individual 

 They vary in number depending on closure 
ns and whether a measurement was possible or not. 

 2. The data points refer to individual pulses sampled 
 the retroflex stop closure in [h ]. The five groups 
 points represent five repetitions of the test word .
led circles: The front cavity resonance frequency. 
 triangles: The corresponding place of articulation 
 from EPG. 

ing with [h ] we first focus on the complementary 
ing of the data. The triangles (place of tongue tip on 
 show successively lower values as the occlusion 
sses implying that the place of articulation moves 
d as the release is approached. A similar effect was 
ed by Krull et al [4] in an earlier study of Swedish 
xes. Dixit [5] reported similar shifts in place of 

ation for Hindi dental and retroflex consonants. 

onting is paralleled by the pulse-by-pulse increases 
frequency measurements. This complementary is a 
l feature of the present data. It strongly suggests that 
onances in question are indeed associated with the 
avity. 

ditional support of this interpretation we turn to 
 3. The format is identical to that in Figure 2. The test 
is [hy ]. We observe that the tip makes its 
lex” point of contact farther forward than in [h ].
ably, the front and high position of the tongue body 
is in conflict with the lower and more posterior 
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location normally preferred for [ ]. There is also less 
forward movement during the closure. 

If the observed frequencies are indeed front cavity 
resonances, we would expect higher and more stable values 
than for [h ]. As Figures 2 and 3 show, that is exactly the 
case. 

Figure 3. The data points refer to individual pulses sampled 
during the retroflex stop closure of [hy ]. The five groups
of data points represent five repetitions of the test word. Top 
filled circles: The front cavity resonance frequency. Shaded 
triangles: The corresponding place of articulation derived 
from EPG.

The systematic behavior of the place and frequency 
measurements suggests that it should be possible to infer 
the acoustically effective volume of the front cavity from 
the frequency data. One possibility is modeling the front 
cavity as a Helmholtz resonator. However, since we have 
reason to believe that the front cavity varies considerably in 
size depending on vowel context, the critical relation 
between neck and body dimensions required by the 
Helmholtz model would not necessarily be met. 

For this reason, we resorted to some supplementary 
acoustic measurements. This project used a set of 
plexiglass washers in which circular holes with varying 
cross-sectional areas had been made. Simulated front cavity 
volumes of different size were built by combining 
appropriate sets of washers. The brass tube used in the 
recordings was attached to those volumes. The lowest 
resonance frequency of the system was measured by means 
of sine-sweep excitation. After conversion from room 
temperature frequencies to frequencies at 35º C, the 
following power function was fitted to the data. 

V = 2831.3 * F –0.339   (1)

where V is the volume in cm3 and F is the resonance 
frequency in Hz. The R2 score was 0.9446. 

To derive volume estimates we applied Eq (1) to all the 

resona
volum
tenden
place o

Figure
of Eq (
here d
[hy ]
Volume
back.  

Figure
tongue
vowels
effect 
and in
vowel 

FRO

BAC

Table I
to the d

The nu
and la
vowels
associa
tend to

0

500

1000

1500

2000

2500

3000

1 2 3 4 5

Utterance repetition

F
re

q
u

e
n

cy
 (

H
z)

0

2

4

6

8

10

12

P
la

ce
 o

f 
a

rt
 (

cm
)

[hy ]

point of contact 

front cavity resonance
nce data collected. Figure 4 shows the derived 
es plotted against the place of articulation. A strong 
cy towards a linear relationship between volume and 
f articulation is evident.  

 4. Front cavity volume estimates derived by means 
1) and plotted as a function of place of articulation 
efined in mm relative to upper incisisors. Data for
 [he ] [hœ ] [h ] [ho ] and [hu ] are shown. 
s are seen to increase as place of articulation moves 

 4 also indicates that volumes were modulated by 
 shape parameters in systematic ways, such that back 
 produced greater volumes than front vowels. That 

is brought out more clearly in Table I. It lists slopes 
tercept values for straight lines fitted to the data 
context by vowel context.  

Slope Intercept r 

[y ] 1.16 1.33 0.87 
NT [e ] 1.59 0.57 0.77 

[œ ] 1.62 1.27 0.68 

   

[ ] 1.06 4.04 0.55 
K [o ] 1.50 2.14 0.61 

[u ] 1.13 4.48 0.69 

. Slopes and intercept values for straight lines fitted 
ata of Figure 4 vowel context by vowel context. 

mbers of primary interest here are the intercepts. By 
rge they are lower for the front than for the back 
. We take these results to imply that back vowels are 
ted with a lower mouth floor, whereas front vowels 
 shift it towards a more superior position. 
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4. CONCLUSIONS 

The present study demonstrates that it is possible to 
successfully estimate the volume formed under the tongue 
in dental and retroflex stops by means of a pulse excitation 
method. Moreover it shows that it is feasible to track 
simultaneously the place of articulation by means of EPG. 
The sublingual volumes were found to lawfully depend on 
place of articulation and the position of the mouth floor 
which is influenced by front-back specification of the 
vowel context. 
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