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ABSTRACT 
 
Individual differences in the geometry of vocal tract 
structures have been found to correlate with inter-
speaker articulatory variations. However, there has 
been a lack of agreement in whether the tongue 
shaping for American English /ɹ/ is influenced by 
vocal tract geometry. Different ways to quantify /ɹ/ 
tongue shapes might have contributed to the 
divergence of previous findings. The current study 
compares the results of regressing three different 
tongue shaping measurements on the same set of 
vocal tract geometry measurements. Three tongue 
shaping variables show marginally to moderately 
significant linear relationships with two specific 
parameters of vocal tract geometry: the degree of 
mandibular inclination and the horizontal length of 
the oral cavity. But overall, there is no strong effect 
of individual vocal tract geometry on the tongue 
shaping for /ɹ/. 
 
Keywords: articulation, anatomy, tongue shaping, 
inter-speaker variability, vocal tract MRI 

1. INTRODUCTION 

The peripheral morphology of the human vocal tract 
seems to play a key role in speech production. Rigid 
structures such as the palate, the posterior pharyngeal 
wall and the mandible delimits the space in which 
articulation takes place. Hence, the geometric 
properties of these vocal tract structures are expected 
to influence the patterns of deformation of the tongue 
during speech production. Individual speakers appear 
to adjust their articulatory strategies according to the 
morphology of vocal tract structures, possibly in 
order to generate acoustic consequences that are close 
enough to be perceived as the same phoneme [1].  

A number of studies have examined the 
relationship between vocal tract geometry and inter-
speaker articulatory variability in the production of 
various speech sounds. For example, the vertical 
displacement of tongue body from /a/ to /i/ was found 
to be negatively correlated with the pharyngeal 
distance (the distance from the anterior nasal spine to 
the pharyngeal wall) [2] and positively correlated 
with the pharynx length [3]. The apical and laminal 
variants of /s/ [4] were found to be partially 

conditioned by the speaker’s palatal height [5, 6] and 
the slope of the anterior palate [7]. As for American 
English /ɹ/, which exhibits considerable variation in 
tongue shaping from “bunched” to “retroflex” [8], 
different findings have been reached as to whether the 
tongue shapes are influenced by vocal tract 
morphology. Westbury and colleagues [9] found no 
relationship between the /ɹ/ tongue shapes and various 
measurements of oral cavity size, whereas Dediu and 
Moisik [10] found that /ɹ/ tongue shapes were 
influenced by the width and height of the hard palate, 
the overall size of the mouth, and the prominence of 
the alveolar ridge. Another study [11] found that 
speakers using retroflex /ɹ/ and bunched /ɹ/ did not 
show significant difference in their palate doming 
degrees. 

Given that these previous studies have used 
different quantitative or qualitative methods to 
characterize /ɹ/ tongue shapes, these methods may 
have captured different aspects of the tongue shaping, 
and therefore may have played a role in the divergent 
findings. In this paper, we examine the effect of vocal 
tract morphology on three different measurements of 
/ɹ/ tongue shapes. To do so, we compare the 
regression results using different tongue shaping 
measurements as the dependent variable and the same 
vocal tract geometry measurements as the 
independent variables. 

2. METHOD 

2.1. Data 

The data analysed in the present study are a subset of 
the data in a publicly available multi-speaker MRI 
corpus [12]. Readers are referred to that work for full 
technical details on data collection and curation. Data 
from 32 native speakers of American English from 
various rhotic-dialect regions of the US (16 female, 
16 male; mean age = 26; age range = 18–59) were 
used.  The data consisted of midsagittal RT-MRI 
speech videos showing the vocal tract movements 
during two repetitions of /ɑɹɑ/ and high-resolution 
static anatomical T2-weighted MRI of the upper 
airway. 
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2.2. Articulatory analysis 

A semi-automatic method [13] was used to segment 
tissues from airway and track the contours of 
articulators in the RT-MRI frames. The target frames 
of /ɹ/ that underwent further analysis were frames in 
which the distance between the tongue and the palate 
is the shortest, i.e., the palatal constriction degree 
presents a minimum. 

On the selected /ɹ/ frames, 20 gridlines 
perpendicular to the line connecting the start and end 
points of the hard palate were superimposed, 
intersecting the contours of the palate and the tongue 
(Fig. 1). The distances between intersection points on 
the palate and the tongue (red lines in Fig. 1) were 
measured as the aperture function representing the 
deformation of the area between the tongue and the 
palate. Skewness and kurtosis of the aperture function 
were calculated and used as the first two tongue shape 
measurements in this study. Since skewness and 
kurtosis reflect the degrees of asymmetry and tail 
extremity in the shape of a distribution, these two 
measurements approximately indicate the location 
and the length of the constriction formed in the 
tongue-palate area. A negative skewness means that 
the shape leans towards the right, therefore 
representing a relatively posterior constriction 
location. Conversely, a positive skewness represents 
a relatively anterior constriction location. A larger 
kurtosis means a greater amount of deviation and 
therefore a shorter constriction length. On the other 
hand, a smaller kurtosis means a longer constriction. 
 

 
Figure 1: A segmented /ɹ/ frame with 20 superimposed 

gridlines. The red part of the gridlines constitutes the 
aperture function that represents the area between the 

tongue and the hard palate. 
 

Additionally, each /ɹ/ frame was rated as either 
bunched or retroflex by three human raters. Linear 
support vector machine (SVM) was used to perform 
a classification experiment based on the skewness and 
kurtosis measurements and the human rating results 
(aggregated using the majority rule). 10 out of 64 /ɹ/ 
tokens were misclassified. The classification error 
rate was 15.62%. As shown in Fig. 2, retroflex /ɹ/ and 
bunched /ɹ/ are largely separated by the decision 
boundary. The signed distances from each token of /ɹ/ 
to the decision boundary were calculated as the 
classification score for each /ɹ/. The classification 

score is the third measurement of tongue shape in this 
study, which can be thought of as a measurement 
combining skewness and kurtosis, indicating a degree 
of “bunchedness” or “retroflexion”. 
 

 
 

Figure 2: Skewness and kurtosis for each token of /ɹ/, 
which was colored according to the human rating results. 
The decision boundary (yellow line) was determined by a 
linear SVM. The green dotted lines are examples of the 

distances from /ɹ/ tokens to the decision boundary 
(classification scores). Tokens above the decision 

boundary were assigned positive classification scores, and 
tokens below were assigned negative classification scores. 

2.3. Anatomical analysis 

Measurements of vocal tract morphology were 
obtained using the method of [2] to define a 
geometrical space called Articulatory space (A-
space) in the midsagittal vocal tract (Fig. 3). Using the 
softwere OsiriX Lite v12.0.0 (Pixmeo, Geneva, 
Switzerland), the anatomical landmarks (i.e., anterior 
nasal spine, posterior nasal spine, menton) were 
manually located, based on which the A-space was 
manually defined for each speaker. The 
measurements of the geometrical properties of the A-
space were directly output from OsiriX. The top 
border of an A-space is a line that connects the 
anterior nasal spine (ANS) to the posterior nasal spine 
(PNS) and eventually stops at the posterior 
pharyngeal wall. This distance is called pharyngeal 
distance in [2]. It represents the length of the oral 
cavity roof. The bottom border is a line parallel to the 
top boarder, starting from the menton and extending 
rearward to the posterior pharyngeal wall. The 
anterior border is the line that connects the ANS to 
the menton. The posterior border is the outline of the 
posterior pharyngeal wall between the top and bottom 
borders. Apart from the four borders, the vertical 
distance between the top border and the bottom 
border and the angle between the anterior border and 
the bottom border were also measured. They 
respectively represent the lower facial height and the 
degree of inclination of the mandibular symphysis. 
Additionally, the ratio of the lower facial height to the 
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top border was calculated, representing the aspect 
ratio of the oral cavity. In total, seven anatomical 
measurements were taken for each speaker: lengths of 
the top, bottom, front, back borders of the A space, 
the lower facial height (LFH), the aspect ratio (AR), 
and the angle of the mandibular inclination (MI). 
 

 
 

Figure 3: An example of A-space, relevant anatomical 
landmarks, as well as seven anatomical measurements 

shown on a T2 weighted midsagittal MRI slice. 

3. RESULTS 

First, single anatomical features were tested to see if 
any can form a predictive relationship with either one 
of the three tongue shape measurements. Simple 
linear regression models were fitted using each one of 
the anatomical measurements as the independent 
variable, and skewness, kurtosis or classification 
score as the dependent variable. When skewness was 
the dependent variable, mandibular inclination (MI) 
was the only predictor yielding a marginally 
significant relationship (see Fig. 4a, R2 = 0.05974, 
F(1, 62) = 3.939, p = 0.0516). When kurtosis was 
used as the dependent variable, the length of the top 
border (top), which approximated the horizontal 
length of the oral cavity, was the only significant 
predictor (see Fig. 4b, R2 = 0.06722, F(1, 62) = 4.468, 
p = 0.03856). When classification score was used as 
the dependent variable, mandibular inclination (MI) 
was the only predictor yielding a marginally 
significant relationship (see Fig. 4c, R2 = 0.05873, 
F(1, 62) = 3.868, p = 0.05369). 
     Multiple linear regression models were also fitted 
to predict each one of the three tongue shape 
measurements using all the anatomical 
measurements. None of the models yield significant 
overall regression. The cumulative R2 for each model 
are shown in Table 1.  
 

 

  
 

    
 

Figure 4:  Scatterplots with each dot representing the 
values of (a) mandibular inclination degree and skewness, 

(b) top border length and kurtosis (c) mandibular 
inclination degree and classification score for each token 

of /ɹ/. The regression line (purple line) and the 95% 
confidence interval of the regression coefficients (grey 

area) are superimposed. 
 

DV R2 
Skewness 0.1033  

Kurtosis 0.1532  

Classification score 0.1387 

 
Table 1: R2 for the regression models using 
different tongue shaping measurements as the 
dependent variable (DV) and all the anatomical 
measurements as the independent variables. 
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4. DISCUSSION 

Overall, we did not find a strong effect of vocal tract 
geometry on the tongue shapes that individual 
speakers use during the production of American 
English /ɹ/. For all three quantitative measurements 
that characterize different aspects of the tongue shape, 
multiple linear regression models with all the 
anatomical features as predictors all yield non-
significant relationships and low R2 values (Table 1). 

But some marginally significant relationships 
emerge when certain anatomical features were used 
individually as the single predictor. Skewness, which 
characterizes the location of the palatal constriction 
achieved during the production of /ɹ/, has a weak 
negative association with the degree of mandibular 
inclination. A smaller degree of mandibular 
inclination results in a greater value of skewness, 
which means a more anterior constriction location. 
This echoes the findings about /t/ in [2]: English 
speakers with a smaller degree of mandibular 
inclination tended to show an apico-dental 
articulation for /t/, whereas speakers with a relatively 
larger degree of mandibular inclination tended to use 
lamino-alveolar /t/. The constriction location for 
apico-dental /t/ is more anterior compared to lamino-
alveolar /t/. For speakers with smaller mandibular 
inclination, their tongue tends to sit further forward 
with respect to the palate. Therefore, it is natural for 
them to make a more anterior coronal constriction. 

Kurtosis, which characterizes the length of the 
palatal constriction, has a positive association with 
the top border of A-space, which represents the length 
of the oral cavity roof. A longer oral cavity results in 
a greater value of kurtosis, which means a shorter 
constriction length. This is consistent with one of the 
findings in [10]: the tongue shape for /ɹ/ was 
significantly related to the length of the anterior 
mouth. When the mouth is longer, which means the 
oral cavity is longer, the tongue posture is more likely 
to have an apical stricture, which means a shorter 
constriction length. [14] found that for speakers 
whose palatal constriction degree contributed to F3 
lowering more than pharyngeal or labial constriction, 
they preferred tongue postures with a shorter and 
more anterior palatal constriction. It is likely that this 
preference is linked to some morphological feature, 
i.e., a longer oral cavity. This needs to be further 
tested. 

Classification score, which indicates a degree of 
“retroflexion” or “bunchedness”, was negatively 
influenced by mandibular inclination. Speakers with 
a smaller degree of mandibular inclination 
(prognathic speakers) are more likely to produce 
“retroflex-flavored” /ɹ/. Prognathic speakers, 
compared to retrognathic speakers (speakers with a 

larger degree of mandibular inclination), have a 
relatively larger sublingual space [2], which may help 
the elevation of the tongue tip to form a retroflex 
posture.  

In the current study, we characterize the /ɹ/ tongue 
shapes only using the properties of the palatal 
constriction. Future work should include 
measurements of the pharyngeal constriction, which 
is another factor that can contribute to the difference 
in tongue shaping. Also, the articulation of /ɹ/ in only 
one phonetic context was analyzed here. Future 
research will need to include more phonetic contexts 
and investigate the interaction between vocal tract 
morphology and phonetic context in determining the 
articulatory strategies of individual speakers. If the 
articulatory variation of /ɹ/ is truly marginally 
attributable to vocal tract morphology, as suggested 
by the current study, it is possible that this variation 
stems from individual differences in the cognitive 
representations of phonological units [15]. 
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