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Abstract

A defining characteristic of the human vocal tract is a complex
dynamic between structure and variability. Across a population
we observe considerable variability in vocal tract dimensions,
but variation in one dimension is rarely independent of other
dimensions. Are some of these relationships more variable than
others, or do there exist invariants in the morphology of the
vocal tract? In this study, we report a data-driven investiga-
tion into the relationship between vocal tract dimensions based
on multi-speaker real-time magnetic resonance imaging data.
We discover different sub-populations in the data, which corre-
spond to groups of speakers that share a common relationship
between vocal tract parameters. This suggests a range of com-
plex patterns of co-variation in the morphology of the human
vocal tract. We conclude by speculating on the possible impli-
cations of these results for understanding individual differences
in speech production.
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1. Introduction

The human vocal tract exhibits considerable variation between
speakers. Most obvious are the changes that accompany child
development from birth until adulthood, whereby changes in
vocal tract length are largely determined by growth in the pha-
ryngeal regions (Vorperian et al. 2005). But we also observe
variation in adult populations, ranging from sexual dimorphism
in vocal tract length (Fitch and Giedd 1999) and oral cavity
length (Fant 1966) to individual differences in the hard palate
(Lammert, Proctor, and Narayanan 2013). In many cases, vari-
ation in one dimension is rarely independent of other dimen-
sions. For example, vocal tract dimensions are sometimes cor-
related with other aspects of the body, such as speaker height
and weight (Stone et al. 2018), although in other cases there
are no such relationships between speaker weight and vocal
tract length (Hatano et al. 2012). In terms of variation within
the vocal tract, the length of horizontal vocal tract structures
tends to negatively correlate with the length of vertical struc-
tures (Honda et al. 1996), yet we also know that scaling is not
uniform across different structures.

The fact that the relationship between vocal tract param-
eters varies between studies has many possible explanations,
ranging from measurement technique to data quality to sample
size. Aside from these considerations, one possible explanation
is that the relationship between vocal tract parameters may be
different in different areas of the parameter range. For exam-
ple, speakers with a longer vocal tract may show a simple linear
relationship with palate length, whereas perhaps speakers with
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a shorter vocal tract show a more complex relationship with
palate length that could interact with other factors. This raises a
question: do some vocal tract dimensions always scale together
uniformly, or do they show a more non-linear relationship in
different areas of a parameter range? Such results have impli-
cations for patterns of variability in speech production, because
anatomical differences place constraints on the use of particular
speech production strategies (Fuchs, Winkler, and Perrier 2008;
Brunner, Fuchs, and Perrier 2009; Weirich and Fuchs 2013).
In order to address this question, we conduct an exploratory
study into variation in the morphology of the human vocal tract,
with the aim of understanding structured variability in the re-
lationship between vocal tract dimensions using multi-speaker
real-time magnetic resonance imaging data.

2. Methods

We use Magnetic Resonance Imaging data of the vocal tract,
taken from 69 speakers in the USC Speech MRI Database (Lim
et al. 2021). Measurements were extracted by hand from two-
dimensional midsagittal images of the vocal tract by the first
author. All measurements were based on a single representa-
tive rest posture for each speaker and annotations were carried
out using ImageJ (Schneider, Rasband, and Eliceiri 2012). The
measurements reported in this study are as follows:

1. vocal tract length (mm)

. palate length (mm)

. palate height (mm)

. tongue length (mm)

. tongue area (mmz)

. body height (cm)

. body weight (kg)

. body-mass index (kg/m?)
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Our analysis is twofold: (1) what are the primary dimen-
sions of variability? (2) what are the relationships between vo-
cal tract parameters? We address (1) by submitting all measures
to Principal Components Analysis, following by k-means clus-
tering, which allows us to observe the ways in which measure-
ments cluster together on a global scale.

The second analysis then aims to better understand the
precise relationship between vocal tract parameters. A large
number of highly-correlated measurements presents significant
problems for modelling using classical parametric statistics, so
we instead turn to a class of data-driven machine learning algo-
rithms: conditional inference trees. Conditional inference trees
are a class of regression models using binary recursive partition-
ing. We first test the null hypothesis of independence between
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the outcome variable and each predictor variable. If the null hy-
pothesis cannot be rejected then the process stops. If the null
hypothesis can be rejected then we select the predictor variable
that has the strongest association with the outcome variable. We
then implement a binary split in the predictor variable that max-
imises the homogeneity of each group in the binary split, in
terms of its relationship with the outcome variable. This pro-
cess is then repeated recursively until some stopping criterion
is achieved, such as a maximum tree depth or minimum node
size. The resulting model is a hierarchical tree with the most im-
portant predictor at the top and a series of binary splits within
this predictor, which continues until all significant predictors
have been exhausted. We visualise the models as in Figure 4,
where the predictor variables are ordered from top-to-bottom
in terms of importance, with the boxplots representing terminal
nodes that correspond to the distribution of data points within
that combination of variables.

We implement conditional inference trees in R using the
partykit package (Hothorn and Zeileis 2015). We fitted a
conditional inference tree to each variable in the data set as the
outcome variable, with all remaining variables as predictor vari-
ables. All p-values for the splits were calculated using the Bon-
ferroni method.

3. Results
3.1. PCA

We find that two principal components capture 79.5% of the
variance. As shown in Figure 1, these dimensions capture vari-
ation across (1) vocal tract length and tongue length/area, and
(2) variation in palate height, which is highly independent of the
vocal tract/tongue measures. Palate length is equally weighted
across both dimensions, showing its interaction with both palate
height and vocal tract/tongue length. K-means clustering on
these PC values reveals two separable clusters in Figure 2,
which highly correlate with speaker sex.
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Figure 1: PCA loadings for PC1 and PC1.

3.2. Correlation matrix

Before showing the conditional inference trees, we first explore
simple pairwise correlations between measurements. Figure 3
shows a correlation matrix for all variables. BMI is unsurpris-
ingly highly correlated with height (r = 0.82), given that height
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Figure 2: Cluster plot showing each speaker in two-dimensional
PCA space.

is incorporated into the BMI measure. The next strongest cor-
relation is between tongue area and tongue length (r = 0.79),
which is also unsurprising given the inherent physical rela-
tionship between these measures. We also observe moderately
strong correlations between tongue area and vocal tract length
(r = 0.75), height and vocal tract length (r = 0.74), and tongue
length and vocal tract length (r = 0.71). One problem with
this analysis is that such variables are likely to be highly cor-
related with a number of other variables. Our following analy-
sis addresses this point using conditional inference trees, which
are well-suited to exposing complex relationships in highly co-

linear data.
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Figure 3: Correlation matrix for all vocal tract and body mea-
surements in the dataset.

3.3. Conditional inference trees

The conditional inference trees expose more precise relation-
ships between parameters. We show visualisations for three
conditional inference trees that reveal the most interesting re-
lationships and summarise some of the other results in text.
Figure 4 shows a conditional inference tree with vocal tract
length as the outcome variable and all other variables as po-
tential predictors. The model finds five distributions in the
data, based on the interaction between three predictor variables.
Speaker sex is the strongest predictor of vocal tract length, with
male speakers having longer vocal tracts than female speak-
ers. Within male speakers, there is one split in the distribution,
such that speakers with a smaller tongue area (below or equal
to 2937.6 mm?) are more likely to have a smaller vocal tract.
Within female speakers, a similar split occurs, but for tongue
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Figure 4: Conditional inference tree fitted to vocal tract length measurements. Predictors that do not appear on the plot are not

significant predictors of vocal tract length in the model.

length rather than tongue area: speakers with longer tongues
(greater than 103.109 mm) have longer vocal tracts. Finally,
within female speakers with a shorter tongue, there is a further
split based on small differences in tongue area, whereby a larger
tongue area correlates with a slightly longer vocal tract. The
other variables show no significant association with vocal tract
length. This suggests a series of sub-populations in terms of
how different measures impact vocal tract length in these data.
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Figure 5: Conditional inference tree fitted to tongue area mea-
surements. Predictors that do not appear on the plot are not
significant predictors of tongue area in the model.

We fitted a conditional inference tree to tongue length, but
found that variation in this measurement was only significantly
predicted by variation in tongue area, which is unsurprising as
we would expect a strong association between two related mea-
sures of the tongue. In the interests of space, we have not
included a visualisation of this model. Instead, we show the
model visualisation for the predictors of tongue area in Figure
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5. This model shows that tongue length is the most important
predictor of tongue area, with longer tongues predictably show-
ing a larger area. However, within the lower half of the tongue
length range (i.e. below or equal to 105.218 mm) other mea-
sures help to explain some of the variation. For example, in
speakers with tongue length less than 105.28 mm there is an
effect of vocal tract length in the expected direction. But in
speakers with a slightly longer vocal tract there is a small dif-
ference in tongue area between speakers who weigh more than
75 kg and those that weigh less than 75 kg. This suggests that
the relationship between tongue area and weight is a rather com-
plex one and only emerges in a particular area of the range of
possible tongue area values in these data. This is the only case
where we found a significant relationship between a measure-
ment of the whole body (such as height, weight, BMI) and a
measurement of the vocal tract. In all other cases, none of the
body measures were significant predictors of variation in vocal
tract morphology.

Figure 6 shows a conditional inference tree fitted to palate
length. In this case, the only variable that significantly predicts
variation in palate length is tongue length. Specifically, speak-
ers with a tongue length greater than 96.524 mm have a signif-
icantly longer palate than those with a tongue length below this
value. The distributions between these two groups are fairly
well separated, suggesting a strong association between tongue
length and palate length.

4. Discussion and conclusion

We report a data-driven investigation into patterns of variabil-
ity in the morphology of the human vocal tract. The most
complex relationships are found in explaining the variance in
vocal tract length. While the most important predictor is a
fairly predictable sex-based difference, we then find that speak-
ers with shorter vocal tracts also have smaller tongues (mea-
sured as tongue length in female speakers and tongue area in
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Figure 6: Conditional inference tree fitted to palate length mea-
surements. Predictors that do not appear on the plot are not
significant predictors of palate length in the model.

male speakers). Within female speakers, there is a sub-grouping
of vocal tract length differences within speakers with smaller
tongues, whereby those with smaller tongue areas have shorter
vocal tracts. We note that these relationships are not uniform
across speakers and point toward sub-groupings based on the
interactions between vocal tract measurements.

Pairwise correlations showed moderately strong associa-
tions between vocal tract length and height, but we do not
find this to be a significant predictor in our conditional infer-
ence trees, suggesting that this relationship can be captured
via other dimensions in the model. In fact, we find rela-
tively few relationships between vocal tract measurements and
height/weight/BMI. The only significant effect of such a vari-
able is in the model for tongue area, but the effect is lim-
ited. Specifically, the effect of weight on tongue area is only
present for speakers with both a tongue length equal to or be-
low 105.218 mm and a vocal tract length greater than 151.504
mm. Finally, we observed a simple relationship between tongue
length and palate length, where speakers with longer tongues
have predictably longer palates.

Overall, these results suggest that the relationship between
vocal tract dimensions may vary across different sections of a
parameter range, thereby complicating a straightforward scal-
ing between dimensions. In terms of the implications of these
results for speech production, it is unknown whether differ-
ent sub-populations — as represented in the terminal nodes of
our conditional inference trees — are likely to show any sub-
stantial differences in speech production. One possibility is
that the anatomical constraints that characterise different sub-
populations could lead to slight differences in articulatory be-
haviour. Whether such articulatory behaviours are motor equiv-
alent and hence produce similar acoustic outputs is a possibility,
but it is also worth investigating whether such anatomical dif-
ferences underpin any of the observed individual variability in
speech. Indeed, this raises the possibility that there could ex-
ist different classes of individual speaker variability that corre-
spond with some of the sub-populations reported here.

In summary, this study reports the existence of sub-
populations that share a set of relationships between vocal tract
dimensions in different regions of the relevant parameter ranges.
Future research will investigate whether individual variability in
speech production can be grouped into similar classes that cor-
respond to clusters of anatomical variation.
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