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Abstract:
In this paper a strongly simplified articulatory model, as well as three more realistic
models are investigated for the effect of larynx height on the extent of vowel signaling
space. The models explore a larger range of larynx positions than previous models, and
the use of the convex hull for measuring articulatory abilities is introduced. A short study
of human data has also been done. It is found in all cases that a vocal tract with a vertical
section that is approximately equally long or slightly shorter than the horizontal section
performs best. This corresponds most closely to the anatomy of the female vocal tract.
These findings are consistent with the hypothesis that the female vocal tract has evolved
to be optimal for speech, while the male vocal tract has also evolved under another
pressure, possibly size exaggeration.
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1

Introduction

The anatomy of the human larynx, tongue and pharynx is different from that of other
closely related primates: the tongue is round, the larynx is lower, and the pharynx is
therefore longer (Negus, 1949; Fitch, 2006). Furthermore, the larynx cannot be locked
into the nasal passage in adult humans, thus making it impossible to breathe and swallow
at the same time. The evolutionary significance of this has been debated for a long time
(e. g. Negus, 1938; e. g. DuBrul, 1958; Lieberman & Crelin, 1971; Fitch, 2000) and
recently also in the Journal of Phonetics (e. g. Boë et al., 2002; Boë et al., 2007;
Lieberman, 2007).

There are two independent questions in this debate: is it possible to have modern
languages that do not make use of the full range of potential modern speech sounds, and
did the modern human vocal tract evolve under pressure for producing as large a range of
speech sounds as possible? From languages with small phoneme inventories, we know
that it is possible to have modern languages that do not use the full potential of the human
vocal tract (Maddieson, 1984; Choi, 1991; Ladefoged & Maddieson, 1996, pp. 286-288).
Indeed, humans can still speak even with deformations of the vocal tract, such as cleft
palate, or for that matter, with their mouth full of food. However, the fact that languages
can flourish with a limited set of articulations does not necessarily lead to the conclusion
that the vocal tract did not evolve for speech.

In order to establish whether a certain trait (the position of the human larynx) evolved for
a certain purpose (producing as large a range of speech sounds as possible) evolutionary
biology tells us that it needs to be established how close it is to optimal (Parker &
Maynard Smith, 1990). In addition it needs to be established that there is a path of ever
increasing fitness from the ancestral state (comparable to chimpanzee or gorilla vocal
tracts) to the optimal state and that there is heritable variation of the trait. Given that the
position of the larynx is no different than other anatomical traits it can be safely assumed
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that there is such heritable variation. I first argue that individuals who can produce a
larger range of signals always have an advantage over individuals with a smaller range,
and I then present computer models showing that the human female vocal tract is near
optimal for producing the largest possible range of vocalic signals.

As a first approximation, I assume that increase in fitness related to speech is mostly
determined by the amount of information that can be communicated (when discussing the
results for the male vocal tract, I discuss what happens if multiple factors determine
fitness). Information theory (Shannon, 1948) shows that when communicating under
noise, signals that are more distinct have the advantage. This result is completely
independent from the nature of the signals involved. Furthermore, evolutionary game
theory (Nowak et al., 1999; Zuidema & de Boer, 2009) shows that individuals with a
larger signaling space can always invade a population of individuals with a smaller
signaling space (all other factors being equal). Intuitively, this is possible because the
larger signaling space contains all the possible articulations of the smaller signaling
space, while, because of categorical perception, individuals with the smaller signaling
space will still correctly classify signals that fall slightly outside their space.

Furthermore, it has been shown that through cultural evolution and self-organization,
sound systems tend to move towards maximal use of the available phonetic space
(Liljencrants & Lindblom, 1972; Lindblom et al., 1984; Schwartz et al., 1997; de Boer,
2000b, 2000a). Although it is possible that, through historical processes and a pressure to
conform to the speech community, systems can emerge that do not use the whole acoustic
space, such systems tend to be exceptional. For example, of the 451 languages in UPSID
(Maddieson, 1984; Maddieson & Precoda, 1990) 337 have /i/, /a/ and /u/ (either short or
long), and thus use the complete vowel triangle. The advantage of individuals with a
larger signaling space combined with a tendency of speech communities to (culturally)
evolve towards maximal use of available acoustic space causes a higher fitness for
individuals with a larger signaling space at any point in the evolution of the vocal tract.
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Below, I propose a range of computer models of increasing complexity to investigate
how optimal the modern human vocal tract is. The approach is based on the field of
artificial life (Langton, 1989): a range of models is implemented to investigate the effect
of a range of hypothetical vocal tracts. In this way insight is obtained into the potential
effects of larynx position. Finally, the modeling results are compared with a classic set of
data on human vowel production (Peterson & Barney, 1952) in order to check the extent
to which the predictions of the model conform to reality.
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Modeling and Measuring Articulatory Range

It is necessary to use a computer model that captures the constraints on articulation. The
experiments described below are therefore based on the use of geometric articulatory
computer models (for a caveat on the use of models based on factor analysis, see Fitch &
de Boer, 2010). Such models represent the vocal tract as a number of geometric shapes
that can be manipulated with articulatory parameters. The geometric shapes correspond
directly to parts of the vocal tract, such as the pharynx, the tongue body, the palate etc.
The articulatory parameters can be mapped relatively straightforwardly to muscle actions.

It was necessary to abstract away from certain anatomic details in order to investigate the
effect of larynx position in as pure and understandable a way as possible. For instance, in
the simplest model used here, no details of the laryngeal anatomy were modeled, nor
were the lips. Such simplified models can help to answer the question as to which factors
are most important. Experiments with a more realistic model and verification with realworld data are used to check whether the simplifications are valid.

An important methodological issue is how to compare the articulatory abilities of two
different (hypothetical) anatomies. Articulatory abilities of different vocal tracts are
usually measured by the range of formant patterns they can generate. Although for a
complete description of a speech sound, the whole frequency response should be taken
5

into account, usually only the first two formants are represented. The first two formants
do not represent the complete signal, but the range of possible two-formant positions
correlates well with the complete range of frequency responses that can be generated with
a given vocal tract. The frequencies of F1 and F2 have therefore been widely used to
compare the use of acoustic space between different conditions, not only in research into
the evolution of speech (Lieberman & Crelin, 1971; Carré et al., 1995; Boë et al., 2002),
but also in research into vowel perception (e. g. Peterson & Barney, 1952; Rosner &
Pickering, 1994) or acquisition of speech (e. g. Kuhl & Meltzoff, 1996; e. g. Kuhl et al.,
1997).

The extent in F1-F2 space is therefore a useful measure of the articulatory abilities of a
given vocal tract. However, it can be argued that one should also look at the kind of
trajectories and transitions that can be made with a given vocal tract anatomy. Such
transitions and the mapping between articulatory actions and their acoustic effects is
especially important in the study of consonants and syllables, and is stressed by Stevens’
quantal theory of speech (Stevens, 1972, 1989) and by Carré’s work on the distinctive
region model (Carré & Mrayati, 1995; Carré, 2004).

There are several reasons why basing an evaluation of articulatory abilities on the types
of trajectories and transitions that can be generated is problematic. First of all, a larger F1F2 space would also result in a larger range of possible trajectories. Still, it might be
possible that in the larger space, certain transitions are less easily produced.
Unfortunately, there is little consensus about the nature of transitions that are most salient
in speech or how these are generated. Stevens (Stevens, 1972) proposes that points that
are most stable are crucial, and predicts that systems of human speech avoid regions of
abrupt transitions. Carré (Carré & Mrayati, 1995; Carré, 2004) on the other hand, argues
that rapid transitions are crucial, and predicts that inventories of speech sounds make use
of regions of rapid transition. It is possible that both points of view are valid; stability
might be useful for vowels, whereas rapid transitions might be useful for consonants.
Given our lack of knowledge, it is unfortunately impossible to calculate an evaluation
6

criterion based on transitions. In future experimental work, it would be valuable to
investigate what transitions and trajectories are salient in human speech perception and
production, and to investigate with articulatory models which anatomical arrangements
produce them most reliably. However, such a research program falls outside the scope of
the work presented here.

3

Basic Methods

The models used in this study are based on Mermelstein’s (1973) model. His model is a
2-dimensional model of the mid-sagittal cross section of the vocal tract, as well as a
model of the area of the three-dimensional cross sections at different positions in the
vocal tract. It was decided not to use Goldstein’s (1980) model because while that model
was designed to investigate male and female vocal tracts, it is not possible to keep the
upper vocal tract constant while changing the position of the larynx. Therefore the
Mermelstein model was used and modified for the research presented here.

Generating a signal on the basis of an articulatory model involves three steps. The first is
to calculate the 2-dimensional mid-sagittal outline of the vocal tract for a given set of
articulatory parameters. The second consists of converting this two-dimensional outline
in an area function. The third consists of calculating the acoustic properties of this
particular area function. This last step can be performed by application of standard
acoustics theory (Fant, 1960; Flanagan, 1965, section 3.2). The first two steps, however,
depend on the anatomy of the vocal tract. Details of the different models are given in the
sections below.

The procedure for exploring the range of possible articulations is based on the idea of
Maximal Vowel Space as defined by (Boë et al., 1989). It consists of generating a large
number of articulations, and calculating the area of acoustic space which they cover. A
systematic exploration of every possible combination of articulatory parameters might
7

appear most straightforward. The continuous ranges of the articulatory parameters can be
divided into a number of equally spaced values, and all possible combinations explored.
However, this approach suffers from two problems. The first is that the number of
articulations to be explored rises exponentially with the number of articulatory
parameters. The second is that, due to the discretization of the parameter range, it is likely
that articulations resulting in extreme values of the signal are missed.

A better approach is to generate a large number of random articulations (using a Monte
Carlo approach, Metropolis & Ulam, 1949). This approach does not suffer from sampling
biases. An added advantage is that the procedure can be repeated a number of times, and
the spread of the results be used to get an indication of how well the space is sampled.
The “systematic” approach always gives the same value, and therefore gives no idea of
how well the space is sampled.

Vocalic signaling space was defined using the frequencies of F1 and F2 measured on a
Bark scale. This scale is also used by other researchers in the field (e. g. Boë et al., 2002).
It is also prudent from an evolutionary point of view to use a perceptually accurate scale,
as there are indications that perception of speech was already similar for Neanderthals
and Homo sapiens (Martínez et al., 2004) and it appears that the basics of perception are
much older than any differences in vocal anatomy (e. g. Smith & Lewicki, 2006).

The exact relation between Hertz and Bark was adopted from (Schroeder et al., 1979;
Schwartz et al., 1997) and is as follows:

FBark  7 sinh 1  FHertz 650 

Repeating the experiments and making measurements in either the Mel scale or using the
ordinary logarithm of frequency did not result in any qualitative differences.

The measures of the range of articulations that a model can produce are the total area and
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its maximal extents in the first and second formant. The area covered by the articulatory
model was calculated by dividing the acoustic space into a grid of tiles of 0.5  0.5 Barks,
and counting the number of tiles that had at least one acoustic signal in them.

The ranges of the articulatory parameters were selected to be physiologically plausible,
but a combination of articulatory values could still result in an articulation where parts of
the vocal tract intersect each other. This was automatically detected, first identifying any
intersections of each vocal tract wall with itself (for example, the tongue body with the
epiglottis) and then, when calculating the value of the cross sectional areas of the vocal
tract, by detecting intersections of one wall with the other. All articulations with
intersections were discarded. Also, because the acoustic simulations were limited to
airflow without turbulence, only articulations where all cross sections have an area of at
least 0.3 cm2 were considered. Given typical airflow rate and a constriction length of
5 cm, smaller areas would cause turbulence (the Reynolds number would be over 2000),
and therefore would result in fricatives or fricative vowels. Repeating the experiments
with 0.1 cm2 and 0.5 cm2 did not change the qualitative results.

4

The Exploratory Model

The exploratory model is a simplified version of Mermelstein’s (1973) model. It does not
model the exact anatomy in the region of the lips, nor does it model the exact anatomy in
the region of the larynx. This is done to keep the model as simple as possible, and also to
prevent the hard structures of the larynx and epiglottis from interfering with the
movement of the tongue (this is a problem when changing the larynx position in
Mermelstein’s model).

The only articulatory motions that were modeled were the motion of the jaw the motion
of the tongue body (both tongue displacement and tongue angle) and the horizontal
motion of the hyoid. Ranges of these parameters (as well as those for the extra parameters
9

of the more realistic models described below) are given in table 1. The tract was
terminated at the mouth by a vertical plane at a constant position. Finally, cross-sectional
diameters are converted to cross sectional areas in the same way everywhere by squaring
the value of the diameter.

Table 1: The minimal and maximal values of the articulatory parameters.

Hyoid horizontal

min
–1

max
1

Hyoid vertical

–1

1

Jaw angle

–0.25 0.25

Tongue tip angle

–0.25 0.25

Tongue displacement –1.5

1.5

Tongue body angle

–0.2

0.2

Lip protrusion

0

1.5

Lip spread

–1.5

1.5

The model is illustrated in figure 1, and can be compared to the more realistic model in
figure 3. It consists of a posterior/superior (P/S) wall and an anterior/inferior (A/I) wall.
Both consist of two straight lines that are tangent to a circle of 2 cm radius. The P/S wall
is static, while the A/I wall can move. The oral termination of the A/I wall has a fixed
horizontal position, while its laryngeal termination has a fixed vertical position. The jaw
angle determines the vertical position of the oral termination of the A/I wall, while the
hyoid horizontal position determines the horizontal position of the laryngeal termination.
Jaw angle, tongue body angle and tongue displacement determine the position of the
circular arc that describes the tongue body. Its position is calculated in the same way as in
Mermelstein’s model. Larynx depth is not an articulatory parameter, but an anatomical
parameter (it is fixed once for each instance of the model) and it is measured with respect
to the jaw joint (as are all measurements in the Mermelstein model). Therefore the actual
length of the horizontal tube is 8 cm, while the length of the vertical tube is equal to the
10
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Figure 1: The simplified model. The outline of the model is shown in bold black lines. The
articulatory parameters are shown as dashed arrows. The tongue contour and the larynx depth
are given as dotted lines. Two potential articulations are shown as thin grey lines. For scale,
horizontal and vertical bars of 10 cm length are given.

larynx depth minus 2 cm. Exact dimensions can be determined from figure 1, which is to
scale.

Models were investigated with larynx depths ranging from 6 cm to 16 cm in increments
of 1 cm. For every larynx depth, 100 000 random articulations were generated. These
were divided into 25 groups of 4000 articulations. For each of these groups the acoustic
area and the ranges of F1 and F2 were calculated. The result is shown in figure 2. It is
clear from this figure that the (simplified) vocal tract that covers the largest acoustic
range is the one with a larynx depth of 9 cm. It can also be observed that both higher and
lower larynges result in significantly smaller reachable areas of acoustic space (using the
11
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Figure 2: The relation between acoustic area and larynx depth in the simplified model. The box
plot shows the median (horizontal line) as well as the first and third quartiles (top and bottom of
the boxes). The total extent is indicated by whiskers, while outliers are shown as crosses. Notches
in the boxes indicate statistical significance; if the vertical range of the notches of two boxes do
not overlap, their difference is significant at the 5% level.

Wilcoxon rank sum test to compare all neighboring larynx depths, p < 0.05). There
appears to be an optimal larynx depth that is approximately equal to (but in the case of
this model slightly smaller than) the horizontal dimension of the vocal tract. It is
interesting to note that the difference is mainly due to the inability of models with a lower
larynx to produce distinctions in the second formant. As for producing distinctions in the
first formant, higher larynges actually appear to be very slightly better than models with
medium or low larynges.
5

The Realistic Model

Is the effect found only an artifact of the simplified model, or is a similar effect also
obtained with more realistic models? To answer this question, three articulatory synthesis
models were compared, all based on Mermelstein’s (1973) model.

Mermelstein’s model is of the male vocal tract. An exact reimplementation of his model
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was therefore used for modeling a male vocal tract. For a female vocal tract, however, his
model needed to be modified. As the primary reason for building a female model was to
investigate the role of a lowered larynx, as few changes as possible were made to the
original model. Using data by Fitch and Giedd (Fitch & Giedd, 1999) as well as Story’s
data (Story et al., 1996, 1998) it was estimated that the female larynx lies approximately
2.2 cm higher than the male larynx. This corresponds well with the 2.8 cm difference in
Goldstein’s (Goldstein, 1980) model. The larynx depth, measured in an equivalent way to
that of the simplified models, is then 8.8 cm for the female model and 11 cm for the male
model. It should be noted that when the position of the larynx is mentioned, this is in
reference to the larynx at rest. In the Mermelstein model (and in contrast to the simplified
model), the larynx can move vertically as a result of the motion of the hyoid (caused by
the sternohyoid and stylohyoid muscles). In the model, this is restricted to 0.5 cm in both
directions.

There are some other, smaller differences in anatomy as well. Most importantly, the
epiglottis is smaller and the esophagus is closer to the larynx in females than in males
(Negus, 1949, chapter 11). In the model used here, the female epiglottis extends upwards
1.7 cm less than the male epiglottis. Finally, also based on Negus’s drawings of dissected
human larynges, (Negus, 1949, figure 189) the esophagus is modeled to extend 1.3 cm
less above the larynx in the female model than in the male model. All these differences
are illustrated in figure 3. These differences result in not just a length difference, but also
in a different area function, and therefore different volumes of the female and male
pharynx. Although this is realistic, it is nevertheless interesting to compare the effect of
the lowered larynx alone. A third model was therefore built with a female
larynx/epiglottis/esophagus anatomy at the position of the larynx in the male model. This
is called the mixed model. All models are described in more detail in (de Boer, 2007).

13

Figure 3: Comparison of the original Mermelstein (1973) model (middle) to the model with the
raised, “female” larynx (left) and the model with male position and female shape (right). The
differences between the models are indicated in the female model.

In order to convert the 2-dimensional cross section into a 3-dimensional area function, the
same conversion functions are used for the male, female and mixed models. A
comparison of area functions derived from MRI-scans of the supralaryngeal vocal tracts
of a male subject (Story et al., 1996) and a female subject (Story et al., 1998) articulating
the same vowels has shown that most of the difference occurs in the pharyngeal part of
the vocal tract. Given that there is considerable inter- and intrasubject variation when
producing vowel articulations and that it is unclear whether there are systematic
differences between male and female area functions (Soquet et al., 2002) no attempt was
made to model the differences in oral vocal tract area function between the male- and
female subject. This also minimizes the differences between the models and allows for a
clear focus on the role of the position of the larynx.
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Figure 4: Acoustic area and extent of the first and second formant of the more realistic models.
Note that the female model is significantly better in all respects than the male model.

With all three articulatory models, 25 sets of 4000 articulations each were generated. For
these articulations, the first and second formants were calculated. The results are
presented in figure 4. All differences are significant with p < 0.01, according to the
Wilcoxon rank sum test, except for the first formant of the mixed and female models,
where there is no significant difference. Apparently the male model, with its lower
larynx, covers a somewhat smaller range in acoustic space than the female model. This
space is even smaller than the space covered by the mixed model, although this model
also covers a smaller part of acoustic space than the model with the higher larynx. This is
in agreement with the findings of the simplified model.

It is important to note that the numbers in figure 4 do not represent a good estimate of the
total extent of the acoustic capabilities of the models. Due to the nature of the sampling
procedure, the values are always undersampled. However, this has the same bias for
every model, and therefore comparisons between models that have been sampled in the
same way are valid. In order to gauge the total extent of the acoustic space of all models,
the values for the complete data set of 100 000 articulations per model can be calculated.
These values are given in table 2.
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Table 2: Values of area and maximal extents for the complete data sets.
Female
40
5.8
7.8

2

Area (Bark )
Max. F1 size (Bark)
Max. F2 size (Bark)

Male
30
5.4
6.9

Mixed
36
5.9
7.5

In order to check the validity of the calculated data points, it is necessary to verify
whether they correspond to realistic articulations. Of course, this is impossible to do for
all 100 000 data points of the data sets. It was therefore only done for the points with the
highest and lowest second formant and for the point with the highest first formant for all
100 000 data points. These points correspond roughly to [i], [u] and [a], respectively.
Images of the vocal tract configuration of the male and female models are given in figure
5. The articulations appear to correspond well with the articulations humans make when
producing these vowels (e. g. Engwall & Badin, 1999) with the possible exception of the

Max F2 (“i”)

Max F1 (“a”)

Min F2 (“u”)

“Female”

“Male”

Figure 5: Comparison of articulations with maximal F2 and F1 and minimal F2. Note that for both
the male and female models, the articulations correspond well with the articulations for [i], [a]
and [u]. Discontinuities in the outlines are artifacts of the requirement of the programming
environment to use integer values for plotting.
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female articulation with maximal F2. This articulation appears to have lips that are
protruding more than would be the case in a human articulation of [i]. This is most likely
an artifact of the undersampling of the available articulatory space by the Monte Carlo
method. The articulation with less protruding lips would probably have even higher F2,
but it was not selected by the sampling procedure. It should also be noted that the
articulations that are depicted in figure 5 are by definition relatively extreme, as they are
the ones with the most extreme formant values. However, all articulatory models can in
principle produce equally extreme articulations, so the comparison between the different
conditions remains reasonable.
6

Human data

Having established that larynx depth influences the signal range of simplified articulatory
models, one can ask whether this is an artifact of the models, or whether a similar effect
obtains in real vocal tracts. A potentially promising way is to look at human data, as
human males and females have different larynx heights (and corresponding pharynx
lengths and volumes).

Studies of different languages show consistently larger extents in both the first and the
second formant of the vowel spaces associated with female articulations than with male
articulations (e. g. the data presented in Fant, 1975). There is a debate to what extent
these results can be explained by behavioral or by anatomical factors (Nordström, 1977;
Goldstein, 1980; Traunmüller, 1984; Diehl et al., 1996) but the consensus appears to be
that both factors play a role. Looking at data from children can perhaps help to solve part
of this puzzle. Fitch and Giedd (1999) do not find anatomical differences between preadolescent children, but Perry et al. (2001) find that eight year old boys have lower
average formant values than girls of the same body weight. This might be due to boys
protruding their lips more than girls (Fitch & Giedd 1999, citing Sachs et al., 1973). In
order to tease apart anatomy from behavioral effects, data from men, women, boys and
girls are studied here. If differences are due to behavior, one would expect to find
17

differences between boys and girls. If differences are due to larynx descent, one would
expect to find that women, boys and girls fall in the same group.

The classic American English vowel data set from Peterson and Barney (1952) has been
used as reconstructed and made publicly available by Watrous (1991) and in the software
package PRAAT (Boersma & Weenink, 2008). This data set is ideally suited for this
research, as it contains data from men, women and children, as well as all data points of
all speakers.

A methodological problem is that the Peterson and Barney data set only contains 20
vowels per speaker. This makes it impossible to use the same procedure to calculate area
as was used in the model study. It was therefore decided to use the convex hull to
calculate the areas of the vowel spaces of the human speakers. The convex hull is the area
that is covered by all linear interpolations between all data points (Cormen et al., 1993,
section 35.3). It can also be imagined in the following way: represent every data point by
a nail in a flat board, and then stretch a rubber band around the collection of nails. The
area inside the rubber band is the convex hull. It was found that for the model-generated
data, the area of the convex hull correlates almost perfectly (correlation coefficient 0.98)
with the area calculated with the grid-based method, although it is systematically higher.
This is because the convex hull always includes at least as much area as is really covered
by a data set. However, when comparing areas that are calculated with the same method,
this should not be a problem. Areas generated by the two different methods should not be
compared directly, however.
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Figure 6: Statistics of the comparison of human data taken from Peterson and Barney's dataset.
Data from adult women, girls, boys and adult men are shown. Horizontal fat lines indicate the
medians, box edges indicate the lower and upper quartiles, and whiskers indicate the total extent
of the data, except outliers, which are indicated with pluses. Note that exact values of the areas
should not be compared with those of the modeling experiments, as the test conditions and the
way of measuring acoustic area are different.

The different measures of the human data were compared using the Wilcoxon rank sum
test. It was found that the female, boy and girl vowel spaces were larger than the male
vowel spaces with p < 0.001 for all measurements. It was also found that there was no
significant difference between women, boys and girls. The measures are given in figure
6, and statistics are given in table 3. Similar results were obtained from datasets on Dutch
vowel systems by (Pols et al., 1973; Van Nierop et al., 1973), and from (Weenink, 1985).
These datasets are also available in PRAAT. It should perhaps be stressed that these
results do not indicate that there are no differences at all between boys, girls and women.
Indeed differences between boys and girls have been found (Perry et al., 2001; Vorperian
et al., 2009). It only appears that with respect to the area of acoustic/perceptual space,
children and adult women form one group, and adult men another.
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Table 3: statistics of the comparisons performed on Peterson and Barney’s data set.
comparison

p(

rank
sum
1186

female male
1.17×10–6
(n=28) (n=33)
female girls
0.0191
209
(n=8)
female boys
0.146
162
(n=7)
male
girls
7.26×10–6 287
male
boys
1.26×10–4 241
girls
boys
0.6126
51
note that for total significance at the p

p

p

2.76×10–6

rank
sum
1176

1.93×10–5

rank
sum
1152

0.0401

202

0.4429

169

0.0538

173

0.8561

131

3.46×10–5 281
2.04×10–6 254
0.8665
54
< 0.05 level, p-values

7.27×10–4 265
4.45×10–4 235
0.6943
52
must smaller than

0.05/6 (Bonferroni correction) because of multiple comparisons

As can be observed in the figure, there is considerable individual variation and overlap.
This might be caused among other things by individual variation in anatomy, by
behavioral compensation and because the larynx height can to some degree be controlled.
However, the data do show that on average the males, whose larynx has made an extra
descent during puberty, have a significantly smaller acoustic space than women, boys and
girls, with vocal tracts where the length of the vertical (pharyngeal) part is approximately
equal to the horizontal (oral) part. The differences between the human averages and
between the averages of the models are comparable, but the spread in the human case is
much larger. The average difference could be explained as the result of average
anatomical differences between men and women, while the larger spread could reflect
anatomical variation and behavioral compensation due to either different articulatory
habits, or due to control over larynx height. Although there is considerable overlap
between the groups, the difference in median is significant and considerable. It seems that
the anatomical changes after puberty lead to reduced size of the signaling space.
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The fact that female and child data fall in one group, and male data in a different group
weakens the argument that the difference between men and women is behavioral. One
would then expect boys to be different from women and girls. It also suggests that
individual variation (e. g. Laver, 1980) and the ability to move the larynx vertically do
not negate the difference between men and women.

One way to further test the relation between behavior, development and vowel space size
is to investigate the way vowel spaces change over puberty. The anatomy-is-important
hypothesis predicts that boys and girls are indistinguishable before puberty, but become
more different during puberty. Unfortunately, research into the effect of development on
formant frequencies only presented averages over age groups (Lee et al., 1999), or
averages over all vowels of each individual (Perry et al., 2001). For testing the hypothesis
presented here, data of vowel categories of individual speakers are needed.

7

Discussion

This study has investigated the influence of larynx position on the size of the acoustic
space that can be generated by the vocal tract. In a highly simplified computer model of
the human vocal tract, which nevertheless implemented essential constraints of anatomy
and muscular control, it was found that there is an optimal vertical position of the larynx,
for which the area in acoustic space covered by the signals that such a model can generate
is maximized. In this model the optimal position occurred when the vertical part of the
vocal tract was slightly shorter than the horizontal part. Comparable results were found
when more realistic models of the male and female vocal tracts were used. Here too, the
model in which the vertical part of the vocal tract was slightly shorter than the horizontal
part – the female model – could generate a larger repertoire of signals than the models in
which the vertical part was longer – the male and mixed models.
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Analysis of data from speakers of American English showed that whereas women, boys
and girls have comparable vowel spaces, men had a significantly smaller vowel signaling
space, thus corroborating the modeling results. The similarity of boys’ and girls’ vowel
spaces appears to argue against a behavioral explanation. These observations suggest that
the human (female) vocal tract, with almost equally long horizontal and vertical parts is
optimal for producing as large a range of speech sounds as possible.

The reason for this is that this configuration of the vocal tract allow for the range of
deformations that results in the largest range of acoustic signals (assuming identical
control over the different articulators, most importantly tongue, lips, pharynx and larynx).
Apparently, given human-like abilities to control articulation, tracts in which the vertical
part of the vocal tract is about equally long as the horizontal part allow for the greatest
range of signals.

The findings of the simplified model indicate that for extremely high larynges
(comparable to the chimpanzee vocal tract) small differences in larynx height already
make an important difference in useable acoustic space. Together with the findings that in
noisy communication larger acoustic spaces always have an advantage over smaller ones
(Nowak et al., 1999; Zuidema & de Boer, 2009), and that signaling systems tend to fill
the available acoustic space through cultural evolution (de Boer, 2000b; Oudeyer, 2005;
de Boer & Zuidema, to appear), it could be argued that this would create a strong
(biological) evolutionary pressure for the larynx to descend

The results then are compelling from an evolutionary perspective. The female larynx
position appears to be very close to the one found to be optimal in the simplified model.
This is consistent with the hypothesis (first articulated by Lieberman et al., 1969) that the
human vocal tract has evolved to produce as distinctive articulations as possible. The fact
that the male larynx is slightly lower than the optimal position might be explained in
evolutionary terms by the fact that this helps to exaggerate size (Ohala, 1984; Fitch,
2000; Fitch & Hauser, 2002). It has been found that this is important for animals, and it
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has also been found that lower formants help human males to impress other human males
(Puts et al., 2006). That the human male larynx is not as low as found in certain animals
(Fitch & Reby, 2001) can perhaps then be explained by the fact that the male vocal tract
still needs to be able to produce a sufficient repertoire of distinctive speech sounds.
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