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It has been proposed that the low position of the human larynx (compared to other
apes) is necessary for producing distinctive articulations, and that it therefore
evolved for the purpose of speech. This idea, however, is controversial. Other
animals with low larynges have been described, and speech is also possible
without using the full range of possible articulations. The role of the descended
larynx has been previously investigated with computer models, but these have
produced contradictory results. Here it is proposed that for investigating the role
of the descended larynx, articulatory constraints must be taken into account, and
therefore computer models must be articulatory models. In this paper a strongly
simplified model, as well as three more realistic models are investigated for the
effect of larynx height. 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 to the anatomy of the female vocal tract. An evolutionary
interpretation of these observations could be that the female vocal tract has
evolved to be optimal for speech, while the male vocal tract has also evolved
under another pressure, most likely size exaggeration.

1

Introduction

Did the human larynx descend because of increased articulatory flexibility? This
question has long been debated in the study of the evolution of language
(DuBrul, 1958; Fitch, 2000; Lieberman & Crelin, 1971; Negus, 1938). Some
researchers suggest that the human descended larynx is an evolutionary
adaptation to speech (Lieberman & Crelin, 1971), while others suggest that it is
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the result of other factors, such as bipedal upright walking (Aiello, 1996;
DuBrul, 1958) or size exaggeration (Fitch, 2000; Ohala, 1984). Advocates of the
adaptive role of the descended larynx in speech point out that it creates room in
the pharyngeal region, thus turning the single (oral) cavity vocal tract of other
primates into a vocal tract with two controllable cavities: the oral cavity and the
pharyngeal cavity. Opponents, apart from proposing other reasons for the
descended larynx, put forward that there are many species with descended
larynges which do not have enhanced articulatory abilities (Fitch & Reby,
2001), that there are modern human languages that do not use the full range of
possible articulations (e. g. Choi, 1991; Ladefoged & Maddieson, 1996, pp. 286288), and that a descended larynx is not necessary for producing the range of
sounds that humans can make (e. g. Boë et al., 2002).
Attempts have been made to build computer models of the acoustic
abilities of vocal tracts without a lowered larynx. This is often done together
with attempts to reconstruct an ancestral vocal tract, although these are really
two logically independent questions. The original example of such work is that
by Crelin and Lieberman (Lieberman & Crelin, 1971; Lieberman et al., 1972;
Lieberman et al., 1969) who modeled Neanderthal, chimpanzee and rhesus
monkey vocal tracts, while more recently Boë and colleagues have made a
Neanderthal model (Boë et al., 2002). Similarly, Carré and colleagues (Carré et
al., 1995) have made a more theoretical model investigating what vocal tract
configuration are needed for producing as distinctive signals as possible. The
outcomes of these efforts are contradictory: Crelin and Lieberman find that a
lowered larynx is needed and Neanderthals did not have it, and conclude that
they were not capable of modern speech. Boë et al. find that a lowered larynx is
not needed and conclude that Neanderthals were capable of modern speech.
Carré et al. find that a lowered larynx is needed, but they do not take a position
on whether Neanderthals had one or not.
Part of the discussion focuses on the reconstruction of the Neanderthal
vocal tract. Lieberman’s reconstruction has been criticized and more recent
reconstructions tend to propose a more human-like shape of the Neanderthal
vocal tract (Arensburg et al., 1989; Houghton, 1993; Schepartz, 1993). Still, as
no fossilized Neanderthal vocal tract has been found, no definitive conclusions
can be drawn. In any case, the question of whether Neanderthals had a vocal
tract similar to that of modern Homo sapiens is independent from the question
what the function of a lowered larynx is.
In the debate about the function of a lowered larynx, there is no
disagreement about the basic acoustics: every researcher agrees that a vocal tract
with two independently controllable cavities is needed to produce a maximally
distinctive set of speech sounds. Rather, the debate focuses on whether a vocal
tract that is anatomically like a modern human vocal tract is needed or whether,
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with sufficient (voluntarily) articulatory control, an ordinary primate vocal tract
can produce the same range of articulations as a modern human vocal tract.
Simplifying the debate, one could say that Lieberman et al.’s papers stress the
importance of anatomy (most recently made by Lieberman (2006) in reference
to Riede et al.’s (2005) model of a Diana monkey), whereas Boë et al.’s papers
stress the importance of articulatory control, and propose that sufficient control
can overcome the limitations of anatomy. Carré et al.’s contributions do not take
a strong position in this debate, but stress the necessity to have two
independently controllable cavities, but leave in the middle whether this is
achieved through better articulatory control or through specialized anatomy.
In this paper the role of anatomy (in this case, the larynx position) versus
articulatory control is investigated with a number of simplified models of the
human vocal tract. The question underlying the research is: do differences in
anatomy influence the ability of a vocal tract to produce different speech sounds,
or are any differences in anatomy offset by articulatory control? First, the effect
of larynx height on the range of acoustic signals that can be produced is studied
in a highly simplified model of the vocal tract. Second, the articulatory abilities
of more realistic models of the human vocal tract are studied. These models are
based on the male and female vocal tracts, and it is investigated whether they
show the same differences as were found in the simplified model. Finally, it is
investigated whether a similar effect can be detected in real human data.
2

Basic Methods

As the most important aim of this paper is the theoretical investigation of the
role of larynx position on the range of signals that can be produced, and as we
cannot independently control larynx height in human subjects, computer models
of the vocal tract were used. Another reason to use a computer model is that
analytic approaches can only provide limited insight in the case under study.
The acoustic effects of certain changes in configuration can be calculated
analytically (such as the effect that the resonance frequency of a tube increases
if the length is reduced). However, here it is investigated what the effect is on
the range of signals that can be produced when the way a tract can be deformed
is changed. This is a complex manipulation of boundary conditions and outside
the abilities of ordinary mathematical analysis. Computer modeling is therefore
the right tool to study this question.
The experiments presented in this paper are based on the use of geometric
articulatory computer models. 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
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mapped straightforwardly to muscle actions. Such models are the closest
approximations one can make to the actions of real vocal tracts. The models
used in this paper are based on Mermelstein’s (1973) model. His model is a 2dimensional 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. Another geometrical model is Goldstein’s (1980) model.
Although this model has been designed to be able to model 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 step is to calculate the 2-dimensional mid sagittal outline of the
vocal tract for a given set of articulatory parameters. The second step consists of
converting this two-dimensional outline in a function giving the cross-sectional
area of the vocal tract at each point along its length. The third step consists of
calculating the acoustic properties of a tube with this particular area function.
When the vocal tract is modeled as a series of concatenated lossless tubes, this
last step can be performed by straightforward application of standard acoustics
(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 will be given in
the sections below.
Given an articulatory model, the question rises of how to explore and
measure its articulatory abilities. The signal that would be produced by an
individual articulation of a given model can be calculated from the lossless tube
approximation mentioned above. From this articulation, the position of the
resonance peaks can be calculated. Only the first and the second resonances
(formants) were used in the analysis. It is well established that although three
formants are needed to make all differences between possible vowel signals, the
first two formants are the most important cues for establishing vowel quality.
Furthermore, the first two formants have been widely used as the basis of
perceptual acoustic space. This has not only been the case in research into the
evolution of speech (Boë et al., 2002; Carré et al., 1995; Lieberman & Crelin,
1971), but also in research into perception (e. g. Peterson & Barney, 1952) or
acquisition of speech (e. g. Kuhl et al., 1997; Kuhl & Meltzoff, 1996).
Every articulation can therefore be considered to result in a point in a twodimensional acoustic space. The comparison between two different articulatory
models then boils down to a comparison of the extent of the areas in acoustic
space covered by these two models. Potential measures of this extent are the
total area, or measures of its maximal diameter. Here, the measures that are used
are the area of acoustic space covered by the articulations a model can make,
and the difference between the maximal and minimal formants generated by the
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model. The area covered by the articulatory model was calculated by dividing
the acoustic space in a grid of squares of 0.5 × 0.5 Barks, and counting the
number of tiles that had at least one acoustic signal in them. The number of tiles
can then be converted to acoustic area by multiplying with the area of a tile
(0.25 Bark2).
The procedure for exploring the range of possible articulations is inspired
by, but not exactly equal to the idea of Maximal Vowel Space as defined by
(Boë et al., 1989). It consists of generating a large number of articulations, and
calculating what area of acoustic space they cover. It might appear that a
systematic exploration of every possible combination of articulatory parameters
would be most straightforward. The continuous ranges of articulatory parameter
values could be divided into a number (say 10) of equally spaced values, and all
possible combinations explored. This approach suffers from two problems,
however. The first is that the number of articulations to be explored rises
exponentially with the number of articulatory parameters. With 3 articulatory
parameters, a thousand articulations must be explored, but with 6 parameters, a
million need to be explored. This is infeasible. The second problem is that, due
to the discretization of the parameter range, a bias might be introduced. It is
quite possible (even likely) that articulations resulting in extreme values of the
signal are missed.
A better approach, but at first counterintuitive one, is therefore to generate
a large number of random articulations. This is called a Monte Carlo approach in
computer science (Metropolos & 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, on the other hand,
would always give the same value, and therefore no idea could be obtained of
how well the space is sampled.
Only valid articulations were used for calculating the acoustic area. Valid
articulations are articulations were the articulators do not intersect. The ranges
of the articulatory parameters were selected to be physiologically plausible, but
it still remains possible that a combination of articulatory values results in parts
of the vocal tract intersecting with each other. This was automatically detected
when calculating the value of the cross section areas of the vocal tract. When the
diameter was less than zero, intersections occurred, and such articulations were
discarded. 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. By using
this minimal area, the acoustic simulations were therefore limited to airflow
without turbulence. Repeating the experiments with 0.1 cm2 and 0.5 cm2 did not
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change the qualitative results (although the absolute size of the acoustic space
obviously changed).
Finally, the values obtained for the extent of the acoustic space depend on
the representation of the formant values. Basic acoustic theory shows that
shorter vocal tracts result in higher formants. All else being equal, shorter tracts
would therefore result in apparently larger extents in acoustic space. In order to
compare the abilities of vocal tracts with different geometries, they would
therefore have to be normalized to the same length. It turns out that taking the
logarithm of the formant frequencies gives the same result. Furthermore, it turns
out that human perception is to good approximation logarithmic as well.
Weber’s law of perception (Weber, 1834) states that the just noticeable
difference between two signals is proportional to the value of these signals. This
means that the size of the just noticeable difference is constant when taking the
logarithm of signals. In other words, differences between the logarithms of
signals give a reasonable measure of their perceptual distance, independent of
the actual value of these signals.
A problem occurs at low frequencies, for which Weber’s law does not
hold completely. A scale that takes this into account is the 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 as if the
basics of perception are much older than any differences in vocal anatomy
(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 = 7sinh −1 ( FHertz 650 )
Repeating the experiments and making measurements in either the Mel using the
ordinary logarithm of frequency did not result in any qualitative differences
(although the exact numerical value and the significances did change).
3

The Simplified Model

The simplified model is a stripped-down version of Mermelstein’s model. The
details of Mermelstein’s model are given in appendix A, so only the differences
between the simplified and the original model will be discussed. The simplified
model 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 and symmetric as possible, so that the influence of larynx
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height is the determining factor of the model’s behavior. Furthermore, the only
articulatory motions that were modeled were the motion of the jaw (caused by
the mylohyoid and masseter muscles), the motion of the tongue body (both
tongue displacement and tongue angle, caused by the styloglossus, genioglossus
and hyoglossus muscles) and the horizontal motion of the hyoid. The tract was
terminated at the mouth by a vertical plane at a constant position, instead of the
more complicated plane that is used in the Mermelstein model. Also, some of
the dimensions of the model were simplified somewhat. Finally, cross-sectional
diameters are converted to cross sectional areas in the same way everywhere by
squaring the value of the diameter.
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 circle that is the basis of the
tongue contour and the larynx depth are given as dotted lines. Two potential articulations
(different from the rest position) are shown as thin grey lines. For scale, horizontal and
vertical bars of 10 cm length are given.

The model is illustrated in figure 1, which can be compared to the more realistic
model in figure 3. The ranges of the articulatory parameters are the same as for
the Mermelstein model, and are given in table 3 in appendix A. The ranges were
determined on the basis of what appeared anatomically plausible, and on the
basis of what values did not result in impossible configurations (e.g. ones that
intersected themselves). It should be noted that larynx depth 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
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vertical tube is equal to the larynx depth minus 2 cm (this is done in deference to
Mermelstein’s original coordinate system, that was relative to the jaw joint).
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 (where articulatory parameters were uniformly distributed over
their range). 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.
Figure 2: The relation between acoustic area (left plot) and maximal distance in F1 and F2
(middle and right plots) 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 of the data set is indicated by the whiskers, while points that can be
considered 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.
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Note that a smaller value for larynx depth means a higher larynx. It is clear from
this figure that the 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 (using the Wilcoxon rank sum test at 5%
confidence) smaller reachable areas of acoustic space. 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 formants, higher larynges actually appear to be very
slightly better than models with medium or low larynges.
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The Realistic Model

Having established that larynx depth influences the signal range of a simplified
articulatory model, one can wonder whether this is an artifact of the model, or
whether a similar effect obtains in human vocal tracts. Here, no attempt is made
to reconstruct a fossil vocal tract. Instead, it is attempted to model the
differences in articulatory ability that result from the different larynx positions
in human male and female vocal tracts1.
Mermelstein’s model is of the male vocal tract. A reimplementation of his
model was therefore used for modeling the male vocal tract. For the 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 lays approximately 2.2 cm higher
than the male larynx. This corresponds well with the 2.8 cm difference in
Goldstein’s (Goldstein, 1980) 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). This is restricted to ± 0.5 cm.
Figure 3: Comparison of the original Mermelstein (1973) model (middle) to the model with
the raised, “female” larynx (left) and the mixed model with male position and female shape
(right). The differences between the models are indicated in the female model.

1

Of course, there is significant individual variation in larynx position and
exact vocal tract area function. As the aim of this paper is to investigate the
effect of larynx height, only two typical models are investigated, based on data
of typical males and females as published in the literature.
ACLC Working Papers 2:2, 2007

70

Bart de Boer

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). The larger male epiglottis
would not fit in the Mermelstein model with the higher larynx position. 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.
In order to convert the 2-dimensional cross section into a 3-dimensional
area function, the same conversion functions are used for the male and the
female 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 purer comparison of the role of the position of the
larynx. Details of the model are given in appendix A.
With all three articulatory models, 25 sets of 4000 articulations each were
generated. For these articulations, the first and second formant were calculated
in Barks as described above. 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 is
able to cover 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.
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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.
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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
get an idea of 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 1.
Table 1 Values of area and maximal extents for the complete data sets.

2

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

Female
40
5.8
7.8

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, and were expected to have
the most extreme articulations. They were therefore the articulations that were
most likely to be unrealistic. 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, with the
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possible exception of the 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 sampled.
articulations are also plausible2.
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]. There appear to be discontinuities in the outline drawn, but this is an artifact
of the requirement of the programming environment to use integer values for plotting.
Max F2 (“i”)

Max F1 (“a”)

Min F2 (“u”)

“Female”

“Male”

5

Real Human Data

All results so far have been obtained with highly stylized models of the
vocal tract. It is therefore instructive to check what happens when applying the
same measurements to real human data. The effect of lowering of the larynx on
the reachable acoustic space can be estimated by comparing the acoustic spread
of vowels produced by men with those produced by women.
2

Hundreds of random articulations were also inspected visually, and none
was impossible, although some articulations are at the extreme of what is
comfortable, and thus are unlikely to be used in ordinary speech.
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Studies of different languages show consistently larger vowel spaces for
female articulations than for male articulations (e. g. the data presented in Fant,
1975). Although there is a debate to what extent these results can be explained
by behavioral or by anatomical factors (e. g. Diehl, 1996; Goldstein, 1980) the
consensus seems to be that anatomy is at least partly the cause.
In order to show that the methods used in this paper also work on real
data, the classic data set from Peterson and Barney (1952) as reconstructed and
made publicly available by Watrous (1991) has been used. This data set is
ideally suited for this research, as it contains all data points of all speakers.
Comparing acoustic ranges that are assumed to be caused by individual
differences in anatomy, cannot reliably be done using averages. The surfaces of
the acoustic space (consisting of the first and second formant frequencies in
Bark) and the maximal distances in the first and second formant were calculated.
It must be noted that this comparison is different in nature than the one
performed on the model-generated data. In the case of the model-generated data,
different data sets generated by the same model were compared, whereas in this
case, different data sets generated by different speakers are compared. Also, 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 in the
model-generated data, the area of the convex hull correlates almost perfectly
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 or more
area than is really covered by a data set. However, when comparing data that is
calculated with the same method, this should not be a problem. Data generated
by the two different methods should not be compared directly, however.
The different measures of the human data were compared using the
Wilcoxon rank sum test. It was found that the female vowel spaces were larger
than the male vowel spaces with p < 0.001 for all measurements. The measures
of male and female vowel spaces are given in figure 6. From this figure it is
directly clear that female vowel spaces tend to be somewhat larger than male
vowel spaces. Although there might be other reasons for the difference between
male and female performance, at least the human data does not contradict the
observation from the modeling study that vocal tracts with a larynx in the female
position have greater articulatory abilities than vocal tracts with the larynx in the
male position. It should be noted, however, that the difference is small, that
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there is considerable overlap and that it is not expected that men would have
practical difficulties with producing distinctive speech because of this
difference.
Figure 6: Statistics of the comparison of human female and male data, taken from Peterson and
Barney's dataset. Note that absolute values should not be compared with those of the modeling
experiments, as the test conditions and the way of measuring acoustic area are different.
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Discussion

In this paper the influence of larynx position on the reachable acoustic space has
been investigated. In a strongly simplified computer model of the human vocal
tract, 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 the model the optimal position occurred when the
vertical part of the vocal tract was slightly shorter than the horizontal part. The
same results were found when more realistic models (based on Mermelstein’s
model) of the male and female vocal tracts were compared. Here too, the model
in which the vertical part of the vocal tract was slightly shorter than the
horizontal part could generate a larger repertoire of signals than the model in
which the vertical part was longer. A similar difference was found in the
Peterson and Barney data set of vowels articulated by male and female speakers.
The modeling results show that articulatory constraints caused by
differences in anatomy can influence the range of articulations that can be
produced. The simplified models all had the exact same articulatory control, but
differed only in the position of the larynx. The more realistic models also all had
the same articulatory control, and the mixed model and the female model only
differed in the position of the larynx. The male model also had slightly different
anatomy in the laryngeal region.
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The reason for this difference is that certain configurations of the modeled
vocal tract allow for a range of deformations that results in a larger range of
acoustic signals, given the way in which the different articulators (most
importantly tongue, lips, pharynx and larynx) can be controlled. 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. This agrees with Lieberman et al.(1969)’s analysis.
The obvious question is of course, whether this is also true for the case of
human articulation. The results from the comparison of the male and female
speakers of the Peterson and Barney data set show a difference that is very
similar to the one found between the models of the male and female vocal tracts.
Still, it remains possible that this difference is caused by other factors, such as
sociolinguistic ones, or biases in measurement. One way to test this is to
investigate the way articulatory capabilities change over puberty. The anatomyis-important hypothesis would predict that boys and girls would be
indistinguishable before puberty, but different after puberty. Although research
into the effect of development on formant frequencies exists (Lee et al., 1999),
their paper only presents averages over age groups, and not individual data
points. As the hypothesis presented here is that for males the articulatory range
changes over puberty, these averages would be over a multimodal distribution in
the critical age group. Therefore the data in (Lee et al., 1999) cannot be used
directly. However, given the correct data, the influence of the descent of the
larynx in puberty it is empirically testable.
The results do make perfect sense from an evolutionary perspective,
however. The female larynx position appears to be very close to the one found
to be optimal in the simplified model. This is an argument in favor of the
hypothesis (Lieberman et al., 1969) that the human larynx position is optimized
for producing as distinctive articulations as possible. The fact that the male
larynx is slightly lower than the optimal position could be explained
evolutionarily by the fact that this helps to exaggerate size (Fitch, 2000; Ohala,
1984). It has been found that this is important for animals, and it has also
recently 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 then be explained by the fact
that the male vocal tract needs to remain able to produce a sufficient repertoire
of distinctive speech sounds.
Of course this does not mean that human males are necessarily worse at
communicating through speech. 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. Also, the fact that not all languages use the full extent of
possible speech sounds (Choi, 1991; Ladefoged & Maddieson, 1996) indicates
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that maximal articulatory capabilities are not essential for modern languages.
However, evolution (both cultural and biological) is very good at fine-tuning.
Most languages do use the maximally distinctive vowels, for example, and this
can be explained as the result of cultural and functional evolution (e. g. de Boer,
2000; Schwartz et al., 1997). As for biological evolution: it is easier to produce
distinctive speech when one has the right anatomy. If communication is an
important factor in survival, then the larynx position that has the best position
for communication will therefore be selected for. 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.
The findings of the more complex model and the human data seem to
indicate that in human females, the evolutionarily optimal position is near the
position that results in the largest range of possible speech sounds, while in
human males the evolutionarily optimal position is slightly lower, resulting in
lower formants and a more impressive voice.
These results, although certainly not the last word on the role of the
descended human larynx, contribute to the debate on whether anatomical
constraints are important in understanding the evolution of the vocal tract. They
provide an argument that anatomy does matter and that the human vocal tract
has a shape that facilitates speech production. It also provides an argument that
the female vocal tract is probably the best point of reference when investigating
the link between anatomy and distinctive speech.
7

Appendix A: Details of the articulatory model.

The articulatory models used in this paper are based on a
reimplementation of Mermelstein’s (Mermelstein, 1973) model. The
reimplementation was based on the description provided in that paper, as well as
on the reimplementation by Boersma (Boersma, 1998). However, as the
description in Mermelstein’s paper was not quite complete, some of the details
of the implementation had to be measured from his figures. As the model used
here can therefore be somewhat different in its details from Mermelstein’s
original model, a short description is given. The male and female models are
identical, except for a number of parameters describing the shape of the larynx.
These can be found in table 2.
The vocal tract outline in the midsagittal plane is approximated by two
composite curves consisting of straight lines, circular arcs and a more complex
curve to approximate the tongue. The exact shape of these curves is determined
by eight articulatory parameters. These are the x and y position of the hyoid (xH
and yH) the angle of the jaw (αJ) the angle and displacement of the tongue (αT
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and dT) the angle of the tongue blade (αB) and the protrusion and spread of the
lips (xL and zL). The geometry and the relation of the parameters to the model are
illustrated in the left part of figure 7. The minimal and maximal values of the
parameters are given in table 3.
Table 2 The constants used for calculating the outline of the male and female vocal tracts (all
lengths in cm, all angles in radians).

Hx
Hy
HKx
HKy
W
Gx
Gy
Rx
Vy
Mx
My
Nx
Ny
Ux
Uy

shared male female
5.6
H1x
–7.6
–7.1 H1y
0.3
S
–2.7
–1
Aj
0.9
Ac
4.7
Ab
–9
–7.7 Rt
4
St
–2.6
LT2x
7.2
LTx
–1.4
LTy
9.87
–2.27
11.2
–2.7

shared
–0.4
–0.7
11.3
–0.237
0.29
1.73
2
3.4
–1
–0.4
–0.8

Table 3 The minimal and maximal values of the articulatory parameters.

xH
yH

αJ
αT
dT

αB
xL
yL

min
–1
–1
–0.25
–0.25
–1.5
–0.2
0
–1.5

max
1
1
0.25
0.25
1.5
0.2
1.5
1.5

The posterior superior outline is defined by nine points p1…p9. The
anterior inferior outline is defined by thirteen points a1…a13. The shape of the
outlines and the positions of the points are illustrated in the right part of figure 7.
The origin of the coordinate system for locating the points is the point around
which the jaw rotates, indicated in figure 7 as point F.
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Figure 7: The articulatory parameters (left) and the calculated points on the outlines
(right). Note that the posterior/superior outline (with p1…p9) and the anterior/inferior
outline (with a1…a13) are only shown in the correct relative positions in the left image.

The points on the posterior/superior outline are calculated as follows:
p1 = ( xH 2 + H x + HK x − W , y H + H y + HK y )
p2 = ( xH + Gx , y H + G y )
p3 = ( Rx , y H + G y )
p4 = ( Rx ,V y )
p5 = ( M x , M y )
p6 = ( N x , N y )
p7 = (U x ,U y )
p8 = (U x ,U y + z L )
p8 = (U x + xL ,U y + z L )

where the constants are given in table 2. All segments are straight lines,
except for the segments p4–p5 and p5–p6. These are circular arcs that are
horizontal in point p5. The points for the anterior/inferior outline are slightly
more complicated to calculate. The first four points are straightforward:
a1 = ( xH
a2 = ( x H
a3 = ( x H
a4 = ( x H

2 + H x + HK x , y H + H y + HK y )
+ H x + H 1x , y H + H y + H 1y )
+ H x + H 1x , y H + H y )
+ H x , yH + H y )
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points a5 and a6 are calculated with the aid of point a6’. This point is the point
where a line from a4 is tangent to the circle describing the tongue body. The
tongue body is a circle with radius Rt and center point (cx,cy). The position of the
tongue body depends on the motion of the jaw and the tongue as follows:
cx = ( S + dT ) cos ( Aj − Ac − α J − αT )
c y = ( S + dT ) sin ( Aj − Ac − α J − αT )

The point p is midway between a4 and a6’. Point a5 is calculated using a line
perpendicular to the line a4–a6’. The length of this line is based on the length of
the line a4–a6’ as follows: 0.57 ⋅ ( a6′ − a4 − 3.48) . Note that when the distance is
short, a5 moves to the left and when it is long, it moves to the right. Point a6 is
now the point on the line tangent to the tongue body, through a5.
Point a7’ is the point around which the tongue blade rotates, while point a7
is the point where the tongue blade connects to the tongue body. Point a7’ is
oriented at a fixed angle with respect to the tongue. As the tongue is rotated by
jaw movement, the value of this angle in the absolute coordinate system is
changed by jaw movement. The position of point a7’ is calculated as follows:

(

)

a7′ = cx + Rt cos ( Aj + Ab + α J ) , c y + Rt sin ( Aj + Ab + α J ) .

The tip of the tongue, point a8 is at a fixed distance from this point, and its
position is calculated as follows:

(

a8 = a7′ + St cos ( Aj + α J + αT − α B ) , St sin ( Aj + α J + αT − α B )

)

the starting point of the tongue blade is point a7. This is calculated such that the
tongue blade starts tangent to the tongue body, as follows:

(

)

a7 = cx + Rt cos ( Aj + Ab + α J + αT − α B ) , c y + Rt sin ( Aj + Ab + α J + αT − α B ) .

It is possible that in this respect the model described here differs slightly
from Mermelstein’s model, as the starting point of the tongue blade is somewhat
unclear in his description.
In order to calculate the final points on the anterior-inferior outline, the
motion of the jaw needs to be taken into account. In Mermelstein’s model, it is
assumed that there is a fixed distance between the top of the lower teeth and the
point around which the jaw rotates. The top of the lower teeth is point a11 in our
model. Its position is calculated as follows:

(

a11 = S j cos ( Aj − α J ) , S j sin ( Aj − α J )

)
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Points a9 and a10 are relative to this point:
a9 = a11 + ( LT 2 x , LTy )
a10 = a11 + ( LTx , LTy ) .

Points a12 and a13 depend on both the position of the jaw and on the spread and
protrusion of the lips, as follows:
a12 = a11 + ( 0, − z L )
a13 = a11 + ( xL , z L ) .

All points are connected by straight lines, except a6 and a7, which are connected
by a circular arc with radius Rt, and a7 and a8, which are connected by a curve
that is quadratic in polar coordinates. The starting radius is the tongue radius,
and the ending radius is the distance between the tongue center and point a8. The
starting angle is the angle of the line from the tongue center to a7, and the ending
angle is the angle between the tongue center and a8. The angle changes linearly,
while the radius increases quadratically, according to the following equation:
rt = (1 − t ) rstart + t 2 rend .
2

These equations and constants give the complete 2-dimensional
midsagittal section of the model. On the basis of this section, the area function
of the vocal tract can be estimated. In order to do this, a number of cross
sections is calculated. In accordance with Mermelstein’s model, the cross
sections in the laryngeal/pharyngeal section of the vocal tract are horizontal, the
cross sections in the uvular/velar area are radial, and in the front part of the
vocal tract, they are vertical. This is illustrated in figure 8. The horizontal
sections start at the lowest possible point of the larynx, and continue until they
reach the vertical coordinate –4.3 cm (relative to the jaw turning point). They
are spaced 0.5 cm apart. The radial sections all pass through the turning point
(7.2, –4.3). The first radial section starts at an angle that is 5º counterclockwise
of the line that passes through the turning point and through the intersection
between the anterior/inferior outline and the last horizontal section, or, if this
would result in an intersection pointing downwards, is taken to be horizontal
(still passing through the turning point). Subsequent intersections are taken at
intervals of 10º, until they pass the vertical. The vertical sections start at a point
that is 0.25cm to the left of the last anterior/inferior intersection of a radial line.
They are spaced 0.5 cm apart, and continue until an intersection with either the
posterior/superior outline or the anterior/inferior outline is no longer possible.
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The last section is taken between point p8 and a13. These represent the horizontal
extremities of the lips.
Figure 8: Sections as used for calculating the cross sectional area in the model. Note that
precise positions of the sections depend on the position of the larynx.

As these sections do not accurately follow the orientation of vocal tract, it
is necessary to scale them and interpolate them in order to obtain accurate
uniform tubes. For this, first the centerline of the vocal tract is calculated. Then
for each section, the angle with the centerline is calculated. For all sections
except the first and the last this is done by calculating the two angles between
the line perpendicular to the section and the two lines connecting the center of
the section with the centers of the preceding and following sections. The angle
with the centerline is then taken as the average of these two angles. For the first
and the last sections, only the angles with the lines connecting to the following
or the preceding sections are used. The length of the section is then multiplied
with the sine of this angle in order to obtain the cross-sectional length
perpendicular to the center line.
With these scaled cross sectional lengths, the areas of the vocal tract at the
sections are estimated using Mermelstein’s equations. Mermelstein uses
different functions converting cross section into area for different regions of the
vocal tract. As the model described here is slightly different in its calculation of
cross-sections and as it must work for vocal tracts of different lengths, it is
possible that the exact extent of the different regions is slightly different for our
model than for Mermelstein’s. It does follow his model as closely as possible,
however. Unfortunately, it is not exactly defined in Mermelstein’s paper where
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the different regions start and end. In the reimplementation the following criteria
were used: for the pharyngeal region, the y-coordinate of the posterior-superior
intersection must be less than –3.3, for the velar region the y-coordinate must be
less than –1.8. For the palatal region, the x-coordinate of the posterior-superior
intersection must be less than 9.7 and for the alveolar region the x-coordinate
must be less than 11.2. The rest of the sections are considered to be part of the
labial region.
For the pharyngeal region the area is that of an ellipse with one axis
increasing from 1.5 cm at the larynx to 3 cm at the upper end. The other axis has
the length of the cross section. For the velar region, the area is 2c1.5 where c is
the length of the cross section. For the palatal region, it is 1.6c1.5 . For the alveolar
region, the following scheme is used:
1.5c c < 0.5
0.75 + 3 ( c − 0.5 ) 0.5 ≤ c < 2 .
5.25 + 5 ( c − 2 ) 2 ≤ c

Finally, the labial region, is again assumed to be elliptical, with one axis equal to
the cross sectional length and the other equal to: 2 + 1.5 ( zL − xL ) .
Areas must minimally be 0.3 cm2 (or the other values specified in the paper),
while maximal areas for the different regions are given in table 4.
Table 4: Maximal areas in the different regions of the vocal tract (in cm2).

Region
Max. area
Pharyngeal
6
Velar
5
Palatal
7
Alveolar
8
Labial
15

The center points of the cross sections are not equally far apart. In order to
approximate the vocal tract with uniformly spaced tubes, a linear interpolation
of the calculated areas is done at intervals of 0.5 cm. At the end of the vocal
tract, two more tubes of 12 cm2 and 30 cm2 are added in order to model the way
sound is radiated at the lips. Acoustic properties are calculated as if all sound
waves are reflected at the glottis and all waves are radiated at the final tube.
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