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Abstract 

In order to make distinctive speech sounds, it is necessary to control two separate 

acoustic cavities. There has been a longstanding debate about whether a lowered larynx is 

essential for this. Lieberman and Crelin have used it as an argument against speech in 

Neanderthals. This claim is controversial, not only for paleontological reasons, but also 

because researchers do not agree on the need of a lowered larynx for distinctive speech. 

Researchers using similar methods (computer modeling) arrive at opposite conclusions. 

The problem is that one needs to take articulatory and anatomical constraints into account 

when investigating the acoustic implications of vocal tract morphology. 

In order to study what the effect of lowering the larynx is, a reimplementation of 

Mermelstein’s vocal tract model has been made. This is a computer model of the 

geometry of the (human male) vocal tract, whose controls correspond to the actions of the 

muscles involved in speech. This model was used to explore the possible articulations 

and the corresponding acoustic signals of different vocal tract geometries. 

de Boer, Bart (2009) Why women speak better than men (and its significance for evolution), In: Botha, Rudolf & Knight, 
Chris (Eds.) The Prehistory of Language Oxford: Oxford University Press pp. 255–265 



Experiments were run with the original male model, a model of the female vocal 

tract and a model that is a combination of these two tracts. It was also found that the 

female vocal tract is better than the male one. This observation was confirmed by a 

reanalysis of the data from the Peterson and Barney study. This establishes an 

evolutionary advantage of a vocal tract that has a pharyngeal and oral cavity of equal 

length (as in the female tract). It has a larger signaling space than the male tract. Males 

probably had evolutionary advantage from size exaggeration, as proposed by Fitch. It 

must be noted however, that the differences found so far are significant but small. 

X.1 Introduction 

One of the many striking differences between humans and our closest primate relatives is 

the shape of the vocal tract. Whereas orangutans, bonobos, chimpanzees and gorillas all 

have similar vocal tracts with low flat tongues and high larynges, humans have a round 

tongue and a larynx that is positioned low in the throat (Fitch, 2000; Negus, 1949). The 

combination of a low larynx and a wide gap between the larynx and the velum makes it 

impossible for (adult) humans to swallow and breathe simultaneously. It is generally 

assumed (e. g. Fitch & Giedd, 1999, section III C) that this increases the probability of 

choking on one’s food. Even if the resulting reduction of fitness is not enormous, it must 

be nevertheless be explained evolutionarily why the difference between humans and 

other higher primates has evolved.  

One explanation that is sometimes mentioned (e. g. Pollick & de Waal, 2007) is 

that the lowered larynx does not have an adaptive function, but that it is a direct side 

effect of bipedalism. This explanation is not really supported by evidence, and there is in 

fact some evidence that indicates that bipedalism does not influence the position of the 



larynx. As for the lack of positive evidence, the original sources that are usually referred 

to in this context (Aiello, 1996; DuBrul, 1958) do not really make a direct link between 

bipedalism and the anatomy of the human vocal tract. They only state that bipedalism 

removed some constraints on the function of the mouth and the larynx. The 

disappearance of these constraints allowed different functions of the larynx and vocal 

tract to evolve. However, theses sources do not propose that the development of the 

human larynx did not serve an adaptive purpose. 

When looking at other animals, one also does not find a clear correlation between 

bipedalism and the position of the larynx or the shape of the vocal tract. Kangaroos can 

be considered bipedal animals, but do not have a lowered larynx, whereas there are quite 

a few animals with lowered larynxes (Fitch & Reby, 2001) that are quadrupedal. 

Although this is still an underexplored area of research, it does indicate that bipedalism 

does not have much to do with the position of the larynx. 

An explanation that does involve an adaptive function of the lowered larynx is 

that of size exaggeration (Fitch & Hauser, 2002; Fitch & Reby, 2001; Ohala, 1984). Fitch 

and colleagues have found that in many animal species males have larynges that are 

much lower than those of the females of the species. He has also found that the signals 

that can be produced with these lowered larynges tend to impress other members of the 

species (or predators) and thus confer an evolutionary advantage. However, most 

mammals with lowered larynges still have a flat tongue, and can also still directly 

connect the larynx with the nasal cavity such that they can breathe and swallow 

simultaneously. Although it is therefore quite possible that size exaggeration played a 

role in the evolution of (especially the male-) human vocal tract, I would argue that the 



size exaggeration hypothesis does not completely explain the unique shape of the human 

vocal tract. 

The classical functional hypothesis about the shape of the human vocal tract is 

that it is an adaptation for speech (Negus, 1938, 1949). The round shape of the tongue, 

and the extra space in the pharyngeal (throat) cavity that is created by the lowered larynx 

and the high velum, makes it possible to control two independent cavities. This makes it 

possible to create the largest possible set of distinctive speech sounds. Given the 

advantage of being able to produce distinctive signals efficiently, the disadvantages of the 

human vocal tract shape were offset evolutionarily. 

This final hypotheses has been used as the basis of research into the vocal- and by 

extension the linguistic abilities of Neanderthals. This has first been investigated by 

Lieberman, Crelin Wilson, and Klatt (P. Lieberman & Crelin, 1971; P. H. Lieberman et 

al., 1972; P. H. Lieberman et al., 1969) and followed up by other researchers (e. g. Boë et 

al., 2002; Carré et al., 1995). This work has made effective use of computer modeling of 

the acoustic properties of different hypothetical vocal tracts. The results of this work have 

been rather controversial and contradictory, however. Even though all researchers have 

used very similar models and methods, they draw different conclusions. Simplifying the 

discussion somewhat, it can be said that Lieberman et al. find that the position of the 

larynx does matter, and that Neanderthals did not have a lowered larynx. Carré et al. 

(1995) find that the position of the larynx does matter, and that Neanderthals probably 

had a lowered larynx, while Boë et al. (2002) find that a lowered larynx does not matter, 

and that Neanderthals were therefore able of complex speech. Part of the controversy is 

due to the different anatomical reconstructions that are used, but an important part of the 



controversy is also caused by the different views of the authors about the role of 

articulatory constraints. It appears that Lieberman et al. and Carré et al. think that 

articulatory constraints are crucial, whereas Boë et al. appear to be of the opinion that 

controlling articulators differently can compensate for different anatomical constraints. 

This discussion cannot really be resolved when working with hypothetical 

reconstructions of (Neanderthal) vocal tracts. There are just too many unknowns. In this 

paper it is therefore proposed to start to investigate the role of a descended larynx with 

vocal tracts that we do have data about: those of human males and human females. There 

exist both reliable data of the anatomy (e. g. Fitch & Giedd, 1999) and corpora of 

utterances (e. g. Peterson & Barney, 1952). However, as I want to exclude linguistic 

influence, and as I want to be able to extend the research to hypothetical ancestral vocal 

tracts, a computer model will also be used for this research. 

In this paper the area of the acoustic space that is accessible by a model of the 

male vocal tract, similar to the maximum vowel space (Boë et al., 1989), will be 

compared with that of the female vocal tract. As there are other differences between the 

male- and female vocal tracts than the position of the larynx, an artificial model that has a 

larynx with a female shape at the male position will also be included in the comparison. 

The results of the simulation will be compared with data from male and female speakers, 

and finally the implications for (modeling) the evolution of speech are discussed. 

X.2 Method 

Two things are needed for the modeling part of this paper. First, an articulatory model is 

needed that can easily be modified to model both the male and the female vocal tracts. 



Second, a method is needed to calculate the area of acoustic space that can be reached by 

each variant of the model.  

X.2.1 Articulatory model 

The articulatory model is based on Mermelstein’s geometric articulatory model 

(Mermelstein, 1973). A geometric model explicitly models the physical parts (larynx, 

pharynx, tongue, velum, palate etc.). As the aim of the research is to investigate the 

influence of  (subtle) anatomical variation, a geometrical model was preferred over 

models that use a statistical approximation to vocal tract shapes that have been traced 

from X-ray or MRI images, such as Maeda’s model (Maeda, 1989). Another potential 

geometric model is the one developed by Goldstein (Goldstein, 1980) but in this model, 

the shape of the upper and lower vocal tracts cannot be controlled independently, 

something which is needed if one wants to investigate the effect of larynx lowering in 

isolation. 

The Mermelstein model consists of two parts. The first part is a geometrical 

model that can calculate the mid sagital section of the vocal tract for different settings of 

articulatory parameters. There are eight articulatory parameters: the horizontal and 

vertical displacement of the hyoid bone which indirectly influences the height of the 

larynx, the jaw angle, the angle and displacement of the tongue with respect to the jaw, 

the angle of the tongue blade and finally the protrusion and the spread of the lips. For 

values of these parameters that fall within a realistic range outlines of the vocal tract can 

be calculated. 

This only results in a two-dimensional projection of the vocal tract and this is 

insufficient for calculating the acoustic properties of the vocal tract. For this, the cross-



sectional area of the vocal tract along its length is needed. Therefore, the Mermelstein 

model has a second part, which is a set of formulae to convert the mid-sagital section into 

the areas along the length of the vocal tract. Both are described in Mermelstein’s 

(Mermelstein, 1973) original paper. The geometric part of the model was modified for 

the different articulatory models. The conversion from the mid-sagital section to the areas 

was kept unchanged for all models used in this paper. 

The Mermelstein model is a model of the male vocal tract, and was used directly 

as the model of the male vocal tract in this paper. Two other models were derived from 

the original model. The female vocal tract was derived from the male vocal tract by 

raising the larynx by 22 mm. However, this does not result in a very realistic model of the 

female vocal tract, as the male epiglottis is rather larger than the female one, and the 

distance between the esophagus and the larynx is also larger in the male vocal tract than 

in the female vocal tract. Therefore, in the female model the epiglottis was reduced, as 

Higher larynx

Shorter Epiglottis
Esophagus 

Closer to Larynx

“Female” Mermelstein Male with female larynx

Figure 1: Comparison of the three vocal tract models used in the paper. The middle (male) model 

is a direct reimplementation of the Mermelstein (1973) model. The left model is the female version 

of this model, with the changes indicated in the figure. The right model is one with male 

dimensions and female larynx shape. 



well as the distance between the esophagus and the larynx. These modifications are 

illustrated in figure 1.  

Because of the differences in anatomy in the region of the larynx, the comparison 

of the male- and female models involves more than the effect of a lowered larynx. 

Therefore a comparison between two models that only differ in the position of the larynx 

is in order, even though this involves a model that does not correspond to a real human 

vocal tract. It was decided to create a model with a female larynx at the position of the 

male larynx, instead of a model with a male larynx at the female position. This was done 

because the larger male larynx at the higher female position impedes the movement of the 

tongue. This model is illustrated in the right part of figure 1. 

 

X.2.2 Area of acoustic space 

In order to calculate the articulatory abilities of a given model, an estimate must be made 

what part of the available acoustic space can be reached by the model. In the case of the 

experiments presented here, the acoustic space was considered to be determined by the 

first and second formant (formants are resonances of the vocal tract, numbered by 

increasing frequency). Although this space is insufficient to describe consonants, most 

vowels can be described in it, and it is therefore used by all researchers that investigate 

models of the descended larynx.  

Human perception is logarithmic. This means that humans perceive a doubling of 

frequency as sounding the same at every frequency. Therefore the logarithm (base 10) of 

the frequency of the formants was used. In this way every articulation can be 

characterized as a point in a two-dimensional acoustic space. 



For estimating the area that each model can cover in acoustic space, a measure is 

calculated that is closely related to the Maximal Vowel Space (Boë et al., 1989). The 

measure used here is perhaps slightly less accurate, but easier to calculate automatically. 

A large number (10 000 in the experiments presented here) of random settings of the 

articulatory parameters are generated. For each setting that results in an articulation for 

which the vocal tract is open, the acoustic signal is calculated. The vocal tract is 

considered open whenever the minimal area anywhere is greater than or equal to 0.1 cm2. 

Smaller areas would result in frication noise, and therefore not in a clear vowel that can 

be described by formants alone. The acoustic signal is calculated by making a lossless 

tube (Kelly & Lochbaum, 1973; Rabiner & Schafer, 1978) approximation of resulting 

vocal tract configuration. This procedure results in a cloud of points in acoustic space.  

The approximate area occupied by this point cloud is estimated by calculating the 

convex hull. The convex hull of a set of points is the volume or area that is determined by 

all linear interpolations between all points in the set. In two dimensions, the edge of the 

convex hull can be imagined as a rubber band tightly wrapped around the point cloud. 

The procedure of determining a convex hull is illustrated in figure 2. 

When a sufficiently large number of random articulations is used, this procedure 

results in a reliable estimate of the acoustic space that can be reached by a given 

articulator. Random articulations are used because, given the complexity of the mapping 

between articulations and their acoustic result, a systematic exploration of the available 

space is impossible. Also, when using a random scheme instead of a deterministic 

scheme, repeated measurements can give an idea of the spread of the areas calculated by 

the method.  



The use of a convex hull is justified when a sufficiently large number of points is 

used, because when articulations are close together, it can be assumed that intermediate 

articulations would also have acoustic signals that are intermediate between the acoustic 

signals corresponding to the articulation. This approximates the assumption of linearity in 

the calculation of the convex hull. Because of the random sampling procedure, the 

convex hull will usually not completely cover the reachable space. This tends to 

underestimate the area. On the other hand, if the original area is not really convex, the 

procedure tends to overestimate the area.  As these biases are similar for all vocal tract 

configurations tested, and as sizes are compared (not measured absolutely) this is not a 

problem. 
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Figure 2: Calculation of a convex hull. The original point cloud, consisting of 100 random points 

in an arbitrary 2-D space (not to be confused with acoustic space) is illustrated on the left. The 

edge of the corresponding convex hull is added in the middle, and the grey polygon in the right 

frame is the actual convex hull. The extent of the space from which the random points were 

samples is indicated by the dotted line in the right figure. Note how corners are rounded, and 

edges are only approximated. 



X.3 Results 

In order to investigate the effect of a lowered larynx, the different computer models were 

simulated and compared. Furthermore, confirmation of the results was sought in an 

existing dataset of human vowel articulations.  

X.3.1 Simulation 

With each articulatory model, ten datasets, each consisting of 10 000 articulations were 

generated. For each of these datasets, the area in acoustic space was calculated. Three 

example data sets are presented in figure 3 as well as the convex hull around all 100 000 

articulations per articulator (which gives the best idea of the extent of the acoustic space. 

The exact areas are given in table 1. The significance of the differences in area was 

calculated using the Wilcoxon rank sum test, and it was found that the difference between 

the male and female models was significant with p < 0.01, while the difference between 
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Figure 3: Examples of 10 000 point datasets generated for the female, male and mixed models 

(black dots) as well as the convex hull of all 100 000 data points combined (black lines). As the 

axes are logarithmic, areas can be compared visually. Note that the femal model’s area is largest, 

while the male model’s area is smallest. 



the female and mixed models was significant with p = 0.014. Given that the female areas 

tend to be the largest, it can be concluded that the models with the lower larynx cover a 

smaller area of acoustic space than the model with the higher larynx. It must be stressed 

that the difference is small, but that it is significant. 

X.3.2 Human data 

The articulatory abilities of male and female speakers can also be compared using human 

data. Although humans utterances are usually influenced in some way by the speaker’s 

native language, an idea of the available acoustic space can nevertheless be gained when 

working with carefully articulated words or isolated vowels. As the study presented here 

was mostly involved with constructing a model, an existing dataset was used. Using an 

existing dataset also prevents unconscious observer bias and makes for easier verification 

of results. Here Peterson and Barney’s (Peterson & Barney, 1952) classic dataset was 

used, as reconstructed and made available on the web by Watrous (Watrous, 1991). 

Table 1: Areas of convex hulls of 10 times 10 000 randomly generated articulations with the 

female, male and male position with female shape vocal tract models. 

female male mixed 
0.3023 0.2587     0.2970 
0.3066 0.2687     0.3004 
0.3089 0.2692     0.3029 
0.3092 0.2704     0.3040 
0.3111 0.2709   0.3059 
0.3173 0.2789     0.3061 
0.3225 0.2822     0.3072 
0.3311 0.2830     0.3080 
0.3347 0.2841     0.3086 
0.3395 0.2850     0.3282 

µ = 0.318 µ = 0.275 µ = 0.307 
σ = 0.013 σ = 0.0088 σ = 0.0083 

 



For all male and female speakers the area of the convex hull of their 20 vowel 

utterances was calculated. As in the simulation experiments the convex hull was 

calculated in the acoustic space of the logarithm of the first and second formant (the 

results did only become more significant when the comparison was performed with 

formants in Mel or Bark). 

It was found, using the Wilcoxon rank sum test that the female vowels covered a 

larger area than the male vowels, with p = 0.0352. The average size of the female vowel 

space was 0.1782 (log10 Hz)2 with standard deviation 0.04. The male vowel space had on 

average an area of 0.157 with standard deviation 0.035. 

X.4 Conclusion and Discussion 

The results show that the female vocal tract is able to produce a larger range of acoustic 

signals than the male vocal tract, given the same articulatory constraints. This was found 

both in computational simulations of the two types of vocal tracts and in the Peterson and 

Barney dataset (1952) of vowels recorded from human subjects. The conclusion to be 

drawn from this is that a lower larynx does not necessarily mean better articulatory 

capabilities.  

A different explanation for the lower position of the (adult) male larynx is 

therefore needed, and a likely candidate is the theory of size exaggeration as proposed 

most recently by Fitch and colleagues (Fitch, 2000; Fitch & Hauser, 2002; Fitch & Reby, 

2001). This does not mean that the human vocal tract did not evolve for speech, or that 

any vocal tract configuration would be as suited to vocal communication. On the 

contrary, I still consider it likely that the rather unique shape of the human vocal tract is 



due to selection for the ability to produce distinctive speech. The research presented in 

this paper does not really shed light on this issue, though. 

In order to investigate the adaptive value for speech of the human vocal tract 

further, models with higher larynxes than the female model are needed. However, due to 

articulatory constraints, this is hard to realize with the present model. Future work could 

focus on building accurate models of monkey- and ape vocal tracts. 

There are two more conclusions relevant to the evolution of speech that can be 

drawn from this work. The first is that the differences in acoustic abilities for the models 

with different larynx shapes and positions really are not that big. This makes it plausible 

that usable complex vocal communication systems would also be possible with ape- and 

monkey vocal tracts, and possibly with any mammal vocal tract. Although this does not 

mean that the human vocal tract was not influenced by selection for speech, it makes it 

likely that the descent of the larynx (and other modifications for speech) was not the 

crucial factor that it is sometimes made out to be. 

Finally, given that the female vocal tract is better for speech than the male vocal 

tract, it is better to base hypotheses about the vocal abilities of Neanderthal and other 

ancestral vocal tracts on the female vocal tract, rather than on the male vocal tract. The 

modern human male vocal tract has apparently undergone other evolutionary pressures 

than those for distinctive speech. Any investigation into articulatory abilities based on the 

male vocal tract would therefore confuse these pressures with the pressures for better 

speech. 

Although many questions still remain unanswered, and a number of different 

variations of the model still need to be investigated, if nothing else, the research 



described in the paper has illustrated the use of realistic geometric articulatory models in 

investigating the acoustic abilities of different vocal tracts. 
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