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Abstract

The paper considers explanations for the kinds of categories that have been
found to be involved in human behavior. It insists that embodiment not
only plays an important role in shaping these categories, but also that the
collective dynamics generated by social interaction is of equal importance.
A case study is developed for speech sounds. We show through computer
simulations how a group of autonomous agents equipped with a (suffi-
ciently) realistic perceptual and auditory apparatus can arrive at a shared
repertoire of vowels and that these vowel systems exhibit the same univer-
sal trends that are found in human vowel systems. It is significant that this
happens without innate a priori categories.
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1. Introduction

The term “embodied” is being adopted by a growing number of researchers
interested in cognition (Ziemke 2003), but often with different meanings.
At least three senses of embodiment are being used:

● The first one emphasizes that cognitive processes, such as those re-
quired for vision or language, are to be implemented in terms of net-
works that have neural plausibility, both in terms of their computa-
tional microstructure and in terms of the general architecture of the
brain. While there is of course a wide consensus that cognitive proc-
esses must somehow be mapped onto brain hardware, the “strong
embodiment” hypothesis claims more, namely, that without this neu-
ral realism many cognitive phenomena cannot be understood. This
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line of reasoning finds its most enthusiastic defenders among phi-
losophers like Searle and those who argue that the brain should not
be viewed as an information processor at all (e.g. Edelman 1990).

● The second type of embodiment research first manifested itself in
“behavior-based AI” (Steels & Brooks 1995). It argues that part of
our interaction with the world is not explicitly controlled by any kind
of information processing. Instead, the physical properties of the
body, the physical characteristics of sensors and actuators, the struc-
ture of the task, and the physical properties of the environment all
play an important role in shaping actual behavior. This line of re-
search has proven to be very fruitful for designing and building
autonomous robots that interact with real-world environments in real
time (Pfeifer & Iida 2004). A neat example is the robot Stumpy that
exhibits locomotion without any kind of explicit control or sensing
(Iida, Dravid & Paul 2002).

● The third sense of embodiment refers to the grounding and expres-
sion of human concepts. It argues that many concepts, even abstract
mathematical concepts, find their ultimate foundation in grounded
interaction with the world (Lakoff 2000) and that this is still visible
in the metaphors and expressions used to communicate using these
concepts. For example, the temporal preposition “back” (as in “back
in time”) is historically derived from a body part (the back) which
first became used to indicate a spatial relation or area (as in the back
of the car) and then a temporal relation (see also Núñez 1999). It
follows from this position that conceptualization  and concept acqui-
sition must be embedded in a developmental history of embodied
interaction with the world.

This paper explores the second view on embodiment, as manifested in
“embodied AI”, and tries to demonstrate what kind of explanatory power
can be drawn from it. We take the domain of speech sounds as a case study
because we believe that without studying concrete cognitive tasks and
showing what embodiment can bring, the discussion may become too di-
vorced from reality. Section 2 contrasts classical theories of speech that do
not take embodiment into account with theories grounded in the function of
speech that do take embodiment into account. Section 3 presents theoretical
considerations about what constitutes an explanation in cognitive science as
well as an overview of the phonological phenomena under consideration.
Section 4 presents a case study in which the role in explaining universals of
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speech sounds of embodiment and situatedness are investigated with a
computer model. Section 5 presents a summary and the conclusion.

2. Embodied versus disembodied speech research

The domain of speech is known to be extraordinarily difficult to understand
and model because it not only involves complex fine-grained motor control
of the vocal articulators for producing speech sounds, but also complex
acoustic signal processing and categorization for recognizing speech
sounds. Therefore, there is at least the potential for a strong role of em-
bodiment. At the same time speech also seems to imply abstract categories
(in the sense that some distinctions are relevant in a language and others are
not) and abstract rules (such as “a voiced consonant becomes unvoiced at
the end of a word”, a rule which holds for Dutch but not for English).

There is a long tradition in linguistics, shaped by the Prague structural-
ists, with Roman Jakobson (Jakobson & Halle 1956) as its most prominent
member, and Chomsky and Halle's influential work on abstract phonology
(Chomsky & Halle 1968), that completely ignores the embodied aspects of
speech. Instead, these linguists move immediately to an abstract level in
terms of distinctive features (such as +/– voiced, +/– labial, +/– aspirated,
etc.). These distinctive features are assumed to be both grounded in articu-
lation, as well as in acoustic recognition and categorization. For example,
voiced means that the vocal chords are vibrating while a sound is being
produced, such as in the final consonant of “bad” (voiced) versus “bat”
(voiceless). Yet it is never specified in detail how exactly this grounding is
realized. Abstract phonologists simply use the abstract features to formulate
phonological constraints (e.g. which combinations of consonants and vow-
els are allowed in a language). But it turns out that it is very hard to recog-
nize these features in the acoustic data and that they are not sufficiently
precise to realistically drive motor control. Moreover this branch of pho-
nology often assumes that the features are genetically predetermined as part
of the innate language acquisition device (LAD) and argues that sys-
tematicity is genetically encoded in terms of a set of principles with pa-
rameters to be set by cues from the environment (Dresher 1992).

Abstract phonology is therefore a prime example of disembodied cogni-
tive science and it contrasts with work by another group of phoneticians
and phonologists who employ what can be considered an embodied ap-
proach to speech (see e.g. Lindblom & Maddieson (1988); Browman &
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Goldstein (1992)). They start from the actual acoustic signals and from
sophisticated articulatory models, taking constraints coming from the
physics of the world and embodiment into account. For example, many co-
articulation phenomena are no longer assumed to be governed by rules but
simply follow from the dynamics of motor control. Grounding now plays a
role in explaining the acquisition of speech sounds or why certain sounds or
sound combinations are occurring (MacNeilage 1998). Perception is always
coupled tightly to production (Plaut & Kello 1999). The research discussed
in this paper fits within this embodied view of speech. Section 3 presents
theoretical considerations about what constitutes an explanation in cogni-
tive science

3. Explanatory theories

Before delving into the concrete case study presented in this paper, it is
worthwhile to make some general methodological remarks about the nature
of theories in cognitive science. It is well known that categorization is a
central topic in cognition; indeed we can say that a behavior becomes cog-
nitive only when some form of categorization is implied. Traditionally,
linguistics, psychology and anthropology have collected a large number of
facts about human categorization. For example, Berlin and Kay (1969)
collected data about the kinds of color categories found in human languages
by doing naming and memory experiments, as first pioneered by Lenneberg
and Roberts (1956). Subjects are shown a series of color samples (the Mun-
sell chips) and are asked to show the best representative for a specific color
like “red”. Berlin and Kay found that there are some surprising universal
trends in focal colors and their work has generated a wide body of literature
that seeks to identify additional evidence which confirms (Kay & Regier
2003) or refutes (Davidoff 2001) these basic human color categories.

Another domain that has been studied extensively is space. Here again
research has shown that there are universal tendencies in spatial categories.
For example, IN, ON, LEFT OF, etc. are very common categories in human
spatial reasoning and language (Herskovits 1986) and so it has been argued
that they are largely innate. But on the other hand, comparative studies of
the expression of spatial categories has shown significant intercultural dif-
ferences. Also, children only gradually acquire spatial categories under the
influence of their native language (Bowerman & Choi 2001).
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Similarly the categories (and hence the articulatory gestures) used in
sound systems of human languages show remarkable regularities. Lan-
guages do not use random subsets of the many possible speech sounds, but
rather certain sounds occur more often than others. Although humans are
able to produce and distinguish an amazing number of different speech
sounds, the average number of distinctive speech sounds that is used in the
languages of the world lies between 20 and 37 (Maddieson 1984). Some
sounds, such as [a], [m] or [k] occur almost universally, while others occur
only rarely. For example, English does not use the rather rare vowel [y]
(pronounced as in French “rue”) whereas French (and Dutch) do. Phoneme
inventories tend to exhibit symmetries as well. If, for example, a repertoire
contains [o] it is very likely to also contain [e]. Such symmetries are also
found in consonant systems (Lindblom & Maddieson 1988). Languages
furthermore constrain the set of possible sound combinations. For example,
in English [mb] can occur at the end of a word as in “lamb” but not in the
beginning, whereas in some African languages this is possible (as in Swa-
hili “mbali” (far)). So sounds fall into classes and the classes form a combi-
natorial system. Again there appear to be universal tendencies in these
sound combinations although they have been less adequately surveyed.

Regularities like these (and many others can be demonstrated, including
universal tendencies in grammar) demand an explanation. Linguists and
psychologists in the disembodied tradition often propose that these univer-
sal tendencies are based on innate mechanisms (e.g. the distinctive
phonological features and their markedness is assumed to be part of the
innate language faculty), and so they are said to be universally shared by all
human beings, the same way each of us has (normally) five fingers on each
hand. But that means that these theories simply pass the buck to evolution-
ary biologists. However, biologists are often not so keen about ascribing
complex human behavior to innate features, partly because it seems rather
implausible that the micro circuitry of the brain is under detailed genetic
control (Edelman 1990), and partly because we would still need an evolu-
tionary scenario to explain for instance why [y] (as in French “rue”) is not
common and [a] (as in English “bar”) is, or why a language with four color
terms usually has terms for either green or yellow.

So simply saying that human categories are (to a large extent) innate is
not a sufficient explanation; we also need to show which neural structures
can perform the categorization, how these neural structures could be ge-
netically determined in development and how the relevant genes could have
become universally present in human populations. All of these are non-
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trivial tasks that remain to be carried out. Another difficulty for the genetic
position is that without exception, human categorization is not absolutely
universal across all human populations and cultures. Rather it shows sig-
nificant variation. Although this variation is supposedly captured in pa-
rameters set during development, it is unclear how such a parameterized
system could evolve under realistic selection pressures based on language
communication.

If genetics is not very satisfactory as a source of explanations, we should
perhaps investigate other ways in which certain categories like colors, spa-
tial categories or speech sounds can become shared (universally or locally).
Three possible determining factors have been discussed:

(1) Either human embodiment is so constraining that it is not necessary
to make the categories innate because they could never be perceived
or the motor movements could never be made. For example, the hu-
man vision system restricts perception to a certain range of the spec-
trum; the human vocal tract is limited to certain number of sounds,
the human body suggests a division into front and back, etc. This en-
ables and limits the set of possible solutions for a specific task.

(2) Human beings interact socially and this creates a collective dynamics
that may also constrain individual choices, pushing them in the di-
rection of a shared system. For example, in Britain cars drive on the
left side of the road and in continental Europe they drive on the right
side. This is not because British drivers have “left driving genes” so
that they are born to drive on the left, or that their embodiment
makes driving on the right impossible, but rather because a cultural
choice was made and this choice is enforced by the subsequent be-
havior of all involved. Even if somebody would like to drive on the
right in England, they would be quickly sanctioned or maybe even
lose their life.

(3) It could be that the regularities in the environment are such that a
statistical learning process picks them out easily and so there would
be no need to encode the category in the genome. For example, the
chromatic distribution of colors in the world might show enough sta-
tistical regularity that statistical clustering algorithms could detect
them.

In the work being carried out by our research group, we have been explor-
ing explanations for human categorization in which these three factors play
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a role. A good example is our research on color categories, in which we
have attempted to explain the universal tendencies in color categories using
embodiment, the collective dynamics generated by social interaction, and
the statistical structures inherent in the world (Steels & Belpaeme 2005). In
the domain of language in general and speech sounds in particular, the sta-
tistical regularity is not present in the world independently of the agents. So
only factors (1) and (2) are relevant, particularly when a totally new system
is being bootstrapped.

In the case study that follows, originally described in (de Boer 1999,
2000), embodiment and the dynamics of language use in a population are
investigated as factors explaining regularities in systems of human speech
sounds. As vowels are the simplest speech sounds to model, this paper fo-
cuses on vowels, but there also exists work on syllables and syllable struc-
tures (Steels & Oudeyer 2000; Redford, Chen & Miikkulainen 2001).

Our main point is that embodiment in itself is not sufficient to explain
many universal tendencies or culturally accepted norms. Earlier embodi-
ment approaches have shown that embodiment constrains the possibilities,
e.g. that there are limitations of actuators and sensors which prevent or
discourage humans from using certain sounds. In addition, these ap-
proaches demonstrate that typical speech categories are in some sense op-
timal (see e.g. Lindblom, MacNeilage & Studdert-Kennedy. 1984). Specifi-
cally the sounds in a language are claimed to have a particular distribution
and structure that is optimized for the task of reliably producing and per-
ceiving sounds, and hence the sounds are maximally contrastive. If that is
the case, then embodiment and the constraints of the task are sufficient to
explain why human languages show particular sounds and not others.

Nonetheless, observations of real phonetic data show that suboptimal
phonetic systems also exist in many languages. For example, the UPSID
database of human sound systems lists two examples with suboptimal 3-
vowel systems, namely with the sounds [e] [a] [o] instead of the more
common optimal [i] [a] [u]. They come from a North-American Indian lan-
guage, Alabaman (Rand 1968) and a Peruvian language, Amuesha (Fast
1953). These 3-vowel systems are suboptimal because they do not provide
the maximal contrast in the acoustic space. Therefore embodiment (and the
constraints of the task) are in themselves not sufficient to explain the vowel
systems one finds in human languages. One also has to take the collective
dynamics of language use in a population into account. All users have to
conform to the system of speech sounds that has historically been chosen in
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order to achieve communicative success. This system is partly arbitrary and
may be suboptimal.

4. Experiments in self-organization of speech sounds

To examine whether the structure of vowel systems is sufficiently deter-
mined by self-organization in a population under constraints of embodi-
ment, we need to find a mechanism that incorporates these two factors, and
then show that this indeed leads to emergent vowel systems that reflect the
universal tendencies observed in human vowel systems. In our case, we use
a population of artificial agents that can produce, perceive and remember
speech sounds in a human-like way. Each agent is equipped with an articu-
latory synthesizer, a model of human perception for calculating the dis-
tances between different signals, and an associative memory for storing
vowel prototypes. Also, each agent can interact with other agents (follow-
ing a fixed pattern) by imitating them. These interactions are called imita-
tion games, and are in the same line as the “language games” we have used
in our work for the past decade (see Steels 2003). The agents can update
their vowel repertoires depending on the outcome of the interactions in
such a way that the expectation of future imitation success is maximized.
The agents’ goal in life is to imitate the other agents as well as possible
with a repertoire of vowels that is as large as possible. However in doing
this, the agents only use local information, and do not carry out any explicit
optimization. The behavior of the agents is summarized in table 1 at the end
of section 4.1.

4.1. Embodiment constraints on perception and production

The repertoire of speech signals that humans can produce is limited by the
physics and the physiology of the vocal tract (figure 1). The repertoire of
sounds that they can distinguish is limited by the properties of the auditory
apparatus. In this example the focus is on vowels, and therefore only the
articulatory and perceptual properties of vowels are integrated. These prop-
erties are also better understood than those of consonants. This has to do
with the fact that vowels are static signals, while many consonants are dy-
namic, i.e. their articulation and their signal do not remain constant over
time.
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Figure 1. Structure of the human vocal tract. Speech sounds are produced by
 very fine-grained movements of the articulators

The acoustic signal of a vowel can be described relatively straightforwardly
by the resonances of the vocal tract. These resonances cause prominent
peaks in the frequency spectrum of a vowel signal. The frequencies at
which these peaks occur are called the formant frequencies. This is illus-
trated for the vowel [a] (as in “father”) by the black line in figure 2. For
different vowels, these peaks occur in different places. Vowels can there-
fore be uniquely characterized by their formant frequencies. In practice,
only the three or four resonances at the lowest frequencies are relevant.

In the simulations discussed here, no acoustic signals are generated, al-
though it would be straightforward to add the extra complexity. Vowels are
represented by their first four formant frequencies. If an agent wants to
generate a given vowel, it synthesizes these formants using an articulatory
synthesizer. This synthesizer takes as inputs the three major vowel pa-
rameters: tongue position, tongue height and lip rounding (Ladefoged &
Maddieson 1996, Ch. 9). The outputs of the synthesizer are the first four
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formant frequencies of the corresponding vowel. The inputs are modeled as
real values in the range 0 to 1. For tongue position, 0 means most to the
front and 1 means most to the back. For tongue height, 0 means lowest and
1 means highest. For lip rounding, 0 means least rounded and 1 means most
rounded. Thus (0, 0, 0) corresponds to the vowel [a] and to the formant
frequencies (708, 1517, 2427, 3678) Hertz. The parameters (1, 1, 1) corre-
spond to the vowel [u] and to the formant frequencies (276, 740, 2177,
3506) Hertz. Formant values were taken from (Vallée 1994). This synthe-
sizer is able to generate all possible basic vowels.

Figure 2. The first four formants of the vowel [a] black line, and its perception
 in terms of the effective second formant (gray line)

Humans also perceive vowels based on their formant frequencies. These
can be used to calculate a perceptual distance between vowels. Unfortu-
nately, the distance calculation is not as simple as calculating a Euclidean
distance between two formant vectors. As the bandwidth of the sound re-
ceptors at higher frequencies is greater than those at lower frequencies,
blurring of spectral detail takes place at higher frequencies. This means that
the formant peaks at higher frequencies can generally be compressed into
one broader peak. The center frequency of this peak is called the effective
second formant. The first peak in the spectrum is usually perceived as re-
maining in the same place, and is still referred to as the first formant. The
perception in terms of the first and effective second formant of the signal
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[a] is shown as the gray line in figure 2. Note that this is an idealized view
to illustrate the process.

While there are several ways to calculate the effective second formant,
the one adopted in the research described here has been developed by
Schwartz et al. (1997b). It is a non-linear weighted average of the 2nd, 3rd
and 4th formant frequencies. In order to calculate distances between vowel
signals, the first and effective second formant are expressed in the Bark
frequency scale. The Bark scale is a perceptually inspired frequency scale
that can be considered to be logarithmic for the frequencies that are relevant
to formants. Equal frequency differences in Bark are perceived as equal
intervals, in contrast to the way frequencies in Hertz are perceived.

Figure 3. Emergence of a vowel system in a population of twenty agents.

Using the first and effective second formant frequencies in Bark, the dis-
tance between two vowels can be calculated as an ordinary weighted
Euclidean distance. As differences in the effective second formant are per-
ceptually less important than differences in the first formant, the effective
second formant is multiplied by 0.3 when calculating distances.

These distances are then used to determine which vowel in an agent’s
repertoire is recognized. This is done by calculating the distance between a
perceived signal and all the vowels in an agent’s repertoire. The vowel that
is closest to the perceived signal is considered to be the one that the agent
heard.

Table 1. Basic organisation of the imitation game. Explanation of symbols: V is
the repertoire of vowels, v, vnew and vrec are vowels, uv a vowel’s use, sv

its success and acv its acoustic signal.
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Initiator Imitator
1 If ( V = ∅)

     Add random vowel to V
Pick random vowel v from V
uv ← uv + 1
Produce signal A1: A1 ← acv + noise

Receive signal A1.
If ( V = ∅ )
     Find phoneme( vnew, A1 )
     V ← V∪vnew
Calculate vrec:

Produce signal A2: A2 ← acvrec
+ noise

2

3 Receive signal A2.
Calculate vrec:

If ( vrec = v )
     Send non-verbal feedback: success.
     sv ← sv + 1

Else
     Send non-verbal feedback: failure.

Receive non-verbal feedback.
Update V according to feedback
signal.

4

5 Do other updates of V. Do other updates of V. 5

4.2. Results

The agents all start out with an empty vowel repertoire. By playing imita-
tion games with each other, the agents have to develop a vowel system that
is as large as possible, that allows for successful communication and that
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should be realistic if self-organization and embodiment are really factors in
explaining the structure of human vowel systems.

4.2.1. Emergence of a vowel system

The emergence of a vowel system in a population of twenty agents under
10% acoustic noise is shown in figure 3. In each of the frames of the figure,
the acoustic aspects of the prototypes of the agents’ vowels in the popula-
tion are plotted in acoustic space. In this particular acoustic space (based on
the first and effective second formant frequencies of a vowel signal), equal
distances between points correspond to equal perceptual distances. Each
vowel of each agent in the population is represented by a dot. Note that due
to articulatory constraints, only a roughly triangular area of the acoustic
space is available to the agents. This is indicated in the fourth frame of
figure 3.

From the figure it is clear that after the first 20 games the agents still
only have very few vowels. The vowels that exist are more or less ran-
domly dispersed through the acoustic space, although some of them already
show a tendency to cluster. This is caused by the fact that all agents start
out with an empty vowel repertoire. In order to get the imitation games
started, random vowels are inserted. However, the imitating agents in the
games try to make imitations that are as close as possible and add these to
their vowel repertoires. This accounts for the clustering. After some 500
imitation games, shown in the second frame, the clustering has become
more pronounced. The most important process at this moment is the com-
pacting of the clusters due to the fact that the agents move their vowel pro-
totypes closer to the signals they perceive. However, there is still sufficient
room in the auditory space for extra vowels, so the random addition of new
vowels also plays a role. After 2000 games, the available vowel space be-
comes filled more evenly with vowels and the shape of the vowel system
becomes more realistic. After 10 000 imitation games, the available acous-
tic space has become more or less filled up with vowels and the vowel sys-
tem has become realistically symmetric and dispersed. After this has hap-
pened, the vowel system remains stable. However, it is not static. The
vowel prototypes of agents (and therefore the clusters) tend to move, and it
is even possible that they merge or that new clusters are formed (if they do
not interfere with other clusters).



Tine Breban254

Figure 4. Emerged vowel systems with six vowels.

4.2.2. Evaluation of the emerged vowel system

Are the vowel systems that emerge realistic? If in the emerged systems the
same types of vowel systems are found in the same proportions as in human
languages, they are realistic. The classifications of human vowel systems
that were used as a reference were the ones by Crothers (1978) and by
Schwartz et al. (1997a).

An example of a classification of emerged vowel systems containing six
vowels is shown in figure 4. The data in this figure were obtained by run-
ning the simulation a hundred times for a given parameter setting (acoustic
noise set to 12%). In each run 25 000 imitation games were played.

Note that although the frames in figure 4. look similar to the figures of
vowel systems shown previously in figure 3, there is a crucial difference. In
previous figures, the agents shown in one frame were all members of the
same population (and had therefore interacted with each other). In the pres-



English adjectives of general comparison 255

ent figure, all agents shown are members of different populations. The fact
that there still is a large amount of similarity between the vowel systems of
agents from different populations is a strong demonstration of how self-
organization can make populations converge towards similar vowel sys-
tems.

The emerging systems are realistic. Most of them conform to the univer-
sals that Crothers (1978) found for human vowel systems. When the per-
centages with which the different emerged systems occur are compared to
the percentages with which human vowel systems occur, a good match is
found as well. Schwartz et al. (1997a) have measured the occurrence of
different vowel system types in the different languages in the UCLA
Phonological Segment Inventory Database (UPSID, a database based on
speech sound data of 451 languages, Maddieson 1984; Maddieson & Pre-
coda 1990). They find 60 vowel systems with 6 vowels. Although their
classification is not exactly the same as the classification shown in figure 4,
there is good agreement. Of the systems they found in UPSID, 43% is of
type A, 20% is of type B, 5% is of type C, 7% is of type D and 20% is of
type E. No systems of type F were found, and two of the systems from
UPSID (3%) cannot easily be fitted into the classification used here, but are
probably of type A. Equally good agreement was found for systems of 4
and 5 vowels and reasonable agreement was found for systems of 7 and 8
vowels (de Boer 1999, ch. 6). It seems that the simulation is capable of not
only predicting the most frequently found vowel systems in human lan-
guage (as was already possible with systems that optimize acoustic dis-
tinctiveness), but also of predicting the less frequently occurring vowel
systems and, approximately, their relative abundance.

5. Conclusions

The results of the simulation show that vowel systems can emerge through
self-organization in a population of agents whose production and percep-
tion is constrained by their embodiment. Although the agents start with an
empty vowel repertoire and do not have any constraints on the kinds of
vowel systems they can learn, the vowel systems that emerge in the popu-
lation tend to be symmetric and dispersed, and optimized for acoustic dis-
tinctiveness. The model also predicts the types of vowel systems that occur
less frequently and their abundance with a reasonable degree of accuracy.
This illustrates that dynamics and embodiment play an important role in
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determining the structure of phonological and phonetic systems. The im-
portance of embodiment both for constraining the space of possibilities and
for pushing towards optimality in the task was known already (see e.g.
Lindblom, MacNeilage & Studdert-Kennedy 1984) and the computer
model presented here provides additional empirical support for this thesis.
At the same time, the model clearly shows that embodiment can (and has to
be) complemented with the collective dynamics flowing from social inter-
action. As the imitation success of agents is partly determined by how well
the agents’ vowel repertoires conform to the repertoires that are used by the
other agents in the  population, different (sub-optimal) configurations can
emerge and be maintained. Some configurations can be considered stronger
attractors than others in the dynamical system that is defined by the agents
and their interactions. The same universal tendencies that are found in hu-
man vowel systems are found in the systems that emerge. This indicates
that innate rules and constraints are not necessary in order to explain why
these tendencies are present; neither is it necessary to assume that they have
to be genetically encoded.

More generally (and based on other works such as reported in Steels &
Belpaeme 2005) we argue that the universal tendencies found in human
categorization, as well as the cognitive systems that use these categoriza-
tions for action and decision-making, are a function of multiple forces, and
in particular embodiment and collective dynamics. In domains where the
statistical structure inherent in the real world is relevant (such as color cate-
gories), sensitivity to this structure will also play a role. In domains where
there is genuine choice (like driving to the right or left) the regularity is
generated by the agents and cannot be explained on the basis of pre-
existing statistical structure. All this does not exclude the possibility that
certain categorizations could not have become genetically assimilated.
However, in the case of cultural systems, like language, which undergo
relatively rapid change, this seems less likely than is often assumed.
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