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Summary Human vocalization systenare characterized by complex structural properties.
They are combinatoriabased on the systematic reuse of phonemes, and the set of repertoires
in human languages is characterized by both strong statistical regularitidgersal® and a

great diversity. Besides, they are conventional codes culturally shared in eatlirdgnof
speakers. What is tharigins of the forms of speech? What are the mechanisms that permitted
their evolution in the course of phylogenesis and cultural evolution? How can a shared speech
code be formed im community of individuals? His chapter focwes on the waythe concept

of selforganization, and its interaction with natural selection, can thigiw on these three
questions. In particular, a computational model is presented and shows that a basic neural
equipment for adaptive holistic vocal intitan, coupling directly motor and perceptual
representations in the brain, can generate spontaneously shared combinatorial systems of
vocalizations in a society of babbling individuatarthermore, we show how morphological

and physiological innate conaints can interact with these selfganizedmechanisms to
account for both the formation of statistical regularities and diversity in vocalization systems.
Keywords: selforganization, natural selection, evolution of speech, combinatoriality,
computationamodel.

Human vocalization systems are characterized by complex structural properties. They are
combinatorial, based on the systematic reuse of phonemes, and the set of repertoires in human
languages is characterized by both strong statistical regesdritiniversal® and a great diversity.
Besides, they are conventional codes culturally shared in each community of speakers. What is the
origins of the forms of speech? What are the mechanisms that permitted their evolution in the course
of phylogenesis ahcultural evolution? How can a shared speech code be formed in a community of
individuals? This chapter focuses on the way the concept ebrgglhization, and its interaction with
natural selection, can throw light on these three questions.

The tendeng of many complex physical systems to generate spontaneously new and organized forms,
such as ice crystals or galactic spirals, is indeed present as much in the inorganic world as in the living
world. Thus, the explanation of tlegigins of forms and strigres in the living can not only rely on

the principle of natural selection, which should be complemented by the understanding of physical
mechanisms of form generation in which smifjanization plays a central role. This applies to the
social and cultudaforms of the living, in particular to the forms of speech and language. As a
consequence, | will begin by articulating in a general manner the relationships between self
organization, natural selection and f@arwinism in explanations of the genesis fofms in the

living. Then, I will instantiate these relations in the contexthef three questions formulated above

After that, | will explain why the use of computer models and simulations is fundamental for the
progress in our understanding of thessués. Finally, | will present the example of an experiment
based on a computer model which shows that certain simple mechanisms coupling perception and
production of sounds can generate combinatorial systems of vocalizations, characterized by the
universaldiversity duality, and shared culturally by the members of a speech community. | will
conclude by the presentation of evolutionary scenarios that this computer experiment complements or
renews.



1. SelfOrganization and the Evolution of Forms in the Living

1.1 Physics, the @ldron o Self-Organized Forms

Nature, especially inorganic nature, is full of fascinatingly organized forms and patterns. The
silhouette of mountains is the same, whether one views it at the scale of a rock, a summit, or a whole
mountain range. Sand dunes often arrange themselves in long parallel stripes. Water crystallizes into
symmetrical serrated flakes when the temperature is right. And when water flows in rivers and hurtles
over cataracts, trumpshaped vortices appear ata toubbles collect together in structures which are
sometimes polyhedral. Lightning flashes draw pldwa branches in the sky. Alternating freezing

and thawing of the rocky ground of the tundra leaves polygonal impressions in the earth. The list of
these forms rivals many human artefacts in complexity, as can be seen in figure 1. And yet they are
not designed or conceived by anyone or anything, meh enatural selection, Dawkin&lind
watchmaker(Dawkins, 1986) What, then, are the mysteriousttas that explain their existence?

Figure 1 Nature is full of organized forms and patterns without there being anywhere any plans
which might have served to build them; they are said to be seffrganized. Here, parallel stripes
running through sand dunes, water bubbles on the surface of liquid which has been stirred up
and the polyhedral structures which are left when they dry out, an ice crystal, mountains whose
shapes are the same whether one views them on the scale of a rocla whole peak (Photos:
Nick Lancaster, Desert Research Institute, Nevada).

In fact, all these organized structures have a feature in common: they are the macroscopic outcomes of
local interactions between the many components of the system from whigmtkeeye. Their global
organizational properties are not to be found at the local level. Indeed the properties of the shape of a
water molecule, as well as of its individual physatemical properties, are qualitatively different

from the properties ofce crystés, whirlpools, or polyhedral bubbles. The polygonal impressions in

the tundra do not correspond with the shape of the stones composing them, ana $eatial
organization quitedifferent from the temporal organization of freezing and thawifdis is the
hallmark of a newly discovered phenomenreoself-organization.

In nature, selbrganizationcharacterizes very diverse physical systems, but several typical properties
can be identified: notinearity, symmetry breaking, presence of dynamic sy st ems MfAattr ac
historicity. For example, when one heftsm below a thin layer of oil spread out on a plane surface,
convection currents with peculiar geometric shapes (lines or polygonsygaifizeand these shapes
change dramaticallwhen the temperature goes over given thresholds (see figure 2). On the contrary,
between these thresholds the shapes remain globally stable even if they are perturbated, constituting
attractors. Another property of many setfjanized dynamical systems istoiicity, often associated

with the sensitivity to initial conditions in chaotic systems: the attractor in which the systems falls, i.e.
the shapes/forms that are produced by the complex system, can be very different depending on slight
variations in thenitial conditions. For example, this is the case of ferromagnetization: each of the
atoms of an iron plate can be viewed as a sort of magnet that can have several possible orientations,



and whichorientation is random if the temperature is high enough.i¥¢he temperature goes below

a certain threshold, a saifganized phenomenon happens: all atoms spontaneously adopt the same
magnetic orientation. This shared orientation is gimapbssible to predict beforehand and tiny

random variations of initlaorientations of atoms can lead the plate to be magnetized in a quite
different orientation. These variations in initial conditions are typically linked to contingent events that
interacted with the iron plate: this is why the final state of the platendispboth on its history and on

its intrinsic physical mechani sms, whence the te
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(Adapted from Tritton, 1988; and Velarde)

Figure 2 Rayleigh-Bénard cells when one heats from below a thin layer of oil spread out on a plane
surface, convection currentsvith peculiar geometric shapes (lines or polygons) setirganize and
these shapes change brutally when the temperature goes over given thresholds. This kind of-non
linearity characterized many selforganized sysltems both in the inorganic and in the living
world .

This fundamental concept is the touchstone of the paradigm shift undergone by the sciences of
complexity in the 20th centurgAshby, 1956; Nicolis and Prigogine, 1977; Kauffman, 1996; Ball,
2001) Ever since Newton, good science was supposethetareductionist, and consisted in
decomposing natural systems into simpler subsystems. For example, to understand the functioning of
the human body, it was appropriate to study the respective parts, such as the heart, the nervous system,
or the limbic syeem. Moreover, it did not stop there, and study of the nervous system, for example,
was subdivided into study of the cortex, of the thalamus, or of the peripheral motor innervations, and
each of these suparts was studied by hypspecialists in separateledicated university department.

This method has obviously enabled us to accumulate an impressive bank of knowledge. But the
prophets of complexity have broken up this paradigm. Their credo is ““the sum of the parts is greater
than the parts taken ingendently”.

! Photos adapted frofritton, 1988) and Manuel Velarde, Universidad Computense, Madrid.



1.2The Impad of SelfOrganization on the Origins of Forms in theilzing

Complex systems, i.e. systems composed of many interactirgystdms, abound in nature and have
the strong tendency to saifganize.The examples of the previosgction were chosen deliberately
from inorganic systems to show that the property ofseajfirization can bdound in systems subject
to laws which have nothing to do with natusalection. However, setirganizaion applies similarly

to living systems It is a concept widely used several branches of biologyt is particularly central

to theories which explain the capacity ofsect societies to build nests or hivieshunt in groups or to
explore in a decentralized and effectivay the food resurces of theienvironmenf{Camazine et al.,
2002) In developmental biology, it is used, for exampletplain the formation of coloured patterns
on the skins of animals likdeutterflies, zebras, jaguars or ladybi(@sll, 2001)

Thus, t seems podsle, then, that therare shapeand patterdforming mechanisms in biological
systemswhich are orthogonal to naturaélection, throughher property of seHorganization. Now
natural selection is at the heaftalmost all the arguments bfologistswhen it comes to explaining
the presencef a shape, gattern or a structure innaorganism. What, then, is threlationship
between théheory of natural selection and seliganization?

Some researchers have suggested thatosgdinization casts dbt on the centraty of natural
selection in exlfaining the evolution of living organismaValdropexplains:

“Complex dynamical systems can sometimes go spontaneously from randomness to order; is this a
driving force in evolution? Have we missed sonmgtfabout evolution some key principle that has
shaped the development of life in ways quite different from natural selection, genetic drift, and all the
other mechanisms biologists have evoked over the years? ... Yes! And the missing element... is
spmtaneous selbrganization: the tendency of complex dynamical systems to fall into an ordered
state without any selection pressure whatsoe®@valdrop, 1990)

However this is not the position | take in this articleatRer than seeing sadfganizatioras a concept

which minimizes the role of natural selection by suggesting competingd@ating mechanisms, it is

more accurate to see it on the one hand as belonging to a somewhat different level of explanation and
above all on the other hand as desngbmechanisms which actually increase the power of natural
selecton by ordes of magnitude.Mechanisms with the setfrganizing property are completely
compatiblewith themechanism of natural selection in explainthgevolutionof forms and structures

in biology.

1.3 Classic Neo-Darwinism

To see the matter clearly, it is first necessary to recall Wieamechanism of natural selection, or
Neo-Darwinism, comprises. It is @mechanism characterizing a system composed of individuals each
havingpartiaular traits, shapes or structure addition, the individuale this system are capable of
replication. This reptiation musbccasionally produce individuals whi@are not exact copies of their
ancestors, but are slight variants. 3&evariations & the source odiversity among individuals.
Finally, each individual has a greatarlesser capacity for replicatip according to its surrounding
environment.This generateslifferential replication of individualand gives rise to selection" of
those who are most calple of replicating themselve$he combination of the processeseplication

with variation and selection means thater the generations, the structures or traitindividuals
which helpthem to reproduce themselves are preseanedimproved upon.

Now there is one crucial point on whithe theory of natural selectida neutral: it is the way in

which variation is generated, and mgenerally the ways in which the indilkials with their shapes,
traitsand structures are produceA number of NeeDarwinist arguments consider the mechanisms of
variation of forms as secondary in comparison with the reproductive advantages of these forms when
it comes to explain their evolution. This implies implicitly that the relation betweeleyibeof genes,
considered as the main space in which variations operate through mutations ammdergsand the



level of phenotypes, considered as an isomorphic image of the space of genes, is simple and linear.
According to this visiongxploration & the space of phatypes (whichdetermines, along with the
environment the relative effectiveness dfie genes at replicating) can simply barried out by
studying the waythings change in the space of genotypdsw the mechanims of mutatiornwhich
adually bring about these changa®of little amplitude (most mutations only affect a very small part

of the genomewhen replication succeeds), and thus random variations in genes lead to uniform
exploration of the space of genotyp®¥ghat this means ishat under thénypothesis that phenotypic
andgenotypic space have the same structure and carapped approximately linearlythe space of
possiblebiological forms carbe searched quasbontinuously, by suessive little modifications of
pre-existing fams. Fortunately for the appearance ohwaex life-forms, this is nothe case. In fact,
although this mechanismf small successive variatioris form is notably effective irthe delicate
regulation of thestructures of organisms, it would matkee seach for forms as compleas those of
human organisms equivalettt the search for a needle irhaystackbecause genomes are much too
high-dimensionalKeefe and Szostak, 2001)

1.4 Self-Organization Constrains the Space of Forms to Be Explored: Not Allrfss can Emerge
Equally Easily.

It is here that the concept of selfganization comes to the rescue of this naive search mechanism in
the space of phenotypic forms in the Nearwinian theoretical framework. In fact the relation
between geneand the foms of organisms is characterized by its complexity and itsinearity that

are expressed through the ontogenetic and epigenetic development of each oQeyasismsare
constructed starting from a sterell containing a whole genom&his stem cell an be seen as a
dynamc system parameterized by genome and under the influenafeperturbations imposed by the
environment. This dynamic system is @ally a selforganizing systenwith the same sorts of
propertiesas the selbrganizing systemdescibed in the previousestion. The genome is a set of
parameters analogous to temperature and the viscosity of liquiddnard systems, and the
environment is analogous to noise (but evidehtgghly structured noise!)Thus the development of

an organim from a stem cell shares many properties with physical systems: shapes, structures and
patterns appear at the global lexaid are qualitatively differerfitom those implementing functioning

at the local level, that iglifferent from the patterns chatadzing the structure of the steeell and its
genomeThe hexagonal pattern which can appear as a result of a simple difference in temperature in a
homogeneus liquid gives an idea of tiveay in which a simple sequence of reatides enclosed in a
systemof molecules which transforms them automatic into proteins can generat bipedal
organism endowed with twayes and ears and an immensalynplex brain.

Crucially, as with Baard systems or ferromagnetic plates, dynamic systems defined by thanzkll

their genomes are characterized by a landscape of attractors: there are large regions in the parameter
space within which the dynamic system systematically adopts behaviour which is more or less the
same. For Beéard systems, there is a range of temafures giving rise to parallel stripes which is

wide enough to locate easily. For ferromagnetic plates the range of temperature in which the system
settles to global magnetic coherence is also very wide. Thus for living organisms it is not only possible
to generate selfrganizing structures with complex global properties, but in addition these structures
are generated by genomes belonging to broaespabes of genome space, called basins of attraction.
The structuring of genome space into basinstedieion by this kind of dynamic system facilitates the
evolutionary search of the space of forms so that it does not resemble a search for a needle in a
haystack.

As in ferromagnetic systemstructured noise imposed by teavironment on the developmenf the
dynamic system can lead it to takkfferent developmental patlays. For pieces of iron at low
temperatures, this corresponds togmetization in one direction @nother. For a living organism,
this coresponds to its possible shaptss is tow it happens that evenamozygotic twins can show
quiteimportant morphological differencesThis is also the reason why the relationship between genes
and the form®f organisms is not only complex and nonlinear, but atsedeterministic. Moreover,

and & in Bénard systerm where search of the parametpace of temperature can sometimes tead



fast and qualitative changés the behaviour of the system (foxaanple the change from parallel
stripes to square cells), which have healled phast¢ranstions, thesearch within genome space can
also leadto fast qualitative change$his possibly corresponds to many observatiodnsapid form:
changes irevolution, as witnessed by the fossitadied by anthropologists, amdhich are the basis of
the theoy of punctuated equilibrium proposed (Bldredge and Gou|dL972)

To summarize, the setfrganizing properties of the dynamic system composed by the cells and their
DNA brings crucialstructuring to thephenotypic space by constraining it, making thecavery of
complex robust forms by natural selection much easier. On the one hand, these properties enable a
genome to generate complex, highly organized forms without the need for precise specification of
each detail in theapome (in the same way asriaéd's polygonal shapes are not specified precisely,

or encoded in a plan, in the properties of the liquid's molecules). On the other hand,-the self
organizing properties structure the landscape of these possible forms into basins of attraction within
which they resemble each other greatly (here is where gradual evolution happens, involving fine
tuning of existing structures), and between which there can be substantial differences among forms
(transitions from one basin to another are what provide abngpowerful innovations in evolution).

To give a simple picture, seffrganization provides a catalogue of complex forms distributed over a
landscape of valleys in which and between which natural selection moves and makes its cheices: self
organization psposes.and natural selection disposesObviously this is only an image to facilitate
understanding, because with its movements natural selection actually enables new mechanisms,
themselves selbrganized, to appear, and these in turn structure the spdioems within which it

moves; thus natural selection participates in the formation of these mechanisms which help it to move
effectively in the space of forms; vice versa, the mechanism of natural selection certainly appeared in
the history of life due tdhe selforganized behaviour of systems which were as yet completely
unconnected to natural selection; natural selection anebgmihizing mechanisms thus help each
other reciprocally in a sort of spiral which enables complexity to increase dimengourse of
evolution.

The consequence of this entanglement between natural selection andyaeifation is that any
explanation of the origins and evolution of forms and structures in living organisms requires at least
two kinds of argumentation. Thedirone, classids the neeDarwinian functionalist argumentation: it
consists in identifying the ecological context in which a given trait may have appeared and in
articulating the balance between the associated costs and reproductive advantagesnd tnsiecb
argumentation is more rarely used but is equally essential: it consists in identifying the
developmental/epigenetic mechanisms, and #se@ated constraints, which may have pdadjtor

made difficult, the genesis of these novel traits. Ame ¢oncept of selbrganization is central to the

way developmental mechanisms impact the genesis of forms.

2. SelftOrganization and the Evolution of Forms and Structures of Language and
Languages

The question of how speech and language came to humantheagdestion of how new languages

form and evolveare among the most difficult that science has to address. After being put aside from
scientific enquiries during most of the ®@entury, partly because of the ban pronounced by the
Société Linguistique @ Paris, they are now again the focus of attention of a whole scientific
community. There is an emerging consensus among researchers who are today getting down to
guestions of the origin of the human language faculty and the evolution of langu#lyjesesearch

must be interdisciplinary. It in fact poses a puzzle with immense ramifications which go beyond the
competence of each individual discipline on its own. Firstly, it is because the two big quekabns

of the origins of language and that oétbrigins of languagesust be decomposed into subquestions

which are themselves already quite complex: What, in fact, is the language faculty? What is a
language? How are sounds, words, sentences and representations of meaning related to each other?
How does the brain represent and process these sounds and sentences and the concepts which they
convey? How do we learn to speak? What are the respective roles of nature and nurture? What is
language for? What is its role in a community? How doesgukge form and change in the course



of successive generations of speak@mft, this volume Kirby, this volumg? What do we know of

the history of each particular language? Why are the language faculty and languages the way they
are? Why do we seenversal tendencies and at the same time great diversity in languages? How
does language influence the way we perceive and understand the world? What do we know of the
history of the human capacity for speech? Is it mainly the result of genetic enplik® the
evolution of the eyes, or a cultural invention, like writing? Is language an adaptation to a changing
environment? An internal change in an individual which increased its chances of reproduction? Is it
an exaptation, a side effect of changdsch were not at first tied to communicative behaviour? What

are the evolutionary prerequisites which paved the way for the capacity of speech? And how did these
prerequisites appear? Indepemttie? Genetically? Culturally?

Phylogenesis

Culture
(biological evolution)

Ontogenesis

(individuallearning)

Figure 3 Multiple interaction scales involved in the origins of language

Ranged against the diversity of these questions is an even greater diversity of research disciplines and
methals. Linguists, even though thegntinue to provide crucial data dmethistory of languageare

no longer the uniquactors.Developnental and cognitive psychologisied neuropsychologistarry
out behavioural studies of languagequisition and language pathologyhdathese often reveal
cognitivemechanisms involved ilanguage proceing. Neuroscience, especialljth equipment for
brain imaging allowig us to see which brain regioase active for given tasks, attemptsitwifneural
correlates of verbabehaviour, to discover its organization in thr@in. Some resarchersalso study
the physiology of the vocatact, to try to understand home produce speech sounds. The pblpsjy

of the ear, the essentia¢éceptor in the speeatecoding chain (ovision, in the case of signed
languages), is also a focus of rasba Archeologists examine fossil;d artefacts left by the first
hominids, and try on the or@&and to deduce our anatomical evolution (especially of the larynxrand
the other hand to get an idea of what activitiesy were engaged ifwhat tools dd they makehow

did they use them?What canthese tools tell us about the degrof cognitive development?).
Anthropologists do fieldwork orsolated peoples, and report oultural differences, especially the
related to languages and tmeanings thg convey. Primatologists tp report on the communicative
capacities oinimals that may have soraacestorén common with humaandto compare them with
our owncommunicative capacitie&eneticists on the one hand gegce the human genome and that
of potential ancestral species whieiis possible to specify thephylogenetic relatedness, and on the
other hand use genetic informatitnom different people across the planet to help in reconstructing the
history of languages, which is often correlateith the gengc history oftheir speaker¢Dediu, this
volume).



Thus language involves a multitude of components interacting in complex ways in parallel on several
timescales: the ontogenetic timescale, characterizing the growth of an individual , pgrson
glossogenetic or cultural timescale which characterizes the evolution of cultures, and the phylogenetic
timescale, which characterizes the evolutionspécies (see figure 3). In particular, language is
characterized by complex physical and functioimeractions among multiple cerebral circuits,
several organs, the individuals which are equipped with them, and the environment in which they live.
Now, as we have seen in previous paragraptm, only is it esential to study each of these
componentsridependently, to reduce the complexity of the problems;also necessary to study their
interactions.Thus, a growing number of researchbaewve proposed the idea that many properties of
language and languages may not be encodeahyrparticular compoent involved, i.e. in certain
specific cerebral structures or in properties of the auditory and vocal apparatus, or even in an
individual considered independently athers, but rather may be tkeltorganized outcomes of the
complex dynamignteractionsamong the components and individual¥et, these selbrganizational
phenomena areften complicated to understama to foresee intuitiely, and to formulate in words,
whence the crucial use of mathematical and computer modelling which | will now fpresen

3. Computer Models and Smulations of the Evolution of Language
3.1 Experimentingwith ComplexDynamical §/stems

Nowadays, ne of the most efficientvays to improve our understanding of the dynamics of self
organized systems is the use of computersobots. Indeed, they allow us to elaborate operational
models of which we know all the assumptions, to run them, and to observe the resulting belsaaiour
function of the values of parameters set in the context of these models. This is why, in addition t
linguists, psychologists, anthropologists, neuroscientists, geneticists, and physiologists,
mathematicians and computer scientists/roboticists have now a crucial role in this research.

An operational model is one which defines the set of its assursptixplicitly and above all shows

how to calculate their consequences, that is to prove that it leads to a certain set of conclusions. There
are two main types of operatial model. The first, used bypathematicians and some theoretical
biologists, consis in abstracting from the phenomenon of language a certain number of variables
along with the rules of their evolution in the form of mathematical equations. Most often this
resembles systems of coupled differential equations, and benefits from the dr&mawdynamic

systems theory. The second type, which allows for modelling of more complex phenomena than the
first, is that used by researchers in artificial intelligence: it consists in the construction of artificial
systems implemented in computerdrorobots. These artificial systems are made of programs which
most often take the form of artificial sofane or robotic agents, endowwdth artificial brains and

bodies. These are then put into interaction with an artificial environment (or a reahement in the

case of robots), and their dynamics can be studiddi s i s what one calls the
(Steels, 2001p r t he A sy nt h &feifecanchBeheirrol@®@IVihe upe ad computational
machines to simulate and study urat phenomena is not new: Lorenz used the first computers to
study the behaviour of climatological models, Fermi to simulate-linear interactions among
magnetized particles, Turing to imagine how morphogenetic processes coutiigaeize, Von
Neumanrto study seHreplication.

More recently, this method has allowed etholdgyprogress significantly in the understanding of
behaviour performances of social insef@®nabeau et al., 1997Computer simulations of social
insects, based on the conceptsoftware or robotic agents moliley each insect individuallyhence

the term agenbased modelling, were built. This has permitted to establish sufficient characteristics of
behaviour and insect capabilities that lead to the formation of collectivetusersic such as the
construction of termite nestsr the formation of organized groups for hunting or foraging in ants, or
the formation of fish shoals, thermoregulation in beehives or the formation of social structures in
wasps. In general, these compuwtenulations have shown thdtwas often not necessary that insect

be equipped with complex cognitive structures so that we can observe the collective formation of
complex structures.



Physicistshave also a tradition of using computers to build simaoeatiof complex systems that allow

them to elaborate their intuitions. For example, through the experimentation with cellular automata
sorts of grids which cells can ben a no rii ofinodf f 6 st adependsaon the state @fltheit i o n
neighbours accding to simple rule§ they discovered how, starting either from initially random
structures or completely uniform structures, complex patterns witktrivisd symmetries could be
formed, resembling those observed in ice crystals, in the distributioralainrehes in sand piles or in
mountains, dunes in the desert, the shape of fluvial deltas, galaxies or polyhedral bubbles in water
cascades. For physicists, cellular automata are not what could be called physical models of ice crystals
or avalanches, bubh¢y have played the role of metaphors and analogies which triggered a renewal in
the way their community perceivednd understood these phenomenictiniak et al., 1989;
Weisbuch, 1991Bak, 1996 Ball, 2003)).

3.2Computer Sienceand the Origins of Langiage and languages

It is also possibléo use computers and agdrased simulations not only to help us understand the
phenomena that characterize smifjanization of matter, simple biological structures, or insect
societies, but alsto help us understal phenomena that characterize humans and its societies. The
time has come to use computers and robots as scientific tools in human sciencesuilding, b
artificial systems in the context of research into languaggnsrand the evolution of languagées
enjoying a growing popularity in thscientific community, exactly becauseist a crucial tool for
studyingthe phenomena of language in relatioth® complex interactions of itomponentgSteels,
1997; Oudeyer and Kaplan, 2007; Kaplan and Oude2868) These systems are put to two main
types of us: 1) theyserve to evaluate the internal coherenteerbally expressed theoriafready
proposed by clarifying all theihypotheses and verifying th#dtey do indeed lead to the proposed
conclusions(and quite often ondiscovers errors in the assumptions adl &g in the conclusions,
which need to be revised); 2) they serve tolesgand generate new theoriadich themselves often
appear wbn one simply tries to build aartificial system reprodting the verbal behaviour of humans.

A number of ecisiveresults have already been obtained and have opened the way for resolution of
previously unanswered questions: the decentralized generation of lexical and semantic conventions in
populations of agds (e.g.Kaplan, 2001)the formation of shared inventories of vowels or syllables in
groups of agentée.g.Berrah et al., 1996; de Boer, 20@udeyer, 2001Qudeyer, 2005a; Oudeyer,
2005h Oudeyer, 2006 with features of structural regularities greatbsembling those of human
languagege.qg. Pierrehumbert, 200 Wedel, 2006)the formation of conventionalized syntadticg.

Batali, 1998, ) and grammaticatructures (e.g. Steels, 2005)the conditions under which
combinatoriality, the property of siematic reuse, can be select@dirby, 2001)

It is crucial to note thaih the context of research on the origins of language, this methodology of the
artificial is amethodology for explorationt fits within an abductive scientific logic, i.e. a logn

which one is searching for the premises that can lead to a given conclusion (instead of a deductive
logic in which one searches for the conclusions that can be reached from a given set of premises).

The word model has here a different meaning than its traditional use. Indeed, traditionally,
modelling consists in observing a natural phenomenon and then to abstract fundamental mechanisms
and variables on which a formalism is constructed that permits to predict reality as precisely as
possible. Herewe are rather interested in qualitative investigations of broad types of mechanisms that
may have been implemented in nature to solve ngipmblems. Language is such a complex
phenomenon that observations alone cannot allow researctgaduoeexplan@ory mechanisms. On

the contrary, it is necessary to have beforehand a structured and rich conceptualisation of the space of
hypotheses and mechanisms that might explain the complex properties of language evolution. This is
where artificialcomputationalsystems for which we use the terrmodel come into play they are

usedto refineour intuitions on the dynamics of language and languages formasiavell as to sculpt

the space of hypotheses.



As aconsequencehe aim of these computational modelsi to establish the list of mechanisms
responsible for the origins of given aspects of language. Rather, the objective is more modestly to try
to build a list of potential candidates, to constrain the space of hypotheses, in particular by showing
exampleof mechanisms that are sufficient and examples of mechanisms that are not necessary.

4. The Speech ©de

I will now illustrate this computer modelling work about the evolution of language and languages with

the description of an experimenthich focuses orthe problem of the origins of speech, i.e. sound
systems as physical vehicles of language (as gestures can also be in signed languages). The goal of this
experimentation is to foster the reconceptualisation of this scientific issue, through the evaluation

both existing and novel scientific hypotheses.

Discreteness and combinatoriality Humans have a complex system of vocalizations. They are

di screte and combinatorial, i . e. they are built
phonatory ontinuum, which are systematically recombined and reused. These units exist at several
levels (motor primitives to obstruct the air flow in the vocal tract, catledtures gestures
coordinations, called phonemes and which define vowels and consonénts;asp | es; et c ¢€) .
the articulatory space is continuous and potentially permits an infinity of gestures and phonemes, each
language discretizes this space in its own way, carving a repertoire of gestures and phonemes both
small and finite(StuddertKennedy and Goldstein, 2003Jhis is why it is sometimes referred as
phonemic coding

Universals and diversity. In spite of the great diversity of these elementary units in world languages,

one can also find strong statistical regularities. For exanspléain vowel systems are much more

frequent than some othemuch as the fiveowel system composed of vowé&, [i], [0], [a] and [u].

The same fact can be stated for consonants. The way units are combined is also peculiar: one the one
hand, not all squences of phonemes are allowed to form syllables in each particular larendge

the other handhe associatedes of possible phoneme combinations can be grouped into generic

types. This organization into generic types means that for exampleanrsummarize the possible

phoneme combinatioto form syllables in Japanegei mor as 0) with types ACV/
AVCO denotes syllables composed of two slots, ]
Japanese consonant in the second slot.

Cultural sharing. Speech is a conventional cod&hereas statistical regularities can be observed
across human languages, each linguistic community possess its own way to perceive and categorize
sounds as well as its own repertoire of rules of combinatiomexémple native speakers ofpanese

do not hear the difference between thia read and thel in lead How can a linguistic community

come to form a code shared by all individuals and without a central coordinated control of the code?

Since the worlof de Boer(2001)and Kaplan(2001) we have convincing hypotheses about how a

new sound or a new word can propagate and be accepted in a given population. But these negotiation
mechani sms, cahse®nscuad | @yln aimi -existence ol ingisticrigerattibne pr e
conventiongCroft, to appear)Thus, the associated models concern rather the formation and evolution

of languages, but do not address directly the question of the origins of language. Indeed, when there
was not already a conventionaiduistic communication system, how could the first conventions have
bootstrapped?

The model | will present focuses on this later question. It is obviously linked to the question of the
origins of languages, because it is about understanding how a spdeamay have formed to be used

as a basis for the first languages. The main difference among the two questions lies in the properties
that shall characterize the mechanisms we are searching for. If one is interested in the origins of
speech, one must selrdor an explanatory mechanism which asssimeither the existence of
linguistic conventions, nor the existence of cognitive structures that are specific to language. Indeed,
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this would imply that we would have models of individuals that can already spedikhus for which
language would already have appeared.

5. Self-Organization and the Evolution of Speech

How did human first speech codes formed in a society with no language? As argumented above, two
kinds of answers must be brought. First, a functianalwer: it establishes the function of vocalization
systems, and shows that human systems, with the properties we described, are efficient to achieve this
function. Liljencrantz andLindbldom (1972) proposed such an answer, and showed that the statistical
regularities of human repertoires of phonemes were the most efficient in terms of the perceptual
distinctiveness/articulatory cost compromise. This kind of answer is necessary, but not sufficient: it
does not allow us to explain how evolution (geneticwtucal) could have found those quagitimal
structur es, and does not all ow us either to expl
solution among several quasip t i ma | ones. I n particul ar, it is
with random mutations is not efficient enough to find complex structures such as those of the speech
code: the search space is too large.

This is why a second kind of answer is necessagyneed to investigate how biological evolution

might have generated @drselected these structures. One possibility is to study hovergglhization

may have constrained the search space to help natural selection. This would consist in showing that a
system much simpler than the structure we want to explain spontansefiglyganizes into this
structure

I will now presentsuch a system and show how relatively simple preniisikem an evolutionary
point of viewi can lead to the setfrganized formation of speech codes.

5.1 A Computer Investigation of the Formation dfundamental Structures of Seech

This computer model is agebased: it consists in setting up virtual robots equipped with models of

the auditory and phonatory apparatus coupled with a network of artificial neurons that connect
perceptual and motor modtids. These arti fici al neurons deter min
consisting in vocal babbling. The babbling activity, coupled with the properties of plasticity
characterizing neural ngorks, allow the robots to learn the correspondences betweespdice of

auditory perceptions and the space of vocal tract gestures. Finally, these robots are placed together in a
shared environment where they can hear the vocalizations of their neighbours, which influence their
own vocalizations, and wander around.will show that a number of emergent properties
characterizing the vocalizations produced by robots in a given population form spontaneously.

More technically, agents possess an artificidr (which properties can be modified to stubgirt

specific rok, see below) capable of transforming an acoustic signal into neural impulses which
stimulate neurons in an artificial perceptual neural map. They also possess a motor neural map which
neurons activation produce movements of a vocal tract model, whitftpitsguces an acoustic wave

(and which degree of realism can equally be modified). Both perceptual and motor maps are totally
interconnected (see figure 4). Initially, internal parameters of all neurons, as well as the parameters of
their connections, areandom. To produce a vocalization, a robot randomly activates several motor
neurons, which internal parameters encode articulatory configurations which shall be reached in
sequence, which then produces an articulatory trajectory and, through the votahddel, an
acoustic signal that can be perceived by the ear model. This is the basis of babbling, and explains why
initially, robots produce vocalizations randomly spread in the vocal continuum. These neural networks
are characterized by two forms of gtigity: 1) intermodal connections evolve in such a way that the
robot learnsthe correspondences betweanditory and motortrajectories perceivednd produced

1 We only give here a general description of the systamrecise mathematical descriptisravailable in(Oudeyer,
2006)
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when it is babblin 2) neurons in each map evolve in such a way that they tend to model the
distribution of sounds heard by the rob@&) The connections between both neural maps are such that

the distribution of sounds encoded in the motor map follows roughly the distribution of sounds
encoded in the perceptual map. This implies that the natrhitecture is such that robots have the
tendency to produce the same distribution of sounds as the distribution of sounds that they hear around
them. Thus, if one exposes a robot with a continuous flow of speech of a given language, its babbling

will tune/align itself on the distribution of sounds in this language. For example, is this language
contains the vowels [a, e, i] but not [ 0], the ro
much more often than [0]. This behaviour corresponds tatwh observed in young infants, and
referred as @ph o(Yimamg §996¢. a | attunemento

Figure 4: The robot architecture in the artificial system.Each robot is equipped with an artificial ear, an
artificial vocal tract, and two neural maps (percepual and motor) that couple the ear and the vocal tract.
These neural maps are initially random but characterized by two forms of plasticity: 1) intermodal

connections evolve in such a way that the robot can learn the correspondences between auditory
traje ctories and associated motor trajectories when the robot is babbling; 2) neurons in each map evolve
in such a way that they track the distribution of sounds heard by the robots. Thu#, one exposes a robot
with a continuous flow of speech of a given lan@ge, its babbling will tune/align itself on the distribution

of sounds in this language.

! Connections between the twoa ps evol ve ac c o:rthdse that link mweurdhe tha dresoftdn activated in a
correlated manner are reinforced, whereas those that link neurons with uncorrelated activation become weaker. These
connections are initially random, and throughl®l i ng and He bolgdnge andafinglly atlow #e/ robst ¢olfirid

motor commands that correspond to a given sound that he perceives.

2 Neurons adapt to stimuli through sensitizatidieir dynamics is such that if a stimulus S is perceivesh they are

modified such that if the same stimulus S would be presented just after they would be more activated than the first time, and
the amount of modification depends exponentially on their activation (strongly activated neurons are modified most).
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