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Abstract. The paper surveys some of the mechanisma that have been
demonstrated to be relevant for evolving communication systems in soft-
ware simulations or robotic experiments. In each case, precursors or par-
allels with work in the study of artificial life and adaptive behaviour are
discussed.

1 Introduetion

Almost sinee the beginning of rescarch in Artificial Life and the Simulation of
Adaptive Behaviour, there have boen cfforts to apply biological principles and
the methodology of building artificial systems to understand the origine and
cvolution of communication systems with the complexaty of natural langnages,
not only by abstract softwarc simulations but also by cxperiments on situated
cmbodied robotic agents operating in real world environments. In almost all these
cxperiments, language is viewed as a complex adaptive system which emergesin a
bottom-up fashion from local onc-on-one interactions between situated embodied
agents, and evolves and complexifics based on principles like cultural sclection,
structural coupling, and sclf-organisation. Rather than looking only at natural
languages as they cxist today, rescarch in ’artificial language cvolution’ trics
to cvolve artificial languages with natural langnage-like propertics - and thus
cxplorcs the space of possible langunages the same way artificial lifo cxplores the
gpace of possible lifc forms [21]. Morcover the languages arc not considered to
be static. Attempts arc made to have them cvolve in ways that are similar to
human langnage cvolution.

Thia paper surveys some of this rescarch which is relevant in several ways to
the general questions posed by biologically-inspired agents rescarch:

1. Communicationis obviously a very important feature of higher animals, paz-
ticularly humans. Indeed it has been argued that it is through the incrcasing
powcr and nceds of communication that cognition has been bootstrapped to
human level intelligence in the first place. The study of communication and
its complexification therefore fits within the general biological study of the
’major transitions in cvolution’ [26].



2. Rescarch into the origins and cvolution of language introduces a whole new
approach towards the problem of getting antonomous robots to communicate
in natural language with humans or cach other. Instead of the traditional
top-down approach used in most AT work on natural language processing, in
which lexicon and grammar remain static, communication is scen as adaptive
behaviour. The robot progressively acquires more complex forms of langnage-
like communication - similar to a child which progresscs from babbling to
prelinguistic communication, then to simple forms of lexical language and
finally full-blown grammar. Lexicon and grammar continuc to change and
develop throughout life. The emphasis on embodiment and sitnatedness nat-
urally resonates strongly with work on behaviour-based robotics, particularly
more recent work which tries to cstablish attention sharing, turn-taking and
cmotional communication [4].

3. As I will try to show in this paper, rescarch on artificial language evolution
has bencfited greatly from adopting principles discovered in the study of
the origins of biological complexity. But bencfits could also flow the other
way. Langunage is a very good domain to study how communication may
sclf-organisc and complexify. This topic is still only wealkly understood in
biology and is relevant to gquestions such as how do information codings arisc
in the brain, how do different organs within a body develop the noccssary
communication to coordinatc their activity, or how has the genctic code
cvolved towards such great complexity.

Rescarch on artificial language evolution is not only of interest for the study
of autonomous adaptive agents but is recciving increased attention from other
scientifie disciplines interested in the cvolution of language as well [14], [55].

The objective of this paper is to survey some of the work done so far with
an cyc on finding some of the principles that have proven to be rclevant for
simulating some form of language emergence. This survey is neccssarily very bricf
and incvitably biased to my own reascarch. I do not pretend that all rescarchera
in the arca subscribe to these principles. Morcover the complete problkem is
far from solved. Much remains to be discovered. Neverthelesa, T belicve it is
rclevant to occasionally perform this kind of synthesis to expose the gaps in our
understanding and begin to cxploit application opportunitics. Complementary
surveys and examples of roscarch can be found in [7], [5], [Z].

2 Language Games

Much of the sucecss of rescarch in artificial langnage cvolution has come from
framing the problem in terms of games. Before the advent of artificial life, game
theory was alrcady widely used in theoretical biology to study aspecta of genctic
cvolution and animal cooperation [24]. Indeed, some of the carly sucecsscs in
Artificial Life have come from adopting this framework as a basis for studying
complex dynamics and the evolution of complesxaty. For example, Lindgren [23],
Kancko, [16] and others studied the iterated prisoner’s dilemma game and showed
various cvolutionary phenomena such as spatio-temporal chaos, co-evolution of



strategics, cte. Rescarch in artificial langnage evolution has started to take off
when iterated games were adopted as a way to study the emergenee and evolution
in language. One of the carlicst examples ia [27].

The mapping to langnage works as follows. Typically there is a population of
agents (which can be static or dynamic). Two players (a speaker and a heazer)
arc randomly drawn from the population. The players engage in an interaction
which is cither a complete language game, 1.e. a communication involving the
rcal world, or an aspect of a langnage game, for example, only the exchange of
sounds [9] or the exchange of a string together with what the string means [31], or
well-formed sentences generated by an evolving grammar [13]. The players have
their own private cognitive structures, like lexicons or grammars, which they
usc to play the game, just as they have their own strategy and memory in the
cage of iterated prisoner’s dilemma games. There is an outcome of the game, for
oxample, snecesstul communication or successful imitation, and the behaviour of
the players changes over time in such a way that sucecss increases. The language
phenomena are a side cffect of repeated games. Langnage conventions arc not
put in from the start, and there is no central agency that controls how agents
arc supposcd to act. Shared communication conventions must ecmerge from the
distributed activity of the agents.

Thns an experiment in artificial language evolution always has the following
ingredients:

— A definition of an interaction prototocol for the agents.

— A dcfinition of the architecture of an agent (what cognitive structurcs are
available, what input/output processing is done, how learning and language
invention procoeds).

— An environment, possibly a rcal world environment if the agents are robotic.

— A set of measurcs which show that the language phenomena one is interested
in indeed arise. For cxample, success in communication, growing size of the
lexdeal repertoire, similar sound systems as in natural languages, grammeadti-
cal structurcs, cte.

3 Genes versus viruses

An important difference can be scen between a group of rescarchers that view
language as the result of genctic evolution (c.g. [30]) and those which cmphasise
cultural evolution [41] (with various rescarchers taking an in-between position
ag well as in the case of Baldwinian cvolution [5]). This mirrors disputes in
Imguistics between rescarchers like Chomsky and Pinker who defend nativist
positions versus rescarchers like Lindblom, MacNeilage and Studdert-Kennedy
[22] or Tomascllo [50] who defend the social and eultural construction, learning,
and cvolution of language. All of these variations can be explored within the
language game framework and so it is possible to compare the strength and
weakness of cach approach [44].



Genetic evolution is modcled by adopting the same framework as used in
rescarch on genctic algorithms [19]. The population is divided into different gen-
crations. A particnlar generation plays a sct of games and individuals reccive a
score on how well they are doing in the game. The cumulative score determines
the fitness of an agent. Then there is the creation of a new gencration bascd on
the previous one. The probability of having offspring is bascd on prior success
in the game and the offspring inherits the lingnistic Imowledge of the parent (s),
with possible mutations or recombinations. The computer simulations of [27]
follow this framework. It has been clearly demonatrated by many simulations
that this leads to the emergencee of a shared sct of conventions in a population.
Mutation and recombination operators are the only way new structure can arisc
into the language. Language coherence arisca because the same language genes’
cventunally spread in the total population.

In the alternative view, language conventions spread similar to the propaga-
tion of bacteria or viruscs. Language cvolution is viewed as driven by cultural
(memctic) evolution rather than genetic evolution. In this case, there is no divi-
gion into different gencrations, although it is still possible that there is a popu-
lation flow, with agents entering and leaving. There is no fitness associated with
the agents. Agents do not inherit anything from parents. The notion of offspring
docs not cxist. Instcad cach agent adjusts his linguistic bchaviour after cach
gamec in order to be better in the next game. Adjustment could mean: change
the score In memory between a wordform and its meaning, invent a new word for
a specific meaning, add a new sound to the phonetic repertoire, invent or adopt
a ncw grammatical rule, cte. The computer simulations of [39], [81] or [9] and
the robotic experiments in [48] or [46] all follow this particular framework. Again
it haa been demonstrated beyond doubt that cultural evolution also leads to the
cmergenee of a shared sct of conventions in a population. Langnage coherence
now ariscs through sclf-organisation in the sense of complex systems theory [28]
(as cxplained below).

There have been experimenta which nse a mixed form. For example, the
simulationa reported by Kirby [17] arc structured like in genetic models. The
population is divided into different generations and agents get a score which
results In a fitness measure. But the language is learned by cach gencration from
the previous one, as opposcd to genctically inherited. In this learning process
morc structure (specifically more abstract rules) arc introduced by the agents. So
language docs not evolve through mutation and reccombination but in a cultural
fashion. On the other hand, language coherence is still partly influenced by
inheritance rclations because success in the game influences whether an agent
will have offspring or not.

4 Grounding

There have been important advances in robotics lately, largely due to adopting
a bchaviour-based approach [45] [38]. It has become more and more realistic
to build robust antonomous robots which interact i real time with a dynami-



cally changing world. Bchaviour-based robots use an architecture that couples
scneing almost directly to actuating, de-ecmphasising complex internal symbolic
representations. Morcover they inclide motivational and emotional parameters
in deciding which action path to pursuc. Together with rapid advances in me-
chanical and clectronical engincering, the behaviour-based approach has lead to
complex mass produced pet robots such as Sony’s AIBO and is leading to a new
generation of humanoid robots [18]. All these advances are a tremendous oppor-
tunity for rescarch on artificial language evolution because it becomes possible to
implement language games on such robotic platforms and thus investigate fully
grounded situated verbal communications between autonomous robots. Scveral
rescarchers have been trying to do this [54], [1], [47], [35]

There are two key issucs to be solved, known as the grounding issuc and
the bootstrapping issuc. The grounding issue concerns the problem of relating
the conceptunalisations underlying a language utterance to the external world
through a scnsori-motor apparatus. Agents must implement the full semiotic
cycle. That means, the speaker must perform the necessary pattern recognition
and scnsory processing on captured images and or types of scnsory data, con-
ceptualise the scene by categorising objects and events, verbalise this conceptu-
alisation, and transmit it to the hearer. The hearer must decode the utterance,
and confront the interpretation with his own conceptualisation of the scnsory
image.

The grounding problem is an active ficld of rescarch at the moment [12], [8]
but there does not appear to be a simple straightforward solution, in the scnse
of a component that could be added to make a non-grounded agent grounded
in external reality. Instead, grounding is a matter of sctting up tight couplings
between the behaviours of the agent and his environment on the one hand and
the internal representationa that arc used on the other. It is the result of a
total integrated process, in which adequate pattern recognition and image pro-
cessing provides the ground work and adaptive categorisation algorithms (based
on weighted decisions, nearest neighbor computation, discrimination trecs, cte.)
play key roles. In the case of language games, there is an additional complexity,
namecly the grounded representations constructed by the lower cognitive levels
must be In tunc with the langnage systems that verbalise or interpret these rep-
rcscntations. Becausc both grounded representations and language arce cvolving
ayatems, we need a way to coordinate them without a central coordinator or prior
Jmowledge. I will argue below that the principle of structural coupling discussed
helow is relevant for this.

5 Linguistic Bootstrapping

The second issuce for evolving grounded commmmunication on embodied robots is
how verbal communication iteclf can be bootstrapped. This is related to the
general problem of the origing of communication which has also been studied
in adaptive behaviour rescarch [29]. Of course it is possible to pre-program the
agents, In other words pre-program the game, but that would put into the robots



the processcs we try to understand and cxplain. Instcad we want to understand
the process by which langnage gets bootstrapped, and empirical rescarch shows
that this ia not an individualistic process. There is an important role for a "medi-
ator’ that scaffolds the complexity, provides pragmatic feedback, and motivates
lcarning [50].

As in the casc of grounding, there is not a single magical trick to explain
linguistic bootstrapping but many competences need to be integrated. Careful
obscrvations by developmental psychologists, following in the footsteps of Piaget
and Bruncr, have shown that “learning how to mean’ is a slow process which takes
roughly 8 months starting from 6 months of age, and is cstimated to involve asg
much ag 50,000 interactions. The presence of a mediator is absolutely crucial.
Verbal communication (initially with single words which only approximatcly
sound like standard words) implics that (1) the speaker has an cffect on the
hearer (communicative effect), (2) the hearer interprets the speaker’s behaviour
ag commmnication (communicative inferenec), and (3) the speaker intends her
behaviour to be communicative (intentional commmunication).

The obscrved developmental scquence is roughly as follows (sce [11]):

1. Communicative cffect: Infant acts (crics, kicks) => Carcgiver reacts to these
bchaviours.

2. Communicative inference: Infant develops goal-directed behaviours (c.g5. reach
for toy while making sound) => Caregiver infors the intention and responds
with appropriate bchaviour. Carcgiver also typically re-enforees the sounds
and corrects.

3. Intentional communication: Infant realiscs power of communication and starts
to use it deliberately. Communication includes vocalisation, cye contact, asg
well as gestures.

4, Upping the ante: The carcgiver starts to require more precise vocalisations
that resscmble words used in the language.

Notice that the role of a caregiver as interpreter of behaviour is crucial, otherwise
the infant cannot learn that vocalisations can have certain effects, and climb up
the hill of more conventional and more complex language nsc.

So far there have been no convincing simulations of this developmental sc-
quenee although preliminary efforts have been going on in this direction [47]. It
is obvious that there are many preconditions which arce cxtremely difficult to re-
alisc on antonomous robots and which co-develop at the same time as language
communication bootstraps. They include: localising and recognising other hu-
man beings, cye contact and gaze following, producing vocalisations (babbling),
cmotion recognition and production through sound, gesture tracking and in-
terpretation, sharing attention with others to specific objects or actions, which
implics segmentation, template matching and tracking, rcalising that actions
can have cansal cffects, realising that to achicve an effeet, the action needs to be
performed that canses this cffect, realising that a vocalisation is equivalent to
such an action, adjusting a vocalisation so that it comes closer to a vocalisation
heard by the caregiver, cte. Each of these competences has been the object of
intense investigation lately by Al rescarchers, mostly n the contest of humanoid



robotics rescarch. The work of Breazeal [4] on emotional attention sharing and
turn taking, Scasscllati [36] on face identification and tracking, Oudeyer [32]
on babbling and cmotion cxpression, are some cxamples in this direction. Only
when all these components can be integrated in a d@ingle system can we begin to
simulatc human-like linguistic bootstrapping.

6 Self-Organisation

We now return to the collective level. One of the key questions to understand how
a communication system can arisc, is how there can be coherence in the group, in
other words how distributed agents without a central authority and without prior
specification can nevertheless arrive at sufficiently shared langnage conventions
to malke communication possible. The genctic evolution hypothesis of langnage
cvolution ’solves’ this problem by considering that succcssful language genes
spread in the population, so after some time cverybody sharcs a copy of the
same most successful gene. However genetic evolution is extremely unlikely for
most aspects of langunage (definitely for the lexicon, and cven for grammar -
there sccms too much variation between langunages to cncode much if anything
genctically [53]). However an alternative solution is available that could explain
how coherence can arisc in a cultural fashion, namecly through sclf-organisation.

The concept of sclf-organisation (narrowly defined) has its roots in rescarch
in the fifiics and sixtics on certain types of chemical reactions such as the
Bhelouzow-Zhabotinsky reaction [28]. It then became gencralised to many dif-
foerent types of systems not only physical but also biological [6] and cven eco-
nomical. Since the beginning of Artificial Life and Adaptive behaviour rescarch,
simulations of the sclf-organisation of ant paths, bird flocks, slime molds, pat-
tern formation in morphogencsis, cte. have boen commeon, with applications to
colleetive robotics [10].

Sclf-organisation occurs when there is a system of distributed clements which
all have a random behaviour in the equilibrium state. The system is then brought
out of equilibrinm, which is nsually by the supply of encrgy in physical systems. A
positive feedback loop becomes active, enforcing local fluctuations into coherent
global behaviour. In the well-studied case of ant socictics [10], an ant hits a
food source in random cxploration, and then returns to the nest depositing a
pheromone. This attracts other ants, which enforee the chemical trail, attracting
even more ants, cte. (the positive feodback cffect). Progressively the whole group
sclf-organises to a single path. When food is exhansted, no more pheromone
is deposited and the chemical evaporates returning the system to a random
exploration (i.c. equilibrium) stage. Sclf-organisation in this sense has now been
studied extensively from the viewpoint of dynamical systems theory and a large
body of mathematical models and techniques exist to describe it.

Around 1995, it became clear that this mechanism could also be applied to
langunage evolution. It was first shown for lexicon formation (sce [39], [31]) but
then generalised to other aspects of language, including phonctics [9]. The ap-
plication for the lexicon works as follows. Supposc speakers invent new words



for the meanings which they do not kmow how to cxpress and listeners store
the words nsed by other agents. In this case, agents will develop words for all
meanings and adopt them from cach other. However the lesdcon will be very
large. Many different words will be in use for the same meaning. But suppose
now that a positive feedback 18 introduced between use and success: Agents keep
a scorc for cach word-mcaning pair in their lexicon. When a game is succssful
the score of the word-meaning pair that was used incrcases, and that of com-
peting word-meaning pairs is decrcased (lateral inhibition). When a game fails,
the score of the word-mceaning pair is diminished. In interpreting or producing
language, agents use the word-meaning pairs with the highest scorc. These dy-
namics indecd gives sclf-organisation towards a shared lexdcon (figure 1). So it
sufficcs to program the adaptive behaviour of individual agents in such a way
that a positive feedback loop arises between nse and sucecss and sclf-organisation
scta in.
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Fig. 1. This graph plots the usage rate of all possible words for the same meaning in
100,000 iterated language games played by a group of over 1000 agents. Initially many
words are competing until one dominates due to a winner-take-all effect.

The adoption of sclf-organisation s a nice cxample where a principle from
biology (in fact complexity science in gencral) could first be demonstrated in
artificial ifc simulations and then transported into ’artificial language evolution’.



7 Structural Coupling (co-evolution)

Another key problem for artificial langnage evolution is how the different levels
of langnage, which cach have their own developmental trajectory, can become
coordinated with cach other. For example, how can the meanings underlying
language become coordinated with the lexicon? There are profound differences
between languages as far as their conceptualisations are concerned [49]. For
cxample, the conceptualisation of the position of the car in *the car is behind the
tree” is the opposite in most African langnages compared to Western langnages.
The front of the tree 18 viewed as being in the same direction as the face of the
apcaker and hence the car i conceptunalised ag in front of the tree aa opposed
to bchind the tree. Examples like this are not hard to find and they suggest
that different human enlturcs invent their own ways to conceptualisc reality and
propagate it through language, implying a strong caunsal influcnce of language on
concept formation (the Sapir-Whorf thesis) [3]. The same problem arises for the
coordination between phonetics/phonology and the lexicon. The sound system
of a language cvolves independently, but this change creates coffects on other
language levels. For example, the loss of a case system in old English is gencrally
attributed to phonctic effects which cansed the case-markers at the end of words
more difficult to perceive. Grammaticalisation processcs commonly observed in
natural language cvolution [51] show that there is a strong interaction as well
between lexicon and grammar. Typically cortain lexical words become recrnited
for syntactic functions, they progressive losc meanings, become shorter, and may
cven disappear altogether so that the cycle of grammaticalisation restarts again.

A principk from biology has onece again turned out to be helpful to under-
stand how the co-cvolution between different subsystems involved in langnage
may be achicved. In the carly nincteen seventics, Maturana introduced the con-
cept of structural coupling and developed it further with Varcla [25]: Given
two adaptive systems operating independently but having a history of recurrent
interactions in the same shared environment, a ’structural congruence” may de-
velop under certain circumstances, so that they become coordinated without a
central coordmator. It is important that cach adaptive system acts as a pertur-
bator of the other, and, because they are adaptive, the perturbation leads to a
structural change. Structural coupling has come out of attempts to understand
ccrtain biological phenomena, such as the development of multi-cellular systems
or the coordination between organs. It is a system-level concept which has found
application in arcas ranging from physics to cconomics or social science. The
concept is related to so called coupled maps [16] which are dynamical systems,
for example systems of oscillators, where one subsystem acts ag a context for the
other.

The relevance of structural coupling to artificial langnage evolution has also
become clear around 1995, particularly in the context of coordination between
conceptualisation and lexdcon formation [40], [15]. Both systems have to be adap-
tive: conceptualisation requires a mechanism that can gencrate new categorics
driven by the need for communication, for example, new distinctions may have
to be introduced in order to refer to objects within a particular context. Lex-



icon formation is also adaptive becansc new words need to be invented or are
being learned from others. Each system perturbs the other. The lexicon may
push the conceptualisation system to develop new categorics or categorics that
arc also cmployed by other agents. The conceptualisation system occasionally
comes up with catcgories that have not been lexdcalised yet, so it perturbs the
lexical system to make structural changes aa well. Both systems have a history
of intcractions, not only in single agents but also in a group of agents. If the
right structural coupling is sct up, it can be shown that not only lexicons but
also the conceptual repertoires underlying these lexicons can sclf-organisc and
hecome coordinated.

Figurc 2 from [44] shows an cxample of this. In this experiment, the agents
play langnage games about coloured stimuli (corresponding to the Munscll sam-
ples widely used in the anthropological literature). Given a sct of samples, the
hearer has to identify onc of them based on a colour name provided by the
spcaker. The colour name assumes a certain catcgorisation of reality (for ex-
amplc green and blue colours) which the agents have to develop at the samce
time aa they are developing from scratch a lexicon for naming these categorics.
Categorisation fails if the agent does not have a catcgory in his repertoire that
distingnishes the colour of the chosen sample from the other colours. For cxam-
ple, if there is a blue, green and red sample, and the blue one is chosen, then
it will be necessary to have a colour category for blue which distinguishes blue
from green and from red. In the experiment reported in [44] there is a strue-
tural coupling between the lexicon formation and coneept formation processcs,
leading to progressive cohcrence of the categorial repertoires. If there is no such
coupling and agents individually develop categorics to distingnish samples, in-
dividual repertoires adequate for colour categorisation still develop but they are
no longer similar. Figure 2 displays the evolution over time of category variance
with {top graph) and without (bottom graph) structural coupling. The ratio
between the two demonstrates how categorical similarity is drastically increased
when there is a structural coupling.

8 Theory of Mind

The previous sections discussed mostly rescarch in the domain of lexicon and
concept formation. The problem of grammar has turned out to be much more
difficult to crack and there 18 no consensus yet on how it should be done. In a
scrics of intriguing simulations, Kirby and coworkers [17], [2] showed that in it-
crated games where agents from one generation learn grammars from the ontput
from the previous generation, agents will choose a compositional as opposed to a
non-compositional langnage because this overcomes the learning bottleneck, 1.c.
the problem that agents have to learn a langnage from limited data. In this case,
learners (i.c. children) play a crucial role in shaping the future of a language.
This approach has been confirmed by theoretical results of Nowak, ot.al. [30].
But there is an alternative view, namecly that grammar ariscs to optimisc
communication [43]. Speakers try to increase the chance of being understood
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correctly by malking additional aspects of meaning explicit and by minimising
the processing that needs to be done by the hearer (and by themsclves). Of
course the grammatical Tules that speakers introduce must still be learnable -
otherwise they would not propagate in the population. Morecover in the adoption
of tules used by others, a listener may overgencralise, or a listener may overin-
terpret certain formal characteristics of an utterance to be carriers of meaning,
whereas they were not intended to be so. Thia would also introduce additional
structurc and regularity as soon as the learmner nscs these rules in his own lan-
gnage production. Nevertheless the ereative foree in langnage cvolution from this
altcrnative perspective rests primarily with language producers.

Recent experiments [43] have shown examples how all this might work. The
first important step s to view natural language as an inferential coding system
[38], which means that the sender assumes that the receiver is embedded in the
same context and is intelligent enough to infer commonly known relevant facts
about the current situtation. The message is therefore incomplete and cannot be
interpreted without the context. This contrasts with Shannon-like pure coding
gystems where the message carrics all the meaning that the sender wants to
transmit. Inferential coding systems can tranemit much more information with
fewer means, however, there is a rigk of misunderstanding and there is a rigk that
the hearer has to do more work than he is willing to do to interpret the message.
This is why grammatical clements (as well as additional lexical elements) get
introduneed.

In the experiment reported in [48], the speaker simulates the understand-
ing of his own utterance as part of langnage production and detects potential
difficultics. The experiments focus on casc grammear, which centers around casce
markers that help to express the relations of objects with respect to events (as
in "He gave her the ball” versus ’She gave him the ball’). It is possible to com-
municate without explicating these event-object relations, and often they can be
inferred from the present situation and context. But most languages have de-
veloped grammatical tools to express event-object relations to minimisc the risk
that roles get confused. For example, English uscs word order, German or Latin
use case affixes, Japancse uses particles, cte. In the cxperiment, agents detect
where ambiguity or uncertainty ariscs and repair it by introducing additional
(case)markers. The hearer assumes that unknown clements of the utterance are
meaningful and are intended to help in interpretation. When the hearer can con-
struct an interpretation, this helps to figure out the possible meaning of unkmown
utterances.

The main mechanism to simulate these processes is to introduce a subsystem
to infer how the listener will interpret a sentence in a particular context, which
amonnts to a lind of *theory of mind’ of the other. The growing complexaty of
robots and the risc of humanoid robots makes this more feasable because these
robots are much more situated and thercfore have more information available
than is relevant to sustain a grounded communication [37]. Morecover the speaker
can usc himsclf as a model to prediet how the other agent will react.



9 Further Evolution

Language not just self-organiscs once, but cvolves, and sometimes very rapidly
[20] - which is one of the reasons why it is implausible that language evolution is
cntirely genetic. Even without population change and throughout the life time
of an individual, new words arc introduced, meanings of worda shift, grammati-
cal rules change, the phonetics undergoes change, ete. When human populations
with mixed languages are put together and change rapidly, creoles may form
which reeruit clements from source languages but re-invent many grammati-
cal phenomena like expression of tense, aapect, mood, case systems, reflexdvity,
determiners, cte.

Evolution requires variation and sclection. These can casily be mapped onto
language evolution. As soon as there is a distributed sct of agents which each
ovolve their own communication system, variation is inevitable. An individunal’s
language behaviour is affected by past developmental history: what environments
were encountered, with which other agenta most interactions took place, what
random choicea were made. Additional variation may come from the inevitable
stochaaticity in language communication: crrors in the transmission or reception
of the spoken signal, errors in pragmatic feedback, processing crrors in parsing
and production. There are many sclective forces at work, ranging from physi-
ology (particularly important for constraining the kinds of apeech signals that
can be produced and the kinds of sensori-motor data that is available for con-
ceptualisation), the environment, the ccology (what are important distinctions),
cognitive constraints (memory, processing speed, leaming speed), the dominat-
ing conventions adopted by the group, and the specific communieative tasks that
need to be realised. A language system is never going to be optimal with respect
to all these constraints. For example, sometimes parts of words are no longer
pronounced to make the ntterance ghorter but this may lead to a loss of infor-
mation (such as casc marking) which then gives rise to grammatical instability
that needs to be solved by the re-introduction of markers or by a ahift to another
lind of system [52].

10 Conclusions

The paper has presented a mumber of principles that are being explored by a
growing group of rcscarchers to cxplore artificial langnage evolution. This ficld
attempts to sct up systems of autonomous distributed agents that sclf-organise
communication systcms which have propertics comparable to human natural
languages. The agents arc cither software agents or fully cmbodiced and situ-
ated robotic agents. The relevance to adaptive behaviour rescarch is twofold: On
the one hand the study of language cvolution provides insight into a number
of processes gemerating complexity in commmunication systems. These processcs
appcar similar to mechanisms generating complexity in other arcas of biology.
Sclf-organisation, structural coupling, level formation and cultural sclection are
cxamples. On the other hand, the study of how complex communication has



cvolved is giving new ways to implement open-ended grounded communication
with autonomous robots, and to simulate the epigenctic development of cogni-
tiom.

Discusgion of general principles is risky but at the same time necessary be-
cauge it 18 only at this level that bridges between ficlds, particularly between
biology and evolutionary linguistics, can be cstablished. Morcover I want to cm-
phagisc again that much remains to be discovered. The principles reported here
arc far from complete and need to be cxplored in many mote case studics.
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