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Abstract

Traditional characterizations of communication
as a biological phenomenon are theoretically crit-
icized, and an alternative understanding is pre-
sented in terms of recursive action coordination
following works on cybernetics and autopoiesis.
As first steps towards a study on the evolution
of communication, two sets of computational ex-
periments are presented, one dealing with non-
recursive coordination and the other with coordi-
nation of recursive actions. In the first one co-
ordinated activity evolves even in cases in which
a game-theoretic analysis predicts the contrary.
This is explained by studying the spatial organi-
zation in the distribution of agents. The second
one shows the inappropriateness of the metaphor
of communication as an exchange of information.

1 Introduction

The study of communication from an evolutionary per-
spective has received much attention lately. However,
the view of communication traditionally advanced is far
from theoretically unified and it is subject to much dis-
cussion and potential confusion, (see [17]).

I claim that this confusion is rooted in the way com-
munication has been defined, partially as a consequence
of using as primitives the same phenomena to be ex-
plained, (for instance, terms like “signal”, “information”,
“reference”, etc.). Two preconceptions in particular are
disclosed and criticised here, together with their impli-
cations for the way the problem has been approached.

An alternative description of the phenomenon that
avoids these criticisms is presented in terms of behav-
ioral coordination as described by an observer. In order
to support this view two sets of computational experi-
ments were carried out, one dealing with simple (non-
recursive) action coordination (presented and analysed
in detail in sections 3 and 4) and the other with co-
ordination of recursive (dialogic) action in the absence
of hidden relevant information (section 5). The results

obtained from these models show how coordinated activ-
ity can evolve in circumstances beyond the explanatory
scope of the traditional theoretical framework.

The reader will notice that the limitations of game-
theory and mathematical modelling appear as an under-
lying theme in section 3. Although, some conclusions
are derived for the present piece of work, a full explo-
ration of the methodological implications would deserve
a separate treatment.

2 Theoretical considerations

Traditional studies on the evolution of communication in
animal societies have, in general, approached the subject
with too narrow a focus, characterizing the phenomenon
with intuitive terms and ad hoc redefinitions. Evidence
of this can be found in the presence of two important pre-
conceptions in the theoretical understanding of commu-
nication. By preconceptions I do not necessarily mean
misconceptions. I am referring to those unspoken as-
sumptions that are accepted as such and deserve no fur-
ther discussion.

2.1 The role of selection

The first of these preconceptions has to do with the use of
selective advantages as a necessary ingredient in defining
communication. For instance, Wilson defines communi-
cation as the altering by one organism of the probabil-
ity pattern of behavior in another organism in a manner
adaptive to either one of them or to both [26]. Lewis and
Gower define communication as “the transmission of sig-
nals between two or more organisms where selection has
favoured both the production and reception of the sig-
nal(s)” [11]. Burghardt defines it as a behavior that is
“likely to influence the receiver in a way that benefits,
in a probabilistic manner, the signaller or some group
of which it is a member” [6, 12]. Maynard-Smith and
Harper define a signal “as an action or structure that
increases the fitness of an individual by altering the be-
haviours of other organisms detecting it, and that has



characteristics that have evolved because they have that
effect” [17].

In these definitions communication is characterized in
the same terms which are used to ezplain it, which is
not only confusing, but methodologically very question-
able as descriptions of phenomena and descriptions of the
generative mechanism that give rise to such phenomena
(explanations) belong necessarily to different domains.
In other words, the question of how communication has
come to exist is resolved a prior: at the definition level,
leaving no room for alternative/complementary mecha-
nisms or their rebuttal, while at the same time providing
a poor characterizations of the phenomenon. We do not
define “wings” in terms of their selective advantages even
if we may explain their presence in those terms.

Many biologists have appealed to these characteriza-
tions in order to rule out behaviors that intuitively do not
constitute acts of communication but that would have to
be included with the adoption of loose definitions such
“an exchange of signals.” However, the problem of poor
characterization remains. Is an organism that has devel-
oped a mimetic character emitting a signal in order to
confuse predator, as defended in [17]7 Can we say that
the predator acknowledges the signal by not receiving
1t? Such problems arise from deriving the logical con-
clusions of the idea of self-benefit in a description of the
phenomenon that can be characterized independently of
it. If we saw a group of animals committing collective
suicide after a call given by one of them, we still would
like to describe this as a case of communication. The
fact that we rarely see such behaviors should perhaps be
used to support selective explanations.

As I mentioned, one of the consequences of this mixing
of descriptive and explanatory discourse is that comple-
mentary mechanisms that may play a role in explain-
ing the evolution of communication, not necessarily in
contradiction with natural selection, are out of the ques-
tion. Even if such mechanisms played little or no role,
the methodological problem would remain. By adopting
the above definitions one is forced to ignore the possibil-
ity of such mechanisms as a genuine empirical question.
If such mechanisms were found, one would be forced to
adopt a theoretical framework that allows them.

2.2  Communication as information exchange

Another preconception about communication often
found in the biology literature, is that it involves oper-
ationally the transmission of information from a sender
to a receiver. This view implies that there is “some-
thing” that is being transmitted through some channel,
although few researchers specify what it is. Hardly ever
used in its technical sense [17], information is seen as a
“thing” the pre-exists the activity we want to explain
while, in fact, it i1s a consequence of that activity as seen

by an observer, therefore it cannot play any operational

role in its generation. Only after observing the activ-
ity are we able to speak about informational exchanges,
and only in certain circumstances, (see [8, 19, 20, 24] for
complete discussions on this point).

This metaphor has led many researchers to assume
that a necessary condition for communication to arise
is that not all relevant aspects of the environment are
equally known to all the participants. It is interesting to
see how this idea has influenced the computational ap-
proach to the problem, (see [12]). If all the relevant “in-
formation” is readily available to everyone, why “should”
communication arise? In this view, communication can
be understood only if there is some relevant feature of
the environment whose conspicuousness has to be en-
hanced by a signal (such as a predator, or food), or if
some internal state needs to be publicized.

2.3  Communication as coordinated activity in
a consensual domain

Is it possible to define communication without appealing
to concepts such as selective advantages or information?
More importantly, can we work with such a definition?
The understanding of communication that 1 will offer
here is not new and 1t has been concurrently developed
in different, though related, contexts including cybernet-
ics [20, 24], autopoietic theory [13] and some branches of
psychology and psychotherapy [4, 25]. Many philosoph-
ical perspectives also converge into similar, though not
identical, views [3, 7, 10, 27]. Perhaps the most concise
way of presenting this view is by using the language of
autopoietic theory. It is, however, far beyond the scope
of this section to give a thorough introduction to these
concepts and the reader is referred to [14, 15] for a com-
plete account of this important field.

Autopozesis is a theory of the organization of living
organisms as composite, autonomous unities. An au-
topoietic system is a dynamical system whose organi-
zation is maintained as a consequence of its own op-
eration. Autopoietic systems in a given space produce
their own components and boundaries and, as a result
of the network of processes (of production, transforma-
tion and destruction) realized by the relations between
these components, their organization is maintained dy-
namically. All living organisms are autopoietic systems
that inhabit physical space. Autopoiesis is a property of
the organization of the system; a given autopoietic orga-
nization is embodied in a particular structure or physical
realization, and each state of such a system is determined
only by that structure and a previous state. This seems
almost trivial, but 1t is a fundamentally important point.
It implies that any state of the system that we, as ob-
servers, can relate to a particular behavior when it is
situated in an environment, is a direct result of the sys-
tem’s own structure and of its history. Thus, autopoietic
systems are a subset of the larger set of operationally



closed systems?.

Any autopoietic system exists in a medium with which
it interacts and, as a result of that interaction, its tra-
jectory in state-space (its history) changes, although its
operation as a dynamic system remains closed. As a
structure-determined system, its structure determines its
domain of perturbations, that is, what are the possible
trajectories that can be triggered by interactions with
the medium given a certain initial state without destroy-
ing the system. If the system undergoes changes of state
that result in plastic changes of structure, and therefore
changes in its domain of future perturbations, and all this
happens without loss of its autopoiesis, then the system
is said to undergo a process of structural coupling with
the medium. If the medium is also a structurally plastic
system then both systems may become structurally in-
terlocked, mutually selecting their plastic changes, and
thus defining a history of plastic interactions that for
the organism is its ontogeny. As long as autopoiesis is
maintained during this history, the organism is said to
be adapted to the medium?.

The process of structural coupling can not only ac-
count for changes in the individual during its lifetime,
but also for phylogenic changes during evolution. Phy-
logeny is the result of the history of structural coupling
of a series of autopoietic unities connected sequentially
by reproduction during which adaptation is conserved.
Selection acts negatively when, as a result of interac-
tions with the medium, autopoiesis 1s lost, but it also
acts through the process of structural coupling between
medium and the organisms.

An organism undergoing a process of structural cou-
pling with the medium may act recursively over its own
states if the plastic deformations of the medium have
been triggered by the organism’s previous actions and
at the same time these deformations will provoke future
perturbations in the organism. In the particular case
in which the medium includes another autopoietic sys-
tem their individual ontogenies may become coupled. A
domain of interlocked triggering of changes of state be-
tween the organisms participating in this network of co-
ontogenies is established as long as the coupling subsists.
This is called a consensual domain.

Behaviors in a consensual domain are mutually orient-
ing behaviors. An observer can describe these behaviors
as a case of coordinated activity. Communication is then
defined as the behavioral coordination that we can observe
as a result of the interactions that occur in a consensual
domain [13, 15]. Tt is important to notice that by defini-
tion activity in a consensual domain is recursive, and we
can distinguish it as coordinated activity, however, this

1“Closed” is used here in the mathematical sense, see [1, 23].

2In slightly different terms Ashby arrives at a similar definition
of adaptation in terms of stability and homeostasis: “... a form
of behaviour is adaptive if it maintains the essential variables ...
within physiological limits” [2, page 58].

is not to be confused with the idea of recursion upon
already existing coordinations. The latter enters as a
further recursion which is identified as a defining char-
acteristic of the phenomenon of “languaging” [13] which
will not be addressed in this paper.

It is important to notice that all behaviors that arise
from recursive actions in a consensual domain are in-
cluded in this understanding of communication and not
only those that can be described in semantic terms by an
observer. Therefore, behaviors such as grooming, playing
and the formation of hunting patterns are communica-
tive behaviors. It is only through the history of struc-
tural coupling with the medium that a correspondence
can be identified by an observer between situations in
the medium and the behaviors which are coordinated
and oriented in their presence as a result of communica-
tion. In these cases the observer may speak of certain
actions as being signals that stand for a certain state
of affairs or serve a certain function. However, a fail-
ure to find a semantic interpretation does not imply that
the observed phenomenon is necessarily different in its
essence. Even though more behaviors are embraced by
it, our definition of communication is not a loose one.
On the contrary, it is far more precise than traditional
definitions, because it is based on operational consider-
ations. While it is true that functional descriptions are
very useful when we want to bracket complex operational
details and view the phenomenon at different time scales,
an operational description, if possible, is much preferred
in the present context of model building.

3 Evolving non-recursive coordination

Let us consider the following game to be played by pairs
of agents living in a shared environment. We will see an
agent as an unity that is able to act in the environment.
As a consequence of its actions, the agent receives cer-
tain payoff in a given currency that we may call energy
and also spends a certain amount of its own accumulated
currency. For most parts of this work agents will be seen
as simple rather than composite unities, so that the focus
will be more on global patterns of behavior rather than
on the structural features of individual unities. When
a certain level of energy is reached the agent is able to
reproduce, and when this level falls below a certain min-
imum the agent dies. Energy can be accessed by the
agents if they perform a correct action on an energy con-
tainer or food source, of which there can be various types,
each one of them requiring different actions in order to
extract part or all of its energy. The total environmental
energy contained in these sources is constantly renewed
at a fixed rate.

There are two “components” to each agent’s actions:
the effective component, upon which the allocation of
payoff is decided, and the ezternal manifestation of the
action, which is not directly relevant to the allocation of



payoffs. This means that for an agent to get a certain
payoff the effective component of its action must match
the action required by the particular food source it 1s
dealing with. Behaviors that are required to get a certain
amount of food in natural organisms, such as shaking the
branch of a tree or digging the ground, can be thought
of as the effective component, and the appearance of the
movements implied in those behaviors to another organ-
ism as an example of one possible external manifestation
of that behavior. Others may be sounds, gestures, etc.
While in real cases it may be hard to decouple these two
components in a single action, for simplicity’s sake, we
will suppose that, in this model, any effective component
can be found with any external manifestation®.

At each time step agents are selected to play the fol-
lowing game:

1. Each selected agent, who will play the first role (A1),
selects at random another different agent in its vicin-
ity, who will play the second role (Asz).

2. A food source is randomly selected from A;’s vicinity.
3. Aj perceives the type of the food source.
4. Ay acts.
5

. Ay perceives the external manifestation of A;’s ac-
tion, but not the type of food.

6. Ao acts.

7. The payoff is distributed. If both agents perform the
correct effective component the total amount of en-
ergy 1s equally distributed in halves. If only one of
them performs the right action, that agent receives a
proportion ¢ of the total energy (0.5 < ¢ < 1), the
other receives no payoff and the rest of the energy
remains in the food source.

The game is played indefinitely or until the popula-
tion becomes extinct. All agents have the same chance
of being picked as A;. The possibility exists that effec-
tive components and external manifestations of actions
may become correlated in such a way that agents play-
ing the second role may “use” them as a prompt to act
correctly over the food source even though they cannot
perceive its type. However this may be against the im-
mediate interest of the first player who may receive a
smaller payoff. For convenience, I will speak of “signals”
and “signalling” whenever I refer to the external mani-
festation of actions in the following paragraphs without
attempting to make this a strict definition.

We can see that this game includes the feature of hid-
den information, as the agent playing the second role

3This move leaves on one side an important area of research,
namely the study of how signals or displays evolve out of pre-
existing body structures and dispositions. Thanks to Jason Noble
for pointing this out.

is not able to see the food type that it is dealing with.
In section 5 I show that the assumption that this is a
necessity is invalid.

A game-theoretical dynamical analysis of a population
of players of this game has been carried out for simplified
conditions [8]. In order to make the model tractable geo-
graphical considerations were ignored so that agents can
have access to any food source and play the game with
any other agent in the population. Behavioral strategies
were reduced to four possibilities without bias towards
coordination. The results of this analysis show that an
Evolutionarily Stable Strategy (ESS) exists in the total
absence of coordinated activity. This means that a pop-
ulation consisting almost entirely of agents that behave
selfishly and do not coordinate their activity cannot be
invaded by any mutant population.

However, only a subset of initial conditions leads to
this situation. For initial conditions outside this set the
system does not evolve towards an equilibrium at all.
The long term behavior is characterized by the pres-
ence of a periodic attractor in which the whole popu-
lation oscillates indefinitely between periods of coordi-
nation and non-coordination, (Figure 1). Once within
the regime, the system will remain in it permanently;
therefore, the ESS state will never be reached. This sort
of situation has been recognised as “an obvious weak-
ness of the game-theoretic approach to evolution”, [16,
page 8]. Natural occurring examples of these cycles have
been recently found in the mating strategies of the male
side-blotched lizards [22]. In more general terms Zeeman
showed that global convergence to an ESS is assured only
in the absence of other attractors, which may exist and
not be ESS’s themselves [28].
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Figure 1: Periodic attractor (for 2 of the 4 species).

The game-theoretic dynamical analysis is important
from a methodological viewpoint but not very conclu-



sive in terms of the processes leading to the evolution of
coordinated activity. One immediate hypothesis is that
spatiality may play an important role. Global accessibil-
ity does not represent interactions among real organisms
fairly. In real life, neighbors tend to remain neighbors
and the habitat of the offsprings tends to be the same
habitat of the parents.

In order to account for these factors a computational
model was developed in which the agents play the same
game. Agents are situated in a toroidal grid (100 x 100)
initially with a random distribution. In the same way
a large number of food sources of different kinds is uni-
formly distributed in this grid. Neither the agents nor
the food sources change positions with time. A neigh-
borhood is defined as a square (10 x 10) centered around
an agent, which represents the area the agent occupies
during its lifetime. Agents play the game as described
above, which means that they must perform a correct ac-
tion depending on the type of food source they are deal-
ing with in order to increase their energy level. There
are around 100 food sources in an agent’s neighborhood
and only four different types of them. Each food source
contains a certain amount of energy which is constantly
being renewed at a fixed rate using a stochastic update
rule. Agents will die if their energy level reaches zero. On
the other hand, if the energy level increases, the agent
will accumulate enough energy to reproduce. In this case
a mate 1s selected from the neighborhood, and the off-
spring will occupy a randomly chosen position within the
first parent’s neighborhood, deriving its initial energy
level from this parent. As the energy extracted from the
agents in the form of costs does not return to the envi-
ronment in reusable form, this scheme guarantees that
the equivalent first and second law of thermodynamics
are observed.

At each time step a number of agents equal to the
size of the current population is randomly selected to
perform the first role in the interactional game. The
updating is performed asynchronously. A second player
and a food source within the neighborhood of the first
player are randomly selected. If no agent is found af-
ter a finite number of trials (about 10), the first player
looses 1ts chance to play the game, and the energy cost
is discounted anyway.

The structure of agents is that of a state-less machine.
The focus of this work will be on the global mechanisms
that allow or constraint the evolution of coordinated ac-
tivity as a first step towards an understanding of the
evolution of communication. No claim will be made
about the very important effects of ontogenic structural
changes during the coordination of actions with other
agents. Agents will be seen as simple unities most of the
time. This is a strong simplification for a model which is
partly based on concepts derived from autopoietic the-
ory, however, I maintain that the framework provided by

this theory 1s still applicable for the design and under-
standing of the present and future studies.

The behavioral matrix is encoded in a haploid genome,
represented by a bit-string. Offsprings receive their
genome from the result of a uniform crossover opera-
tion on their parents genotypes, plus certain probability
of mutation p per place.

In this model there is no fitness function, neither are
there any special rewards nor punishments for behaving
in an specific way apart from the rules of the game. A
problem derived from the use of this scheme is the lack
of obvious measures of evolution. For our purposes, the
simplest way to monitor the evolution of action coordi-
nation, is to look at changes in the average simultaneous
success of the first and second players for the whole pop-
ulation.
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Figure 2: Coordination ratio for different values of c.
The top (full) line between 90% and 100% corresponds
to ¢ = 0.5, the line between 80% and 90% to ¢ = 0.55,
the one between 60% and 70% to ¢ = 0.6 and the one
between 50% and 60% to ¢ = 0.65. Values of ¢ equal
or greater than 0.7 reproduce the baseline case for this
game.

In the simulation runs described here agents were able
to perform 16 actions (4 effective components and 4 ex-
ternal manifestations). Only two of the effective com-
ponents were actually relevant for the four food source
types. A baseline case was run in order to understand
what kind of activity evolved when agents weren’t able
to perceive each other reliably. In these runs, the ex-
ternal manifestation of the first player’s action was re-
placed with a random signal when perceived by the sec-
ond player. We may call the proportion of cases in which
both players acted correctly simultaneously, the coordi-
nation ratio. This ratio stabilized at 50 % for random
signals. Since no food type is predominant, the best
“guess” a second agent can make given that there is no
correlation between the “signal” it perceives and the par-
ticular type of food it is dealing with, is to perform any of



the two relevant out of the four possible actions. For non-
random signals any success in coordination of behaviors
will be manifested as a greater coordination ratio than
the one observed in the baseline case.

A study of the effect of parameter ¢ on the coordi-
nation ratio was performed to see how the extra payoff
against coordination affected the level of simultaneous
success. Figure 2 shows the resulting evolution for dif-
ferent values of ¢ in typical runs. We see that the propor-
tion of coordinated activity for the whole population de-
creases as ¢ is incremented from 0.5 to 0.7, and for greater
values the baseline case is reproduced. This means that
the level of coordination goes from almost perfect for
¢ = 0.5 (neutral cost) to coordination by guessing when
¢ = 0.7. No cycles are observed as in the mathemat-
ical model. The fact that for a certain range of costs
against it, coordinated activity evolves anyway is in con-
tradiction with the intuitions that can be gained from
the mathematical model or from simplified selective ar-
guments. Explanations for this phenomenon are found
in the spatial organization of the system.

4 Spatial structures.

A simple inspection of the resulting data in all simula-
tions shows that the individual history of coordination
success can differ significantly from agent to agent and
from the value of the coordination ratio at that time. For
instance, groups of agents achieving 90 % of coordination
success can coexist with other groups that achieve 60 %
both in a stable state during the same simulation run.
Even though an individual historical average is quali-
tatively different to an instantaneous population aver-
age, one would expect the resulting numbers not to dif-
fer much, especially if the coordination ratio has been
stable for some time. This suggests that there may be
some structure in the population that prevents the ho-
mogenizing effects of sexual reproduction.
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Figure 3: Distribution of the population in clusters.

4.1 Cluster formation and stability.

Figure 3 shows the spatial distribution after a short tran-
sient. Initially agents are distributed randomly across
the whole environment. We can observe that the initial
symmetry is broken and that agents show a tendency
to aggregate into clusters. Symmetry breaking is caused
by minor differences in the initial distribution of posi-
tions and is also due to the updating rules; so that some
agents will be more successful than others just because
they have a few more agents to interact with or have been
called to act a few more times and, therefore, they have
a slightly greater chance of accumulating enough energy
for reproduction. As reproduction is also a local process
and the position of the offspring does not differ much
from the position of the the parents, there is a positive
contribution to the same effect, namely the accumulation
of agents in these particular areas.

Unfortunately, cluster formation mechanisms do not
provide a satisfactory explanation of why clusters remain
more or less stable structures as it is generally observed.

Tendency to expand. Figure 4 shows a qualitative
model of a typical observed distribution of environmental
energy and density of agents inside and in the vicinity of
a cluster. It is easy to see that resources will be more fre-
quently used in more populated areas towards the center
of the cluster than on peripheral areas in which the pop-
ulation is more sparse, so that the amount of available
energy will, on average, decrease towards the center as
shown in the figure. Agents living in the periphery will
have access to resources of greater quality, and the aver-
age energy gained per game played will be greater than
that of agents in the center region. So, at first glance,
peripheral agents would seem to be better off and have
a better chance of having more offsprings, therefore the
cluster would seem to experience a tendency towards ez-
pansion.

Density —
Energy ----

Figure 4: Energy and population distribution inside and
around a cluster (circle).



Tendency to collapse. While all agents have the same
probability of being chosen to play the first role in the
game, the frequency with which an agent actually plays
the game depends on the surrounding population den-
sity. The more densely populated the area, the higher
the chance of finding a partner to play with. For this
reason, agents living near the center of a cluster will
play the game more frequently. Moreover, the proba-
bility of an agent playing the second role also depends
on its position within the cluster. Given that the density
distribution is not uniform, second players will be chosen
more frequently from more populated regions. Agents in
the center of a cluster will benefit from this effect in a
cumulative way, and will, on average, play the second
role more times than they play the first role. Conversely,
agents living near the periphery will be chosen less fre-
quently for playing the second role because their distri-
bution is more sparse, and therefore, they will, on aver-
age, play the first role more times than the second role.
The ratio (Second-role-frequency)/(First-role-frequency)
for each agent has been observed to range from a min-
imum of 0.9 at the periphery to a maximum of 1.25 at
the center of the cluster. In short, agents living in the
populated areas near the center will 1) play the game
more frequently than agents living in sparse areas and 2)
they will perform the second role more frequently than
the first one. So, in principle, they will stand a better
chance of receiving more energy per unit of time. This
provides the cluster with a tendency to collapse.

The equilibrium of both these tendencies determines
the size of the quasi-stable cluster. Resulting clusters
have been observed to have a typical radius of 1 up to 3
neighborhood sizes.

4.2 Why does action coordination evolve?

I said that clusters as quasi-stable structures result from
an interplay of two opposing tendencies in the spatial or-
ganization that arise from the fact that conditions differ
at the center and at the periphery of the cluster. The
next obvious question that must be examined is if this
difference of conditions has any effect on the evolution
of coordinated activity.

Genetic homogeneity. Due to the nature of the cluster
formation process and the homogenizing effect of sexual
reproduction, clusters tend be inhabited by agents who
are very similar genetically. Spatial homogeneity within
a cluster will still be the case even when a new mutation
appears. After a sufficiently long time (in practice not
very long) there will be agents bearing the new mutation
distributed across the whole cluster.

Agents

“micro-

Conditions at the periphery of a cluster.
are subject to two qualitatively different
environments” which emerge as a result of the spatial

organization?. We saw how agents living in the periph-
ery have access to resources of better quality (Figure 4)
and how these agents tend to play the second role less
than they play the first one. Besides, they also tend to
interact fewer times in absolute terms because of their
sparse distribution. This means that, for these agents,
to engage in coordinated activity is particularly costly
because every time they do so they lose one of their fewer
opportunities to obtain a greater absolute payoff.

Conditions at the center of a cluster. Agents inhabit-
ing the center of a cluster have access to poorer, much
more frequently used, resources, therefore the individ-
ual gain for not coordinating is not too high in absolute
terms, though still positive. On the other hand, these
agents tend to play the second role more times than they
play the first one, which means that there may be cases
(depending on the value of ¢) in which they will have
a positive individual gain if they do coordinate their
actions, simply because they will be acting as second
players more frequently, provided that ¢ is not too high.
From a cost-benefit viewpoint, while it may pay a little
extra to be a “deceiver”, the situation may be that once
a “deceiver” lineage starts to grow, it will pay more to
reestablish coordination.

Selection. Ideally this situation would result in the
existence of two distinct subpopulations, one of coor-
dinating agents at the center of the cluster and one of
non-coordinating agents at the periphery, but this is not
possible due to the genetic homogeneity within a cluster.
Given that the sizes of each subpopulation are compa-
rable, and a newborn agent has comparable probabili-
ties of being placed in any of the “two” regions, then
there is no ground for selection to be very specific about
Therefore,
surviving agents will tend to be able to partially satisfy

which of the extreme behaviors to choose.

the conditions of both extreme micro-environments and,
consequently, they will necessarily possess the ability to
coordinate their actions up to a certain level.

Spatial Organization ;
Updating ) .
Rules Micro-envi ronments\ |
PCluster 1
/ . Coordinated
Game Rules /Homogenaty—*» Activity
Sexual
Reproduction
Modd Selection

Figure 5: Explanatory mechanisms involved in the evolu-
tion of coordinated activity in the computational model.

4Or an environment presenting a continuum of variation to be
more precise.



Thus, the evolution of coordinated activity in this
model can be explained by the interplay of spatial orga-
nization and selective mechanisms. A diagram showing
the relation between the components of this explanation
can be seen in Figure 5.

It has been observed that the level of coordinated ac-
tivity may have considerable variations from cluster to
cluster in the same simulation run. Clusters can grow
and, more rarely, shrink. These are interesting phenom-
ena because they are related to the level of coordinated
activity within the clusters. The following correlation
has been consistently observed: clusters with high level
of success in coordination are larger in size and more
populated than clusters with a lower level In general,
the former can have a radius of up to 3 neighborhood
sizes, while the latter have a radius of 1 neighborhood
size or even less.

Why a particular cluster is small with a low level of
coordinated activity while another is large with a high
level of coordination must mainly be attributed to con-
tingencies in their respective histories. We cannot look
for general reasons because all agents evolve under the
same general rules. All we can do is to describe, in terms
of feedback mechanisms (see the dashed line in Figure 5),
certain tendencies that appear once a cluster is already
embarked in a particular historical path. What it is in-
teresting is that this correlation can be deduced from the
same explanatory mechanisms derived from the model in
Figure 4, this is shown with some detail in [8].

Alternative explanations for the evolution of coordi-
nation could be attempted in terms of kin selection, but
this would still require (at least some of) the mecha-
nisms of spatial structuring to work, all of which should
be “brought back” again in order to explain the cluster
size/coordination correlation.

It must be remarked that these explanations are in
fact simplifications of complex dynamical processes in
which more ingredients than those mentioned may play
an important part. For instance, I have followed a quasi-
static approach, in which inertia has been unaccounted
for. The complex effects arising from cluster interaction
have also been ignored. The reason for this is that, in-
teresting as these phenomena may be, they do not much
further our understanding of how action coordination
evolves due to the interplay of spatial organization and
selection in this model.

5 Coordination of recursive actions

Coordination, as presented in the previous model, does
not reflect the idea of ongoing mutual orientation of be-
haviors that is implied by the view of communication as
arising from activity in a consensual domain. This sort
of coordination is similar to that that can be observed
between traffic lights and motorists, a simple traffic light
system would operate independently of the actions of

the motorists, but not the other way around. Genuine
consensual interactions could be expected, for instance,
among drivers participating in a race. As the next logical
step in the project, the previous model could be extended
in order to approach a situation in which we may speak
of a consensual domain. Strictly speaking, this will not
be possible as long as the structure of the agents remains
non-plastic, so this will not be yet a model of communi-
cation. However, the following modifications to the game
can take us near this situation.

Instead of requiring an unique action, access to energy
in the food sources requires the performance of a specific
sequence of actions by both agents. Energy is released
partially depending on an action being correct at the
required step of the sequence. In this case the actions
of both players depend on the perceived food type and
the perceived external manifestation of the other agent
in the previous step. This means that the second player
has access to information about the food type. In spite of
this, it is clear that the task the agents have to perform
in not trivial. This game has a dialogic structure, the
actions of an agent depend not only on the perceived
food type but also on the previous actions of its partner,
which recursively depend on the agent’s previous actions.
This provides a more realistic analogy with natural cases
of coordinated behavior.

A simulation was run with four different types of food,
two of them requiring a sequence of actions such as “A,
B, C, D” where the first player must perform “A, C”
alternating with the second player who must perform
“B, D” and the two others requiring the sequence “C, D,
A, B” which means that each agent must revert the order
of its own actions. Payoffs are allocated after the first
two actions, and then again after the last two actions in
the same manner as in the previous game.
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Figure 6: Evolution of dialogic coordinated activity for two
values of ¢ in two typical runs.

Figure 6 shows the evolution of dialogic activity (de-
fined as the ratio of successfully produced sequences over



the total number of games at each time step). We see
that coordination of recursive actions evolves towards a
high level. The same considerations about the spatial
organization of the agents made for the first set of ex-
periments still apply, and the level of dialogic activity
has a dependency on ¢ similar to that of the level of
coordinated activity for those experiments.

These results show how agents coordinating their ac-
tivity are able to perform tasks beyond their individual
abilities. This particular game requires that both agents
perform a sequence of actions (which depend on their
role) in the presence of an external environmental feature
that remains unchanged with time. Given that agents
are state-less machines, this is something impossible for
them to do individually. However, a couple of interact-
ing agents can achieve an important level of success in
this task, each one taking advantage of the presence of
the other and “using” their interactions as the internal
states they lack.

We see that a description of their behavior in terms
of traditional notions of information is useless. If by
information we mean information about features of the
environment, we find that these are equally accessible
to both participants, if we mean information about the
state/intention of the agents, they haven’t got any.

6 Conclusions

The first part of this paper was aimed at a methodolog-
ical and conceptual criticism of the current approach to
the question of the origin and evolution of communica-
tion. An analysis of the way the phenomenon is char-
acterized in theoretical biology provided the necessary
guidelines for identifying two important preconceptions
prevalent in those studies, namely the use of selective ad-
vantages, elsewhere used only in explanatory discourse,
at the definition level, and the loose use of the idea of
communication as an informational exchange. A differ-
ent understanding of communication was considered as
a way of characterizing the phenomenon while avoiding
the consequences identified with the inclusion of the pre-
vious preconceptions.

The computational model used for investigating the
evolution of non-recursive coordination has demon-
strated that coordinated activity can evolve even in those
cases in which the static and dynamic mathematical
models showed it would not. And the reason for this
difference has been mainly the possibility that the com-
putational model provides for studying the actions of se-
lective mechanisms in the context of other concurrent
processes such as spatial organization.

We observe clusters emerging as self-regulating spa-
tial structures but to say that some complex structure
“emerges” out of something simple is to locate the prob-
lem, not to solve it. That is why an explanation was
advanced in terms of a qualitative model of the observed

distribution of population and energy in the region oc-
cupied by a cluster. In exploring certain issues arising
from this model we were able to explain many of the
observed phenomena like cluster quasi-stability, genetic
homogeneity, etc., including the evolution of action coor-
dination even in the presence of individual costs against
it. It is apparent that spatial structures can provide a
very strong influence on the outcome of an evolutionary
process, resulting sometimes in far from intuitive char-
acteristics (see also [5, 18]).

A broad analogy can be drawn between the position
of an agent in a cluster in our model, and the degree of
participation in a social organization for a natural organ-
ism. For instance, animals spending more time in social
activities as a consequence of their developmental stage,
or their social status, will be analogous to agents living
in the center of a cluster. Such an analogy would suggest
that many answers to the question of natural communi-
cation could be sought in the nature of group structure,
and social hierarchies.

Interestingly, one of the correlations found in this
study, the correspondence of cluster size and degree of
coordinated activity, has a very suggestive parallel in pri-
mate societies: that of typical group size and relative
neocortical size [21]. Tt has been suggested that language
evolution has been deeply influenced by the growth in
group size in humans as compared with other primates,
and a functionalist explanation was advanced in terms
of the role of language as a bonding mechanism in the
maintenance of stability in large groups [9]. The way
that the analogous correlation was explained within the
present model has been rather different, more in terms of
structural dynamics rather than functional adaptations,
but the parallel is worth noting.

The following step towards an understanding of the
evolution communication corresponds to a game in which
agents act recursively, still without constituting a con-
sensual domain in the strict sense. In this game, action
coordination evolves non-trivially even when information
is previously shared. This result also points to the rele-
vance of social interactions in the evolution of cognitive
capabilities, as agents in this simple model are able to
perform actions not allowed by their structures at the
individual level. It can be expected that the addition of
plasticity to the structure of the agents will constitute
an important further step.

The computational approach is particularly appropri-
ate for the study of structures and concurrent processes
in which the limitations of pure mathematical modelling
are tested. In this case the addition of spatial consid-
erations dramatically changed the results obtained by a
simple cost-benefit selective analysis. This can be con-
sidered as a methodological warning sign, not only for
the present project, but for many other projects in the
study of biological phenomena.
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