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On the Evolutionary and Behavioral Dynamics of Social
Coordination: Modelsand Theoretical Aspects

Ezequidl Algandro Di Paolo

Abstract

An explorationis presented of theinterplay between the situated activity of embodied autonomous
organisms and the social dynamics they constitute in interaction, with special emphasis on evo-
lutionary, ecological and behavioral aspects. The thesis offers a series of theoretical and method-
ological criticismsof recent investigationson the biology of social behavior and animal communi-
cation. An alternative theoretical framework, based on a systemic theory of biological autonomy,
is provided to meet these criticismsand the elaboration of the corresponding theoretical arguments
is supported by the construction and analysis of mathematical and computational models.

A game of action coordinationis studied by a series of game-theoretic, ecological and compu-
tational models which, by means of systematic comparisons, permit the identification of the evo-
lutionary relevance of different factors like finite populations, ecological and genetic constraints,
gpatial patterns, discreteness and stochasticity. Only in an individual-based model isit found that
cooperative action coordination is evolutionarily stable. This is due to the emergence of spatial
clustersin the spatial distribution of players which break many of the in-built symmetries of the
game and act as invariants of the dynamics constraining the path of viable evolution.

An extension to this model explores other structuring effects by adding the possibility of
parental influences on phenotypic development. The result is a further stabilization of coopera-
tive coordination which is explained by the presence of self-promoting networks of devel opmental
relationships which enslave the evolutionary dynamics.

The behaviora aspects involved in the attainment of a coordinated state between autonomous
systemsare studied in asimulated model of embodied agents coupled through an acoustic medium.
Agents must locate and approach each other only by means of continuous acoustic signals. The
results show the emergence of synchronized rhythmic signalling patternsthat resemble turn-taking
which is accompanied by coherent patterns of movement. It is demonstrated that coordination
results from the achievement of structural congruence between the agents during interaction.

Submitted for the degree of DPhil
University of Sussex
January, 1999



Contents

1

I ntroduction

11

12

Overview of thethesis . . . . . . . . . ... ...
111 Towardsasystemicview of social behavior . . . . . ... ... .....
112 Historical proCeSSES . . . . . .
113 Methodologicalissues . . . . . . . . . . . ...
1.1.4 Modelling the evolution of cooperative coordination . . . . . ... ...
1.1.5 Anevolutionary rolefor social influenceson development . . . . . . ..
1.1.6 Coordinationwithout non-shared information . . . . . . ... ... ...
1.1.7 Coordination, structural congruenceand embodiment . . . . . . ... ..
Summary of contributions . . . . ...

Towardsa biology of social behavior: a systemic per spective

21
22
2.3

24

2.5

The pragmatic need for abiological grounding. . . . . . .. ... ... .....
Functional and operational approaches . . . . . ... ... ... ... ......
Confusing the domains of discourse: the case of anima communication . . . . .
2.3.1 Selective advantages as a defining feature of communication . . . . . . .
232 Someill-definedterms . . . . . ... ..
2.3.3 Practical consequencesforresearch . . . . . .. ... ... L.
A systemic perspectiveon social behavior . . . .. ... oL
241 BasiCCoNCEPLS . . . . . v
242 Coordination . . . . ... ...
24.3 Changing the practical issuesof interest: anima communication again . .
SUMMANY . . . . . e e

Historical processes

31

3.2

3.3
3.4

From homogeneous time to historical time through self-organization . . . . . . .

311 Constraints . . . . . . ..
312 Invariants . . . . .. e e
Different manifestationsof history . . . . . . . ... . ... ... ... ..
3.21 Trailsongrassand Pask’sartificidlear . . . . . .. ... ... ......
322 Polyasunscheme . . . . ... ...
323 Evolution . . . . ... ..
3.24 Embodiment, cultureand habitus . . . . ... ... ... ... ... ..
Explanatory value of spontaneousinvariants . . . . . . ... ... ... ... ..

SUMMANY . . . . . e e

© 0 O g1 p W P

H
2 o



COMNEens - vil

4 Methodological issuesin the use of formal modelsand computer simulations 53
4.1 A pragmatic approach to formal modelling. . . . . . ... . ... ... .. ... 54
4.2 A scientificusefor computer smulations . . . . ... L. 59

421 Scienceandinstruments . . ... ... 61
422 Toolsinscientificactivity . . . ... ... ... ... ... ... 61
423 Thoughtexperiments . . . . . . . . . . . oo i i it 64
424 Simulationsastools . . . . . .. ... 65
425 Integratingsimulationsinbiology . . . . . .. ... ... L. 67
426 Exploring, experimenting, explaining . . . . . ... ... ... ... .. 70
4.3 SUMMAY . . o o e e e 72

5 A gameof action coordination: mathematical models 75
51 Thegame . . . . . . . . 76
52 Game-theoreticanalysis. . . . . . . . .. 78

521 SUalegies . . . . . . . 79
522 Infinitepopulation: staticanalysis . . . . . . ... ... ... 81
5.2.3 Infinitepopulation: dynamical analysis . . . . .. ... ... ... 82
5.2.4 Finitepopulation: dynamical analysis . . . . . . ... ... ... 85
53 Ecologicalcoupling . . . . . . . ... 88
54 Geneticconstraints . . . . . . ... 89
55 Continuousspatial model withfinitelocality . . . . . . ... ... .. ...... 91
551 Themodel . .. .. . . . . .. 93
552 Patternformation . . . . . . ... 96
553 DynamiCsS . . . . . . o o i e 99
5.5.4 Effect of density thresholds, move toward discreteness. . . . . . . . . .. 102
555 Summary for continuousspatialmodel . . . ... ..o 106
56 Summary: brokensymmetries . . . . . ... 108

6 A gameof action coordination: individual-based model. 110
6.1 Themodel . . . . . . . . 111
6.2 ResUItS. . . . . . . e 114
6.3 Spatiad patterns . . . . ... 116
6.4 Correlation between cluster size and coordinationlevel . . . . .. ... ... .. 119
6.5 Theroleof kinsdlection . . ... ... ... .. ... .. ... ... . . ... 120
6.6 Clusters as structuring invariants of the evolutionary dynamics . . . . . ... .. 124

6.6.1 Fluctuationsand phenotypic aspects of spatial position . . . . ... ... 125

6.6.2 Brokensymmetrieswithinclusters. . . . . .. ... ... ... ..... 127
6.6.3 Coordinationexplained . . . . . . .. . ... ... .. 128
6.6.4 Correlationexplained. . . . . . ... ... ... L 131

6.7 Conclusionsandanalogies . . . . . . . . .. .. 132



COnNLEre

7 Social influences on development and coor dinated behavior: an assessment
7.1 Socid influences on development: evidence and consequences . . . . . . . . . .
7.2 A model of socially influenced development . . . . . . ... ... ...
7.3 Computermodel . . . . ..
7.4 Nodevelopment . . . . . . . ..

7.5 Resultswithsocial development . . . . . . . . ... ...

7.6 Networksof social influencesondevelopment . . . . . . .. ... .. ... ...

7.7 Discussion

8 Coordination without infor mation
8.1 Computer models of communication and theinformational bias. . . . . . .. ..
8.2 Coordinationof recursiveactions. . . . . . . . . . e e e

8.3 Discussion

9 Rhythm, entrainment and congruence in acoustically coupled agents
9.1 Acousticcoupling . . . . . . . . e
9.2 Anexample of coordination through acousticinteractions . . . . . . . ... ...

9.3 Methods .
9.4 The mode

95 Reaults. .

95.1 Approachingbehavior . . .. ... ... ... .. ... ... .. ...
9.5.2 Entrainment, turn-taking and structural congruence . . . . . . . ... ..

9.6 Discussion

10 Conclusions

10.1 Recapitulationand contributions . . . . . . . .. ... L

10.2 The future

Bibliography

Vi

137
138
142
145
148
148
148
150
150
150
151
155

159

159

162
166

168
170
171
172
173
173
173
176
177
178
181
185

190
191
195

197



List of Figures

21
22

31

41
4.2

51
52
5.3
5.4
55
5.6
5.7
5.8
59
5.10
511
512
513
514
5.15

6.1
6.2
6.3
6.4
6.5
6.6
6.7
6.8
6.9
6.10
6.11
6.12
6.13

7.1

Illustration of the concept of coordination. . . . . ... ... ........... 30
A special case of coordinationthroughinteraction . . . . . .. .. ... .. ... 31
Probability of drawing a black ball from Polyasurn. . . . .. ... ... .... 45
Direct explanation. . . . . . . . . . . . . 70
Indirect explanation. . . . . . . . . ... 71
Cooperationbetween strategies . . . . . . . . . . .. e 80
Tetrahedrondiagram . . . . . . . . ... 83
Trajectoriesfor dynamical analysis . . . . . . . .. ... ... L. 84
Non-zero eigenvaluesfor infinitedynamics . . . . . . . ... ... ... .... 85
Trajectoriesfor perturbed dynamics . . . . . . . ... ... ... .. L. 86
Trajectory for finitepopulation . . . . . . .. ... ... ... ... 87
Trajectory for ecologicalmodel . . . . . . ... ... ... .. L 89
Trajectory for ecological model with genetic constraints. . . . . . ... ... .. 91

Stability of homogeneoussolution . . . . . . ... ... L 96
Dispersionrelation . . . . . . . ... 97
Total number of playersinspatiaddmodel . . . . . . . ... ... .. ....... 100
Spatial patterns . . . . . .. 101
Clusters and differencein energy intakefor each rolefor strategy 1. . . . . . . . 103

Invasionpatterns. . . . . . . . . . . 104
Invasion patternsfor different density thresholds. . . . . . . . . ... ... ... 105

Position of agentsinthearena . . . . . . .. ... ... ... ... ... ... 112
Evolutionof successful action . . . . . ... ... ... ... ... 115
Coordination level (Ry2) for differentvaluesofc. . . . . . . .. ... ... ... 116
Formationof clusters. . . . . . . . . . . . .. . . 117
Qualitative distribution of agentsand energy inacluster. . . . . . ... ... .. 118

Coordinationvs. cluster size:examples . . . . . . ... ... ... ... 119
Averagerdatednessvs. C . . . . . L 123
Relatednessvs. clustersize . . . . . . . . . . 124
Probability of remaining in cluster after 5generations . . . . . . ... ... ... 125

Positionof ancestors . . . . . . . ... e 126
Differencesinrolefrequency withinacluster . . . . ... .. ... ... .... 127

Critical frequency for extragain to be equal to fluctuations . . . . ... ... .. 129

Differencesinrolefrequency. . . . . . . . . . . . ... 131
Two extreme cases of developmental relationships. . . . . . ... ... ... .. 141



7.2
7.3
7.4
7.5
7.6
1.7
7.8
7.9
7.10
7.11
7.12
7.13
7.14

8.1
8.2

9.1
9.2
9.3
9.4
9.5
9.6
9.7
9.8
9.9
9.10
911
9.12

LISU Ol FIgures

Scheme of abstract developmental process. . . . . . . . . .. ... ... ... 143
Position of agentsinthearena . . . . . . .. ... ... ... ... ... ... 146
Cooperdtiverelationsbetween strategies. . . . . . . . . ... ... ... 147
Population constitution, no spaceand nodevelopment . . . . . .. ... ... .. 149
Population constitution for spatial game with no development,c =0.6. . . . . . . 150
Population constitution, no spacewithdevelopment . . . . . . . ... ... ... 151
Coordination level vs. ¢ for spatial games with and without development. . . . . 152
Population constitution for spatial game with development,c =0.6. . . . . . .. 153
A self-promoting developmental network . . . . . .. ... oL L. 153
Population constitution for spatial game with development,c=0.8. . . . . . .. 155
Developmental structures . . . . . . . . . . e 156
Cooperativerelationshipsin developmental structures . . . . . . . . . ... ... 157
Time variation for cooperative and non-cooperative strategiesin secondary network 158
Examples of the evolution of dialogic coordinated activity . . . . ... ... .. 164
Dialogicactivity VS. C. . . . . . . . o 165
Body of agents and pathsof acousticsignals. . . . .. ... ... ........ 174
Trajectoriesof approachingagents . . . . . . . . . . .. ... .. ... ... 177
Neuronal structure . . . . . . . . .. e e 178
Emittedsignal and sensory gain . . . . . . . . ... oo 179
Power spectrafor signa, orientation and intensity differenceineachsensor . . . 180
Trajectory for constant source with afixed positionrelativetotheagent . . . . . 181
Signalling behavior of interacting agentsand power spectra. . . . . . . ... .. 182
Motion of agentsduring period of coordination . . . . ... ... ........ 183
Signalling behavior in presence of periodicbeacon. . . . . ... ... ...... 184
Signalling behavior in presence of imitativebeacon. . . . . . ... ... ... .. 185
Embedded time-delayed dynamicsof inter-neurons . . . . . ... ... ... .. 186
Achievement, loss and regaining of coordination. . . . . . ... ......... 187



“Pourquoi la synergie n’existerait-elle pas entre différents organismes,
si elle est possible & I’intérieur de chacun?”

Maurice Merleau-Ponty (1964, p. 187)



Chapter 1

| ntroduction

In the late nineteen-forties and early fifties, William Grey Walter was pioneering a particular style
of research into adaptive behavior using artificial systems. Many of today’s lines of research in
situated robotics and computer simulations of adaptation have partly inherited their interests and
methodsfrom hiswork. Intwo articlesin thejournal Scientific American (Walter, 1950, 1951) and
later in a book called The living brain (Walter, 1953), he described how life-like behavior could
be realized in rather simple electro-mechanical devices which operated autonomously in a real
environment. These robots, or “tortoises’ as he called them, would propel themselves describing
cycloidal paths on aflat surface in search of moderate sources of light. Once their photoelectric
sensors detected a source of light, their behavior would change and they would move towards
the location of the source. When the light became too intense their mode of behavior would
change again, this time to an avoidance pattern. The robots would aso avoid heavy obstacles
and steep vertical gradients, (see also Holland, 1996). W. Grey Walter vividly described how
these basic patterns were simple consequences of the involved mechanisms in combination with
properties of the environment and how they could give rise to more complicated behaviors like
avoiding becoming stuck in the presence of conflicting stimuli and even a rudimentary form of
energetic stability by entering an illuminated recharging station when batteries were running low.
The overall life-like behavior and curious* personality” of the robots make them deserve the name
Machina Speculatrix.

Without any other apparent aim than the possibility of being able to check when the robots
changed from one mode of behavior to another, W. Grey Walter wired a headlamp into their steer-
ing circuit. Thelight bulb would turn on while the robot was performing its exploratory behavior
and turn off when the robot’s photoel ectric sensor detected a moderate light. The robot would not
be able to sense its own light directly, but it could do so indirectly though an interaction with its
environment; for instance, approaching a mirror or white surface. Such interactions elicited very
interesting behavioral patterns.

But perhaps the most fascinating experiment of all occurred when two of the robots (Elmer
and Elsie) were placed together on the same floor in the absence of any other sources of light.
The interaction between the different modes of behaviors and the headlamps when these were
mutually detectable would cause the robots to perform curious dancing patterns. A robot in the
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exploratory mode would have its headlamp on until its sensors detected the light coming from its
partner. Confronted with each other’s headlamp each robot would engage in phototactic behavior
and, as a consequence, they would extinguish the sources of each other’ s attraction thus provoking
areturn to the previous exploratory mode. The robotswould approach toward each other and stop
in an intermittent pattern while their headlamps would flicker until the light of one of them would
move beyond the range of the other one’s sensor and so they would “lose interest”.

This simple experiment, explainable in terms of wires, light bulbs and mechanical bodies,
poses some nontrivial questions about the nature of social behavior. Is it possible to classify
Elmer’'s and Elsie's behavior, smple as it is, as social? When is a behavior social? Can social
patterns of behavior be explained in the same way as any other case of adaptive behavior or isa
different vocabulary required for doing the job? Can any knowledge be gained by studying social
behavior using artificial systemslike robotsor simulated agents? Can these systems be themselves
social? Today, many inheritorsof W. Grey Walter’stradition still find these questions pressing.

Issues like these have inspired the work presented in this thesis. 1ts main motivation is to
address some basic questions about social behavior using modelling techniques which, much as
W. Grey Walter’'s experiments did, will work astools of theoretical inquiry by trying to instantiate
artificially the very patternsin need of explanation. In contrast with W. Grey Walter’s robots, the
techniques used in thisthesis are mainly formal models and computer simulations.

The thesis will be limited to the study of basic forms of socia behavior such as those that
may be observed in non-human animals and, even in this case, only very simple ones. Many
issues regarding the complexities of human social behavior will be sidestepped, although some
of the conclusions arrived at will surely offer significant insights into human socia activity and
hopefully open adoor for further investigation using similar methods.

Clearly, it makes no sense to try to answer questions about socia behavior in a theoretical
vacuum. A perspective, apoint of departure, some form of grounding must be provided in order to
explore theseissues. Itis possibleto find such atheoretical standpointin biology. After all, socia
phenomena can be found, as yet, exclusively in living systems.

But biology isnot atimelessdiscipline. It hasitsown concerns and forces its own issues upon
the researcher interested in the nature of social behavior. Thus, if one seeksaguiding framework in
contemporary biology some additional questions about social behavior will become unavoidable.
How does the evolution of social behavior fit within the current theoretical orthodoxy? What
is the adaptive function of social behavior? Do socia interactions highlight some aspects of an
evolutionary process which are often simplified when studying other forms of behavior?

At the same time, current biology also tends to impose its own way of thinking, and while its
subject is deemed appropriate for grounding an investigation about the nature of social behavior,
it is possiblethat its current methods may not be so. Thus some care must be taken not to embrace
atheoretical stance without questioning its potential and itslimitations.

The project described in this thesis can be placed at the intersection between biology and
cognitive science. It addresses issues of interest for both disciplines. 1t makes use of relatively
novel research methodologies which are currently being adopted by researchers in both fields
such as theoretical models instantiated in complex computer simulations and used in conjunction
with more traditional analytical techniques. But at the same time, the project breaks with some
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traditions in biology and cognitive science which are not totally unrelated. The project aban-
dons explanatory monism, methodological individualism and functional analysis and embraces
explanatory complementarity, situatedness, complexity and dynamics in a pragmatic approach.
One of the main purposes of this thesisis to argue in favour of this break with tradition and to
show its practical consequences for research in the form of concrete investigations about social
behavior.

These investigations address issues like the evolution of cooperative coordination, the rele-
vance of ecological situatedness, the dynamics of historical processes, the constraintsimposed on
behavior and on evolution by social influences on development, the relevance of embodiment in
shaping patterns of behavior and the emergent features of coordination between dynamical sys-
tems in interaction. Although each investigation is meant as an individua contribution to the
issuesit addresses, they are vertically connected in the sense that they focus on the different levels
affecting social behavior from global evolutionary patternsto the operational details of the mech-
anism giving rise to social coordination. The investigations are also thematically connected in
subtle ways, since al of them will arrive at similar conclusions regarding the value of studying
complex processes in a situated manner. Evolution does not occur as a clean universal process
but is embedded in a web of ecological and historical dynamics. Coordination does not happen
between preprogrammed general problem solvers, but arises from the messy constraintsimposed
by embodiment and situatednessas well as history.

In addition, the investigations are also methodologically connected since they use arelatively
novel way of building computer simulations and exploring them to draw conclusions about theo-
retical issues. These techniques are aimed at understanding how theories work in artificial instan-
tiations of the phenomenathey try to explain. Understanding what goes on in an artificial world
can provideinformation about the extent and suitability of theories about the natural world. In this
way, the methodologies used in this thesis are the direct descendants of the research methodolo-
gies used by W. Grey Walter who, by understanding how his robots operated, was able to think
more clearly about the behavior of natural organisms.

1.1 Overview of thethesis

The thesisis divided into two main parts. The next three chapters are intended to provide a con-
ceptual and methodol ogical background withinwhich the investigationspresented in the following
five chapters can be framed.

1.1.1 Towardsa systemic view of social behavior

Many of the above questions regarding the nature of social behavior are too general to deserve
straightforward answers. As said before, it makes little sense to try to address these issuesin the
lack of a well-defined theoretical perspective. Chapter 2 setsthe basis for a systemic approach to
the biology of socia behavior in autonomous systems. The pragmatic need for grounding a theory
of social behavior in biology isestablished without implying in any way aform of reductionism of
socia phenomena. The intentionisto constrain the vocabulary used in atheory of social behavior
to what is biologically possible and avoid ungrounded theorizing from the start.



Cliaptel L. 1nuaogucuorn 4

Here is where the project faces itsfirst problem. Is the type of scientific discourse used cur-
rently in biology adequate to perform such a constraining function? In order to answer this ques-
tion a distinction between operational and functional modes of scientific descriptions and expla-
nationsisintroduced and the relation between the two modes examined. It is argued that none of
these modes isintrinsically better than the other since they serve different purposes and can well
complement each other. However, the distinction should be kept in order to avoid slipping care-
lessly from one type of discourse into the other. In order to reveal the dangers of this possibility
the case of animal communication isexamined. It isshown that the traditional biological approach
relies on functional considerations, such as sel ective advantages, in order to define communication
but that it also intends to use the definition in a pseudo-operational manner. As a consequence,
communication remains poorly defined and full of internal contradictions, some of which will be
carefully exposed.

Functional discourse may provide hintsregarding at which level of description an operational
description may be pitched, but operational discourse relates differently to functional statements
by constraining them to what is operationally viable. In view of the reasonsfor wanting to ground
social behavior in biology, an operationa approach is therefore deemed as the most appropriate
starting point.

Fortunately, such a perspective can be found in a fairly developed form in the theories of
autopoiesis and biological autonomy, (Maturana & Varela, 1980; Varela, 1979). The relevant
terminology is presented and discussed. It is shown that phenomena like communication can be
much better characterized in this way by introducing key concepts such as autonomy, structural
coupling, coordination and structural congruence. The change of perspective introducesimportant
shifts of interest by questioning issues which were ignored by the traditional approach. At the
same time, many of the questions traditionally addressed from a functional perspective (such as
the evolutionary stability of honest signals, the nature of conflicting interactions, etc.) can still be
studied from the systemic point of view perhaps after some reformulation.

1.1.2 Historical processes

The basic theoretical perspective for framing questionsregarding socially coordinated behavior is
complemented in chapter 3 with a general description of what constitutesa historical process. The
idea behind this exposition is to prepare the reader for some of issues addressed in the investiga-
tions of the second part of the thesis.

A processis described as historical if some form of temporal heterogeneity is introduced dur-
ing its unfolding. It is shown that this is possible if the constraints of the process change as a
consequence of itsinternal dynamics or as a consequence of coupling with other processes. The
meaning of the term “constraint” is clarified as well as a way of distinguishing variationsin the
constraints from the process itself by specifying what is meant by an invariant of the process.

In this way, the word “historical” is used in a special sense. It does not suffice for a process
to be subject to contingencies or to be susceptible to be explained in historical terms for it to be
historical in the senseintended. Rather, historical processeslieroughly at the intersection between
these classes and the class of processes which exhibit some form of self-organization. The reason
for this is that a systematic coupling between the dynamics of a process and variations of its
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own conditionsof realization often |eads to the formation of spontaneousorganizational invariants
which tend to perpetuate themselves. These invariants are constituted by the dynamics of the
process and are at the same time constituting factors for the future dynamics.

Some examples of historical processes are discussed at length, including the important case of
biological evolution which isrelevant for the studies presented in chapters 5, 6 and 7.

Spontaneousinvariants may providethe researcher with a powerful explanatory tool for under-
standing what goes on in a complex historical process. They set a frame of reference from which
global dynamical patterns may be understood as well as their influence on local or microscopic
patterns. Thispower isdemonstrated in the models of the second part which address evol utionary,
ecological and social dynamics and which are hard to explain otherwise.

1.1.3 Methodological issues

The usefulness of the theoretical issues presented in chapters 2 and 3 has yet to be demonstrated
practically. The intention of the second part of the thesis is to present models which address
specific questions regarding social coordination. On the one hand, these models are interesting
in themselves and are intended as contributionsto the scientific issues they address, on the other
hand, the models are also interesting as demonstrations of how the theoretical ideas work.

Due to the complexity of the issues studied, a combination of mathematical models and com-
puter smulations will be used. There is along-standing tradition of formal modelling in biology
and other sciences but the advent of new modelling techniques, such asindividual -based computer
simulations, may call for a re-thinking of this tradition, especially from a methodological point
of view. Isacomputer simulation just a complicated mathematical model or isit something else?
Does it play a similar scientific role? What is the value of a computer simulation? How does it
relate to the rest of scientific practice? How should a simulation be built/used?

These are important questions that a thesis like this cannot afford to ignore. Computer simu-
lations are perhaps the most flexible tool of theoretical inquiry currently available. However, this
does not mean that they are necessarily easier to use or to understand than other tools. In principle,
very complex situationsmay be built into a computer model and many of these complexities can-
not be subject to treatment using a purely mathematical approach. But this same flexibility may
play to the disadvantage of computer simulations as an acceptable medium of scientific research.
Thisis mainly because researchers often tend to build into a computer model situations that are
radically different from those previously studied and also because the range of applicability of the
conclusions of very complicated models tends to be rather narrow. The first reason introduces
a communication rupture between researchers who use mathematical models exclusively and re-
searchersinterested in addressing the same problems using computer simulations. Thework of the
latter may be too complex for direct comparison with previous models and so for its value to be
clearly assessed. So much so, that in certain cases it may not even be easy to understand what has
actually been modelled into a computer simulation and what conclusionsto derive from it. The
second reason indicates that even if complex situations can be replicated in a computer simula-
tion, there is no guarantee that this replication will render the phenomenon more understandable.
Mathematical models can explain and communicate by abstracting and simplifying complex phe-
nomena and offering a fairly universal language with which to express their conclusions. Can the
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same be said about computer simulations?

These issues will constitute the theme of chapter 4 which is intended to raise concern about
the use of formal models in general and computer simulations in particular. The chapter, how-
ever, also offers positive contributions towards the development of these issues. In the general
case, a pragmatic attitude for the use of formal models is proposed. This attitude stipulates that,
when modelling complex phenomena, the best gain in knowledge comes from becoming aware of
the model’s own limitations and not of the model’s closeness to some real pattern (which, by the
way, may not even be available). In this manner, the use of formal models of different granular-
ity is recommended as a way of understanding the role played by relevant factors following the
performance of systematic comparisons between models.

The chapter proceeds to addressing the question of how to use computer simulationsin a way
that they become integrated into the rest of scientific practice. Of particular interest will be the
question of how simulationsrelate to scientific activities such as formulating and testing hypothe-
ses and explanations. It is proposed that the best perspectivefor dealing with thisissueis given by
aframework that describes the role of tools and techniques in scientific activity. A description of
such a framework is offered based mainly on Deweyan and Heideggerian perspectives on the role
of toolsin skilful activity. Science is characterized as a network of practices which follow certain
core conditions of normativity. The question of how to use simulations becomes the question of
how to integrate a new tool into an existing network of practices without changing it so much that
people would not be willing to keep calling it science. In view of this, of specia relevance are the
so-called conceptual or theoretical tools, in particular thought experiments.

Previous attempts at addressing similar issueswill be discussed and criticized and a new pos-
sibility for integrating simulations in scientific practice will be offered. This possibility does not
constitute amethodol ogy in the sense of aset of rulesthat specify how simulations should be built.
It rather describesthe working stagesthat take place after the simulation has run successfully such
as formulating hypotheses and performing crucial experiments in order to explain the observed
patterns within the model and then relate this explanatory structure metaphorically to analogous
explanatory structures in the case of natural phenomena. In this way, simulations are used as
thought experiments aimed at questioning existing theories rather than aimed at reproducing nat-
ural phenomenadirectly.

The two positive contributions of this chapter are implicitly demonstrated in the concrete in-
vestigations that follow after it. Chapters 5, 6 and 7 show the comparative approach at work by
studying a basic evolutionary scenario using increasingly complex models. Chapters 6, 7, 8and 9
present different models using computer simulationswhere the proposed usage is put to the test.

1.1.4 Modelling the evolution of cooper ative coordination

As implied above, the set of questions regarding social behavior is enormous and includes is-
sues that are interesting to evolutionary biologists, ecologists, ethologists, cognitive scientists,
economists, sociologists, psychologists, etc. The investigations presented in this thesis will ad-
dress only a fraction of these issues starting from the evolutionary end of the spectrum, where
behavioral complexity is sacrificed in order to be able to address large-scal e evol utionary and eco-
logical patterns, and then moving towards the behavioral or cognitive end of the spectrum where
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behavioral dynamics and mechanisms are studied in detail.

Inthefirst investigation, social behavior isstudied from an evolutionary point of view. Many of
the complex theoretical issues regarding socia coordination are consequently ssmplified in order
to address evol utionary questions. One such question in particular has received much attentionin
theoretical biology and it cannot be ignored in the present context. Thisisthe issue of cooperative
social behavior in situationswhere individual interests are in conflict.

Much interesting discussion has been generated lately regarding thisissue, especially since it
becomes problematic from the point of view of an evolutionary theory that rejects group selection
in favour of maximization of individual reproductive success. Why should an individual organism
cooperate with another if it is not in its best interest? Why should an established system of com-
muni cation not be hijacked by manipulative individualswho cheat to obtain a personal benefit?

Indeed, much of the theoretical approach presented in chapter 2 regarding the systemic view
on socia behaviors can be criticized because, to the degree in which it is presented in that chapter,
it remains silent about functional issues and therefore does not touch on the question of whether
coordination would not demand behavioral patterns that would tend to be selected out because
they tend reduce reproductive potential.

In response to this, different “solutions’ have been offered that remain within the theoretical
orthodoxy of neo-Darwinism. All these solutionstake the form of anegation of the premises of the
problem. For instance, Krebs and Dawkins (1984) suggest that in fact all communicationisaform
of manipulationand that if certain organismsseem to let themselves be manipul ated by responding
to signalsor stimuli in a certain way, they do so because most of the time it pays them to respond
in that way. Other proposals specify that cheating is prevented because of the inherent costs
implied in the actual production of a cheating signal, (Zahavi, 1975, 1977). The only affordable
way to behave as a cheater isby being in fact truthful. Another possibility suggests that when an
individual behavestowardsthe benefit of another one but towardsits own detriment, thisisbecause
there is a genetic similarity between them over and above the average genetic constitution of the
population such that by behaving atruistically an individual helps in the propagation of copies
of its own genetic material, which means that it does not really behave atruistically, (Hamilton,
1964; Michod, 1982).

But do these possibilitiescover al cases? Isit not possible that an ecologically situated evo-
lutionary process may be coupled with other processes so that its own dynamics are constrained
along certain paths? Could not the dynamics of the totality of the processes involved explain co-
operative coordination in the presence of conflict of interest as a natural consequence of situated
evolution? Such a possibility would not deny the premises of the problem but it would question
the universal and de-contextualized applicability of the theory that gives rise to the problem. It
would, in other words, question the logic of the problem.

In order to investigate these issues, a simple action-response game with conflict of interest
is used as a basic evolutionary scenario. The degree of conflict can be adjusted using a contin-
uous parameter. Under what circumstances would one expect cooperative coordination of action
and responses to evolve? In chapters 5 and 6, this question is approached using the pragmatic
methodology for the use of formal models described in chapter 4.

Chapter 5 presents a series of mathematical models, including a game-theoretic approach and
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extensionsto it. These models study the differences introduced in the resultswhen factors such as
finite populations, discreteness, ecological dynamicsand genetic constraintsare included. A more
complex model is used for relaxing the assumption of unstructured interactions between players
by introducing a spatial dimension. This continuous model with finite spatial locality shows how
patterns may be formed in space and how many of the inbuilt symmetries of the game, which were
out of the focus of the initial inquiry, are broken naturally because of these patterns. The role of
introducing minimum density thresholdsin the spatial distribution of playersis also examined.

These studies are preparatory for the model presented in chapter 6. This model is based not
on a mathematical formulation of collective behavior but on the iterated resolution of individ-
ual games which is directly instantiated in a computer simulation that includes al the factors
previously studied as well as others. While in none of the mathematical models is cooperative
coordination an evolutionarily stable solution, in the individual -based model it is under certain cir-
cumstances. These circumstances have to do with the value of the parameter which measures the
degree of conflict between players. For small values of this parameter (moderate conflict) cooper-
ation ensues. Asthe degree of conflict isincreased the global proportion of cooperative strategies
decreases in amore or less linear fashion.

Based on previousresults, it ispossibleto pinpoint the factorsthat play key rolesinthischange
of outcome. First, other possible explanations are considered and eliminated such as the case of
kin-selection. Then the role of structuring invariants, such as the emergent spatial aggregations of
agents, is assessed. These invariants break many of the symmetries of the game by introducing
qualitative and quantitative differences according to the position occupied by an agent within one
of these clusters. This situation combines with the key role played by a treatment of agents as
discrete entities subject to stochastic fluctuations to explain why coordination evolves as well as
other observed correlations.

Understanding the individual-based model permits the formulation of interesting analogies
with natural situations in which the role played by spatial structures may actually be played by
other invariants which may constrain the patterns of interaction in similar ways.

1.1.5 Anevolutionary role for social influences on development

The model of ecologically situated evolution studied in chapter 6 can be understood as a histor-
ical process since the activity of agents makes them constitute invariant structures that constrain
their future evolutionary dynamics. In view of thisand of the ana ogies drawn with other natural
phenomena, another factor that may also play asimilar constraining rolein evolutionis studied in
chapter 7. The aim of this chapter is to assess the evolutionary significance of a process of social
influences on phenotypic development.

There is much evidence from the animal world on how parents affect the development of their
offspring, especialy regarding the acquisition of behavioral patterns. This evidence is briefly
reviewed and two possible evolutionary rolesfor socially influenced devel opment identified.

Theideaisto extend the same situation modelled in chapter 6 (thus facilitating comparisons)
by including the possibility of slight phenotypic changes in newborn agents depending on the
parental phenotypes. Thus, socialy influenced development is simplified to the point of being an
abstract and instantaneous process. Nevertheless, some key features of natural development are



Cliaptel L. 1naogucuon 9

retained such astheinterplay of genetic, environmental and formal factorsin determining an adult
phenotype.

Thissimple extensionisenough to introduce important qualitative differencesin the evol ution-
ary outcome. If the introduction of space and discreteness resultsin a stabilization of cooperative
coordination for certain values of the parameter that measures the degree of conflict, the addition
of social influences on devel opment shows that the range of stabilizationis not only enlarged but
the type of stability isalso different. Without development the global level of cooperative coordi-
nation decreases linearly as the conflict parameter isincreased. However, for the case of socialy
influenced development, the level of coordination changes abruptly at a critical vaue from full
cooperation to lack of cooperation.

An examination of the constitution of the population reveals the presence of self-promoting
networks of developmental relations which remain invariant during evolution and enslave the dy-
namics by disallowing phenotypeswhich do not conform to the logic they impose. The operation
of these networksis studied in detail. For acritical degree of conflict the developmental networks
do not appear. Interestingly, the form of these self-promoting invariants can be interpreted as
an ecological explanation of patterns that otherwise would be classified as imitation or cultural
transmission of behaviors.

Again, the historical and situated character of evolution is highlighted as the constitution of a
population now depends not only on the behavioral strategies of the agents but also on devel op-
mental constraints which are at the same time formal (due to the developmental relationsthat are
allowed) and historical (dueto the actual developmental invariants constituted by the agents).

1.1.6 Coordination without non-shared infor mation

Unlikethe other investigationsin thisthesis, chapter 8 presents a simple model which isintended
mainly as a proof of concept. Typically, when researchers try to devise an evolutionary scenario
for studying the evolution of communication, they think in terms of situationsin which (semantic)
information is unevenly shared by the participants. This, it isconcluded, is a necessary condition
for communicative behaviors to evolve. If communication makes evolutionary sense, there must
be something to communicate about. Nowhere isthisassumption less questioned than in computer
models on the evolution of signalling systems. The language used in these models to justify this
assumption suggeststhat communication would be impossible otherwise.

The theoretical perspective presented in chapter 2 insists that functional and operationa as-
pects of communication should remain separate, and that communicative behaviors may well oc-
cur inthe absence of areasonableway of interpreting them in terms of an exchange of information.
Isit possiblethat, in spite of this, all imaginable scenarios for studying the evolution of communi-
cation need to be framed in terms of transmission of information anyway? Or can other scenarios
be imagined in which behavioral coordination can evolve nontrivially and yet information is not
transmitted?

A simple modification to the model presented in chapter 6 is used to respond affirmatively
to the last question. In thismodel the action-response game is extended so that instead of a sin-
gle action and a single response, the participants must engage in the production of an alternating
sequence of actions and responses which depends on the type of food they are trying to access.
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Payoffs are allocated according not to individual actions but according to the correctness of the
sequence that corresponds to the food source. Food types are equally “perceivable’ to both play-
ers and act as constant environmental stimulus during the production of the sequence. Because of
this, there isno information to be transmitted between the players, neither interms of environmen-
tal features nor in terms of changing internal states since they are simply modelled as state-less
machines. And because agents are so modelled the production of a sequence in the face of an
unchanging stimulus (the food type) makes the task nontrivial.

The computer model showsthat interesting behavioral coordination evolvesin this game even
in the case of conflict of interest thus reproducing a result analogous to the modelsin the previous
chapters.

The main point of the model is to show how deeply can preconceptions affect research. An
interesting, non-denotational mode of communication can evolve even if the scenario determines
that information is equally shared by everyone.

1.1.7 Coordination, structural congruence and embodiment

In some of the investigations presented in this thesis, the complexity of socia coordination has
to be somehow sacrificed in order to study evolutionary and ecological dynamical patterns. This,
however, does not mean that coordination cannot be studied in more detail from a behavioral
perspective using similar methods. Chapter 9 presents such a study for the case of embodied
agents who interact in an acoustic medium.

One of theaims of thismodel isto test the applicability of the theoretical framework described
in chapter 2 which, up to this point, has served mainly as guidance for approaching different is-
sues. However, its usefulnessfor understanding concrete questions has not been directly assessed.
Another aimisto try to understand the rel ations between embodiment and adaptive social behavior
as well as the relations between socia and non-social behavior, albeit at avery simplelevel.

The choice of sound as a channel of interaction is not incidental. The physical constraints of
continuous acoustic coupling pose nontrivial problems like discriminating self from non-self and
structuring production of signalsin time so asto minimizeinterference. Anequally relevant factor
is given by the mechanisms of binaural perception. For instance, the intensity perceived by each
ear in the case of high frequencies depends on the angular orientation of the body. Factors such as
this may encourage active perception as an integral part of behavior.

In this model, a pair of “blind” agents moving in an unstructured arena must locate one an-
other and remain within a short distance from each other for as long as possible using noisy
continuous acoustic interaction. The dynamics of the agents is given by the operation of an in-
ternal continuous-time recurrent neural network which couples sensors, motors and perceptual
regulators. The various parameters associated with these networks form a vast space of possi-
ble structures many of which may be viable for performing the desired behavior. This space is
searched using a genetic algorithm and viable solutions are studied in detail.

Careful observation of the most frequently evolved behaviora strategy showsthat interacting
agents perform rhythmic signalsleading to the coordination of patterns of movement. During co-
ordination signal s become entrained in an anti-phase mode that resembles turn-taking. It is shown
that rhythm is an emergent feature of the interaction since it is absent in the individual dynamics.
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The role of active perception in the generation of rhythm is uncovered. Both the temporal struc-
ture of the interaction and the coherent patterns of movement are evidence of coordination being
achieved by means of the acoustic coupling.

Perturbation techniques show that signalling behavior not only performs an external function
but it is also integrated into the movement of the producing agent, thus showing the difficulty of
separating behavior into social and non-social categories.

The achievement of a state of structural congruence between agents is demonstrated by ex-
ploring their internal dynamics. Coordination can only be understood as a result of the recurring
mutual perturbationsthat the agents undergo. In other words, agents co-adapt to each other.

In principle, it is possible to imagine a different situation: that of agents who are able to
adapt individually to externally imposed dynamics. In order to test whether thisis the case, the
capability of agentsto synchronizetheir signalswith “artificial” beaconsthat reproduce the signals
of coordinating agentsis tested. It is found that agents are incapable of achieving entrainment
in the presence of the non-plastic beacons, even if the beacon reproduces the exact same signal
of a previous co-participant. This demonstrates that the performance of coordinated patterns of
behaviors does not entail the individual competence for performing similar patterns.

Theva ue of the concepts of coordination and structural congruence isdemonstrated aswell as
the explanatory power of studying adaptive behavior from an embodied and situated perspective.

1.2 Summary of contributions

This thesis aims at the exploration of basic social behavior in autonomous systems at different
levels ranging from the evolutionary to the behavioral. It aso aims at establishing the value of
theoretical and methodol ogical frameworkswhich manifest themselvesto different degreesin each
individual investigation.

Socia behavior isviewed as a natural phenomenon which is constrained, but not necessarily
determined by biology. The theoretical terms used to describe and explain social behavior must
be grounded in a systemic theory of biological autonomy since only operational discourse can be
used in thisway. Thismove puts questionsof functionality between brackets, but does not discard
them as useless. However, caution must be exerted when switching between the different modes
of scientific discourse as shown by the criticism of how evolutionary biology has addressed the
phenomenon of animal communication.

The systemic view is based on the concepts of autonomy, structural coupling, coordination
and structural congruence. This basis is enough for describing social behavior in operational
terms. As a conseguence of adopting this perspective many issues that were previously ignored
become relevant and worthy of investigation. Some extensionsto the basic framework are briefly
discussed, such as the relevance of coordinated behavior between unevenly plastic systems for
explaining themes related to social learning and social bonding.

Thistheoretical basisis complemented by a description of historical processesaswell as some
examples. By influencing their own conditionsof realization, these processes are able to introduce
inhomogeneitiesin time. Thisdiscussionisrelevant for understanding how the situated dynamics
of processes like evolution work when idealizations such as the total independence of an environ-
ment from the organisms that evolve in it are relaxed. Assumptionslike these become especially



Cliaptel L. 1nrogucuon 12

problematic when dealing with the evolution of social behavior.

Historical processes may spontaneously form organizational invariants which constrain the
dynamics that gives rise to them in ways that will tend towards their own perpetuation. This
dynamical phenomenon may fulfill a highly important explanatory role.

The pragmatic value of these issuesis explored in the form of concrete investigations. Since
these investigations are based on novel simulation techniques, some issues related to how they
are used and how they relate to other scientific activity are explored. A pragmatic approach to
the use of formal models in general is defended. This approach aims at finding the relevance of
different factors and hidden assumptions by comparing systematically different models of similar
phenomena. Especialy interesting for this task are models which are not mere extensions to
previous models but which radically break with them. A comparison between models which bear
little or no geneal ogical relation has higher chances of bringing into light hidden assumptionsand
their relevance but at the same time the comparison may not be easy to perform.

This leads to the question of how computer simulations should be used. The best way of
formulating and answering this question is by adopting a view of science as a human activity
which is defined by a network of practices. The integration of a new tool to this network is the
issue to be addressed. After examining some of the problems that may arise from not considering
methodol ogical questionswith the seriousnessthey deserve aswell as previous attempts at solving
some of these problems, amodest proposal isoffered. Thisisnot a prescriptive methodol ogy but it
aims at describing the necessary steps to achieve an understanding of what goeson in asimulation
and then how to relate this understanding via analogies and metaphors with theories of natural
phenomena. Computer simulations used in this way fulfil a scientific role analogous to that of
thought experiments.

This methodology is exemplified in theinvestigations. The first one dealswith theissue of the
evolution of cooperative coordination in the face of conflicting interests. By designing a smple
evolutionary scenario, game theoretic models are built to study the expected evolutionary out-
come. Extensionsto this basic model reveal the relevance of different factors. In none of these
cases is cooperative coordination the expected result. However, in an individual-based computer
simulation in which agents are modelled as discrete entities in space, coordination does evolve.
Thisis a consegquence of considering evolution as a situated process in coupling with ecological
and historical factors. The role of spatial structuring invariantsthat arise in this historical process
is fundamental for understanding what goes on.

The addition of social influences on development also shows how other factors coupled with
differential reproduction transform evolution into a historical process where organizational invari-
ants are responsiblefor the patterns observed which would not be explainabl e otherwise.

The thesis then moves towards issues more related to the behavioral aspects of social coor-
dination. A simple proof of concept shows that coordination can evolve in a significant manner
without necessarily assuming as necessary a situation in which information is kept from some of
the participants.

Finally, the usefulness of the conceptual structure presented in the initial chaptersis put to the
test in amore direct manner in a model of embodied behavioral coordination through an acoustic
medium. It is shown that emergent features like rhythm of interaction, entrainment, turn-taking,



Cliaptel L. 1rrogucuon 1o

active perception, sensory regulation, coordinated movement and structural congruence, can be
understood from a systemic point of view as arising from the constraintsimposed by the embodied
relations of agents and their environment.

The thesis concludes with a review of the main contributions and some speculations about
possible future avenues of research.



Chapter 2

Towards a biology of social behavior: a
systemic per spective

The aim of the present and the following two chaptersis not merely to provide a necessary theoret-
ical and methodological background against which to place the experimental studies presented in
the remainder of the thesis. If these studies seem to fall short of achieving a thorough exploration
of al the potential avenues of research implied in the theoretical exposition that follows, thisis
partly owing to the richness and openness of the subject. The abjective, therefore, is to present
a rough map of the territory and its potential, both thematic and methodological, for scientific
research without necessarily fulfilling this potential in its entirety in the actual studies presented
afterwards. These concrete studies are intended firstly as contributionsin themselves to the partic-
ular subjectsthey address but also as examples of how particular methodologies and sets of ideas
can be applied within the general theoretical framework depicted here.

In the present chapter a review will be made of some issues regarding the biology of socia
behavior, starting by specifying the need for a biological grounding of the terms used to discuss
socia behavior and by analysing the distinction between functional and operational statements as
bel onging to two different domains of scientific discourse. Comments will be made on how these
domains are related and some of the methodological problems that may arise when the distinc-
tion is blurred. The chapter will then proceed with a detailed analysis of an example where it is
considered that problems of this kind have arisen in biology. Such is the case of animal com-
munication as studied by evolutionary biologists and behavioral ecologists. The corresponding
section will discuss some of the problems that originate in characterizing communication only
in functional terms according to selective advantages and information transfer and how this per-
spective has shaped the set of questions that make sense to investigate. Thisis followed by the
theoretical core of the chapter (section 2.4) where a systemic perspective on socia behavior in
autonomous entitiesis presented based mainly on theworks of Humberto Maturana and Francisco
Varela (athough some pointswill be criticized or further elaborated). The specific case of animal
communication is then re-assessed from this new perspective and some pragmatic consequences
derived and compared with the more traditional point of view.
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2.1 Thepragmatic need for a biological grounding

Any good interpretation of amap, if some useisexpected out of it, must be guided by some princi-
ple so asto avoid, at theinitial stages, spending too much time on details and forgetting the bigger
picture. The guiding rule that isto be used here is that all the phenomena under consideration in
the context of thisthesis should be able to belinked in a continuousfashion to phenomena describ-
able in the language of dynamical systems. In particular, descriptions of biological and cognitive
phenomena will be expected to be able to be made continuous with the consequences of the basic
logic of the autonomy of living systems as material entities.

It is important to emphasize that the aim is not to give supporting arguments for such ap-
proaches in themselves [e.g. the use of dynamical systemsin cognitive science instead of a more
traditional computational approach, (Van Gelder & Port, 1995; Van Gelder, 1999)]; rather, the
point is to use these approaches mainly as conceptual tools that will enable the research to view
the issues of interest from a certain systemic perspective that is believed to be fruitful (and in some
cases badly needed) for approaching a scientific understanding.

Some readers may argue that the use of a conceptual framework implicitly endorses such a
framework as more acceptable than others. Indeed, this could be said. However, it is preferable
to say that the use of atool indicates an opinion mainly about its suitability and nothing else. In
certain parts of thisthesisit will be useful to apply game theory to evolutionary problems, simply
because it is the right tool for the job. This does not mean that evolutionary game theory is en-
dorsed asthe most acceptabl e approach or as providing any sense of truth or privileged explanatory
power.

The hypothesisof continuity of cognitive and social phenomena with biology (and eventually
with physical phenomenal) demands that all descriptions be traceable to biological, physical or
dynamical substrates, without in any way implying that these substrates are al one needs to know
to generate from first principlesthe concrete phenomena of interest. Such aform of reductionism
would be at odds with the pragmatic stance that is intended to serve as guidance since it would
mean that certain distinctionsare privileged over othersignoring the fact that such distinctionsare
made in thefirst place in order to fulfil a purpose and not as ontological commitments.

The purpose of tracing the phenomena of interest to a biological and dynamical substrate is
not to be able to describe how the latter determines the former but how the former is constrained
by the latter. In this way, if oneis able to trace social phenomena to biology, it does not mean
that social phenomena cannot have a logic of their own, impossible to arrive at from a strictly
biological plane. In fact, what will be discovered, is that social phenomena, while traceable to
biology, are usualy underdetermined by it. Finding a trace of continuity between two domains
of description is not meant as a reduction but rather as the identification of how one domain can
constrain the other. It is not practical to spend too much time with theories that simply do not
fulfill these constraints.

10n thisissue seefor instance Wheeler (1997), Stewart (1996) and in general the works of Maturanaand Varelaas
discussed in section 2.4.
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2.2 Functional and operational approaches

Not al descriptions or explanations in science are equivalent. It is often convenient to make a
distinction between two main forms of scientific discourse. In one case, an explanation or descrip-
tion isformulated in terms of a set of elements all pitched at a same descriptional level and also
in terms of a set of law-like relationships between these elements so that an account can be given
of how the phenomena are generated. Explanations and descriptions formulated in this way will
be called “operational”. Typical examples of these are mechanistic explanations. In a different
domain of discourse, it is possible to choose the relevant elements to be used much more freely
and to focus only on certain type of regularities not necessarily apparent at the operational level
whileignoring the rest (or putting it as part of aless specified context). One may choose to do this
because it serves the purpose of facilitating an understanding of the relation between phenomena
that operate at different levels or timescales or whose operational relationshipsare not completely
understood or could not be completely understood. Such isthe case of intentional, teleological or,
in general, functional explanations or descriptions.

This distinction will be elaborated a little further followed by an exploration of the relation-
ship between the two domains of discourse and why they should be kept distinct. Varela (1979)
describes the distinction between the operational and the functional (or symbolic) modes of ex-
plaining in the following way:

“In both cases the recorded phenomena are reformulated or reproduced in conceptual
termsthat are deemed appropriate. Thedifferenceliesin thefact that in an operational
explanation, the terms of such reformulation and the categories used are assumed to
bel ong to the domainsin which the systemsthat generate the phenomenaoperate. Ina
symbolic explanation, the terms of the reformulation are deemed to belong to a more
encompassing context, in which the observer provideslinks and nexuses not supposed
to operate in the domain in which the systems that generate the phenomena operate.”
(Varela, 1979, p. 66)

Consequently, explaining a phenomenon operationally entails making a distinction of a set of
elements or components which relate following a corresponding set of laws and relations, all of
which play agenerative role in the realization of the phenomenon.

“A characteristic feature of an operational explanation isthat it proposes conceptual
(or concrete) systems and components that can reproduce the recorded phenomena.
Thiscan happen through the specification of the organization and structure of asystem
[...] Thisisso becausethe organizationof amachine][...] only statesrelationsbetween
components and rules for their interactions and transformations, in a manner that
specifies the conditions of emergence of the different states of the machine, which
then arise as a necessary outcome whenever such conditionsoccur.” (Varela, 1979, p.
66)

In contrast, afunctional or symbolic explanation rel axes the condition that all its el ements must
be related through law-like links. The observer may choose to connect different elementsonly in
terms of the correlations she finds interesting or practical between the system and a contextual
set of other relevant phenomena. This alows for terms to participate in these explanations that
do not necessarily refer to any concrete or observable components of the systems involved and
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get their meaning from regularities between different observations made by the observer (e.g.
the terms “fitness” or “selective history” in evolutionary biology). Thus, functiona explanations
always escape the boundaries of the systemsthat give rise to the phenomenon being explained by
including contextual elements, either concrete or relational and, as a consequence, they can never
be equated with an operational account of that phenomenon.

In spite of this, it is al too easy to dlip from a functional type of talk into an operational one
simply because certain termsin functional accounts can also be identified as concrete components
of the system of interest. Consider the DNA molecule. It is possibleto assignto it different func-
tional roles depending of the context and regularities that the observer choosesto pay attention to.
It could be said that this molecule encodes for sequences of aminoacids that will form proteins
given the context of the molecular machinery that operates inside the cell (and this could be af-
firmed even if such a context is poorly understood). Or it could be stated that the DNA molecule
encodes for heritable characteristics given the context of the reliability of its replication across
a history of serial reproductive events. But it is wrong to state that DNA instructs the cell on
how to differentiate or what chemicals to secrete in order to produce an organismic trait because,
when looked as part of an operation of the internal processes of a cell, the DNA moleculeisjust
as important as any other molecule. It is made up of atoms like all the others. There is nothing
special about it. If DNA has any special status at al, it is not an operational one and not even
an explanatory one in general. The only relevance of DNA is a functiona relevance for certain
types of symbolic explanation and certain contexts of discourse such as biological evolution and
probably other conditions (see Clark & Wheeler, 1998).

Notice that the error in assigning operational power to functional statements does not depend
on the criterion by which the functional statement isjustified. Therefore, any arguments defending
a context of legitimation for certain functional accountsinstead of others [for instance, Millikan's
proper functions as those that are such in virtue of their selective history (Millikan, 1984)] is
beside the point. No functional statement should be confused with an operational one or used in
its derivation.

Given the distinction between the two modes of discourse, the question arises of whether one
mode should be intrinsically preferable to the other. The answer is negative. Varela (1979, ch.
9) proposes explanatory complementarity as a pragmatic possibility. One can never hope to give
a full operational account of phenomena as complex as human cognition even if it is certain that
such phenomena could be logically derived from available operational statements. Such is the
case of operational concept of autopoiesis[see Maturana & Varela (1980) and section 2.4] which,
according to Varela, iscapable of logically generating al the phenomenology of living systems but
itisincapable, per se, of providing acognitively satisfying explanation of specific instances of this
phenomenology. An observer would have to follow an enormous body of historical contingencies
(probably unknowable) to give a full operational account of a specific pattern of behavior in a
given species. In contrast, symbolic abstraction may provide such a source of understanding by
ignoring much of this historical detail and following a set of simpler principles.

In arecent article, Faith (1997) seems to be saying something similar to this when he also
points to the practical impossibility of giving a full operational account of a cognitive system
purely in terms of dynamics, state variables and attractors. One may agree with Faith in that, for
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understanding systems as complex asliving cognitive entities, functional analysisispragmatically
unavoidable. However, Faith downplays the explanatory role of a dynamical systems approach to
the study of adaptive behavior (and by extension one would add of other operational accounts of
life, cognition and social phenomena) by equating this approach with Laplacean determinism and,
consequently, impossible to achieve. This goes against the pragmatic spirit upheld in this work.
What seems to be implied is that the only role an operational description or explanation can have
is one where the whole issue of interest is addressed purely in operational terms. If one accepts
the explanatory complementarity suggested by Varela, then an operational account need not be a
complete or final one. It may be sufficient to derive from some basic operational givens a set of
constraints which may be used in different ways: in the formulation of an operationally informed
functional story, as proof that certain statements go against what is operationally possible, etc.

Therefore, it is hardly necessary, contra Faith, for an operational story to be useful that it be
complete and final. For instance, if it is accepted as an operational given that the nervous system
is a system that exhibits a closed organization (Maturana & Varela, 1980), it follows logically
that it cannot operate with representations of the medium external to the organism, even if one
does not know the first thing about the operational complexity of the nervous system of the par-
ticular organism in question. The statement, derived from an operational description, is telling
the researcher something useful about the pragmatic value of functional explanations that postu-
late such representations. It will only be possibleto do alimited number of thingswith them since
thereisgoing to be aguaranteed conflict as one startstesting their usefulnessin domainswhere the
actual mechanisms become more relevant (e.g. when building a biologically inspired autonomous
agent).

Thislessrestrictive use of operational statementsis already indicating something about a pos-
sible useful relationship between the two domains of discourse. If a symbolic explanation can be
formulated as an abbreviation of a network of lawlike operational relations which pertain both to
the system being explained and to a more encompassing context, then preferable functional expla-
nations should be those which are constrained by a lack of contradiction with existing operational
descriptions (i.e. with a description of those law-like links which are abbreviated). And such
constraining power may also arise from operational statements that are not aimed at providing a
complete account of the phenomenon.

Thiskind of constraint may also be used to fill what appears to be a gap in Vareld's proposal
for the complementarity of both modes of explaining. There isan apparent contradiction between
saying that functional explanations are symptomatic of the lack of appropriate knowledge of the
context that provides the background to the system of interest (Varela, 1979, p. 65) and saying
that functional explanations(in particular those of the teleonomic kind) are abbreviationsof nomic
relationships (Varela, 1979, pp. 67 and 73). How isit possible to abbreviate nomic relationships
which are not known? Clearly, functional explanations will be especially helpful when trying
to understand phenomena too complex to formulate in operational terms, at least with the tools
available at the time. However, thisis not to say that function cannot be constrained by existing
operational knowledge even if it is not complete. Consequently, while it is possible to postulate
functional explanations as being abbreviations of (not fully known) operational relationshipsin a
greater context this by no means implies that the functional explanations need to be constructed
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as such. A functional account can be formulated by an observer by simply bringing forward the
correlations in which sheis interested. Even if one may say that the resulting functional account
abbreviates nomic linksthere is no need to know those operational relationshipsbeforehand. Most
of thetime it may be sufficient to have an incomplete operational knowledgein order to restrict, as
suggested, the type of functional explanations that make sense to formulate in the chosen context.
Such is the spirit with which operational accounts will be given in the present chapter and in
general inthe wholethesis.

Another issue that is sidestepped in Varela's account is the influence existing functional ex-
planations can have in the formulation of new operational ones. Clearly, the latter may act as
constraints for the former but it makes little sense to say that the same happens the other way
around. Operational discourse must follow the logic of the elements that constitute the domain
in which the phenomena of interest is assumed to be generated and the lawlike relationships be-
tween them. The laws that operate in a chemical system cannot change depending on the function
assigned to that system in different contexts.

One would like to suggest that functional explanations may indeed exert an influence on how
operational sense ismade of a system, albeit inamuch subtler way. A functional explanation may
provide hintsas to which is an adequate operational level of description for that system in order to
explain how the associated phenomenology isgenerated. And so, different functional perspectives
may suggest different operational levels of description.

To take an example close to the themes of this thesis, if the process of language acquisition
in humans were taken to be the result of an individual capability for learning an existing system
of rules and representations then one could try to formulate adequate operational descriptionsin
the domain of individual mechanisms which may give rise to such a capability (i.e., in terms of
neurons, genes, etc.). In contrast, if the ability to participate in linguistic behavior were to be taken
as arising from the interplay between individual behavior and the dynamics of social interactions
(using functional terms like internalization, parental scaffolding, etc.) then one could choose a
level of description extended beyond the individual as the appropriate one to give an adequate
operational account. In the first case the system is bounded by the individual organism and the
rest is the (relatively static) context. (Thiswould probably give rise to a Chomskyan-type view
of language acquisition). In the other possibility, the system is extended to include part of that
context. (The inclusion of social dynamics as part of the system could perhaps give rise to a
Vygotskyan-style operational description)?.

Different functional understandingswill provide different hintsas to how to choose the bound-
aries and composition of the system whose phenomenology one would like to explain opera-
tionally. Thisis not to say, however, that this is the only criterion for preferring an operational
explanation instead of another and in the example given above there may be additional reasons
(besidesthe preferred functional understanding) for deciding for one of the cases (e.g. other oper-
ational statements which one would not want to contradict).

Some of the issues discussed in this section would deserve afurther exploration which cannot

2For an explanation of Chomsky's theory of language learning see for instance chapter 1 of (Chomsky, 1965). For
Vygotsky'stheories of cognitive development see (Vygotsky, 1962, 1978; Wertsch, 1979, 1991). In none of these cases
it is claimed that these theories are operationa in themselves, rather that operational theories similar to them could
perhaps be formulated depending on the type of preferred functional perspective.
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be provided here without losing track of the main issues of the chapter. The distinction was made
between two modes of scientific discourse emphasizing the point that they can be used comple-
mentarily although they should remain distinct. It has also been suggested how the two modes
could be usefully related: functional discourse could be constrained by operational discourse by
not contradicting it and at the same time it could suggest which isan appropriate level of descrip-
tion where the elements of further operational accounts should be distinguished. One important
point to recall in the following sectionsisthat insisting on addressing a phenomenon operationally
should not be equated with areductionist attitude nor should the usefulness of operational descrip-
tions be measured exclusively by their degree of completeness.

2.3 Confusing the domains of discourse: the case of animal communication

That the two explanatory domains, the functional and the operational, may coexist in scientific
practice does not imply, asinsisted, alifting of the distinction. They both serve different purposes
and can be related but should not be confused. Not to fall into this trap may not be as easy as
it sounds. To illustrate this point, a discussion will be presented of how theoretical evolutionary
biology has addressed a paradigmatic example of animal social behavior: communication.

2.3.1 Selective advantages as a defining feature of communication

Despite the intensive attention received by biologists, animal communication remains a confused
subject with “leading theorists even disagreeing as to what should be properly called a‘signa’ or
‘communication’” ” (Dawkins, 1995, p. 72). Here it will be suggested that much of this confusion
is rooted on the misapplication of afunctional concepts (sel ective advantages) into an operational
domain.

Consider the following selection of relatively recent definitions of animal communication
given by behavioral ecologistsand evolutionary biologists.

Wilson (1975) defines communication as the altering by one organism of the probability pat-
tern of behavior in another organism in a manner adaptive to either one of them or to both. Lewis
and Gower (1980, p. 2) define communication as *“the transmission of signalsbetween two or more
organismswhere selection has favoured both the production and reception of the signal(s)”. Krebs
and Davies (1993, p. 349) define it as the “process in which actors use specially designed signals
or displaysto modify the behaviour or areactor”. They later make clear that they understand “ spe-
cially designed signals’ as those that have been favoured by natural selection. 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 isa member” (Burghardt, 1970; MacLennan &
Burghardt, 1994, p. 163). Maynard-Smith and Harper (1995, p. 306) define asignal “as an action
or structurethat increases thefitness of an individual by altering the behaviours of other organisms
detecting it, and that has characteristics that have evolved because they have that effect”.

Although these definitions are not equivalent and are carefully phrased in order to emphasize
differences in what the authors consider to be the key aspects of communication, they al share
a common feature: communication is characterized in terms of selective advantages. A commu-
nicative event between organismsis such only in virtue of a history of selection of similar patterns
in the behavior of their ancestors. Accordingly, any complex interaction between organisms, no
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matter how ritualized or similar to known cases of communication, cannot be considered to be an
instance of communication until its adaptive value has been figured out or its selective history pos-
tulated. Surely, thisis not a common situation. Even in evolutionary biology, where contribution
to Darwinian fitnessis a functional property of paramount importance in any trait, adaptive value
rarely constitutes a defining feature of that trait. It is possible to define wings in terms of their
structure and even in terms of functionsrelative to the observed behavior of awinged animal 3, but
there is no need to say that they provide advantagesfor survival in order to say what they are even
if one appealsto those advantagesto explain why they are there.

Marian Stamp Dawkins (1995) comes close to a recognition of the confusion whose roots can
be traced to a requirement that signals have been especialy designed to fulfil a communicative
effect. According to this, one would expect all signalsto be clearly defined and even exaggerated
so that their conspicuousnessis augmented. But such a requirement leaves as non-communicative
lots of “more subtle and unritualized ways in which animals influence each other’s behaviors’
(Dawkins, 1995, p. 75) such as coordinated flock movements. However, she fails to stress the
inherent methodological problems created by the requirement of selective advantages.

All the above definitionscould easily be questioned on methodol ogical groundsasthey present
a (sometimes dangerous) mixture of definition and explanation. Communication is characterized
in terms of a possible (and admittedly plausible) explanation of it. But what is “it” exactly?
The danger evidently resides in the potential for tautological situationsin which all instances of
communication can only be explained in terms of selective advantages and if they cannot then
they are not really instances of communication or if they are suspected be, then the selective
advantages must be there to be “discovered”. While not all circularities are necessarily vicious
this one is certainly problematic because the phenomenon remains poorly characterized and one
must always rely on intuitionsor informal notions such as signals or information to tell whether
communication is happening or not. Some evolutionary biologistsmight respond to this by saying
that everybody intuitively knows what a signal is. Such a statement, however, would not seem
to be justified by the constant succession of refinements in the biological literature to the way
communication should be defined.

2.3.2 Someill-defined terms

Interestingly, in none of the modifications just mentioned has the requirement of selective advan-
tage been abandoned in favour of an operational definition. On the contrary, it could be argued that
the history of refinements to definitions of communication has followed the path of using the prop-
erty of communication as conferring selective advantages as the mould other more diffuse terms
(such as“signa” and “information”) should fit. Given the fact that terms like these are needed to
provide an intuitive grounding which cannot be provided by selective advantages alone, trying to
tie less fuzzy versions of these terms to the very property that they are supposed to complement
makes the potential for vicious circularity a very real possibility.

Notice, for instance, the emphasis on “ specially designed signals’ in the definition by Krebs
and Davies (1993). Isit not the case that, according to their own logic, if signalswere not specially

3Although it makeslittle differenceto the point being made, it is debatableif such non-selective functionswill make
sense; see for instance the work of Ruth Millikan (1984). Thanksto Mike Wheeler for pointing this out.
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designed by natural selection they would not be signals (in the sense of communicative interac-
tions) at al since they would not participate in any type of communicative behavior? Selective
advantage plays the normative role of specifying which actions constitute a signal and which ac-
tions do not but at the same time selective advantage is used to distinguish communication from
non-communication. In the end, what a signal isremains a mystery.

Consider another logical consequence of defining communication as a self-benefiting activity
that strips the word “signal” of al its intuitive meaning. Can it be said that camouflage, the
resemblance of an organism to a part of the background in order to make itself difficult to be
detected by a predator, isasignal from the former to the latter? According to Hasson (1994) this
would be the case. Camouflage would be a signal that “reduces’” or “hides’ information from
the receiver. Maynard-Smith and Harper (1995, p. 307) admit that this is an odd situation but
they support Hasson by saying that “the camouflage is an evolved adaptation which changes an
animal that once did not signal to one that signals‘l am a leaf, or other piece of background, and
not edible’.” Asthey say, if camouflage were not a signal, then they would be faced with some
hard distinctions as there is no logical dividing line between camouflage and what they consider
to be more intuitive instances of signals such as warning coloration. But, at the same time, if
camouflage is accepted as a signal an internal contradiction becomes apparent. A structure or
behavior that supposedly has evolved in order to modify the behavior of other organisms becomes
effectivewhen it “fails’ to do so. The predator “acknowledges’ the signal by not perceiving it and
acting in exactly the same way as if the signaller was not there. Communication occurs without
interaction! Of course, a possible answer to this criticism would state that the predator’s behavior
has changed from a situation in which the prey was easy to detect to a situation in which the prey
is camouflaged, and in that sense camouflage can be considered a signal. But these two situations
can only be compared on an evolutionary time-scale, from atime where camouflage was less than
a poor resemblance to the background to atime where the prey actually expl oitsspecific features of
the background to become very hard to detect. Consequently, thisanswer only makesthe situation
worse because the meaning of a signal becomes even more diluted asit is supposed to be an action
or structure that operates on a behavioral time-scale and not on an evolutionary one.

Equally confusing is the meaning given to the word “information” in its semantic sense. Such
a notion remains very diffuse and can be taken to signify different things for different authors.
However, the concept has remained intuitively important given the reigning functional framework
in which animal communication is studied. Accordingly, Maynard-Smith and Harper have re-
cently presented ataxonomy of different types of signalsaccording to thetype of information they
confer. They make clear that they refer to the semantic, “colloguial” meaning of the term rather
than the technical one, (Maynard-Smith & Harper, 1995, p. 305).

Indeed, the mathematical concept of information as reduction of uncertainty over noisy chan-
nels between largely congruent systems (Shannon & Weaver, 1949) can play no semantic role (see
for instance von Foerster, 1980; Oyama, 1985, p. 65). Shannon information is contentless and
therefore of no use for the functional type of explanations usually sought after in evolutionary bi-
ology. It will be seen later (section 2.4.3) that it is also of little use for an operational definition of
communication since once it has been explained how to get to a situation in which one may legit-
imately speak of Shannon information being transferred between two communicating organisms,
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all that needs to be explained has already been explained?.

It is the semantic use of the word “information” that is problematic, especially when it is
intended to be applied operationally. It should be clear that information in this sense lacks op-
erational efficacy simply because it can never play a generative role in the phenomenon of com-
munication. It is not to be found as a part of the systems involved (if these are taken to be the
communicating organisms). Semantic information always refers to a nexus made by an observer
between the communicative behaviors and a more general context in which those behaviors take
place but which does not form part of the behaviors themselves. It is, therefore, an inherently
functional concept.

So, why is this term still used in a pseudo-operational tone for making statements like “[&]
signal aters the information available to the receiver” (Maynard-Smith & Harper, 1995, p. 307)?
It should not be surprising to see that the answer is again related to the fact that communication
has been defined in terms of selective advantages. The information gained in a communicative
act is important because it has fitness value (the location of the piece of food, the presence of
the predator). If it has fitness value then it is relevant to actually confirm whether, according to
the conventional definition, the act was communicative or not. Information is used as a common
currency to compare changes in fitness in different situations. To see to what extend this is so,
one may point to what could be called “Hasson’s convertibility rule”, i.e. his suggestion of how
changes of information should be measured in terms of changes of fitness (Hasson, 1994). Ac-
cording to Maynard-Smith & Harper (1995, p. 307), who endorse Hasson's criterion, a “signal
alters the information available to the receiver. The change of information may be positive, in
which case the fitness of the receiver isincreased, or it may be negative, so that the fitness of the
receiver isreduced”. Infact, for Hasson the entailment is double (Hasson, 1994, p. 225); his sug-
gestion isthat changes of fitness should be easier to measure or deduce and then the corresponding
change of information estimated. Such a refinement to the idea of semantic information (now a
guasi-measurable quantity) follows, as argued before, the notion of selective advantages as the
mould to fit.

Of course, having this use for semantic information has afforded evolutionary biologistswith
ammunition to argue about what sort of signals could be expected to be found under selective
pressure for increased individual fitness. The pressing question becomes, for whom should infor-
mation have fitness value? Given the neo-Darwinian emphasis on individual fitness, in principle
this should be for the originator of the signal ® because the originator supposedly has the choice
(in the evolutionary sense) not to send the signal if it has detrimental effects. But, in contrast, the
receiver also has a choiceto ignore signalsthat carry no vauable information.

Based on thisargument, Krebs and Dawkins (1984) criticize the use of semanticinformationin
describing communicative behaviors. According to them it makes little evolutionary senseto im-

4shannon information, however, may be put to practical useasatool in ethological studies, animal communication
being aparticular case. The application usually involvesdividing the behavioral spaceinto a number of discrete options
and estimating from observation the amount of transmitted information by correlating discrete events and subsequent
reduction in entropy, (Krebs & Dawkins, 1984; Dawkins, 1995). This method, however, is not without problems, in
particular those arising from the use of different choicesin the partition of behavioral spaces.

5Notice, by the way, how easy it is, when an operational characterization is lacking, to fall into the simplistic
assumption that signals are discrete behavioral events which necessarily have a single originator. Think of howling in
wolves. See chapter 9 for other natural examples and a dynamical model where statements of this kind cannot be so
easily made.
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prove the efficacy of asignal in conveying informationif the originator isnot going to benefit from
the production of that signal. For them, it makes more sense to dispose with the notion of informa-
tion altogether and consider communication as actions with which individuals manipul ate others
by making them behave in wayswhich are convenient to the manipulator. Forgetting for amoment
that this approach may have problems of itsown®, one may ask instead if the notion of information
is completely disposed of. Initially thiswould seem to be the case. But when the complementary
aspect of manipulationis considered, which Krebs and Dawkins call “ mind-reading”, information
dips back in. Mind-reading is intended to account for the capacity to predict the future behav-
ior of an animal by observation of its present behavior and therefore it suggests an informational
interpretation. Mind-readers take advantage of the manipulative signals of other animals and act
according to their own benefit. But thisis tantamount to saying that they assign an informational
content to those signals; a content which is clearly contextual on the current pool of behaviorsin
the population but which is informational nonetheless. The ensuing co-evolutionary arms-races
that may occur according to Krebs and Dawkins are indeed possible because the reliability of the
information gained through mind-reading is under the selective control of the manipulators. Con-
sequently, from the mind-reader perspective, manipulation is about the transfer of information or,
rather, the distortion of such information’.

Here too, as with Hasson's convertibility rule, the understanding of information, a notion
originally invoked to intuitively complement a definition of communication poorly characterized
by selective advantages al one, is made dependent upon sel ective advantagesin away that it almost
acquires operational efficacy in contradiction with its functional origins. As with the notion of
signal, information becomes so tied to theidea of adaptive value that it makesit even more difficult
to act as a grounding for the concept of communication.

2.3.3 Practical consequences for research

What does it mean to study the evolution of communication under this framework? For the tradi-
tional standpoint the ability to communicate is an established fact. Thisis paradoxically so even
when the issue of interest is the origin or evolutionary change of a communicative system. What
is meant by thisisthat the issue that is usually addressed in conventional research practice is the
evolution and stability of content in communication. Or, more specifically, how a selective sce-
nario is capable of imposing meaning on a set of behaviors which initially have none. In most
models on the evolution of animal communication the organisms/agents always have the ability
to send a signal, make a move in the game, produce a warning call, etc. The form and structure
of communication are always pre-defined and pre-existent. What these models seek to find out,
be they verbal, mathematical or computational, is what kind of signal, which move or warning
call the organisms/agents will produce in different situations after many generations of selective
pressure and not how the communi cation system ever came to be.

In spite of the inherent paradox, such a methodology is far from futile since according to the

6For instance, distinguishing manipulation from cooperative communication depends on how one definesa conflict
of interest, which may be problematic in itself.

"Notice that the argument does not really depend on the occurrenceof an actual arms-race. As Maynard-Smith and
Harper note (1995, p. 305), “it is not evolutionarily stable for the receiver to ater its behaviour unless, on average,
the signal carries information of valueto it. The fitnessof the receiver need not be increased on every occasion that it
respondsto asigna”.
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results the researcher could derive interesting conclusions about other issues. Asan example, the
evolutionary stabilization of altruistic signalling can tell the researcher under what circumstances
cooperative behaviors will obtain (e.g. when agents communicate with relatives or when signals
are costly, etc.). And so the approach can be useful for answering these questions. But it is clear
that oneismissing the chance of investigating other important issues, such aswhy should an agent
respond to a signa in the first place, why should a particular game be played at al, how can
novel games appear in evolutionary history, are there any constraintsin the form and structure of
communicative interactions, etc.

What it is being suggested is that the main reason for questions like these being rarely asked
in research practice has to do with the influences of the traditional theoretical understanding of
communication. Asaresponse, it could be argued that thisis not the case. Maybe most researchers
find the question of the origin of communicative behavior not as interesting as the question of the
functional role played by an evolutionarily stable set of signals in pre-existing communicative
patterns. Or maybe the current tools of research do not alow one to address issues such as why
should an agent produce and “interpret” certain behaviors as signalsin the first place, etc. Maybe
the traditional theoretical framework is blameless after al.

It could be. Clearly, it is not possibleto give a definite answer to this argument. But, if one
considers what sort of phenomenon is described in the traditional view (apart from al the contra-
dictionsand problems previously pointed out) it isclear that what is highlighted of communication
isthe ability to provide adaptive meaning to certain types of interactionsin the form of transfer of
information or in the form of exploitative manipulations and that such ability must provide (gen-
erally individual) selective advantages as the definition of communication requires. If thisis what
is relevant about communication then the type of research carried out so far should not be unex-
pected because the questions being asked are precisely the natural questionsthat the framework
suggests, i.e. questions about informational content, about function and about selective stability
of communicative behaviors?.

Asfor other practical consequences of thistype of definition of communication, it isclear that
providing one possible explanatory factor with the credentials of being the defining feature of a
phenomenon introduces a class distinction in the domain of explanations. Accordingly, any fac-
tor other than natural selection which may be relevant for explaining the operation and evolution
of a communicative system becomes ad hoc and second rate. If this were just the criticism of a
purist, then maybe the situation would not be pragmatically very damaging since, as some biol-
ogists would probably believe, those additional explanatory factors could indeed be second rate
or ad hoc in the face of natural selection. But the evidence pointsin the opposite direction. The
assertion that behaviors with a strong interactive component (such as socia behaviors) can only
be explained in terms of individual selective advantagesis constantly being challenged and other
factors arise at the level of the dynamics of dyads, groups and whole populations that constrain
the action of natural selection in ways that they become elements of equal or greater importance
in understanding the final evolutionary outcome®.

8More concrete evidence of how the informational exchange metaphor has affected the construction of many com-
putational models is given in chapter 8. The basic design specification in these models is that information should be
unequally shared because otherwise there is no reason for communication to arise. The model presented in that chapter
is meant to serve as a counterexamplein which this requirement is abandoned.

9Examples of how such factors can be manifested are given in the models presented in chapters 6, 7 and 9 where
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Surely, if these problems are to be avoided it is necessary to look for ways of operationalizing
the definition of communication, thus dodging the circularity of defining it in terms of functional
properties which depend on what communication is. Once this is done, functional accounts and
selective stories will certainly become key ingredientsin understanding features of specific com-
municative systems. But if the operational definition is lacking these functiona accounts will
remain grounded only on intuitionsand will provide a poor notion of what communication isin
terms of what it (supposedly) isfor.

2.4 A systemic per spective on social behavior

The previous section shows an actual and quite relevant example of the kind of problemsthat may
arise when the operational and functional domains of discourse are confused. For thisreason, it is
the purpose of the present section to introduce a purely operational perspective on socia behavior
in autonomous systems and then come back to the issue of animal communication.

Before proceeding, the reader should be reminded that the purpose of offering an operational
account is not necessarily to act as atotal replacement of functional statements. This may be too
narrow a point of view given the earlier discussion regarding the purpose of an operational expla-
nation as acting asa constraint to, rather than areplacement for, possiblefunctional interpretations.
For this reason, it is a worthwhile enterprise to try to identify such operational constraints using
dynamical systems theory and other systemic concepts even if a complete dynamical description
cannot be given in concrete cases. Thisis particularly so in the light of the pragmatic claim that a
theory of socia behavior should be biologically grounded. The purpose of that claim was not for
the researcher to be able to provide ways in which socia behavior could in general be reduced to
biology, but rather to constrain a theory of social behavior within the realm of biological plausibil-
ity. Therefore, if biological grounding isto serve a constraining purpose, it makes sense that this
should be done using an operational account.

24.1 Basic concepts

When one thinks about social behavior the first thing that comes to mind is some notion of coor-
dinated activity between two or more autonomous entities. In order to understand what it is meant
by thisit is necessary to describe the meaning of autonomy, interaction and coordination.

When speaking about a system in general adistinctionwill be made between its structure and
its organization following (Maturana & Varela, 1980, p. 77). By organization of a system it is
understood the set of relations that define that system “as a unity, and determine the dynamics
of interactions and transformations which it may undergo as such a unity”. In contrast, structure
refers to “[t]he actual relationswhich hold among the components which integrate a concrete ma-
chine[or system] inagiven space”. The organization, therefore, does not specify the properties of
the specific componentsthat realize the system, it only definesthe relations that these components
must hold in order for the system (or machine) to belong to a given class. Thus, the organization
of acar may be described as being of a certain size, with four wheels placed in a certain way, and
engine that provides power for moving the wheels, a set of controls, and so on. The structure of

the influences of spatio-temporal dynamics, socia development and embodiment are investigated respectively.
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a particular car refers to the actual physical properties of the components that realize it as an in-
stance of the classof cars. It will include detail s regarding bodywork, state of the engine, mileage,
plate number, etc. It follows that many concrete systems may exhibit different structures while
preserving a same organi zation'°.

The word “ structural” originating from this distinctioniswell defined if oneis dealing with a
material system. Thisis how the term will be used in this chapter; in particular, when speaking
of an organism’sor an agent’s structure, thiswill refer to the set of componentsthat constitute the
whole of its body including its nervous system or controller. In contrast, the term would not be as
clearly defined if oneisdealing with non-physical systemswhich are presumed autonomous (say,
afinancial market), which for thisreason are left out of the discussion.

It will be assumed that, at any moment, the state of a well defined dynamical system is com-
pletely determined by a previous state and by its structure at that moment. Thisis the hypothesis
of structural determinism (Maturana & Varela, 1987, pp. 96 - 97). If thisis not so, then either
the system is not well defined and its boundaries must be extended or reduced, or the observer is
not in adomain where it is possible to speak of the regularities of the operation of the system as
something to be found in the properties of the system (for instance, if the operation of a system
could be explained by supernatural causes). The latter option would make a scientific approach
very difficult if not simply impossible, (see Maturana, 1978, p. 34).

Autonomy can then be defined in non-functional terms as the property of the organization of a
system of being operationally closed!. This does not mean that the system does not interact with
its external environment. It means that the organization of the system is defined by a network of
internal processes and that the operation of this network is sufficient for the those constituting pro-
cesses to be generated and sustained (constituted) without any of them being driven from outside
the system. However, the autonomous system is never isolated from its context. Thiswould be a
thermodynamic absurdity which would result only in the trivial case where the system does not
change at al. Hence the emphasison theterm “process’ which is meant to highlight the dynamical
character of the definition and which places autonomous system aways far from their thermody-
namic equilibrium. In what sense can then a network of processes be operationally closed? In
the sense that although the system relates to its medium through other processes (perturbations,
exchanges of matter and energy, etc.) these do not constitute part of the organization of the system.

The identity of the system is, at the same time, defined as long as it remains operationally
closed, (Varela, 1979, p. 57). Thisis possible because autonomy becomes an invariant of the
system, i.e. a way of being able to point unequivocally to the same system or the same class
of systems. As soon as autonomy is lost, the operation of the system is “opened” by alowing
processes that were once external to the closed network to enter into the internal operation. Con-
sequently, its identity becomes ambiguous.

This characterization of autonomy is general, living systems constituting a particular case
where the processesinvolved are processes of production, transformation and destruction of com-
ponents in the molecular space including a boundary as a specia component, in which case the
organizational property is called autopoiesis(Maturana & Varela, 1980, pp. 78 - 79).

What sort of relation can an autonomous system have with its environment in order to remain

105ee (Varela, 1979, pp. 8 - 12) for further discussion on the duality between structure and organization.
1|n fact, thisis athesisrather than adefinition, (see Varela, 1979, p. 55).
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autonomous? It is clear that as soon as this relation is one where the closure of the internal or-
ganization of the system is disrupted from the outside, autonomy will be almost certainly lost 1.
Preservation of autonomy divides the space of possible interactions into those that are allowed
and those that are not, and this space is obviously contingent on the present state of the system.

Allowed interactions will be manifested as perturbations to the system that do not break its op-

erational closure and not as instructions of the dynamical path that the system must follow. A

process whereby the system interacting with its environment undergoes a succession of allowed
perturbations (resulting in changes in its structure) without losing its autonomy is called a pro-

cess of structural coupling, (Maturana & Varela, 1980, p. xx). Aslong as the organization of
a structure-determined system is conserved during its coupling with the medium, the system re-
mains distinguished from the medium and operates independently (i.e. its dynamicsis aways a
consequence of itsown structure at a given moment). Obvioudly, thisconservation of organization
does not entail a conservation of structure since, as noted earlier, different structuresmay realize a
given organization. Thisiswhy, during structura coupling, the structure of the systemsinvolved
does indeed suffer changes.

Aslong as the present structure can be realized without a disruption of autonomy, the system
is said to be adapted to its medium. Structural coupling, then, is equated with conservation of
adaptation and loss of adaptation with destruction of the autonomous system or transformation
into a different one'3.

Concepts similar to the ideas of structural coupling and adaptation were introduced in the
middle years of cybernetics, (Ashby, 1960; Pask, 1961). Ashby arrived 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’ (Ashby, 1960, p. 58). And a
generalized version of structural coupling isused in physicsto describe coupled systemsgoverned
by equations, where it can be easily trandated into the rule that distinct systems can affect each
other by perturbing parameters but not variables in a direct way (otherwise the systems are not
really distinct)4.,

12Consider the nervous system as a candidate operationally closed system where theinternal constituting processis
the recursive transformation of relative states of electrical activity of the neurons. If onewantsadog to perform atrick
and one imagines that this can be achieved by inserting electric currentsin specific locations of its brain, then in that
case the dog's nervous system will ceaseto act as operationally closed. The same happensif the system is prevented
from operating normally, for instanceif an animal is anaesthetized and clamped in order to measure the response of its
neuronsto certain stimuli.

B3Aswith other relevant concepts, such as operational closure, adaptation seemsto be an “all or nothing” feature of
the system (in this case, in relation to its medium). This characteristic plays an important role in the re-interpretation
of evolutionary change as “natural drift”, see chapter 3 and (Maturana & Varela, 1987, ch. 5) and (Varela, Thompson,
& Rosch, 1991, ch. 9). Similar “al or nothing” interpretations of adaptation have recently been used to explain the
dynamics of speciation as percolation in a two-state (viable and non-viable) genetic hypercube (Gavrilets & Gravner,
1996; Gavrilets, Li, & Vose, 1998). However, these clear-cut distinction can introduce some problems when one wants
to account for processes where organizationa properties can be said to change gradually. Although it remains clear
that, according to the above definitions, a system is either autonomous or not, is either adapted to its medium or not,
one would like to be able to speak of changesthat are certain to drive a system, for instance, towards the loss of its
autonomy (e.g. aseriouswound). Such languageis sometimes used by the Maturanaand Varela on different occasions.
They refer to “facilitation” of autopoiesis (Maturana & Varela, 1980, p. 108) and Varela finds it useful to speak of
“minor” and “major” breakdownsin autopoiesis (Varela, 1997, p. 80). This seemsto be a blind spot in the theory but
not an unrecoverable one. However, since the purpose here is to present the basic concepts, the existence of problems
like this will be merely pointed out without attempting to come to aresolution within the current context.

14This is by no means the only restriction, see (Ashby, 1960) particularly chapters 19 and 21 for discussions on
state-determined systemsand parameters.
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2.4.2 Coordination

Structural coupling occurs between an unity and its medium which may include other autonomous
unities, in which case one can speak of an interaction between them. However, mere interaction
between autonomous entities does not seem to be sufficient to describe the resulting behavior
as socia even if it happens to have an adaptive function. There is something lacking in two
animals just bumping into one another while trying to escape from a predator to call that a social
interaction. What is being looked for is a concept that will allow a description of the complex
patterns of socia behavior observed in humans and other species. Thisisthe idea of coordination
or orientation *°:

“An organism can modify the behavior of another organism in two basic ways:

(a) By interaction with it in amanner that directs both organisms toward each other in
such away that the ensuing behavior of each of them dependsstrictly on thefollowing
behavior of the other, e.g.: courtship and fight. A chain of interlocked behavior can
thus be generated by the two organisms.

(b) By orienting the behavior of the other organism to some part of itsdomain of in-
teractions different from the present interaction, but comparable to the orientation of
that of the orienting organism. This can take place only if the domains of interactions
of the two organisms are widely coincident; in this case no interlocked chain of be-
haviour is dicited because the subsequent conduct of the two organisms depends on
the outcome of independent, although parallel, interactions.

In thefirst case it can be said that the two organisms interact, in the second case that
they communicate.” (Maturana & Varela, 1980, p. 27 — 28)

According to Maturana and Varela, a behavior can be considered communicative when a pat-
tern of interactions elicits some form of coordination between the participants. But what doesthis
mean exactly? Coordinationisa subtleconcept. In oneinterpretationit involvesthe fact that many
organisms can have a complex behaviora repertoire that allowswhat, for an observer, seemsto be
a simultaneous instantiation of different behaviors, (for instance, walking and visually scanning
for the activity of amoving con-specific). When two or more organisms are interacting only a part
of this behavioral space may be occupied directly in the interactive activity (say, keeping mutual
visual contact). However, if acoherenceis observed between behaviors not involved directly in the
interaction (say, walking together), then one isin the presence of coordination. Another, equally
valid, interpretation would not require that the different behavioral domains, the one in which the
interaction occurs and the one in which coordinationis elicited, be simultaneously instantiated but
coherence in the latter still needs to show dependency on the outcome of the interactive activity in
the former. Such would be the case of the coordinated response of a group to an aarm call.

By coherence it is meant an observabl e agreement between behaviors of different organisms.
Such an agreement may range from simple instances of synchronized activity or other types of
temporal consistency (such asthe group responseto an alarm call just mentioned) to more complex
cases such as the patterns of large prey hunting by members of a wolf pack or the approaching
behavior and maintenance of the pair bond in monogamous species of tropical birds by means
of antiphonal duetting (see section 9.2). One may ask why should there be any relation between

15Theterm “orientation” will be reserved, when possible, to refer in the model presented in chapter 9 to the angular
orientation of moving agents.
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Figure 2.1: Illustration of the concept of coordination.

the coordinated behavior (in the last example, song synchronization and approaching) and the
interaction (singing), unless both organisms were somehow congruent enough in structural terms
so that 1) the coordinated behavior is possible for both of them, and 2) their structures are such
that the coordinated behavior is somehow related operationally to thefact that they are undergoing
a specific pattern of interaction.

Seefigure 2.1 for an illustration where the state of the behavioral domains of two organismsin
interaction is shown through time. Each closed curve is meant to represent the behavioral domain
of an autonomous system. Coherence is depicted by correspondence in shape between the two
curves. Interaction is shown as a single activity in which both organism engage through structural
coupling (top). Coordination is shown as additional coherence which depends (operationally) on
the existence of interaction and the internal operation of each system (bottom part).

It would be preferable to avoid a possible reading of the above quotation which is considered
misleading. Paragraph (b) in the quotation could be taken as saying that during coordination there
are necessarily two different roles, the orienter and the orientee, and that the former orients the
latter towards a interactional mode previously specified by it. Thiswould entail an asymmetry in
the coordinating systems, which need not be the general case. When the behavior of the orientee
is changed towards a form of interaction which is comparable to the orientation of the orienter,
this should generally be interpreted as the orientation of the orienter once coordination has been
achieved and not necessarily before. The last case, athough possible, ishot general and could be
wrongly interpreted as an intention on the part of the orienter in modifying the behavior of the
orientee.

Thisiswhy in figure 2.1 the attainment of coordination is represented as a coherence in the
behavioral domains of the participants in the “area’ of their behavioral space (bottom) where a
predefined disposition is not necessarily there in the first place. Figure 2.2, in contrast, shows a
particular case where one of the participants already has a strong behavioral disposition towards
a specific sub-domain of its behaviora repertoire and the other participant coordinatesits own be-
haviors accordingly. Such asymmetries, although not the general case, are not uncommon either.
A comment will be made below on one possible cause for asymmetries of thiskind being a differ-
ence in ontogeneti ¢ stages between the coordinating organisms and their corresponding difference
in susceptibility to plastic changes (e.g. in the case of mother and offspring).

Each perturbation that an autonomous system undergoes during structural coupling induces
structural changes in it and some of these changes may be plastic. Plastic changes occur when
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Figure 2.2: A special case of coordination through interaction where system B is oriented towards
systemA.

the structure of a system undergoes an alteration from which it does not recover within the same
time-scale with which the change happened but with a much longer one. Clearly, some of these
changes may be permanent.

The domain of coordinated behaviors established by two or more autonomous unitiesin struc-
tura coupling, during the course of which the systems mutually trigger in each other plastic struc-
tural changes, is sometimes referred to as a consensual domain (Maturana & Varela, 1980, p.
120) to emphasize the fact that although the operation of each system always depends only on its
own structure, the observable behaviors arise as a consequence of an interlocked history of mutual
structural perturbations between the systems; and so coordinated behaviors seem to depend on (or
connote) this history. Communication as defined in the last quotation is coordinated behavior in a
consensua domain.

The process of coordination in autonomous systemsis, at the same time, a process of mutual
selection of plastic changes in their respective structures, so that not only the ensuing behaviors
result in a coherent pattern but also the corresponding structural changes may show some degree
of coherence. The resulting relation between the structures of the coupled systems is known as
structural congruence and it is to be found particularly between organismsthat engage in interac-
tion repeatedly and recursively. Sustained patterns of interaction tend to become embodied in the
participantsin the form of a history of plastic structural changes during each individua’slifetime.
Asaresult, following encounters may be affected either in ways that facilitate the reproduction of
the pattern of interaction or in waysthat do not. If facilitation of future encountersis the result of
certain patterns of interaction, it is clear that those patterns will tend to be conserved. For certain
plastic systems this process could constitute the basis of socia affinity, (an example is presented
in chapter 9). In such cases quite complicated patterns of coordinated behavior can follow from
very simpleinitial interactionsjust because the systems are already “tuned” to one another.

Of gpecial interest is the case in which structural congruence is achieved between unevenly
plastic organisms, asin the case of parent/offspring social interaction mentioned before. If struc-
tural congruence is understood as the meeting of two distinct, though not completely dissimilar,
structuresin some common ground, it isclear that thoseinteraction patternsthat facilitatetheir own
reproduction by inducing structural changes, will tend to produce what for an observer would |ook
like a directed structural change in the more plastic organism towards a structure that is congru-
ent with the less plastic organism. This phenomenon and its opposition (the structural “rejection”
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of patterns that make their own reproduction difficult) could be used as an operational basis for
explaining many instances of social learning. This matter, however, will not be developed in the
current context

It should be stressed that there is nothing magical about coordination. Consider one of its pos-
sible manifestation in rhythmic types of behavior: entrainment or synchrony. There is a growing
literature on synchronization of coupled oscillatorsin biology and chemistry (see Winfree, 1980;
Kuramoto, 1984, for “classic” introductions). The striking fact is that under a vast set of condi-
tionssynchronizationisthe expected result. Additionally, coordinationin rhythmic behavior isnot
just manifested in phase-locking, but more remarkably in tendencies to correct phase deviations.
Kelso calls this phenomenon relative coordination, (Kelso, 1995, p. 100 and ff.). Entrained be-
havior may be difficult to maintain in the case where the interacting systems are not very similar.
However, the systems, under certain conditions, may manage to compensate phase slippage. Such
isthe case of an adult and child walking together at the same speed in spite of differencesin their
individual “natural” speeds. In spite of being able to provide an operational description, in many
natural cases an observer would tend to interpret thiscompensating coordination asif the systems
involved had an “interest” in maintaining certain types of interaction.

2.4.3 Changingthe practical issuesof interest: animal communication again

How much of a difference will the adoption of a theoretical framework such as the one described
above make in practice? Isit possiblethat, after becoming convinced by argumentsthat the above
isthe “right” theoretical stance to adopt, both research interests and methods utilized will remain
unchanged? These are important questions because they will help in deciding whether thisis
a purely argumentative exercise or whether it has pragmatic consequences for the way research
is conducted. Some of these consequences will take the form of dissolution of problems which
arose as part of a confusion between operational and functional discourse. But, perhaps the most
interesting repercussion of adopting the systemic perspective is the opening of new issues that
can be investigated within this framework but were traditionally by-passed because of the use of
functional primitivesin a pseudo-operational manner.

In order to explore some of theseissuesmore specifically, onemay concentrate again on animal
communication. The given description of the phenomenology of socia behavior and its explana-
tion from a systemic perspective is fairly general and should be able to account for al types of
socia phenomenain autonomous structure-determined systems. To compare some of the practical
consequences of this perspective with those of more traditional onesit is necessary to describein
more detail what is highlighted by the term “communication” within this framework and in what
aspectsit differsfrom the conventional understanding. Thiswill be helpful for distinguishing some
important shiftsof interests.

Consider what would be the natural questionsto ask when communication is described from
the systemic standpoint in comparison to the discussion given in section 2.3.3. As mentioned
before, a characterization of communication in terms of transfer of information is problematic in
itself and especially so under the systemic perspective where autonomy is equated with operational
closure and therefore interactions of the instructive kind (an animal telling the other one what to
do) are not alowed if autonomy isto be preserved. So how isit possible to account for instances
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in which it seems right to say that an animal is telling the other what to do and the other oneis
responding accordingly (say, a mother signalling for an infant to come closer)? Despite being a
legitimate problem in the traditional view, this question was rarely asked because it never became
apparent that there was a need to answer it. In the systemic perspective such observations demand
a deeper investigations of the behaviorsinvolved.

Another related issue that is highlighted is the issue of denotation. In the informational view,
information is a stuff that isintended to play an pseudo-operational role. Such aroleis given by
the (to this point magical) ability of communicative behaviors to denote; so that it can be said
that such and such a signal denotes an object, an emotion or a state of affairs. But if information
is to be deprived of this pseudo-operational role, as the systemic view insists, then denotation,
as a primitive operation, becomes mysterious. How can it be accounted for? Again, from the
traditional standpoint there was, in all appearance, never a need to formulate this question. Both
denotation and the apparent instructive character of certain types of communication were never
evident as problemsin virtue of the mixture of operationality and functionality of primitive terms
like information. But once such use for this and other terms has been criticized in the systemic
view, these issues become pressing .

Consider denotation. What sort of operation/behavior isit? Indeed, it is possibleto understand
it in systemic terms but thisinvolvesthe recognition that it is not a primitive operation but requires
an agreement (consensus) which can only be attained in an existing consensual domain, (Matu-
rana, 1978, p. 50). An operational understanding of how such a consensual situation is achieved
becomes the issue of interest. This point is repeated by Maturana and Varelain a comment on the
evolution of language:

The understanding of the evolutionary origin of natural languages requires the recog-
nition in them of a basic biological function which, properly selected, could originate
them. So far this understanding has been impossible because language has been con-
sidered as a denotative symbolic system for the transmission of information. In fact, if
such were the biological function of language, its evolutionary origin would demand
the pre-existence of the function of denotation as necessary to develop the symbolic
system for the transmission of information, but this function is the very one whose
evolutionary origin should be explained.” (Maturana & Varela, 1980, p. 30)16

Similar themes reappear if one tries to make the case for amore formal use of the term infor-
mation as reduction of uncertainty, as mentioned earlier. If one grants that certain communicative
systems can be thought of as constituted by asender and areceiver who are connected viaa channel
and for every changein the state of the sender, asingle new state is generated in the receiver, then
it must be assumed that both sender and receiver possess some degree of operational congruence
because otherwise the correspondence between states could only be a consequence of instructive
interactions (the emitter specifying the new state in the receiver instead of this new state being
specified autonomously by the receiver’s structure) which must be discarded if autonomy isto be
preserved. Two extremely dissimilar systems cannot be in this situation. Maturana (1978, p. 54)

18\ aturanaand Varela are able to explain denotation in systemic terms. That explanation, though, is beside the point
that isintended here and too complicated to treat fairly. Maturana, in his solo writings and in afew collaborations, goes
on to extend this explanation to account for the capability of linguistic creaturesto become observersand self-conscious.
The reader isreferred to (Maturana, 1978, 1988a, 1988b; Maturana, Mpodozis, & Letelier, 1995).
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describes the situation as a homomorphic relation between the domains of possible states in the
sender and receiver. Such homomorphism must be assumed to exist by the observer unless she
designed the system herself.

If such homomorphism, in fact, exists then any interaction can be trivially considered as an
instance of communication and information makes sense as the degree of reduction in the uncer-
tainty produced by the interaction under noisy circumstances.

“What is not trivial, however, is what takes place in the process of attaining commu-
nication through the establishment of ontogenic structural coupling and the shaping
of the consensual domain. During this process thereisno behaviora homomorphism
between the interacting organisms and, although individually they operate strictly as
structure-determined systems, everything that takes place through their interactions
is novel, anticommunicative, in the system that they then congtitute together, even
if they otherwise participate in other consensual domains. If this process leads to a
consensual domain, itis, in the strict sense, a conversation, a turning around together
in such a manner that all participants undergo nontrivial structural changes until a
behavioral homomorphism is established and communication takes place. These pre-
communicative or anticommunicative interactions that take place during a conversa-
tion, then, are creative interactions that lead to novel behavior. The conditions under
which a conversation takes place (common interest, spatial confinement, friendship,
love, or whatever keeps the organismstogether), and which determine that the organ-
isms should continue to interact until a consensual domain is established, constitute
the domain in which selection for the ontogenic structural coupling takesplace. With-
out them, a consensual domain could never be established, and communication, as the
coordination of noncreative ontogenically acquired modes of behavior, would never
take place.” (Maturana, 1978, pp. 54 - 55)

Paradoxically (but, in fact, not so), it seems that one of the most interesting issues in the
ontogeny and evolution of communicative behaviors is what happens before they become estab-
lished. What sort of interactions can lead to coordinated behavior? How are they related to the
other activitiesof the organism? How do these behaviorsinfluence future encounters (for instance
by promoting spatia proximity or by triggering structural changes that favour the repetition of
the same behaviors)? Related to this, it is also possible to ask questions regarding the occurrence
of novelty in existing communicative systems. It would be of interest to inquire about the nature
of those interactions that somehow manage to “escape”’ from an existing consensua domain and
produce a disruption which may eventually create a new domain of communication.

The question of origin becomes the question of the establishment, either in evolutionary or in
ontogenetic terms, of the consensual situation that allows for communicative behaviorsto exist at
al. The original functional questions may still be asked, but the answers will be partly grounded
on how the consensual domain is established in each case, i.e. giving ample space for issues re-
lated to embodiment and natural and cultural history to enter naturally in the picture. Similarly,
the study of evolutionary change is enriched by the introduction of a mechanism that allows for
novelty and creative interactionsto take place and play arole that does not exist in the traditional
framework. Pre-communicative behavior ishistorically antecedent to the establishment of the con-
sensual domain and it is at the same time a constraint and a medium of realization of the structure
of communicative behaviors. As evolutionary change can also occur in these pre-communicative
stage, novelty is not restricted to a change in the repertoire of signals an animal uses, but it is
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expanded to include non-communicative behaviors which can become part of a communicative
event’.

So far this shift of interest seems to provide with positive additions to the set of questions
that are relevant to investigate. This is particularly so because the origina questions regarding
the functional aspects of communicative phenomena and their selective contribution need not dis-
carded, although some of these questions will surely need reformulation. But isit also possible
to identify what may look like“negative’ pragmatic consequencesin the adoption of the systemic
framework? It is clear that afocus on the achievement of structural congruence and behavioral ho-
momorphism through sustained structural coupling posits a greater emphasis on communication
as a species-specific activity while many inter-specific cases of communication in the traditional
view would probably need to be recast as non-communicative.

The emphasis in the systemic literature seems to be on the attainment of communicative situ-
ations purely at an ontogenetic time-scale, i.e. through sustained interactionsin the life-history of
individual organismsbelongingto agroup. It isbecause of thisthat the systemic perspective seems
more focused on species-specific, ontogenetically attainable, forms of communication. However,
it is possible to extend the operational arguments to account for similar phenomena occurring at
an evolutionary time-scale although the transition is not trivial. This transition involves the fact
that certain patterns of species-specific behavior become stable through successive generations
by being selected or by influencing the likelihood of being themselves reproduced (see previous
section). These patterns become identifiable (at least in principle) for an observer that is able
to witness (or deduce) their resurgence generation after generation. As such, these patterns are
therefore subject to changes which can be traced through evolution. However, the origin of those
changes remains the same as in the ontogenetic scale. In the case of communicative systems, the
origin of evolutionary novelty in communicative patternsis precisely the same pre-communicative
interactions plus (re)-attainment of consensuality that generates novelty on the ontogenetic time-
scale. Thisneed not be interpreted as a form of Lamarckism because it is not being said that all
ontogenetic novelty will necessarily re-appear in future generations, but that evolutionary novelty
in communicative behaviors must first appear on the ontogenetic and behaviora time-scales and
when they do, they do so in the form of pre-communicative interactions as described in the last
guotation by Maturana.

In principle, smilar arguments could be advanced for the case inter-specific patterns of com-
munication. But a general treatment here is more difficult in virtue of the inherently dissimilar
structures frequently presented by organisms of different species. The domains of consensuality
must rely on the degree of potential congruence between the participants in communication. To
achieve thisacross speciesrequires at |least some pre-existing dimension where these domains can
be attained. It isindeed possible to observe this across species sharing a common habitat and a
joint history. An example closeto home isthe ability of human beingsto establish communicative
domains with other animals such as dogs whose own social codes are easily interpretable even by
small children and for whom many human moods and intentions seem to be quite transparent.

17The closest that the traditional framework comes to a treatment of these issues is in the discussions regarding
signd rituaization (Krebs & Dawkins, 1984) as originating in pre-existing non-signalling behaviors thus following
the principle of derived activities (Tinbergen, 1952). Accordingly, some present day signalsin birds are derived from
non-signalling activities such as preening or feather-settling (Krebs & Dawkins, 1984).
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25 Summary

The reader may have noticed that many of the presented theoretical concepts regarding the logic
of autonomous systems would benefit from a development deeper than the one it was possible to
offer here. Moreover, much of this conceptual framework has found a more sophisticated expres-
sion in recent years, especialy in connection with what is known as the enactive approach to the
cognitive sciences (Varela et al., 1991) as well as in specific areas of neuroscience and theoret-
ical immunology®. Enaction combines the main precepts of biological autonomy with another
fundamental ingredient: embodied experience. A whole new angle is thus opened for the study
of cognition, which breaks with the traditional computational approach. In spite of the lack of
an extensive treatment in these pages, these ideas should not be interpreted as exceeding the the-
matic interest of the thesis. Quite on the contrary, there is awhole area for fertile development of
issues regarding socia behavior, cultural history, language and intersubjectivity within the frame-
work provided by the biology of autonomous systems and the enactive approach. These issues,
however, do exceed the practical limits of the thesis and therefore they are only mentioned here.

It was practical concern as well which prompted the claim that any framework used for study-
ing social behaviors should be provided with a proper biological grounding intended to act as a
constraining rather than as a reductive factor. What kind of biological grounding became clear
after the introduction of the distinction between operational and functional discourse. Only after
understanding the possibl e rel ations between these two modes of describing and explaining it was
apparent that operational statements cannot in general work as a replacement of functional ones,
but they can indeed be used as constraints to the latter by requiring that a functional account be
in accord with what is operationally known about the systems giving rise to the phenomenon of
interest. Functional explanations and descriptions, in contrast, can only exert a much subtler in-
fluence on operational discourse, by suggesting appropriate levels for distinguishing the systems
and components which generate the phenomenon. It is because of this asymmetry that only op-
erational explanations are deemed appropriate to fulfill the task of grounding social behavior in
biology.

The actual need for providing this grounding was exemplified by the current state of con-
fusion surrounding the issue of animal communication as viewed from the classical framework.
Some methodological and conceptual problems of not properly distinguishing the two modes of
discourse were examined and it was found that the main defining feature of communication was
not an operational one but a functional one: selective advantages. The behavior proper was only
intuitively characterized by making use of terms like signals and information. Ironically, much of
this intuitive grounding is lost when an attempt is made to formalize these concepts in terms of
selective functionality. Thisresultsin logica contradictionsas well as in a poor characterization
of communicative behaviors. The consequences of this go beyond the lack of a consistent theo-
retical framework, something quite grave in itself, and are manifested in the way the origins and
evolution of communication are addressed in practice and the sort of questionsthat are asked and
the sort of questionsthat are avoided. Thus, the evolution of communication is mainly viewed as

18geefor instance (Varela& Stewart, 1990; Varela& Coutinho, 1991; Varela, Stewart, & Coutinho, 1993, and others)
for an approach to immune networks based on autonomy and dynamical closure, (Thompson, Palacios, & Varela, 1992)
for an enactive approachto color perception and (Neuenschwander & Varela, 1993) for an examplein the neurosciences.
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the evolution of an appropriate selection of a repertoire of actions or signals within a pre-existent
behavioral context whose originsare rarely questioned.

Fortunately, the systemic perspective on the biology of autonomous systems has provided
an appropriate body of operational theory that serves the intended purpose of grounding social
behaviorshiologicaly. After explaining key concepts such as the difference between structure and
organization, autonomy, structural coupling and adaptation, it has been possible to introduce the
notion of coordination as the achievement through interaction of a consensual state of orientations
in the behavioral domains of the systemsinvolved. Thus, systems undergoing sustained structural
coupling are able to mutually trigger changes in their respective structures in ways that certain
homologous areas in their spaces of interactions become coherent in spite of not being necessarily
involved in direct coupling between the systems. Such coordination observed in the behavioral
domain is accompanied by a state of congruence in the structural domain of the systems.

Communication, defined as behavior in a consensual domain established through coordination,
can therefore be characterized in operational terms. An interesting conseguence for research of
adopting this definition is that it highlightsa set of questionswhich were not actively pursued in
classical investigationswhile, at the same time, many of those questionsthat were pursued can still
be asked, perhaps after being re-formulated. Thus, the focus of interest is shifted from questions
regarding what sort of action or move in agame isgoing to be selected to fit an existing behavioral
dot, to an inquiry into how do those slots come to exist in the first place, be that in behavioral,
developmental or evolutionary terms.

The presentation of the systemic view on social behavior, as well as the justification of its
scientific potential, isintended partly asagoal initself. Thisview will also be used as a guide for
the concrete investigations offered later in this thesis. However, some of these investigations are
not necessarily rooted directly on the systemic framework. An actual direct test of its suitability
for research will have to wait until chapter 9 where the notions of coordination and structural
congruence will play afundamental explanatory role.

The rest of the concrete models will explore other derived aspects of the general systemic
framework, which have to do with the dynamics of complex systems, historical processes, and
self-organization, issueswhich are further developed in the following chapter. Thoseideaswill be
specifically applied to evolutionary, ecological and developmental aspects of social coordination
insimple games. Some (but not all) of the questionsasked within those models could well be fitted
within a classical framework, whichis not a proof that the systemic view has been abandoned but
evidence of its more encompassing scope.



Chapter 3

Historical processes

This chapter introduces a series of ideas which will together constitute one of the recurring themes
of this thesis. This theme will be manifested in the studies presented in chapters 6, 7 and 9. It
will be found that a common feature in all these cases is a mode of explaining the results which
appeals to certain characteristics of the dynamics of the processes involved, namely that these are
historical processes.

But what does it mean for a process to be historical? The aim of the present chapter is precisely
to explore this question and evaluate the relevance of this concept in a series of examples, some of
which are directly relevant to the dynamics of social coordination.

To this aim, the idea of what constitutes a constraint to a process will be examined, as well as
how it relates to the dynamics of the process in operational as well as in explanatory terms. This
will permit a specialization of the word “historical” to processes which are not merely contingent,
or susceptible to be explained in genetic or historical terms, but to processes which, in addition,
are able to introduce some temporal heterogeneity in their own unfolding due to the interplay of
variations at different time-scales.

It will also be shown that one special feature of these processes is the presence of organiza-
tional invariantswhich are at the same time constituted by the previous dynamics and constituting
of the future dynamics. Such features can provide a powerful explanatory tool when dealing with
complex historical processes.

Some of the concepts presented in this chapter are related to the ideas of scientists like Wadding-
ton, Bohm and Prigogine who were in turn influenced by Whitehead’s metaphysics of process,
(Waddington, 1969, 1975; Bohm, 1980; Prigogine & Stengers, 1984). However, the purpose of
the chapter is to make a basic presentation of these concepts in order to facilitate their subsequent
practical use and not to provide a review and comparative exposition of the philosophical and
scientific extend of these ideas.

3.1 From homogeneous time to historical time through self-organization

There are many senses in which the word “historical” may be applied to a dynamical process. For
instance, a process may be so called if its unfolding involves a set of contingencies which cannot



Cliaptel o, Alsliorital protesses oJ

be predicted until the moment they occur. In that sense, it could be argued that all real dynamical
processes deserve the name historical since all of them involve at least a set of initial conditions
which are not specified in the laws of evolution of the process, i.e. they cannot be predicted by
these laws. While the word “historical” would perhaps be inappropriate in such a general case,
its use would probably be accepted if contingent and unpredictable factors were at play not just
in the initial conditions but also at different stages during the unfolding of the process. Such
factors could take the form of discrete events (as in the case of founder effects or catastrophes in
biological evolution) or they could operate with constancy, in which case their effects may become
manifested over long periods of time (e.g. random fixation of alleles in the gene pools of finite
populations due to genetic drift).

Another related criterion would consider adequate to apply the name “historical” to a process
if an explanation of what goes on in it and how its current state has been attained would be best
given in historical terms. Such genetic or historical explanations [see (Nagel, 1961, pp. 25 - 26)
and (Gould, 1989b, pp. 283 - 284)] would account for a state or event in a process in terms of
previous key states or events. A chain of these events would be understandable if it is possible
to understand the connection between one link and the next. It is possible that, due to some of
these events being contingent, the chain could have been different. As a consequence, a genetic
explanation of this type can mainly account for a given “instantiation” of a class of processes. It is
possible, however, to use genetic explanation referring to a class of processes if they can be thought
to reliably undergo a series of stages (e.g. in the case of development of species-specific behavioral
patterns). The value of this type of explanation in understanding the genesis of intelligent behavior
has been recently highlighted by Hendriks-Jansen (1996, ch. 6).

The word “historical”, in the current context, is not intended strictly in any of the above senses.
Rather, a historical process would lie at the intersection between the cases just mentioned (i.e. con-
tingent or noisy processes and processes explainable in historical terms) and the set of processes
which are sometimes characterized as self-organizing. Such historical processes are indeed ir-
reversible, contingent and probably most of them afford historical explanations. However, the
key feature to be highlighted is the capability of the process to dynamically influence its own
constraints and thus to introduce an interplay between dynamics at different time-scales which
may result in open temporal inhomogeneities. In order to explain this capability the concept of
constraint needs to be expanded.

3.1.1 Constraints

All observable events and processes are underdetermined by the fixed universal laws which pre-
sumably are at play in them. This is so even in the idealized case in which all randomness is taken
away, as well as any confusion about which laws are relevant. The trivial reason for this is that
such laws can only be universal because they are disembodied and refer to no actual system or
structure in particular. In order to apply them to the understanding of a real process a description
must be provided of how these laws are constrained by the actual structures and conditions that
make up the process of interest.

There are two senses in which the word “constraint” may be used. One is the specific sense
of the collection of relations between a system and other structures that place limitations to the
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unfolding of a system’s dynamics. The other more general sense includes these limitations and a
description of the structure of the systems and their medium as well.

Consider a physical pendulum. A finite mass of finite size is hung from the ceiling by a piece of
string. After some idealizations, a description of this physical system could be offered that would
permit the application of an universal law, namely Newton’s second law. Thus, considerations
about the size of the mass, the elasticity of the string, the atmospheric conditions in the room, the
stability of the ceiling, etc., would permit a description in terms of a zero-dimensional particle
hanged from a fixed point by an inelastic string under the exclusive influence of gravity, etc. In
mechanical terms the word constraint is reserved to those relations that place direct limitations to
the variation of the coordinates with which the system is described, (see for instance Goldstein,
1980). For the pendulum, such a constraint is found in the position of the particle which must, at
all times, conserve its distance to the point in the ceiling from which it is hung.

In the second, more general sense, the word “constraint” can be applied not just to these rela-
tions but to the set of parameters and other relations that make it possible to embody a universal
law into a description of an actual system. If the system remains ideally isolated and such con-
textual factors remain fixed, it seems that calling these factors constraints would be unnecessary.
However, the meaning of the word is recovered when one considers that the system may partici-
pate in coupling with other systems with their own dynamics which, through their effect in such
contextual factors, may influence the system’s behavior. Thus, vibrations of the ceiling which orig-
inate independently of the movement of the pendulum may affect its trajectory and so they would
have to enter into the description as an additional time-dependent boundary condition. Or, after a
number of oscillations, the length and elasticity of the string may change depending on the accu-
mulated tension, i.e. on the previous trajectories; then the system would have to be re-described
to take into account this effect of wear.

It is clear though, that any addition of new boundary conditions or any re-description will end
up with a new fixedly defined system and a known relation to its environment. Such a tendency for
re-describing actual systems is obviously limited since future changes in the contextual (and inter-
nal) conditions need not be predictable either because of random factors or because of unexpected
effects of the dynamics on the conditions which granted validity to the initial idealizations.

In view of this, it makes sense to associate all these contextual factors and a description of the
internal structures of the systems involved in a process under the single name of constraint. In this
more general sense, the word “constraint” intends to indicate any factor which may exert some
influence on the unfolding of a process as described by some generalized dynamical principle.

In a way, this meaning of constraint is a generalization of the meaning favored by Gould
(1989a) for the case of evolution. According to him, a constraint is “theory-bound term for causes
of change and evolutionary direction by principles and forces outside an explanatory orthodoxy”,
(Gould, 1989a, p. 519). Thus, any source of change apart from the general explanatory framework
for the type of process in question would qualify as a constraint. In particular, being Darwinian
theory functionalist in nature, it is not surprising that constraints to evolution should belong to the
complementary historicist and formalist worldviews.

Readers who are familiar with the work of Howard H. Pattee will also have noticed certain
similarity between his idea of constraint as an alternative description of a process and the concept
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as presented here, (see for instance Pattee, 1970, 1971, 1972). Pattee uses the term “to characterize
whatever auxiliary conditions must be appended to the fundamental equations of motion in order
to predict more easily how a system will behave”, (Pattee, 1971, p. 264).

The term loses the negative connotation of the more formal notion of constraint as limitation
and acquires a more encompassing meaning which may include the senses of direction or canal-
ization, (see also Gould, 1989a, p. 518). The word will be used in this general sense in what
follows.

3.1.2 Invariants

Although, as seen above, constraints are not necessarily fixed, one could tentatively distinguish
their variations from the actual process by one of the following two conditions: these variations
are independent of the operation of the system or, if they vary dependently, they do so at a much
slower time-scale so that, at the scale in which the changes of state of the system occur, constraints
may effectively be considered fixed. It can easily be seen how these conditions are qualitative
rather than strict.

In the first case, influence on the process is exerted through coupling with other processes
which operate independently. But such coupling may also reflect how those contextual processes
were in turn previously influenced by the process in question. Thus, the oscillations of the pen-
dulum may have produced structural changes in the ceiling which have altered its own pattern of
oscillations (which is presumably generated as a result of a different process), and this may be
reflected back into the movement of the pendulum.

In the second case, when variations in the constraints depend directly on the dynamics of the
process, one could question what is exactly meant by a much slower time-scale and why are not
such changes included as part of the actual process.

It is necessary to have a more formal criterion. In a way, this issue is a manifestation of a bigger
problem which has been avoided so far. If the dynamics of a process may alter the constraints that
define the structure of the systems involved and their contextual relations, is it not possible that
these systems could change so much that they would effectively become different systems with
different dynamics? In such case, with what right can one speak of unique and well-defined
process? A fixed set of constraints used to do the job of assuring that the systems remained the
same from one moment to the other and therefore one was able to speak of their dynamics as a
single process. Such rigidity, however, entailed that no process involving some sort of innovation
could be so described.

But if the constraints can also change there must be something else that one can point to in
order to be able to say that one is referring to a same process. There must be an organizational
invariant of the process which maintains certain relations fixed. Such invariants were already dis-
cussed in chapter 2 when it was mentioned that living systems are characterized by an autopoietic
organization and a relation of adaptation to their environments which remain constant as long as
the system exists as a living entity. This is so even when the structural changes undergone can be
so radical as the changes from an embryo into an adult organism. The living entity has an identity
which is given by its invariant organizational features.

This idea could be extended to processes in general. A process can then be defined as the
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dynamics of a set of systems whose actual structures, rules or laws of operation and coupling
relationships conserve some global organizational feature unchanged. For instance, one could
describe the set of basic organizational features in the example of the pendulum. Among these
one could include the applicability of Newton’s second law in a gravitational field, the relative
positions between hanging mass, string, and ceiling, the very existence of these components, etc.
One could imagine that if the string is chemically unstable in air it will break at a certain point.
When this happens, the process, as defined by the above invariants, has ceased.

There is clearly certain freedom of choice on the part of the observer regarding what is to
be called a process. That freedom is in the distinction of the relevant invariants. Thus, if the
only invariant in the case of the pendulum is the mass that hangs and the process is the variation in
position of this mass, then it does not matter if the string breaks, this is just a change of constraints,
the process goes on with the free fall dynamics, the bouncing on the floor, etc. This particular
process would cease only if the mass disintegrates.

The identity of a process is defined by the organizational invariants chosen by the observer.
This identity may differ from the individual identities of the participating systems. These systems
may change structurally while conserving their own organization but they may also change in
ways that their individual organization is lost, thus being destroyed or transformed into something
else. In this case, one would be entitled to speak of a single process only if the defining invariant
were some global organizational feature in the set of systems which remains unchanged. Thus,
processes involving living systems could be identified by the same organizational invariants used
to identify these systems individually but, then again, they may not. In the case of an ecosystem,
in which organisms are born and die and species may even become extinct, other organizational
relations must be conserved between the constituting organisms to be able to identify an ecological
process as a well defined one.

These comments apply to processes in general, but they hold a special significance for histor-
ical processes, as these are the only processes in which, besides the basic invariants distinguished
by the observer, the interplay between process and constraints may lead to the spontaneous for-
mation of new invariants.

Such spontaneous invariants can be manifested in actual structures and relations which in-
fluence the dynamics of the process. At the same time, these invariants are constituted by an
interplay between the dynamics and the constraints of the process. The form assumed by the
new invariants can be explained as emerging from the influences of the dynamics on the con-
straints and as constituting in themselves further constraints to the process. In such cases, one
may speak of the process as exhibiting some sort of spontaneous organization. Due to the ampli-
fication of the effects of fluctuations and the breaking of in-built symmetries, complex processes
in which many systems interact non-linearly may exhibit non-equilibrium transitions to highly or-
dered (lower-dimensional) dynamics. This transition is manifested in the emergence of a coherent
regime which is not pre-specified in the initial definition of the process nor externally imposed.
Such processes are sometimes also called self-organizing, (Haken, 1978; Prigogine & Stengers,
1984; Kelso, 1995)1.

LThis word must be used carefully. As noted by Ashby (1962) a self-organizing system can only be so if it has been
badly described in the first place. Maturana also suggests that the term is contradictory if it is to be used in its strict
sense. A system can never be self-organized if its identity is precisely defined by its organization. A more relaxed use
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After a transitional phase, a self-organizing historical process arrives at a situation in which
new organizational relations have been formed. The state of order is manifested in the form of
patterns in the dynamics and in relations within its constraints. These patterns, in turn, influence
the dynamics of the process in ways that tend to their own perpetuation. In addition, these orga-
nizational features may also exert an influence over other aspects of the process which need not
be directly involved in the conservation of the invariant, (detailed examples will be provided in
chapters 6 and 7). From this perspective, it is possible to say that a self-organized invariant may
be able to “explain itself”.

3.2 Different manifestations of history

The above considerations give a rough idea of how to differentiate historical processes from pro-
cesses which are non-historical or merely contingent. A historical process is a process subject
to fluctuations whose dynamics affects its constraints either directly or though recurrent coupling
with other processes. In such a process new invariant features may be spontaneously manifested
as organizational properties which are both constituted by, and constituting of the dynamics of the
process.

It does not suffice for a process to be contingent in order to be historical in the sense intended.
To return to the original example, the pendulum, it is possible to describe a process which would
be the former but not the latter. If the pendulum is perturbed by random horizontal impulses but
everything else remains the same, the process would depend on contingent factors and a given
state would have to be explained (in the conservative case) by a combination of dynamical laws,
constraints, and historical events. In contrast, a historical process is such in virtue of the temporal
inhomogeneity that it is able to introduce by affecting its own constraints and consequently its own
dynamics. One could imagine a situation in which a massive pendulum influences the vibration
pattern of the ceiling so that both of them become entrained in a well-defined oscillation mode
which is not the pendulum’s or the ceiling’s natural one but a property of the whole process, i.e. a
spontaneously formed invariant.

In order to make the meaning of these concepts clearer it will be helpful to consider some
examples of historical processes.

3.2.1 Trails on grass and Pask’s artificial ear

Consider the trails made naturally by pedestrians on areas which are covered with grass. These
trails are made by the action of walking which makes it difficult for grass to grow on zones which
are frequently trodden upon. The lack of grass makes walking along the trail easier and people
tend to use the trail rather than cut across the grass, even if this implies a small deviation from the
optimal route to their destination. Trail formation has been recently studied using a very simple
and powerful model, (Helbing, Keltsch, & Molnéar, 1997). The process is self-reinforcing and, in
the bigger picture, it is also a historical process.

Let the process be the set of individual pedestrian trajectories within a piece of land covered
with grass (say a square) with a few preferred entry and exit points. Walkers are driven by two
preferences: they want to arrive at their destination cutting across the square and they prefer to

of the word is admissible, if one wants to describe a process in which some degree of order emerges spontaneously.
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walk where the grass is not grown. Initially, no path is marked on the grass and walkers choose
a direct route to their destinations. As time passes, and for a certain frequencies of crossings, the
effect of the initial trajectories will begin to be manifested in areas where the grass is worn. In
the most used trajectories the effect of wear will be so much that the grass will not be able to
compensate by growing again before the path is re-used. Thus, trails are formed and maintained in
a dynamical equilibrium. The process can be quite complex since the different trails may “interact”
during the process. For instance, it will be more common to observe a single exit point halfway
between two frequently used and relatively close destinations than an exit point corresponding to
each one of them, which means that two trails may have converged.

Once a pattern of trails is formed the history of the process has become partially embodied in
it and walkers are constrained by its shape (and their preferences) to walk along the trails. Thus,
the pattern acts as a constraint to the dynamics of the process but, at the same time, it is constantly
being constituted by the process as trails can only be maintained if enough people use them.

The pattern of trails is the structural manifestation of an spontaneous organizational relation
within the process which arises from the combination of a fast and slow dynamics (respectively:
the trajectories of the walkers and the growth of the grass). Notice, that the existence of trails is
evidence of this set of relations that remains invariant (relations between time-scales, form and
connectivity of trails, etc.) while the actual spatial pattern may change in response to contingent
events such as the appearance of a new destination.

A very similar process was used by cyberneticist Gordon Pask for the construction of artificial
sensors and effectors out of an initially undifferentiated physical system, (Pask, 1959, 1960). The
system consists of a network of amplifiers and associated electrodes which are not directly con-
nected but are submerged in a solution of ferrous sulfate. The electrodes may act as sources or
sinks of direct electrical current depending of the activity of the system. Crucially, if direct current
is passed from a source to a sink, a metallic thread of very low resistance is formed in the ferrous
solution which, as the trails on grass, will be much easier to use if current is to pass again between
the same electrodes. In contrast, if the thread is not re-used, it will gradually dissolve because of
local acidity. After some time, a network of threads may be formed and maintained dynamically.

The system can be “trained” to respond in a desired way to different sorts of couplings. The
method of training consists simply in increasing the available energy for forming and reinforcing
threads if the system’s performance is close to the desired one. Such a scheme is translated into
a growth and pruning dynamics at the level of the network of threads. Interestingly, being a
physical system, there are many ways in which the process of thread formation could be affected:
mechanical, thermal, chemical and electrical. In particular, Pask was successful in training the
system to respond to acoustic vibrations of a specific frequency. The system responded by growing
a network of threads around the vibrating regions of the apparatus.

3.2.2 Polya’s urn scheme

Consider the following stochastic process known as Polya’s urn scheme (Blackwell & Kendall,
1964; Port, 1994). Put two balls in an urn, one red and the other one black. Extract one of
the balls, observe its color and then replace it and put another ball of the same color into the
urn. Repeat indefinitely. What is the expected probability for extracting a black ball after a large
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Figure 3.1: Probability of drawing a black ball (Pb) from Polya’s urn after vs. number of iterations
for 10 different runs starting with one black ball and one red ball.

number of iterations?

This process was originally proposed as a model of epidemics. Interestingly, in can be shown
that the probability of extracting a black ball will converge to a specific value which can be any
number between 0 and 1. Figure 3.1 shows this convergence for 10 different numerical instantia-
tions of the process.

The process may be understood as historical if its dynamics are taken to be the extraction,
observation and double replacement of balls in a repeated manner. Atany moment, the probability
of extracting a black ball depends on the number and color of the balls present in the urn. This
is taken as the context or constraint of the dynamics. Such context is itself affected by the same
process that it constrains. After many iterations, this interplay between dynamics and constraints
reaches a point of equilibrium. This is because the addition of a new ball, whatever its color, will
not affect too much the existing distribution within the urn and the accumulated set of added balls
will tend to reflect this distribution over a number of iterations. The actual equilibrium, however,
is strongly dependent on the history of the process. In particular, much weight is given to the
initial steps; figure 3.1 shows how the variations can be very extreme in the initial 10 iterations,
then more moderate in the next 100 iterations and from then less and less significant.

This example shows that historical dynamics may be instantiated in processes which are rela-
tively simple.

3.2.3 Evolution

Biological morphogenesis and evolution are historical processes par excellence. However, giving
a full account of why this is so for each case would take too much space. For this reason, only some
key aspects of why evolution is a historical process will be commented on. For important accounts
of the historical and self-organizing aspects of ontogenetic processes the reader is referred to
(Oyama, 1985; Goodwin, 1993, 1994; Webster & Goodwin, 1996).

The historical nature of evolution is rarely denied, although there is a tendency to think of
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evolution as historical only in the sense of being a process subject to contingencies. These may
take the form of of “frozen accidents” or they may indeed be the result of the accumulation of
small events, as mentioned earlier.

However, the current neo-Darwinian perspective tends to downplay the role of historical fac-
tors to that of contextual or initial conditions in a process subject to an universal law of fithess
maximization?. The process in itself is not considered historical in the sense given here to that
term. As argued below, this is a simplification. But how is this simplification achieved?

This is possible thanks to two key assumptions. First, that there is a direct correspondence
between the material an organism inherits from its parents during the physical process of repro-
duction and the phenotypic features of the organism that will grant it a good chance of survival and
reproductive success. Second, that, through a process resembling trial-and-error, random changes
in this inherited material will affect differentially the match between organismic and environmen-
tal features so that some variations will be selected as better adapted to the environment than
others.

Even though the first assumption can be attacked from different flanks, it is the second as-
sumption that allows the historical nature of evolution to be relegated to independent contextual
factors. In effect, evolution by natural selection becomes a process of optimizing the adaptation to
a pre-existent environment which does not depend significantly of the evolving organisms.

The crucial error in this view, as pointed out on many occasions (Bohm, 1969a, 1969b; Lewon-
tin, 1982, 1983; Levins & Lewontin, 1985; Odling-Smee, 1988; Maturana & Varela, 1987; Varela
etal., 1991, among others), is that the key environmental features that are significant for the repro-
ductive success of an organism are not independent of the organism itself. “The world external to
a given organism can be partitioned into a priori ecological niches in a non-denumerable infinity
of ways. Yet only some niches are occupied by the organisms. How can we know, in the absence
of the organisms that already occupy them, which of the partitions of the world are niches?”,
(Lewontin, 1982, pp. 159 - 160). A similar point was nicely made by Jacob von Uexkull (1934)
in his descriptions of how similar scenes represent different worlds of perception and action from
the points of view of different organisms. “Perceptual and effector worlds together form a closed
unit, the Umwelt”, (Uexkiill, 1934, p. 6). Thus the tick responds only to a few features of the
environment; the butyric acid that emanates from a passing mammal prompts the tick to drop it-
self from a position at the top of a branch into the animal’s fur, this releases a tactile cue which
prompts movement until heat is detected which prompts boring. Of all the possible sources of
environmental events and of all the possible actions that the tick could perform, only these basic
stimulations and actions constitute the tick’s Unwelt which does not pre-exist the tick.

In addition to “choosing”, rather than adapting to, their own niches, organisms also alter their
medium, and that of other organisms, in significant ways, (Lewontin, 1982, 1983; Odling-Smee,
1988; Jones, Lawton, & Schachak, 1994). Birds and social insects build nests and other structures,
rabbits and rats dig tunnels, beavers create ponds and alter local water levels, leaves accumulate
under high plants, etc®. These alterations may have both short and long term effects. The cases
just mentioned would qualify mainly as short term. An often cited example of a long term effect
is the presence of oxygen in the atmosphere and the seas which, due to its chemical instability,

2For classical expositions of neo-Darwinism, see (Maynard-Smith, 1969, 1993; Dawkins, 1982).
3A longer list with additional references can be found in (Jones et al., 1994).
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cannot be explained unless it is constantly being renewed (by algae, plankton, trees, etc.). As a
byproduct of life, a high concentration of oxygen is currently a basic condition for the existence
of most animal species.

In spite of the mutual inter-dependence between organism and environment, both in defining
each other and in affecting each other, neo-Darwinism has been able to approximate evolution
as a non-historical process by introducing a separation between them and sweeping all contin-
gent factors under the carpet of independent contextual variation to which organisms must adapt.
This amounts exactly to a separation of the dynamics of the process and its constraints which is
characteristic of non-historical processes. It is, therefore, not surprising that the problems related
with innovation in biological evolution cannot be accounted for in the neo-Darwinian orthodoxy,
(Crutchfield, 1994a, 1994b; Fontana, Wagner, & Buss, 1994; Fontana & Buss, 1996; Kauffman,
1993), since such innovation can only take place in historical processes.

In practice, most neo-Darwinian explanations represent the environment as either fixed or
independently varying (usually in uniformly random ways, Bohm, 1969b). However, the neo-
Darwinian perspective is not as naive as it may sound. Indeed, it allows a partial relaxation of this
scheme, for instance, when studying co-evolutionary dynamics (prey-predator or host-parasite
arms races, symbiosis, sexual selection, etc.) or frequency dependent effects. Even in these cases,
however, the guiding principle remains the same. For instance, a game-theoretic analysis of dif-
ferent foraging strategies will probably find a strategy which is evolutionarily stable in the face
of any other combination of strategies, (see chapter 5). For calculating the value of playing a
given strategy one must take into account the current distribution of competing strategies played
by con-specifics; at the same time, such a distribution will be modified by the actual success of
each strategy. The study, however, will be unlikely to care about variations in the distribution and
patchiness of food sources which is presumably going to be affected by which strategy is used and
will in turn affect the benefits of using one strategy instead of another one.

While neo-Darwinism has a problematic relation with the historical aspects of evolution, the
evolutionary perspective which can be derived from the systemic view presented in chapter 2 in-
corporates history in a natural way. Organism and environment, while distinguished as systems,
mutually influence each other by means of perturbations in a process of structural coupling. As
long as the relation of adaptation is conserved, i.e. as long as the organism does not enter in a
relation that will cause its autopoiesis to be lost, both the environmental and organismic structures
may change. These accumulated changes in a chain of autopoietic systems linked by reproduc-
tion and in their corresponding environments perform a historical trajectory without a pre-defined
direction in the space of allowed structures. Evolution is equated to a process of natural drift (Mat-
urana & Varela, 1987; Varela et al., 1991). From this viewpoint, the fit between the structural (and
behavioral) characteristics of an organism and features of its environment is an effect of historical
evolution and not its cause.

Selection acts negatively when the relation of adaptation is lost, but it also acts through the
process of structural coupling. Notice, however, that this viewpoint is more general than the tra-
ditional understanding of evolution as guided mainly by differential reproduction, as it allows
evolution to proceed by different sorts of dynamical couplings between organisms and environ-
ment. Thus, if similar species must evolve in a confined region without much variety of resources,
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evolution by differential reproduction (i.e. fitness maximization) will be the result of natural drift
since all the evolving organisms have similar niches and all of them are directly coupled to a finite
local resource. However, if more variety of resources is introduced, or if the habitat is not spatially
confined, then the evolutionary outcome may well be avoidance of competition and branching of
the originally similar niches in dietary or spatial terms.

The outcome of natural drift may take different dynamical forms under different circum-
stances, as long as the relation of adaptation between organisms and environment remains invari-
ant. Additionally, on an ecological scale, other invariants may also appear, such as the conservation
of ways of behaving, social structures, affiliative networks, food webs, etc. Some examples are
described in more detail in section 7.1 for the case of social influences on development. Factors
such as these may give the evolution of social traits a strong historical dynamics as the particular
examples and model presented in chapter 7 will show.

The relation of co-determination or co-definition between evolving organisms and their envi-
ronments acquires additional significance when the subject of study are social behaviors. There is
a degree of truth in the metaphor that social traits and behaviors constitute, to a certain extent, their
“own environments”. This is true in the sense that the significance of a social behavior depends on
the existing pool of social behaviors in the group in which that behavior is executed. A mutation
that allows an individual rabbit to understand and speak fluent Italian is devoid of biological sig-
nificance, unless some fellow rabbits are at least able to respond in some way to orders, requests
or serenades in Italian.

On a more serious note, a conclusion that may follow from this appreciation is that, given that,
at least partly, both “dynamics” and “constraints” have become so intertwined in the evolution
of social behaviors as to be represented in the same social traits, it seems natural to expect the
resulting process to exhibit much richer dynamical characteristics, probably in the form of fast
changes in comparison with the evolution of non-social traits. This is not necessarily so. Consider
the situation in which a group of organisms live in a condition where food is scarce and energy
conservation is a priority in their behaviors. Suppose that these organisms have evolved a warning
call Aby which they alert each other of the presence of a predator. A is adequate for its purpose, but
it is very inefficient in energetic terms and, under the condition of energy scarcity, the organisms
would benefit from using B as an alternative warning call. In these circumstances, if the call
were a non-social trait, it would suffice with the appearance of a mutation in single individual, so
that it would tend to make it produce B instead of A, for B to become the new signal after some
generations. Given that it isa social trait, a single mutation may be insufficient, since the call is
only effective in terms of the responses it elicits in other individuals. For these individuals, B may
be completely insignificant or, even worse, misleading. In general, any change in a social trait
must be more parsimonious with the existing situation than changes in non-social traits. For these
changes to be conserved, they must be at least quasi-neutral; a new warning call A’ which is a bit
more efficient than A and which is interpreted most of the time as A will have a better chance of
becoming fixed than the more efficient B. The resulting evolutionary trajectory may never come
near the production of B even if it happens to represent an optimum of some sort.

In conclusion, the recognition of the historical nature of evolution opens a wider dynamical
perspective that permits the understanding of specific instantiations of evolution not as the combi-
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nation of some universal principle and a set of contingent circumstances, but as processes which
exhibit their own dynamical characteristics which depend on their history and the history of other
concurrent processes. In the words of Lewontin: “[w]e do not further our understanding of evolu-
tion by general appeals to ‘laws of nature’ to which all life must bend. Rather, we must ask how,
within the general constraints of the laws of nature, organisms have constructed environments that
are the conditions for their further evolution and reconstruction of nature into new environments”,
(Lewontin, 1982, p. 163).

3.2.4 Embodiment, culture and habitus

Of all the historical processes perhaps the most obvious, and the one that should be approached
with greatest care, is the process of human history. There is little doubt that cultural and historical
changes can be understood as a process in which the lower level dynamics constitute and, at the
same time, are constituted by the habits, institutionsand traditions inherited from previous cultural
activity. An initial search for candidate invariants of this process would find two possibilities which
correspond roughly to two important trends by which social practices have tended to be objectified,
namely the structuralist view according to which social behaviors are regulated by the logic of
existing global structures and the nativist view of the social agent as a rational actor “without
inertia” (Bourdieu, 1990, p. 46) by which the logic of a social system is but the combination of
the logic of a large number of rational optimizers. These two extremes run into problems because
they forget about history being a process and prefer to describe it in term of achieved universal
factors. In the words of Pierre Bourdieu, objectivism, in any of its extreme forms, concentrates on
the opus operandum rather than on the modus operandi. The philosophy and social anthropology
of Bourdieu, following acknowledged influences by Merleau-Ponty and Wittgenstein®, steers a
careful middle course by recognizing the inherent dynamics of human practices, (Bourdieu, 1977,
1990).

Bourdieu has even coined a name for the organizational invariant which results from the way
practices become embodied both in actual bodies and in institutions: habitus,

“systems of durable, transposable dispositions, structured structures predisposed to
function as structuring structures, that is, as principles which generate and organize
practices and representations that can be objectively adapted to their outcomes with-
out presupposing a conscious aiming at ends or an express mastery of the operations
necessary in order to attain them. Objectively ‘regulated” and ‘regular’ without being
in any way the product of obedience to rules, they can be collectively orchestrated
without being the product of the organizing action of a conductor.” (Bourdieu, 1990,
p. 53)

The habitus is a product of history. It is the accumulation of past experiences which are
actively present in the form of embodied habits which tend to be perpetuated by helping to re-
activate the same habits in future behavior in a non-mechanical way, but as a consequence of
an ongoing process of social practice. In this sense, the habitus is the main motor of its own
perpetuation.

“ This system of dispositions — [...] — is the principle of the continuity and regularity
which objectivism sees in social practices without being able to account for it; and

4See (Dreyfus & Rabinow, 1993; Taylor, 1993; Bourdieu, 1989, pp. 5 & 9)
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also of the regulated transformations that cannot be explained either by the extrin-
sic, instantaneous determinism of mechanistic sociologism or by the purely internal
but equally instantaneous determination of spontaneist subjectivism. Overriding the
spurious opposition between the forces inscribed in an earlier state of the system, out-
side the body, and the internal forces arising instantaneously as motivations springing
from free will, the internal dispositions — the internalization of externality — enable
the external forces to exert themselves, but in accordance with the specific logic of
the organisms in which they are incorporated, i.e. in a durable, systematic and non-
mechanical way.” (Bourdieu, 1990, pp. 54 - 55)

Itis evident that while the habitusis an organizational invariant of a historical process, its struc-
tural manifestations do not remain unchanged but constitute in themselves a condition for open-
ness by constraining, but not specifying, practices in ways which may result in further changes in
constraints.

Interestingly, the idea of the habitusarticulates the issue of social coordination in a manner
that can be directly linked with the biology of embodied autonomous systems presented in chapter
2 and which complements it. Coordination is always the result of previous or ongoing interaction.
But a focus on single instances of interactive behavior makes it difficult to explain the patterns of
coordinated activity exhibited by humans who belong to a same culture. Two persons who never
met may show the same table manners even if there is no ongoing interaction between them. How
can such a behavioral coherence be explained in the absence of some form of mutual perturbation
leading to structural congruence? Bourdieu answers this question by showing that in cases like this
structural congruence already pre-exists the encounter thanks to previous interaction with similar
bodies of behavioral patterns, i.e. with a same habitus, (Bourdieu, 1990, p. 59).

The conceptual power of the habitus lies in its potential for biological grounding and for
expansion. There are strong reasons to suspect that this concept will be able to unify in a single
dynamical scheme, albeit not necessarily in a smooth manner, themes like Vygotsky’s theory
of cognitive development as a socio-historical process, (Vygotsky, 1962, 1978), Wittgenstein’s
“forms of life” (Wittgenstein, 1963; Margolis, 1987, pp. 436 - 440) and Dewey’s (1929a, pp.
279 - 281) and Merleau-Ponty’s (1962, pp. 142 - 147) accounts of habit formation, interaction
between habits and their relation to the social. All these themes afford interpretations as parts of
open historical processes.

A thorough justification of this claim would exceed the limits of this chapter, (but see Dreyfus
& Rabinow, 1993; Taylor, 1993; Margolis, 1987, pp. 441 - 444). As an example, however, the
following passage by Dewey is offered:

“Apart from communication, habit-forming wears grooves; behavior is confined to
channels established by prior behavior. In so far the tendency is towards monotonous
regularity. The very operation of learning sets a limit to itself, and makes subsequent
learning more difficult. But this holds only of a habit, a habit in isolation, a non-
communicating habit. Communication not only increases the number and variety of
habits, but tends to link them subtly together, and eventually to subject habit-forming
in a particular case to the habit of recognizing that new modes of association will
exact a new use of it. Thus habit is formed in view of possible future changes and
does not harden so readily. As soon as a child secretes from others the manifestation
of a habit there is proof that he is practically aware that he forms a habit subject to the
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requirements of others as to his further habit formations.” (Dewey, 1929a, pp. 280 -
281)

In this quotation many of the ideas that make up the notion of a historical process are clearly
manifested together with a microscopic view of how the habitus operates. The dual nature of a
constraint as limiting and as enabling is also clearly expressed. Habit-forming, like the formation
of trails on grass, is a process that “sets limits to itself”, a historical process. At the same time, a
different historical process obtains as a result of the embeddedness of embodied habit-forming in
a social world. Habits are the active embodiment of personal history, but they are also the ground
on which social history grows. Thus habits are formed in response to the behavior of others,
and the behaviors they elicit contribute to influencing the formation of habits in others. Personal
constraints are no longer isolated but they interact, conflict and combine with the constraints of
others.

3.3 Explanatory value of spontaneous invariants

The above list of examples of historical processes, in no way comprehensive, is intended to demon-
strate the diversity and importance of phenomena that can be interpreted as historical and, at the
same time, that there is some gain in giving expression to the unifying themes implied by grouping
these phenomena together. History can take many forms and there probably will not be an unique
way to approach all its instances, but there are some recurring ideas which may help by providing
starting points from which the understanding of a historical process can be approached.

An important notion of this sort is that of spontaneous invariants of the dynamics. Once an
invariant is constituted, understanding the dynamical relations that permit it to remain invariant
can provide a powerful frame of reference for addressing specific questions of what goes on in a
complex historical process. It allows the researcher to understand why certain things can change
while others remain the same.

Contained within a spontaneous invariant lies an explanation of its own perpetuation. Even if
the properties of the process in need of explanation are not directly related with its maintenance,
the invariant sets conditions to how these properties can change usually by limiting a high di-
mensional space of possibilities into a few ordered modes. This may occasionally be enough to
explain the patterns observed. To give an example, in social mammals high-ranking individuals in
a dominance hierarchy tend to locate themselves spatially in central positions with respect to the
rest of the group. This can be explained as a consequence of the self-maintenance of the hierarchy
and how its structure conditions the patterns of interactions and movement between members of
the group, (Hemelrijk, 1998).

On occasions, it may suffice with a broad description of how an organizational invariant is
constituted and what effects it has on the rest of the dynamics. In other cases, the process may have
to be modelled more formally and the model attacked with mathematical tools like those used for
studying self-organizing processes, or alternatively, by a combination of analytical techniques and
computer simulations. In all cases, however, the actual recognition of an organizational invariant
involves a phase of discovery of order in the relevant patterns. Sometimes this order may be quite
evident but it may often require a careful investigation.
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3.4 Summary

In this chapter the concept of historical process has been presented. In the sense intended, it does
not suffice that a process be subject to contingencies to be able to say that it is a historical process.
Nor is it sufficient to say that because a historical explanation is suitable, the process should be
called historical. Rather, the term is restricted to processes in which contingencies occur and
genetic explanations may often be useful, but at the same time, the processes present a special
relation between their dynamics and changes in their own context or constraints. The operation of
the systems involved in a historical process affects its constraints in ways that are often manifested
as changes occurring at a slower time-scale or as occurring due to the recurrent interaction with
other processes. Any process that is able to alter its own conditions of realization is a historical
process.

The term “constraint” has been used in a more general sense than its classical meaning of a
limiting relation in order to point to the contextual conditions by which general dynamical prin-
ciples are embodied in an actual process. These constraints may change during the unfolding of
the process and these changes remain distinguished from the dynamics of the process itself be-
cause the process is identified by an observer as maintaining certain organizational relationships
unchanged.

In addition, due to the interplay between the dynamics of the process and its conditions of
realization, new spontaneous organizational relations may appear which also remain unchanged.
Understanding how these spontaneous invariants are constituted can provide a powerful explana-
tory tool, since they specify the conditions for their own perpetuation. As such, they are sources
of order which may also affect other aspects of the process.

Concrete examples of such an explanatory power will be presented in the studies that will
follow. But before that, since these studies comprise mainly a combination of mathematical mod-
els and computer simulations, it will be appropriate to address some issues regarding how these
models are going to be used as tools of scientific inquiry and what knowledge should one expect
to extract from them. These and other methodological questions will be the subject of the next
chapter.



Chapter 4

Methodological issuesin the use of formal models
and computer ssimulations

The previous two chapters have described the theoretical landscape in which concrete questions
about social coordination can be framed. These questions will be investigated by a series of
mathematical models and computer simulations. But before proceeding to those specific models,
some comments will be made on the way formal models in general and simulationsin particular
will be usedin thisthesis.

Thisinsistence on methodological issuesis not capricious, particularly when computer models
are involved. There isagrowing concern in the research communities in which these models are
used about how simulations should be built, how should they be applied to scientific questions
and how do they relate to other scientific activities like formulating hypotheses and proposing
explanations, (Taylor & Jefferson, 1995; Boneabeau & Theraulaz, 1995; Miller, 1995; Di Paolo,
1996b; Jackson, 1996; Kitano, Hamahashi, Kitazawa, Takao, & Imai, 1997; Robson & Beshers,
1997; Noble, 1997; Bullock, 1998).

In building and using the computer modelsin thisthesis, questionsof thissort have been asked
and answered. Thisisreflected in the models themselves. However, addressing these questions
was not a trivial task; it involved a process of elaboration of methodological issues. In order
to find answers to these questions it was necessary first to formulate them clearly and within an
appropriate context.

There are three main reasons for presenting this process of elaboration in this chapter. First,
because it isintended to raise awareness of the kind of methodological pitfalls that may often be
encountered when using simulationsin a scientific context. Second, becauseit is aso intended as
a contribution to these issuesin itself. And finally, because it will help in highlighting how the
proposed methodol ogies have been used in the rest of the thesis. At the same time, it will become
clear that when these methodol ogies included novel factors these have been applied successfully
to concrete research questions.

In the following section, an argument will be presented in favour of a comparative approach to
the use of formal modelsin science. This argument is based on a pragmatic view of science as a
culturally situated activity. Performing systematic comparison between formal models of different
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granularity helps in bringing into light the role played by different factors. However, there is no
need to suppose that some of these models are closer to reality than others since that is not the
purpose of their use. Rather, they are used pragmatically and without ontological commitment to
help bring the inter-rel ation between the different factorsinto a clearer understanding.

After that, section 4.2 will specifically address the issue of computer simulations and their
use. An adequate framework isproposed for studying the question of how to integrate simulations
into the rest of scientific activity. The positive contribution of this section will be based precisely
on the issue of how to relate the organization between the patterns observed in a simulation to
an existing explanatory framework that connects analogous patterns in natural phenomena. For
this purpose, a brief background description will be given of the role played by toolsin scientific
practice with special attention paid to conceptual tools, such as thought experiments. Also a brief
description will be offered of what constitutes a computer simulation followed by a criticism of
previous attempts to integrate computational modelling into the rest of scientific activity. Finally,
yet another attempt will be explored in terms of the different working phases that take place after
the simulation has run successfully, the last one of which is associated with a role similar, but not
identical, to thought experiments.

4.1 A pragmatic approach to formal modelling

At atime when scientific activity is becoming increasingly specialized and disciplinesramify into
watertight compartments, it is unusual to find practising scientists worrying too much about how
science is related to other human activities and what implications for their own work may follow
from such an awareness. In fact, an insistence on methodological issues and the embeddedness of
sciencewithin cultureislikely to be met with contempt and accusations of destabilizingintentions.

Given the strong undermining of foundationalist and realist views of scientific activity articu-
lated by many positionsin today’s philosophy of science?, it is not surprising that scientistswould
prefer to avoid conversationswhere wordslike“relativism” or “ constructivism” are likely to come
up.

At first sight, it seems quite likely that, even if one regards non-realist views of science with
a sympathetic eye, very little practical good can come from exposing scientists to these views.
Kuhn himself expressed on many occasions that, in order to proceed somewhere, science within
a paradigm cannot avoid being blind to the assumptions of the paradigm and sweep under the
carpet those anomalies that the paradigm cannot explain®. In contrast, Feyerabend suggests that
the logical conclusion of any relativist position is that “anything goes’ and therefore existing
methods and traditions need not be followed since the chances of producing new knowledge are
not necessarily increased by their conservation.

But isthere a middle term between these extremes? Must a scientist be either a blind follower
of aparadigm or a constant questioner of itsassumptions? One may ask whether a scientist whose

1Consider for instance the Kuhnian view of scientific progress as constituted by historically punctuated, incommen-
surable and paradigm-oriented epochs, (Kuhn, 1970), the more anarchist view of Feyerabend who proposesnointrinsic
methodological difference between science and any other human activity, (Feyerabend, 1988), constructivist views,
(von Glasersfeld, 1984), socia constructionist views, (Gergen, 1994) and views based on the biology of cognitive
systems, (Maturana, 1988b, 1991).

2To reject a paradigm without simultaneously substituting another is to reject scienceitself”, (Kuhn, 1970, p. 79).
See also (Kuhn, 19773)
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work isinformed of the cultural and historical situatedness of her activity could not perhaps orient
this activity in ways that are practically significant for her interests and that of her community.
Among the different criticisms of foundationalismin science, only the pragmatic position appears
to allow for this possibility. Being aware of the limitations of a paradigm can be aimed at making
a concrete practical difference in the way science is practiced. According to Rorty, pragmatism
takes the Deweyan or Baconian view of what sort of activity scienceis:

“... Baconians will call a cultural achievement ‘science’ only if they can trace some
technological advance, some increase in our ability to predict and control, back to
that development. [...] Thispragmatic view that science iswhatever gives us thispar-
ticular sort of power will be welcome if one has developed doubts about traditional

philosophical inquiriesinto scientific method and into the relations of science to real-

ity. For it letsusavoid conundrumslike ‘ what method is common to pal eontology and
particle physics? or ‘what relation to reality is shared by topology and entomology?

while still explaining why we use the word ‘science’ to cover al four disciplines.”

(Rorty, 1988)

Rorty admitsthat this Baconian view is no less fuzzy than the notions of prediction or control,
but that nevertheless any other demarcation of science as following special methods or having a
special relation to the world will not be able to avoid the criticisms of being foundationalist or
transcendental. Perhaps a more encompassing view would replace prediction and control with the
more genera idea of understanding, which in its practical guise would include the former. This
may turn out to be an unavoidable generalization particularly in view of complex processes such
as those described in the previous chapter.

Thus, pragmatism recognizes science as a human cultural endeavour that strives to under-
stand the relationswith the phenomenal world and human actionswithin it by following particul ar
languages, more or less strict rules, technological constraints and general assumptions that may
originate in different domains other than the strictly scientific®. In short, science is embedded in
the cultural practices of the time and many scientists choose either to ignore or to accept thisfact
without fully recognizing its consequences. It would seem that a critical approach to claims of
ontological priority for scientific vocabulary (which are notably more often made by philosophers
than by scientiststhemselves), whileilluminating and welcome, cannot, by itself, help one practise
science in a better way.

Instead of dwelling in the implications of recognizing the relativity of scientific methods and
vocabularies, a pragmatic scientist choosesto be aware of them but also to carry on doing science
since, asimplied in the original criticism, no other human practice can escape being in the similar
situation and, in most areas of scientific endeavour, the proven record of successful application of
the methods of the disciplineis enough incentive at least for an initial belief in the likelihood of
future successes. There are two possible waysin which a scientist may choose to do this. Either
she choosesto throw herself back into the network of concepts, norms and practicesthat define her
discipline without further questioning them and pondering about the preconceptions upon which
such a network is built only occasionally (as a Kuhnian scientist would do), or she chooses to
reflexively make use of her awareness in order to redirect her own work and see how different
perspectives and practices can add to its unfolding. The benefits of thefirst path are clear (science

3A modern exposition of the pragmatic view on science can be found in (Margolis, 1986, 1987).
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proceeds as hormal, problems are solved, etc.) while the second path, although it may sound as
an interesting possibility in theory, is of dubious practical relevance, and it would probably not
be encouraged by fellow scientists. Nevertheless, the claim is made that in this second path lies a
way of doing science that is both legitimate, practicable and with a good potential for achieving
both deeper understanding and practical success.

If apractising scientist is to make use of arelaxed attitude towards the lack of a foundational
framework of legitimation for scientific activity and approach this activity with a Baconian or
pragmatic stance, then she must be prepared to criticize foundationalism but at the same time
avoiding a reflexive paralysis which can hinder actual practice. In short, if a vocabulary, an ex-
planation, a tool or a method work adequately for the job that they are intended to do, then there
islittle point in constantly questioning their appropriateness based on their not being the ultimate
truth about the subject, because following that logic, scientific practice should cease. Thisform of
reflexive paralysisis a symptom of not letting go, of wanting to reach a complete understanding
of the subject a hand. Prima facie, it looks asif it is based on critical assessment of the place of
science in culture, but in fact it does not fully understand the implications of this embeddedness
and ends up dismissing every scientific practice as pointlessbecause of being without support. But
continually dismissing practices in thisway can only imply the existence of an unspoken belief
that somewhere a practice will found, or a method, or a set of basic assumptionsthat will be, in
some undefined way, the correct ones. Such a belief isincompatible with a true understanding of
what the relativity of scientific knowledge implies.

So the pragmatic scientist must be prepared to recognize the historical and contingent nature of
scientific activity, without this recognition necessarily being equated with a requirement for aban-
doning the actual practices as if there were something inherently wrong with them. Contingent
practicality, rather than a privileged view on the world, becomes the guiding standard®.

But is there anything else that a pragmatic scientist could do? Obvioudly, there cannot be a
method for finding more appropriate vocabul aries, explanationsor tools. Thiswould go against the
cultural situatedness of practical concern. There are, however, methodological attitudes that may
help to expose the practical scope of different theoretical approaches to similar areas of inquiry.
Infact, it is possibleto think of a modest example which isrelevant to the use of formal modelsin
biology and has broadly guided the way in which those models have been used in thisthesis.

Formal models may have different uses within a scientific framework. They may be used to
emulate as accurately as possiblea given natural phenomenon, with the aim of presenting a set of
hypothesis about the generative mechanisms responsible for the observed evidence and being able
to formulate extrapolations and predictions which may be tested empirically. In contrast, formal
models may also be used exclusively as theoretical toolswhose basic goal isnot to emulate a nat-
ural phenomenon, but to discover the workings of theoretical frameworks, their consistency and
suitability for explaining arange of phenomena. As such, the relation of thiskind of formal mod-
elling to empirical evidenceisindirect and itsuse iscomparable to the use of thought experiments
(see section 4.2.3).

“4Interestingly, many of the most creative scientists, without necessarily calling themselves relativists, would not be
completely uncomfortable in a position which recognizes theoretical terms as pragmatic constructs. Talking about the
reality of electrons, Richard Feynman said that “the electronis atheory that we use; it is so useful in understanding the
way nhature works that we can amost call it real”, (Feynman, 1986, p. 70).
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Despite insisting on their character as tools of research, there is a tendency to equate the
formality of some of these models with a logical demonstration of the truthfulness of their con-
clusions, thus forgetting that, even if the theory they are supposed to be instantiating is widely
accepted as the most adequate, the actual construction and expression of these modelsrely on a set
of explicit and implicit assumptionswhich allow their rendering in amathematical or logical form.
This process of abstraction isanecessary precondition for “ securing the ability to deal with affairs
which are complex”, (Dewey, 1929b, p. 173). But at the same time, abstraction breeds familiarity
and theillusion of secured knowledge (ibid. p. 174). How reasonable the corresponding assump-
tions areis a contingent, rather than an absolute, fact which may depend on issuesas varied asthe
availability of appropriate techniques or questions of elegance and clarity of the resulting model.

It is necessary, then, to emphasize the obvious conclusion that never should a formal model
be taken to say more than what it says, both explicitly and implicitly, and that whatever it says
is mainly about an existing theoretical structure and only indirectly about observable phenom-
ena. The question then arises of whether the use of these models can be justified at all given
their vulnerability to being contradicted once a seemingly innocuous assumption is exposed to be
playing an unexpectedly important role. The answer is affirmative if the use of these modelsis
accompanied by an attitude aimed at testing the importance of such assumptions.

The basic idea consists in using simultaneously models of different degrees of granularity
aimed at addressing a set of similar questions. Thisis done in the hope that, by means of sys-
tematic comparisons, the relevance of the different assumptionswill be highlighted. There seems
to be nothing new about this. On the contrary, it is the usual way in which this type of scientific
activity iscarried out. However thereisa change of concern from the traditional practice of formal
modelling. When two models are compared thisis often done with the aim of deciding which one
approaches the real situation better. The idea being proposed here is that that should not be con-
sidered the key concern in the practice of formal modelling. Rather, comparisons should be used
to bring about an awareness of the role played by different factors and thus help the researcher to
better understand the consequences of atheoretical framework and even modify it. In this context,
even amodel which bears no resemblance to the real situation may be helpful.

This attitude could be specialy fruitful in view of the introduction of novel modelling tech-
niques. When radically different modelling approaches are compared, although such a comparison
may not be easy to perform, the chances of uncovering the relevance of implicit assumption are
greater. In contrast, the advantage of extending a current model by a parsimonious relaxation of
only a few assumptionsis that the task of comparing results becomes a rather smple one. The
main disadvantage, however, isthat most of those implicit assumptionswill be tested in thisform
only with avery low probability and consegquently they will beinherited by the new model. Thisis
mainly so because many of these assumptionsare made in order to be able to formulate the model
in thefirst place, i.e. for technical, rather than conceptual reasons, and therefore, the formulation
of aparsimonious extended version of the model will find it very hard to revise them.

To give an example, it will almost certainly be possibleto extend a mathematical model based
on differential equationsin order to include different initial and boundary conditions or different
coupling between the variables, but it will be very hard to extend the same model in order to treat
the continuous variables as discrete entities or to alow those entitiesto form new variables whose
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dynamicsis not initially specified but will depend contextually on state of the system, (Fontana
et a., 1994; Crutchfield, 1994a, 1994b). A model which is able to address these issueswill have
to be built not as aextension to the set of differential equations but from scratch, in away that may
differ radically from the approach used in the initial model. It isin the comparison between two
radicaly different models where one would expect the importance of implicit assumptionsto be
highlighted.

In short, by using different formal approaches comparatively an attempt is made to achieve a
series of goals:

1. To highlight which conclusions are dependent on the type of model chosen and which are
not.

2. To pinpoint what are therelevant features and assumptionsthat make certain resultsdifferent
from one model to the other.

3. To question the meaning of these assumptions and whether they were explicitly identified
as relevant from the start in those model s that make them.

4. To assessthe plausibility of these assumptionsin natural cases and thus put some weight on
the conclusions of the corresponding model.

5. To question the reasons why these assumptions were made in the first place, whether for
technical reasons or because they were assumed to be reasonable or not to present much of
adifference in the expected results. In the second case in particular, a subsegquent reordering
of the relative importance of thetheoretical entitiesinvolved in the original assumptionscan
be proposed along with waysto test the pragmatic value of the resulting modified conceptual
structure.

This methodological attitude has been successfully applied in thisthesis, in particular, within
the context of the issues examined in chapters 5, 6 and 7. Chapter 5 offers a series of different
mathematical models based on extensions to a basic game-theoretic approach to an evolutionary
guestion. These comparisons are useful and revealing but it is only when a radical departure is
made in the form of an individual-based computer simulation aimed at addressing the same ques-
tion (chapter 6), that many non-obviousassumptions of the mathematical approach are highlighted
resulting in different conclusions both about the actual expected results and about the role played
by those implicit assumptionsin the broader theoretical framework of evolutionary theory. Sim-
ilarly, the model presented in chapter 7 isin a way an extension of the individual-based model
of chapter 6 which facilitates the understanding of how a factor that was not contemplated in the
original version (socia influences on behavioral development) can also introduce fundamental
differences in the expected results.

It is clear then, how in the quite specific domain of formal modelling a pragmatic approach
does not question every single questionable choice in an anarchistic manner but neither does it
accept every choice without question. The assumptionsthat will end up being questioned will be
those whose significance is highlighted by the comparative use of forma models among them-
selves.
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4.2 A scientific use for computer simulations

Given the relative flexibility of computer simulations, their use seems particularly adequate in
the light of the comparative methodology described above. But their use also introduces new
questions. How can acomputer simulation be used in ascientific context? Isit possibleto gain new
understanding by building and observing a simulation? Isn’'t asimulation just acomputer program
from which one cannot gain more information than what isaready in it from the beginning?

These are legitimate questions that anyone who intends to use a computer simulation as a
research tool should ask and hopefully answer. Before doing that, however, it will be helpful to
try to narrow the scope of what is meant by a computer simulation in the present context and then
proceed to the description of abackground in which these questions can be framed more clearly.

First, it should be made clear that the concern of this chapter (as that of the whole thesis) is
with the use of simulationsin a scientific context. More precisely, simulations will be used here
only as tools of theoretical inquiry. These restrictions already serve for narrowing the scope of
what is usually understood by the term computer simulationsto a rather small subset.

Simulations can be used for engineering or training purposes or to control or predict the be-
havior of particular systems such as aircrafts, nuclear power plants, etc. This sort of simulations
require a high degree of detail and granularity, and the implementational choices have to be made
so that as good a match as possible with the actual system is achieved. Usually for these simula
tions, the greater the sophistication, the better. Thisis not the business of the simulations one is
concerned with here.

There are scientific uses of simulations which are not included within the subset of interest
of thisthesis. These are simulations which attempt to replicate as faithfully as possible specific
natural phenomena in order to be able to make predictions of future observations and perhaps
test assumptions by direct empirical comparison with the outside world. For these simulations
guantitative results are important and therefore lots of implementational details and parameters
are restricted by the requirement to find a good match with actual measurements. While some
of the issues discussed below will apply to this type of simulation, many of the methodol ogical
problems are solved by this comparative use which establishes a direct empirical link with the
natural world.

In contrast, the computer simulationsof interest need not be directly applied to empirical data,
or if they are, only a qualitative match is what is looked for. These simulations are rather used
to explore ideas, to query the limitations and consequences of hypotheses and test the soundness
of theories. Therefore, many of the requirements which are essentia for other types of simula-
tions, can be ignored. In fact, an abundance of details and a high degree of sophistication can
be a hindrance for this type of simulations since they may make ultimate understanding of the
ideas under test something very difficult to achieve. Thisuse of computer simulations has become
increasingly frequent in science (for instance, in physicsand ecology) and particularly so in some
relatively novel research disciplinessuch as Artificial Life and the study of adaptive behavior. Dis-
ciplineslike the physics of systems far from equilibrium, biology, economy, linguistics, cognitive
science and the social sciences have alot to gain from thistype of computer-based approach since
in all these disciplinesthe limitations of other forms of modelling are constantly being exposed.
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In asense, these simul ations® seem to be much |essrestricted than other classes. Theresearcher
is, in principle, free to explore many different possibilities and include as many mechanisms as
desired. Such freedom is partly responsiblefor the potential of simulations but also partly respon-
sible for the problems that arise in their use. At least, when the intention is to test the results of
asimulation against empirical data, the construction and usage of a simulation are constrained by
thisaim. What does constrain the use of asimulation whichis only intended to explore theoretical
ideas? Who sayswhich choice of implementational detailsisan adequate one?

To add to these problems one could ask what would be a legitimate use of these simulations.
How does work using simulationsrelate to the rest of scientific activities such as the formulation
and testing of hypotheses, explanations, etc.? Some people hold theimplicit view that asimulation
that meets certain criteria, so that it can be said that a specific phenomenon is replicated by it, is
in some way an explanation of that phenomenon, (Boneabeau & Theraulaz, 1995) . But is it
always (or ever) so? Isit inconceivable that after successfully replicating certain patterns that
approximate a phenomenon of interest this phenomenon should remain as obscure as before? As
will be seen below a simulation does nothing by itself. It must be observed, and thisis afar from
trivial operation. Not only does it imply choosing observables, but also finding the relationships
between them: “You can look at the computer screen and be amused and amazed at what you see,
but what precisely is connected with what? These “whats’ need to be comprehensible, and not
just some nice dancing patterns’, (Jackson, 1996, p. 20).

There isalso atendency to use simulationsas proofs of feasibility in a theoretical vacuum that
come short of being proofs of concept. A proof of concept should have a concept to prove before-
hand and this is not always the case for a considerable proportion of the works in the relatively
novel disciplinesmentioned above. Comparisons and contrasts between artificial and real patterns
are not of much scientific interest in themselves. According to Bullock (1997, p. 457): “Unless
such parallels were previously hypothesised to exist, they are either merely accidental (and thus
not interesting), or merely purposed (and thus not interesting)” . Thisshould not be taken as mean-
ing that a simulation cannot be surprising and that after running it, the researcher may not answer
guestions different from the originaly intended ones. An accidental parallel is aways welcome
and maybe Bullock isbeing abit too harsh. Nevertheless, hismain point should be taken seriously
and areformulation of the project is called for if the accidental result is to be presented as a piece
of scientific work. Purely exploratory experimentation, in contrast with “theory-driven” research,
may be animportant part of scientific practice (especially when an adequate theoretical framework
islacking, see Steinle, 1996), but in the case of computer modelsit cannot, by itself, give a piece
of work sufficient scientific legitimation®.

It could be said that there is no fully accepted methodology at present to deal with these
issues despite various clever attempts to address them in more or less general terms, see (Taylor
& Jefferson, 1995; Boneabeau & Theraulaz, 1995; Kitano et al., 1997; Noble, 1997; Miller,

SHenceforth the term “simulation” will be understood only in the restricted sense of interest unless otherwise
specified.

6A possible exception to this would be the rather restricted case in which a class of formal systemsisin itself an
object of study which, for some reason, it makessenseto approachin amore or less empirical manner. For instance, the
effects of synchronous updating may be empirically studied in a class of cellular automata (Ingerson & Buvel, 1984;
Bersini & Detours, 1994), the class of coupled-map lattices (Abramson & Zanette, 1998a; Rolf, Bohr, & Jensen, 1998)
or in the class of random Boolean networks (Harvey & Bossomaier, 1997).
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1995). Part of the reason for this lies in the lack of a clear formulation of the problem. The
following paragraphs are an attempt to describe a framework in which this formulation can be
clearly expressed.

421 Science and instruments

It issuggested here that the best framework for addressing the issuesraised in the previous section
isa pragmatic one and that the methodological problems can be expressed in terms of how well a
new tool may be integrated into existing scientific practices. Such a pragmatic formulation cannot
take the form “What method of use for computer simulations will be the “right” one for doing
science?’, but instead: ““What method will integrate computer simulations into an existing body of
practices called ““science” without changing it so radically that one would not be willing to keep
calling it “science” while, at the same time, allowing for the potentialities of the new tool not to
be so suppressed that the new tool becomes a trivialized case of older ones?”’. The answer to this
guestion will be necessarily contingent on present views about what constitutes scientific practice.

For this purpose, a brief introduction is offered to the subject of how tools contribute to shape
scientific activity. Theword “tool” isusedin ageneral sense and includesthingssuch as measuring
devices, formal techniques, sample preparation methods, etc. From a more encompassing point of
view, communicational strategies, conceptual structures, argumentative techniques, etc. can also
be embraced under this concept. However, those instruments that, because of their complexity,
require the coordinated action of many individuals(for instance, particle accelerators) will be kept
out of the discussion for reasons that will become clear |ater.

4.2.2 Toolsin scientific activity

The prevalence of mediation is a characteristic factor in all human activities, science being no ex-
ception. As much as scientists and philosophers well into the beginnings of the twentieth century
have tried to separate those aspects of science that relate to a realm of pure knowledge (theoria)
from the contingent set of instrumentalities used to obtain such knowledge (praxis), such sepa-
ration has been impossible to achieve and, more importantly, it has shown little pragmatic value.
John Dewey was one of the most fervent advocates of the point of view that knowledge and action
bear not just a historical relation, but are in fact irremediably intertwined. In The Quest for Cer-
tainty (Dewey, 1929b) he shows that although scientific knowledge differsfrom “mere” traditions
or beliefsin the need for a methodol ogical framework, it is no different from them in its concern
with the practical, both as a means as well as an end. Much of the following isrooted both in his
views on scientific practice and in Heideggerian considerations of what constitutes skillful activ-
ity (Heidegger, 1962; Dreyfus, 1991, Ihde, 1979). Human activities are characterized by specific
frameworks of normativity brought about by the use of tools and from which tools receive their
character. By toolsit is meant any form of means used towards some end. When one deals with
tools one does not deal with their immediate properties; these are subordinated to their use as
agencies towards some ulterior result. One does not make a distinction of mediational means out
of the background of one's experience nor, in fact, does one distinguish them from one’sown body
as long as the engagement in some sort of skillful activity continues, see for instance (Heidegger,
1962, pp. H69 - H62, 98 - 102) and (Merleau-Ponty, 1962, p. 143). Thisiswhy, for certain uses,
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tools can be considered transparent. If a scientist is examining ablood sample under a microscope,
her concern is with the sample, not with the microscope nor with her own eye. But for thisto be
the case it is necessary for tools to be integrated into a framework of accepted normativity that
allows the user to forget about them, in this case the correct preparation of samples, calibration,
conditionsof use and the observation of other norms’. Therole played by toolstendsto beignored
precisely because it is obscured in the light of the concluding event towards which the activity is
aimed. One only becomes aware of them when they “stand in our way” (for instance, when one
is inexperienced in their use, when they cease to work properly or when they are found to be
inappropriate for thejob).

Tools may typicaly play two basic rolesin science. The first role is corporeal enhancement.
Thisisthe most obviousrole and it is readily associated with measuring devices and observation
techniques, but it may also be associated with formal methods, data processing, etc. The second,
less obviousrole iswhat allows science to be a social activity. Tools* objectify”, in the sense that
they provide meaningful inter-subjective vocabulary to talk about observationsof natural phenom-
ena and actions within the world. By following the same procedure, two scientists can be certain
that they are giving compatible meaningsto their terms because the procedureitself has taken care
of selecting afinite amount of relevant observables out of the virtually infinite number of possible
variables that may be extracted from an observed process. The procedure has also canalized the
results of the observations into a finite number of (usually quantifiable) outcomes. In this way
tools modulate the meaning of the terms used by scientists and, therefore, they have communi-
cational value. This communicational capability can reach extreme refinement as in the obvious
example of mathematical models. These models constitute both atool for exploring, deducing and
arriving at conclusions and, at the same time, the communicational channel through which these
activities are made public. Thisis not generally the case with computer simulations: they require
additional effort in order to render them communicable, therefore their results may not be initially
“objective” in the same pragmatic sense that a mathematical proof is.

Although, for certain uses, tools can be considered transparent, not all the relations to tech-
nology are necessarily of this sort. This caveat applies especially to complex uses of technology
in science. Consider the different modes of engaging in skillful activity which are revealed in the
transition from the use of a magnifying glass to a microscope to a telescope to a spatial probe,
(Ihde, 1979, pp. 29 - 33). Consider in each case whether it is possible for the tool to become
embodied in aloop of action and perception. Clearly the magnifying glass presents little problem.
One easily becomes accustomed to its use and is able to find the appropriate spatial relations to
obtain the desired perceptua effect. The optic microscope is a bit more complex, but thereis a
sense in which, after some training, one can position the sample and adjust the focus without con-
cerning oneself too much with these tasks. An electron microscope isamore complex. In the old
ones, the result of the observation was a photographic plate so that the experience of a continuous
flow of action and perception became interrupted. In modern ones, however, the scientist is able
to manipulate the image in real time and the “feel” is very similar to that of an optic microscope.
Similar comments could be made for the uses of small optical telescopes, bigger ones and, say,

"Tools can also be associated with more theoretical activities, for instance when a physicist linearizes a dynamical
system around a fixed point to determine its stability or, in @ much more obvious way, when we use equipment for
writing, see (Heidegger, 1962, p. H358, 409).
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radio-telescopes. And in the extreme case of a spatial probe (or a particle accelerator or experi-
mental nuclear reactor) the tool has become so thematized that its use requires the collaborative
and specialized efforts of many scientistsand technicians, and agreat deal of those efforts are con-
cerned with the actual workings of the tool rather than directly with the ultimate experiment. All
these specialized tasks, however, may indeed fall individually into the format of embodied skillful
activity.

This last example suggests that, in general, the schema “means/ends’ is a rather simplified
one, as one is constantly engaged in some sort of mediated activity and there is no clear-cut dis-
tinction (unlessitisarbitrarily drawn) between an end and a state or condition for further mediated
activity. Thus, an examination of blood samples may be done in order to prove the presence of
a contaminating agent within the context of an autopsy. The set of constraints that allow one to
forget about the tool being used, is not just “loca” in the sense that it is only concerned with
a specific instrument or technique, but it is affected by a web of norms in which the immediate
activity is embedded. This can be said both of simple tools which directly become embodied in
the scientist (a magnifying glass or even a pen) and of much more complex tools like particle
accelerators. Inthelatter case, the framework of normativity does not only surround the use of the
tool but it also acquires a complex and sometimes rigid “internal” structure in the form of rules
and procedures which must be strictly followed. So, in generd, it can be said that all legitimate
uses of toolsfollow norms and that these norms are bound to become more explicit as soon as the
tool becomes more complex and its use requires greater care.

It is a particular framework of normativity that defines whether a practice can be considered
scientific; aframework which isnot disassociated with the subject matter of the discipline. And it
is the degree of integration into this framework that provides a criterion for deciding whether such
activity can be called scientific (within the corresponding discipline). Thisiswhy finding bacteria
in a meteorite sample which has been carefully treated to avoid contamination is considered a
legitimate scientific result while the same finding in a sample which was kept in the kitchen or was
used as atoy by adog, isnot. Scientists have been using thisa criterion in an implicit form for a
long time.

Although a scientific discipline can be characterized as a set of activities that comply with
certain norms this does not mean that any such framework of normativity can be called science.
Thisimportant issue is deliberately avoided here since it would take too long a detour to confront
it. So it must be accepted, for practical reasons, that there may be more than one view of what core
features a scientific framework of normativity should have, a view that will depend on personal
beliefs about science. Still, there is a stronger reason for avoiding this issue and thisis basically
that it is of no fundamental relevance to the argument presented here: al that is needed is the
acceptance of the above criterion.

Given such a criterion for evaluating whether an activity may be called scientific, a particular
problem now appears when this activity involves the use of new toolsor of existing onesin novel
ways. Thereason for thisisthat the successful integration of new toolsinto an existing framework
of normativity may imply, at least in principle, an alteration to such a framework, and therefore a
modification to what is regarded as legitimate scientific practice. In many cases thisintegrationis
successful because the new tool isaccompanied by a body of theory that validatesits use (another
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example of the close relation between theoria and praxis). Thus, for instance, game theory was
successfully integrated in theoretical studies of evolutionary biology not because there are justifi-
able ways of saying that organisms take rational decisions, but because there is an implicit theory,
already accepted before the introduction of the new tool, that states that optimization will result
from a process of natural selection (Maynard-Smith, 1982). Such a successful introduction of a
new tool can lead, asthis example has shown, to the opening of a new ground of research that was
previously unavailable partly because the prior web of constraints made it difficult to explore. It
may also lead to a careful conceptual re-examination. But, of course, its use will at the same time
introduce new constraints, the most trivial of which will be the implicit acceptance of the theory
that validated the introduction of the tool. So, in the case of game theory applied to the study of
evolution one will not expect to use it to question the assumptionsthat gave it validation.

It may also happen that if the new activity is validated with a theory of use which was arrived
at utilizing other tools or techniques with their own theories of use, then the new activity may
partly “inherit” those validating theories in its own validation. The importance of this possibility
will become clear later in the discussion of previous attemptsto integrate computer simulationsin
biology.

Before proceeding, the following clarifications should be made. First, not all the normativity
accompanying the use of a tool can be spelled out in the form of a concrete theory, although
probably part of it can. In fact, the validation of a new tool by means of theory of use is only
one possibility among many. Other tools may be validated in different ways or directly accepted
as legitimate once enough people have been convinced they are so. Second, the separation of the
theory of use of atool and the area of inquiry in which the tool is used is an ideal objective, not
necessarily attained in all cases and certainly not always when tools are introduced for the first
time: “Before he could construct his equipment and make measurements with it, Coulomb had
to employ electrical theory to determine how this equipment should be built. The consequence
of his measurements was a refinement in that theory”, (Kuhn, 1970, pp. 33-34). It should not be
surprising then that novel toolswill be used before enough is known about them to say how their
use integrates into existing scientific practice and that that knowledge may indeed come from the
results obtained by using these tools.

4.2.3 Thought experiments

As emphasized above, a tool is not necessarily a physical “thing”. It is possible to talk about
procedures, techniques, etc., as tools because they share common features with more obvious
examples of tools. Particular attention will be paid here to what can loosely be called conceptual
tools. These are tools for dealing with conceptual structures, though they may be applied for
“practical” purposes. Thus, mathematics can be used for formulating and working with complex
conceptual relationshipsand logic may be used for studying theinternal consistency of atheory.
One particular conceptual tool of interest in the present context are thought experiments. Work
using computer simulations has often been compared with “prosthetic” thought experimental ex-
cursions into questionstoo complex to deal with using naked cognitive capabilities. Such excur-
sions could indeed catalyze an avalanche of materia for philosophical activity (Dennett, 1995).
Although formul ated with the aim of addressing mainly philosophical issues, thisis an interesting
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point of view which can find similar applicability in a scientific domain and therefore deserves
further exploration.

Thought experiments are difficult to define and classify, although their role in the history of
science is undeniable. There are many views on the nature of thought experiments; here followsa
brief description of an account by Kuhn which seems the most appropriate in the present context.

Kuhn (1977b, p. 241) poses the following questions about thought experiments. First, to what
conditionsof verisimilitude must athought experiment be subject? Second, given that a successful
thought experiment involvesthe use of prior information which isnot itself being questioned how,
then, “can athought experiment lead to new knowledge”? Finally, “what sort of knowledge can be
so produced”’? Kuhn says that these questions have a set of rather straightforward answers which
are important but “not quite right”. These answers suggest that all the understanding that can be
gained from thought experiments will be understanding about the researcher’s conceptual appa-
ratus; for example, in eliminating previous confusions or showing inconsistencieswithin atheory.
If thisisthe use that one makes of thought experiments the only requirement of verisimilitudethat
must be fulfilled is that “the imagined situation must be one to which the scientist can apply his
conceptsin theway he has normally employed them before”, (Kuhn, 1977b, p. 242).

Kuhn describes awell known thought experiment in which Galileo showsthe Aristotelian con-
cept of speed (something similar to the present day idea of average speed) to be paradoxical. An
immediate interpretation of thisthought experiment can be given along the lines mentioned above.
However, by carefully analysing how the Aristotelian concept of speed was used by Aristotleand
hisfollowers, Kuhn findsthat it “ displayed no intrinsic confusion” (Kuhn, 1977b, p. 261). Contra-
dictions arise when the scientist triesto apply this concept to previously unassimilated experience,
as it happened to the “corrected” Galilean concept of speed itself when it was later confronted
with situations where its application showed inappropriate (such as the additivity of velocities of
electromagnetic waves). In this way, Kuhn argues, the thought experiment is indirectly saying
something about nature and has a historical role similar to empirical observation. But how is
this possible, when it was assumed that no new empirical information was “fed” into the thought
experiment? Kuhn answers: “If the two can have such similar roles, that must be because, on
occasions, thought experiments give the scientist access to information which is simultaneously
at hand and yet somehow inaccessible to him”, (Kuhn, 1977b, p. 261). Scientists decide to pay
attention to “problems defined by the conceptual and instrumental techniques aready at hand”
(Kuhn, 1977b, p. 262). Therefore, some facts, although known, are pushed to the periphery of
scientific investigation, either because they are thought not to be relevant, or because their study
would demand unavailable techniques. A thought experiment will, on occasions, bring the rele-
vance of these facts into focus, and therefore catalyse a reconceptualization which may involve
an undramatic re-organization of relationships between existing concepts, or indeed a scientific
revolution.

424 Simulations astools

In order to assess the possibility or relating computer simulations to thought experiments it is
convenient to explore the nature of simulationsin more detail.
Rasmussen and Barrett (1995) have given a general description of what constitutes a simu-



Clhlaptlerl 4. vVIetiogologitdl 15sUcs 111 tle use O1 101 Tal 1TT04dcels allu COmMputer siifivlatloris - 0o

lation. A simulation is an iterated mapping performed on a set of objects {S;}, each of them
characterized by an internal state, a local time coordinate, a dynamical mapping that specifies
state transitions, and a set of relations to other objects. This globa mapping is performed by an
update functional U applied over the entire set. For simplicity Rasmussen and Barrett assume the
following form:

{(Si(t+1)} =U({Si(t)}), i=1...n.

However, this expression implies that all objects are updated synchronously (notice the common
time parameter) and the set of abjects remains invariant (notice the common index). A more
general form that allows for asynchronous and constructible objects would be:

{Sj}(t+1):U({Si}t)7 i=1.n j=1...m,

where the update of the whole set does not necessarily imply that all the objects are actualized on
the same “time step” and the number of objects need not remain constant (m is not necessarily
equal to n, although a direct one-to-one mapping exists between the indexes i and j with the
exception of objectsthat disappear and objectsthat are created).

If the definition stopped here, it would seem that there is no difference between simulations
and other kinds of formal systems, and it would be very hard to explain how a computer simulation
can give riseto emergent patterns. Rasmussen and Barrett very rightly point to the relevance of the
inspection methods which are applied to the data generated by a simulation, a point also made by
Baas (1994) and Crutchfield (1994a). An observation function Obs may permit the distinction of
higher level properties of the basic objects, (for instance, in a spatial model of interacting objects,
an observer may conclude that they aggregate into more or less well-defined clusters or flocking
patterns), and these properties may indeed point to higher level structures with their own range
of phenomena, (e.g. the flocks themselves, which may show complex patterns of movement and
interaction with other flocks). These new structurescould, inturn, be subject to further observation
(Obs?) leading recursively to a potential hierarchy of levels.

While it is clear that the iterated mapping is a formal, analytical process, the observation
functions need not be so (for instance, it may be computationally undecidable whether a particular
object at a given time belongsto one flock or another if both flocks are approaching and beginning
to fuse®). It isthe observer who discovers the relationswhich are interesting and is able to express
them in a language that may be different from the terms used in the actual construction of the
simulation. Thus, the observer isentitled to make statementslike “flockstravel around obstaclesin
such and such away” and use these statements to derive conclusions about the subject of interest.
Such statements, however, cannot be validated by a careful inspection of how the model is built
and instantiated since nothing resembling a “flock” will be found in it. It isin this sensethat, in
the current context, statementslike the above are said to refer to emergent properties of the model.

8To give amore formal example also cited in (Baas, 1994) and (Rasmussen & Barrett, 1995), consider the iterated
map z(t + 1) = z2(t) + ¢ with z and ¢ complex numbers. It can be shown that the location in the complex plane of the
boundary of the set of initial pointszg which do not result in a divergence of the map for large values of t, the so-called
Julia set, is non-computable for most values of ¢ when computation is defined over the real numbers. It cannot be
formally decided whether a given point of the plane is a member of the Julia set, although it is possible to make a
decision by direct observation. Rasmussen and Barrett (1995) conclude that a system may be simulatable and present
non-computable emergent properties.
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In view of thethemes discussed in chapter 3, a case of interest occurswhen objectsat acertain
level of description incorporate ways of responding to constraints imposed by the higher level
structures/properties they give rise to as, for instance, motorists who try to avoid heavy traffic
routes following a radio report. Such a case has sometimes been termed downward causation
(Rasmussen & Barrett, 1995) or intrinsic emergence (Crutchfield, 1994a).

Thisissue runs parallel with problemsthat suggeststhat thereisroom for other interpretations
of the term “emergence’. For instance, the problem of how could the “observational capabilities’
of basic constituted objects be themsel ves constructed during the running of a simulation (Cariani,
1991; Pattee, 1996). These issues are fascinating but beyond the scope of this chapter and would
deserve a separate treatment.

It is the possibility offered by computer simulationsfor allowing the exploration of emergent
properties of amodel that makes them simultaneously novel, interesting to use and difficult to inte-
grate into traditional scientific frameworks because of the lack of other tools of theoretical inquiry
sharing this property. Even in physics, where there is a strong tradition of computer modelling in
the form of cellular automata, lattice gases, etc. which originated in the pioneering numerical ex-
periments by Fermi, Pasta and Ulam (1965), emergent structuresand propertiesare only limitedly
exploited. Models that allow for abject construction, creation of structures, intrinsic emergence,
etc., are not so common partly because “there are no physical principles that define and dictate
how to measure natural structure”, (Crutchfield, 1994a, p. 18). It is not surprising, in contrast,
that “... physics does have the tools for detecting and measuring complete order [...] and ideal
randomness’, (Crutchfield, 19944, p. 18).

If one wants to move into the domain of biology, the questions of innovation or interactions
between dynamical structures at different levels become essential. Take for example the problems
of how new biological structures may appear (Fontana et al., 1994; Fontana & Buss, 1996), or
the interaction between emergent dynamical structures and more common processes involving
differential reproduction (Boerlijst & Hogeweg, 1991b, and chapters 6 and 7). Or studies where
systems must obey non-holonomic constraints (especially non-limiting ones), as is the general
condition for adaptation in living organismsto be conserved®.

In cases like these, there are strong reasons to suspect that traditional mathematical tools are
insufficient aswell as computer simulationwhich are directly based on them. Thisisan important
fact to be taken into consideration at the time of examining other proposalsfor the use of computer
simulations, particularly in biology.

4.2.5 Integrating smulationsin biology

A fairly straightforward way of integrating computer simulations within biological research has
been recently suggested by Kitano et al. (1997). They propose a cycle of research very much

9A non-holonomic constraint is a relation between the coordinates of a system and its environment which does
not follow an integrable law. A non-limiting constraint is a special case in which the relation is not even given be-
tween higher order derivatives of the coordinates. For example, a disc rolling in a plane surfaceis constrained non-
holonomically by arelation between angular and translational vel ocity but not between angular coordinate and position.
A particle moving “freely” within abox is constrained by its walls but it is not limited in the movement it can perform
between collisions. This a non-limiting case. See for instance (Goldstein, 1980). In order to evaluate the importance
that these constraints may have for adaptive behavior consider the all-or-nothing nature of adaptation as described in
section 2.4.
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like the one used in other sciences, with the addition of a virtual phase in order to generate pre-
dictions and explore the soundness of a hypothesis. In this cycle, hypotheses are generated from
the observation of natural phenomena, and they are built into simulationswhich may point to new
observables which, in turn, can be used to design new experiments and discard or support the
initial hypotheses. Indeed, there is not much difference between this scheme and a traditional use
of forma models and, at first glance, there is no reason why there should be. The only differ-
ence would be that in this case the modelling phase implies the use of a simulation. The authors
argue that simulations, instead of purely mathematical models, will be needed to test theoretical
soundness given the inherent complexity of biological phenomenain which systems are expected
to be constituted by alarge number of interacting elements which are difficult to describein global
terms.

There are two problemswith thisapproach. First, it isassumed that thereisamethodol ogically
clear way of trandating hypothesesinto a simulation. Much of the methodological problemsin
the use of simulation arise because of confusions regarding what should guide implementational
choices and how to interpret results. These issues are not dispelled in this approach but remain
problematic. A second and more specific objectionis that this scheme relies heavily on the avail-
ability of empirical datain order to derive hypotheses and to contrast the result of the simulation.
Thiswill surely be the case in a number of cases, likewell studied problemsin morphogenesisfor
instance. Inevitably, though, the chances of success will be reduced when the empirical evidence
is scarcer as happens to be the case in many issues of interest, such as the origin of life, the evo-
lution of communication, etc. It's difficult to see how any methodological “cycle’ could ever be
completed in such cases.

A different approach has been proposed by Miller (1995). He suggests that a good starting
point for a simulation that aims at addressing a scientific issuein theoretical biology can be found
in existing formal models. Theideaisto replicate the resultsof aforma model in aminimal sim-
ulation. Once thisstep is achieved, some of the assumptions of the formal model can be gradually
relaxed and the consequences explored. Here, there is an implicit reliance on the assumption that
a computer simulation will constitute a more powerful medium with which to explore the subject
than the original formal model, which is usualy the case, and that an observer will be able to
understand what goes on in the simulation as compared to the expectations of the formal model,
which is not necessarily the case, but since assumptions are relaxed systematically, it is possible
formulate very strong guesses. This proposal is not incompatible with the approach advanced by
Kitano et al., they are in fact complementary. Whereas Kitano et al. try to integrate simulations
into an existing background of other scientific activities, Miller triesto relate them to existing tools
with an already defined role within that background.

Miller's proposal can be criticized for being perhaps too conservative for a general method-
ological solution to the integration problem. No doubt, this method of integrating computer sim-
ulations with an existing body of theoretical research can prove to be very fruitful in specific
cases'?. But, from the viewpoint of theinstrumental analysis presented above, to rely on existing
formal models, themselves tools with a valid range of applicability, and expand such a range by
relaxing some assumptions of these models does not preclude the (partial) systematic inheritance

10geefor instance (Bullock, 1997).
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of conceptual constraints and theory of use of the original tools.

In this way, to return to an example given before, if a game-theoretic model is applied to a
problem in evolution one is assuming the implicit theory of use of this tool as valid for the prob-
lem in question, namely that evolution unfolds by a mechanism of natural selection of individual
phenotypic traits directly mapped from their inheritable genotypes which leads to a process of
(constrained) optimization. One does not question the implicit theory of use of atoal if it is be-
ing used qua tool because if one does, the very use of the tool losesits scientific validation. If it
happens that the potential domain of applicability of a new tool has an important intersection with
theimplicit theory of use of another tool, then it seems that one would be unnecessarily restricting
the use of the new toal if one requires, as part of a general methodology, for it to partialy adopt
the theory of use of the latter. Such inheritance is what should be expected if the methodology
prescribes specifically that simulations should emulate and extend existing formal models. The
simulation and the initial formal model will be genealogically related which, in away, will limit
the potential of the simulations perhaps unnecessarily. Following the above example, sincealarge
number of forma modelsin theoretical biology make use of game-theoretic techniques, it would
seem unwise to directly derive simulations from them in order to study questionslike “Is natural
selection the only factor in evolution?’,“ How relevant is development for evolution?” or “Do the
dynamics of emergent group structures influence evolution in unexpected ways?’, etc.

It seems that building simulations based on existing models in theoretical biology will work
successfully in those particular cases in which there is little overlap between the object of inves-
tigation of the simulation and the basic framework of validation of those models. In the general
case, this approach cannot be used as a methodological recipe for integration. Moreover, it was
already seen that many of the potential areas of application of computer simulations are those
that escape traditional methods in present day biology. These methods must assume simplifying
conditions about phenomena in these areas (such as “ genotypes map directly into phenotypes’).
Fontana and his colleagues have repeatedly pointed out that biology |acks good theories of object
construction and biological organization precisely because of the lack of appropriate techniques
to approach these issues, (Fontana et al., 1994; Fontana & Buss, 1996). Such techniques are per-
haps within the potential capability of computer simulations. Consequently, it can be said that an
important degree of intersection between areas of applicability of this new tool and the theory of
use of the old onesisnot at al unthinkable for many cases of interest.

Thispoint isreinforced if one intendsto use formal models comparatively following the prag-
matic approach described in section 4.1. Although a similar philosophy can be found in Miller’s
suggestion of comparing simulations with the models on which they are based by relaxing as-
sumptions, itisclear that the advantages gained in the ease of comparison could be overshadowed
by the amount of assumptions which will be hard to identify and relax because of being implicit
and deeply buried in theinitia construction of theformal model. Thereisa better chance of bring-
ing those assumptionsto light by comparing two very distinct models which bear no geneal ogical
relation, (although, clearly, the resulting task could be more difficult).

At therisk of overemphasizing the point, it must said that there is nothing wrong with Miller’s
proposal in itself as a guidance for people with specific projects for which it makes sense. Its
problem is that it does not constitute a methodological solution to the general case, and thisis
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Figure 4.1: Direct explanation.

because the issue of building a model for use in asimulation is side-stepped by it. If one follows
Miller systematically, the user of acomputer simulationwill be passing the job of building models
and formulating theories exclusively to theoretical biologists. The use of simulation will become
just a collection of interesting techniques with little say in the generation of novel understanding.
In more genera terms, thisisthe same warning expressed by Fontana, Wagner and Buss (1994, p.
224); they remark that “to inform biology means not simply imitating it, but understandingit” and
that the presumption must be avoided “that all the needed concepts [are] available to be imported
from the other disciplines’.

4.2.6 Exploring, experimenting, explaining

Supposing that oneisin a case in which amathematical formulation is not practicable and thereis
not a vast amount of empirical evidence to use as aguidance in the construction and interpretation
of amodel, how should one proceed?

Thereisno general answer to this question. However, since a defense was offered of the view
that an appropriate framework for addressing this type of questionsisin terms of tools and their
use, the following paragraphs describe a possible way of using simulations as tools in such an
integrated manner. This description isno prescription. In particular, not much is said about how a
simulation should be built, or whenisit adequatefor thejob. Rather, some landmarksinitsuse are
being pointed to which ultimately will help in assuring that the simulation plays a scientific role
without undermining its potential. Nor is there anything particularly new about this description.
This sort of methodology has been applied successfully in many instances (Boerlijst & Hogeweg,
1991b; Fontana & Buss, 1996; Hemelrijk, 1997, 1998, and others; see also chapters 6, 7 and 9).

The first preconception that must be changed is the idea that all that is required from a com-
puter model is the choice of a plausible mechanism and the replication of a certain pattern in order
to claim that an explanation of asimilar natural pattern has been achieved. Thisviewpointis based
on the premise that successful replication implies understanding of how the pattern arises in the
simulation (figure 4.1). It does not dwayswork like that. Only in certain cases will the researcher
be concerned with just the basic mechanisms of the model, most of which will be when one wants
to present a proof of concept of thetype: “it is commonly thought that M is needed to generate P,
but hereisamodel inwhich M’, which is simpler (more plausible, nicer, etc.) than M, reproduces
something that lookslike P”.
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Figure 4.2: Indirect explanation.

Whileclearly an important use of computer models, proofs of concept are just part of what can
be donewith asimulation. In many casesitisnot directly obvioushow the patterns of interest arise
or which aspectsof the model are involved and which are inconsequential. Nobody dictatesthat an
explanation must be uniquely constituted by the entitiesalready present at the microscopic level of
the model itself. Simulations must be explored, decisions have to be made about choosing relevant
observables and these may |ead to the discovery of emergent patterns, some of which may not have
been suspected initially. Some of these observations can be explained in terms of the basic model
but othersmay have to be explainedin terms of higher order structuresand patterns. Consequently,
different observations have to be related through an explanatory organization which can be more
complex than that shown infigure 4.1 but more like the one depicted infigure 4.2. Thisexplanatory
organization (which explains what is observed within the simulation) must then be related to the
corresponding theoretical terms which describe anal ogous phenomena in the natural world.

It is possibleto distinguishthree different phasesfor achieving this:

1. Exploratory phase: Run different cases of interest, define observables, explore patterns,
re-define observables or model if necessary.

2. Experimental phase: Formulate hypothesesthat organize observations. Run crucia experi-
ments to test these hypotheses. Explain what goes on in the simulation in these terms.

3. Explanatory phase: Relate the organization of observations to the theories about natural
phenomena and the hypotheses that motivated the construction of the model in the first
place.

Thefirst two phases concern the simulationitself. Here the practitioner isdealing with her own
created universe. The observations organized by the second phase prevent random fact-gathering
and provide a theoretical perspective proper to the simulation that can be meaningfully compared
with existing theories or hypotheses about natural phenomena (third phase). This comparison
implies a backward “ metaphorical step”. The first use of metaphors is found when the model is
built. Entitiesin the model represent theoretical entities metaphorically or analogically. However,
nothing guaranteesthat this same set of metaphors will be sufficient when one wantsto project the
observations made after running of the simulation back into existing theoretical entities about the
natural world. Thismay beatrivial step if the observed patterns, or relationship between patterns,
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have a corresponding counterpart in the existing theory. But it is possibleto come across rel ation-
ships between observationsthat do not translate into existing theoretical terms. Thisisatricky but
interesting situation, because lack of translation may mean that the model is not modelling what
it is supposed to or that the model is pointing to a genuinely new phenomenon, which perhaps
deserves a new name. The organizing theory of what it observed in the simulation can provide a
new perspective for looking at the analogous theory of natural phenomena. Equally, the existing
theory about natural phenomena may prompt a re-consideration of the theory of what is observed
in the simulation, prompting the researcher to explore where the crucial differences lie and make
apossibly useful conclusion about them?*.

By using the rel ationships between patternsin the simulation in order to explore the relation-
ships between the theoretical terms that correspond to those patterns via metaphor, simulations
are integrated as a sort of thought experimental machinery. By means of computer aided thought
experiments, some theoretical terms may be shown to hold different relationshipsthan previously
thought. Thisisan unusual kind of thought experiment, though, given that oneisnot dealing with
theory in a direct manner, but with computer simulationswhich must be observed and understood
and then translated back into theoretical terms. An additional difference lies in the fact that it
may indeed be possibleto make a stronger case than with a*“naked” thought experiment since the
simulation a so provides evidence that could not be arrived at by thinking alone.

As with traditional thought experiments, the information “fed” into the computer model may
not be controversial but, in the end, the researcher may be forced to focus on facts/processes that
were at the periphery of her conceptua structure and place them in a different relationship with
other theoretical terms.

4.3 Summary

A pragmatic approach to the use of forma models in theoretical inquiry has been proposed in
this chapter. This approach suggests that instead of looking for a good replication of natural
phenomena, a formal model should be used in comparison with other similar models in order to
expose the relevance of their differences and help in this way to understand the theoretical roles
played by the corresponding factors.

A researcher practicing this method is less concerned with looking for the best or most com-
plete model than with looking for models with enough potential to yield different results. Parsi-
mony between the compared models can facilitate the understanding of how the small differences
can affect the overall result but, for the same reason, they are bound to explore only asmall subset
of the possible implicit factors. In contrast, comparison between models with little geneal ogical
connection is bound to reveal much more information but this information should be expected to
be more difficult to obtain.

Inthelight of this, the use of mathematical modelsin comparison with computer simulationsis
particularly interesting. Simulationsmay be able toinstantiate modelswhich areradically different
from mathematical ones, especially due to the relative ease of construction and lack of constraints
which are needed to make the mathematical approach tractable. But this appreciation introduces

11gsee (Hesse, 1980) for a description of the use of metaphors in science and particularly of the two-way conceptual
dynamicswhich is generated when two domains are related metaphorically.



Clhaptlerl 4. vVIietiogologitdl 15sUcs 11 tie use O1 101 Tal 1T1odcels allu COMmputer siimulatloris - 7o

the question of how exactly should those computer models be built and used.

The question has been more carefully framed from the perspective of how new tools can be
integrated into an existing network of practices. Thisrequired abrief description of the role played
by tools and techniquesin shaping scientific activity and how new toolscan be adopted if their use
is practically advantageous and validated in some form; for instance, by an acceptable theory of
how the new tool works.

A description has then been offered of a way for computer simulations to be integrated into
the rest of scientific activity following a pattern similar to that of a thought experiment. However,
the activity demanded by the use of the tool in itself in order to reach this point also implies
other methods usually associated with “experimental” tools: observing patternsin a simulation,
postulating and testing rel ationships between them, etc., plus an additional step of metaphorical
tranglationinto existing theoretical terms, that may not be atrivial inversion of theinitial metaphors
that gave shape to the model.

In terms of the activities required under this scheme, computer simulations do have an ex-
perimental flavour, which is manifested in the commonly adopted phrase *“ computer experiment”.
Indeed, this phrase is not inappropriate since much of what of the required work involves un-
derstanding the simulationin itself, something for which observationsand experiments are needed
sincethe simulationwill in general be too complex for achieving adirect understanding in terms of
its micro-structure. Yet integration into the rest scientific practice is done from a more theoretical
side, i.e. asaconceptual tool.

The scheme proposed describes the phases that take place after the simulation has been built.
A scientist that intends to follow this scheme should have all these phasesin mind from the start,
although obviously not in detail. Since it is the last phase where the integration into the rest
of scientific activity is actualized, this last phase will constrain the decisions taken in the other
phases even back to the modelling phase. It isthis last phase that, in addition to the set of initial
theoretical questions, provides the norm that implementational issues, statistics collected, choice
of vocabulary, etc. must satisfy. Since many details will become known only after al the phases
have been completed, it will not be uncommon for many iterative “sweeps’ to be required before
some form of “convergence” is achieved.

This scheme is not intended to become a generalized methodology. Many interesting cases
could be addressed, perhaps more simply, following the proposals by Kitano et al. or by Miller.
A general methodology cannot be prescribed. Instead, a background which is deemed appropriate
for addressing the methodological problem has been proposed. A consensua methodology will
emerge if there are serious efforts to fully integrate computer simulation into existing scientific
practice. A possible way of doing thishas been discussed (and concrete exampleswill follow), yet
the actual choice will be done by a community of researchersin their contributions.

Such a convergence will depend on how well people understand each other. One of the prob-
lems that comes with the use of simulationsis the relative obscurity of underlying projects, meth-
ods and conclusions. It is not usually obvious what the model is supposed to represent, why can
it not be made simpler or more detailed, what motivated the implementational choices and how
hard isit for someone else to replicate the results. Much progress towards a consensual method-
ology will be achieved by improving the communicability of computational models. Computer
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simulations are at a disadvantage in this issue compared with mathematical models. Anyone with
a certain degree of mathematical literacy can follow the assumptionsand results of a mathematical
model and spot those things that make sense and those that do not. Thisis not the general case
with computer simulations, even when computer code is shared (not an universal practice, by the
way). In thissense, al the proposals discussed in this chapter aim at improving communicability
in one way or another, simply because integration constrains both the projects and the methods
used so as to make computer models more understandabl e to other scientists.

The actual practical value of the methodological proposals made in this chapter will be tested
in the rest of the thesis. As mentioned before, the comparative approach to formal modelling will
be used in chapters 5, 6 and 7. Also, chapters 6, 7, 8 and 9 are intended to demonstrate how
explanations can be built based upon the careful study of different patterns and their interrelations
(asin figure 4.2) and not simply as proof that the basic building blocks are responsible for the
generation of these global patterns (asin figure 4.1).



Chapter 5

A game of action coordination: mathematical models

Up to this point some important topics have been presented and discussed. These topics belong to
what can be considered a promising theoretical and methodol ogical perspective for addressing the
issues of interest in this thesis. From the present chapter up to chapter 9 a series of models will
be advanced in order to explore some of the themes that arose in the previous exposition in more
concrete manifestations as well as other more specific i ssues.

Aswas commented in chapter 4, it is not the concern of thisthesisto make accurate models of
natural phenomenaand then test these model s against actual measurements. Rather, the motivation
behind the use of formal modelsliesin their utilization as toolsfor exploring conceptual relations
and gaining insight into complex phenomena.

This series of models will start in this chapter with a study of some dynamical issuesin the
evolution of social behavior. Of particular interest will be the presentation of an evolutionary
scenario approachable by the use of different formal models so that knowledge can be gained
by performing systematic comparisons between them. The study will be motivated in questions
regarding the evolutionary and ecological dynamics of social coordination in situationsin which
the interest of the participants may be said to be in conflict. As mentioned in the Introduction,
the systemic view on social behavior presented in chapter 2 remains silent about functional issues
like the conditions for cooperative behavior to evolve in the case of conflict of interest. Given the
relevance of thistopicin current evolutionary biology, it cannot be ignored by thisthesis.

In order to facilitate the construction of the models it will be necessary to sacrifice quite a
lot of the behavioral complexity involved in the concept of coordination between autonomous
entities. The basic scenario will be limited to a smple and evolutionary fixed action-response
game. Such games, frequently used in theoretical evolutionary biology (Hurd, 1995; Bullock,
1997, and others), are quite simple to formulate although, as will be seen later, the resulting
behavior may be far from trivial. A treatment of more behaviorally justifiable models of social
coordination will be delayed until chapter 9.

The basic action-response game is described in the following section. The next sectionswill
present some key concepts of evolutionary game-theory and use them to analyse the proposed evo-
lutionary scenario. The chapter will then proceed by relaxing some of the assumptions of the basic
game-theoretic treatment in order to include an investigation of the evolutionary dynamics both in
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the cases of infinite and finite populations. The influence of ecological and genetic constraintswill
also be addressed. Finally, a continuous model will be presented in which the evolving population
of agents is spatially distributed and interactions occur within a finite locality surrounding each
agent. The existence of spatial instabilitiesleading to pattern formation will be demonstrated and
some of the questions arising from abandoning a continuous population variable in favour of a
discrete one will be explored.

All the models presented in this chapter are mathematical in nature. They involve the formu-
lation of a set of equationswhich specify the evolution of global variables of the system together
with a set of constraintsin the form of additional rules. Some results are shown analytically while
others are obtained by solving the equationsnumerically . An effort was made to explain in detail
the formulation of the models and the mathematical concepts utilized in analysing them where
it was considered necessary. This has been complemented in some cases with references to ap-
propriate sources where the reader may find extended treatment of the methods involved. The
significance of main results have been highlighted in the text so that they can be understood even
if theformal stepsare not followed in al their detail.

The answer to some of the questions posed in this chapter will have to wait until the following
one where a similar evolutionary scenario is investigated, this time directly in the form of an
individual-based computer simulation. The relevance of many of the issues presented in chapter 3
will become evident in the next chapter. The models presented here will be of great importance for
understanding what goes on in the individual-based computer model. Consequently, both chapters
should be read as a single study.

5.1 Thegame

The evolutionary dynamics of simple action-response games [see for instance (Hurd, 1995)] can
be investigated by comparing different formal approaches more or less systematically. The inves-
tigation will be restricted to cases in which the game presents a conflict of interest between the
participants (Trivers, 1974) since these cases are considered to cover the more general ground and
do not assume aready established conditionsof cooperative behaviora coordination which would
probably require additional explanation.

Formally, the game consists of a simple tournament between two players, after which the
outcome of the game is computed and each player receives acertain payoff but, in order to keepin
mind the sort of situationsthat the game isintended to model, it is helpful to describe thisgamein
metaphorical terms within the background of an ecological situation in which two organisms try
to extract energy from a single shareable food source.

The inspiration is drawn from a simple scenario in which an adequate chain of interactions
between players may coordinate ensuing behaviors cooperatively in a situation of conflict of in-
terest. Suppose that an animal has found a piece of food and has to decide whether to advertise
its position or to hide it from another, nearby con-specific. The first individual will try to access
the piece of food, which requires an appropriate action such as digging the ground or climbing a
tree. Such actions will be accompanied by different manifestations such as noises, movements,

1In al cases numerical integration was done using either a second order Runge-Kutta method or an Euler method
(Press, Teukolsky, Vetterling, & Flannery, 1992).
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etc. which may be perceivable by other individuals and influence their behavior. The actions of
the players are said to be coordinated cooperatively when the outcome of the interaction is the
joint exploitation of the food source.

Suppose that the first individual is able to “choose” whether or not to fake these external
manifestations so that he can access the food source and at the same time try to divert the other
individual towardsanother activity. The spectator organism, in contrast, isableto “interpret” what
it perceives and “choose” an action accordingly. Of course, by alowing for this type of freedom
a rather smplistic abstraction is made of both physical constraints and those imposed by bodily
dispositions. The noises and movements associated with climbing a tree cannot be “produced’
when one is digging the ground nor can an aggressive gesture be derived from an indifferent
body activity. Consequently, a study of games like this one can reveal nothing about issues like
signal ritualization or character exaggeration. The relevance of these sort of physical and bodily
constraints will be explored in more detail in chapter 9.

By following the above metaphor, arealistic payoff structure for the game can be worked ouit.
Itisclear that an action whose manifestation ensues the approach of another individual will result
in the first participant receiving a lesser payoff (say, in units of energy) since the food will have
to be shared. Another reasonable suppositionis that energy extraction from a food source can be
said to be generally more efficient if more than one individual participates so that, if the energy
contained in the resource is E, then each participant receives E /2 as aresult of coordination. If,
on the contrary, their actions are not coordinated, the second player gets no payoff (because the
first player has succeeded in distracting his attention from the food source) and the first one getsa
proportion ¢ of E which is greater than half but less than 100%. The rest of the energy remainsin
the food source. The parameter ¢ serves as away of tuning the strength of the conflict.

For the time being, it will be assumed in these models that evolution proceeds mainly be
differentia reproduction®. Now, if cooperation, or the lack of it, depended totally on either one
of the participants in an individual fashion, the preferred outcome of the game would be clear
and uninteresting: thefirst participant would choose not to cooperate and the second to cooperate,
[thisiswhat is meant by a conflict of interest in these circumstances (Trivers, 1974)]. However,
cooperation is not an individual behavior, it is arelation between the behaviors of more than one
individual and their consequences. All anindividual can doiseither initiatean action or respond to
an action initiated by another. In this sense, whether a particular action or response is cooperative
or not is a contextual fact, and depends on the pool of different actions present in the population
of playersat that time.

Notice also that this game has a defined time-structure (which is why it is possible to talk
about an action being “initiated” or “responded” to) and that the differences between roles (both
in available actions and payoffs) makes this game asymmetric in this respect, (Maynard-Smith &
Parker, 1976; Maynard-Smith, 1982).

Given this situation, the question of interest is how a population of players of this game, who
can play either one of the two roles on different occasions and who can have different behavioral

2|t was mentioned in section 3.2.3 that the natural drift perspective on evolution allowed different dynamics depend-
ing on the form of coupling between agents and environment. For instance evolution driven by differential reproduction
is characteristic of organisms that share a niche. As the modelsin this and the following chapters get richer, it will
become clear what other forms evolutionary dynamics may take.
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strategies, will evolve.

5.2 Game-theoretic analysis

Introduced as an analytical tool for studying evolutionary problems where the fithess of an in-
dividua trait is frequency dependent (Maynard-Smith & Price, 1973), game-theory has proven
to be a remarkably flexible and practical technique in evolutionary biology. It has been applied
to problems such as the evolution of parental investment, sex ratios, parent-offspring conflict,
prey-predator strategies, animal signaling, mimicry, etc., (Maynard-Smith, 1982). Inspired by
the mathematical theory of games advanced by Von Neumann and Morgenstern in the mid-forties
(Von Neumann & Morgenstern, 1944), evolutionary game theory trandates the assumption of a
rational economic agent, who decides which is the best strategy to play, into the world of popu-
lations of organisms evolving under natural selection and their characters and behaviors. 1t could
be argued that thisis a domain where the rationality assumption is generally more justifiable than
in economic decision making where players, due to different factors, do not necessarily behave
rationally. Such validation is given by assuming the existence of a unique force that drives the
evolution of individual strategies towards a situation where each individual will behave optimally:
natural selection.

However, as will be seen later, game-theory also has its limitations which, from the method-
ological perspective of thisthesis, is not a reason to abandon its use but something to take advan-
tage of in order to highlight the role played by different assumptionsin the case under study.

Successful game-theoretic analyses often rely upon a set of far from innocent assumptions,
for instance, about the space of possible strategies that may be adopted by an individual, the
relative accessibility of those strategies (in evolutionary or developmental terms) and the relation
of the corresponding behavior to the fitness of organism. The importance of some of these issues
has previoudy been addressed in the literature. For instance, regarding the appropriate choice of
strategies Maynard-Smith (1982, p. 6) comments that the predictions of a game-theoretic model
by Brockmann, Grafen and Dawkins (1979) on the competition between female digger wasps
were incorrect because the available strategies were initially interpreted incorrectly. The question
of accessibility, and particularly the influence of developmenta constraints (Gould & Lewontin,
1979) is similarly treated by Maynard-Smith (1982, p. 5) as highlighting the need for a careful
definition of the space of available strategies. However, this can only be donein those cases where
development as a process unfolding in time with its own internal logic and external influences
can be successfully decoupled from the evolutionary process®. The very possibility of such an
approximation is still an issue very much under discussion. As to other types of constraints, such
as those arising from genetic mechanisms, these are usually recognized and subsequently ignored
by claiming that a game-theoretic approach takes the “ phenotypic gambit”, i.e. the assumption
that those constraints are not relevant, [see Grafen (1991) for a full discussion and section 5.3
below].

The question of the relation of the payoffs given by a particular strategy to the Darwinian
fitness of the individualsusing it is also a subtle one. Most game-theoretic models deal in terms
of payoffs assigned to the players after the game. These payoffs, which are often interpreted as

3Thisissue will be addressedin chapter 7.
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energy, resources, territory, mating opportunities, etc., are directly tranglated into fitness points. In
general such atranglation obeys the simple rule of “the-more-the-better”, which implicitly relies
on a symmetric situation where “all other things are equal” such as the frequencies with which
an individual engagesin games, the relevance of the payoff received to the individual’s historical,
developmental, social and ecological situation, etc.

The relative importance of some of these limitationswill be explored by presenting a series of
game-theoretic models with different levels of granularity and comparing the results obtained in
each case. Other issues, as already mentioned, will be explored in subsequent chapters.

521 Strategies

The range of possibleindividual behaviorsis divided into a discrete set of pure strategies which
specify the actions performed by a player corresponding to each role. Suppose that the available
types of food sources can be separated into two categories, those that require an action “A” and
those that require “B”. Suppose aso that performance of action “A” can be accompanied by one
of two possible perceivable manifestations o and 6 and performance of “B” can be accompanied
either by B or v. In order to define the strategy of a player in the first role it is enough to specify
which manifestation accompanies each action. Theanalysisissimplified, without losing too much
generality in the final results, by aso requiring that, in a same individual, manifestation o for
action “A” occurs in concordance with manifestation 3 for action “B” and correspondingly for &
and y. By thinking of external manifestations as signalsit is possible to say that o-emitters will

also be B-emitters and 3-emitters will also be y-emitters.

In order to define the strategy for the second role it is necessary to specify how a player
responds to the different perceivable manifestations of the actions of the first player. In keeping
with the above simplification some players will perform actions “A” or “B” when perceiving o. or
B and anon-relevant action in other cases and otherswill perform “A” or “B” when detecting & or
y. The combination of the strategies for the first and second roles results in four possible overall
strategies or types of player. Tables 5.1 and 5.2 show the behavior of these four types. Table 5.1
liststhe external manifestation or signal corresponding to the actions“A” and “B” according to the
type of agent. Thistable determines which signal accompanies the action of the agent playing the
first role. The signal is“interpreted” by the second player according to table 5.2, where “-” means
anon-relevant action.

Action | Typel | Type2 | Type3 | Typed
A o ) ) o

B B Y Y B

Table 5.1: External manifestationsassociated with actions“A” and “B” performed by each type of
player when playing thefirst role.

Coordinated behavior occurs when both players end up performing the same action (“A” or
“B”) which must correspond to the action required by the food source. In other cases behavior is
not coordinated. By examining tables 5.1 and 5.2 it is possible to work out the cooperative rela-
tionships between the four strategies. These are shown in figure 5.1 where each arrow represents
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Signal | Typel | Type2 | Type3 | Typed
o A A - -
B B B - -
) - - A A
Y - - B B

Table 5.2: Action (“A”, “B”) performed by each type of player when playing the second role,
depending on the perceived external manifestation (“Signa”); “-” means a non-relevant action.

Cr T2

T4 T3

9,

Figure 5.1: Cooperative relationships between the four types of player.

a game that culminates in coordination when the strategy at the origin of the arrow is played in
the first role and the strategy at the end is played in the second. A cyclical relation between strate-
gies becomes apparent. This relation is similar to the (symmetric) Rock-Scissors-Paper game
(Maynard-Smith, 1982)*. Notice also that players of types 1 and 3 are able to coordinate actions
with players of their own type. These will be called * coordinating” or cooperative types.

From the payoff assignment scheme described above (section 5.1) and assuming E = 1 the
payoff matrices for the first and second role (M1 and M2) are:

1/2 12 ¢ ¢ 1/2 0 0 1/2
wio| ¢ ¢ v2u2 o |12 0 0 172
c ¢ 1/2 1/2 0 1/2 1/2 0
1/2 12 ¢ ¢ 0 1/2 1/2 0

where (M1);; isthe payoff obtained by a player of typei when playing thefirst role against type j
and (M2);; isthe payoff obtained by a player of type i when playing the second role against type
j.

Players can play either one of thetwo roleson different occasions. If the frequency with which
aplayer playsoneroleor the other does not depend on therole or on the strategy played, then this
asymmetric game can be transformed into aformally equivalent symmetric one with the following
payoff matrix:

4An exampleof an asymmetric (role-dependent) cyclic caseis given by Dawkins (1976) for the “battle of the sexes”
conflict of parental investment. A dynamical study of this example has shown the presence of oscillation in the space
of strategies, (Schuster & Sigmund, 1981).



Cliaptel o. A dallic O aClOrl COOrdiriatlorl. ItiatricitiatlCal IMoucels ol

1 1/2 c  ct+1/2
1|c+1/2 c 1/2 1
T2 c c+1/2 1 1/2

1/2 1  c+1/2 ¢

where (M);j = (M1+4 M2);;/2 is the average payoff obtained by a player of typei over alarge
number of games against players of type j.

5.2.2 Infinite population: static analysis

One of the key theoretical toolsin evolutionary game-theory is the concept of an Evolutionarily
Stable Strategy or ESS (Maynard-Smith & Price, 1973; Maynard-Smith, 1982, ch. 2). A trait or
behavioral strategy whose fitness depends on the distribution within a population of other traits or
behavioral strategies is said to be an ESS if in the case that it is adopted by the mgjority of the
population it will not be invaded by descendants of individualswho bear a different trait or use a
different strategy. This resistance to invasion is a consequence of the fact that, by definition, the
fitness of any trait or strategy other than the ESS is always |ower than that of the ESS or at most
equal toit. And, in the latter case, the aternative strategy will eventually be invaded by the ESS.
This definition can be formalized in the following manner.

Let p = (p1, P2, P3, Pa) be a vector describing the proportion of players of types 1, 2, 3, and
4 in a polymorphic population which is considered infinite®. The sum of the components of p is
always equal to one, which means that p belongsto thesimplex S.

pE S: {X: (X17X2,X3,X4) € R4 . ZXJ = 17X| Z 07VI}
j

AN ESS, if it exists, is given by a distribution p* when:
p*-Mp*>q-Mp*, Vq#p’ (5.1)
and
p*-Mg>q-Mq if p*-Mp*=q-Mp", (5.2)

where M is the payoff matrix and x- My is the average payoff of a sub-population described by
distribution x within a population that plays with a distribution y. The above conditions can be
interpreted as saying that, if p* isan ESS, in a population described by distribution p* a small
group described by a different distribution g will have at most an equal average payoff when
playing against the rest of the population and in that extreme case the rest of the population will
do better when playing against playersin the small group than these players against themsel ves.

5A polymorphic population is a population in which more than one pure strategy can be present. Under certain
circumstances results obtained for a polymorphic distribution p are equivalent to a case with mixed strategies where
each player plays strategy i with probability p;, however this is not generally the case, see (Maynard-Smith, 1982,
Appendix D). The casesstudied here are restricted only to pure strategies.
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One way of finding an ESS involves looking for the extreme points of the function F(x) =
X- Mx subject to the constraint that G(x) = Y x; — 1 = 0, and then verify that the solutions obtained
fulfill the ESS conditions. Using the method of Lagrange multipliers®, the extremes points can be
found by solving simultaneously the system:

VE(x) = AVG(X), (5.3
G(x) =0. (5.9

A solution set for this systemis given by:
1 1 1
= = - — ——a)p0<a< =1,
P {pa (a72 a7a72 a)’ o—a— 2}
The average payoff for adistribution of strategiesgiven by p, is:

1
Pa-Mpa = E(C‘|‘ 1), (5.5

which meansthat all strategiesin P are neutral because the average payoff does not depend on the
parameter a. Therefore, none of them can be an ESS since conditions (5.1) and (5.2) cannot hold
between strategies characterized by different values of a. Consequently, the game does not possess
an ESS. However, thisinformation does not reveal much about how an evolutionary system like
this should be expected to behave. This questionis addressed in the following section.

5.2.3 Infinite population: dynamical analysis

By definition the ESS conceptisa staticone. It refersto asituation of stable equilibrium. However,
the same kind of game theoretic analysis that leads to the notion of ESS has been successfully
applied to model evolutionary dynamics by simply “assuming the hypothesisthat the growth rate
of those playing each strategy is proportional to the advantage of that strategy”, (Zeeman, 1979,
p. 471). Dynamic approaches to evolutionary game theory were first presented by Taylor and
Jonker (1978) and further developed by Zeeman (1979, 1981) and others (Hofbauer, Schuster, &
Sigmund, 1979; Schuster & Sigmund, 1981) and, in general, the resulting dynamical equationsare
similar in form to those studied in macromolecular evolution, (Eigen & Schuster, 1979; Schuster,
Sigmund, & Wolff, 1978, and others).

Therate of growth of the proportion of individualsplayingaparticular strategy i isproportional
to the current number of i-players and to the relative advantage of those players with respect to
average fitness of the whole population. This can be denoted in the following way:

%zpi(a-Mp—p-Mp), vi (5.6)
where g is the vector whose components are all 0 except the ith which is 1. The first term in
the parenthesis indicates the average payoff for strategy i when playing against a distribution of
strategies p and the second term, as before, is the average payoff for the whole population.

Zeeman (1979) puts the ESS concept in perspective by studying its relation to the attractors
of the dynamics. He presents proof that an ESS is a fixed point attractor although a fixed point

6Most introductory texts on multivariate calculus discuss this method, see for instance (Finney & Thomas, 1990;
Marsden & Tromba, 1996).
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Figure 5.2: Representation of a vector of four components of fixed sum as an internal point of a
tetrahedron (right) as an extension of the triangle diagram for representation of three variables of
fixed sum (left).

attractor is not necessarily an ESS. If there is an ESS in the interior of S (denoted by 0S) thisis
an unique attractor and its basin of attraction isthe whole of S However, there may be non-ESS
atractorsin S [they do not satisfy conditions(5.1) and (5.2)] which are also uniquein S but do not
drain the whole of S and co-exist with other attractorsin thefrontier of S. A population situated in
such internal attractor will remain stable against invasions in the long run. According to Zeeman
this is “where the notion of ESS fails’” since it cannot account for the possibility that the stable
population may be initially invaded by mutants (i.e. mutant strategies having initially a positive
net fitness advantage over the rest of the population) but after an increase in the mutant population
this advantage islost and the stable situationis restored. In the particular game presented here no
ESS was found but since this does not mean that there may not be other attractorsit is necessary
to proceed with the dynamical anaysis.

First, the fixed points of the dynamics are found by equating the time derivatives in (5.6)
to zero. The solutions found in S are (1,0,0,0), (0,1,0,0), (0,0,1,0), (0,0,0,1) and again the set
P={pa=1(a1/2—aa1/2—a); 0< a< 1/2} described previously. Thefirst four are saddle
points(i.e. certain trajectories move toward them and others move away from them) and the points
in P are point-wisefixed so that movement along P is neutral.

So what kind of dynamics is to be expected in this game? Equations (5.6) are solved nu-
mericaly. In order to represent the trajectories of the four population variablesin a single plot
a tetrahedron diagram is used (figure 5.2). Thisis an extension to four variables of the triangle
diagrams for representing relative compositions in systems of three variables. Each component
of p=(p1, P2, P3, Pa) isrepresented as the height from the face of the tetrahedron opposing the
vertex label with the same number. The sum of al heightsis aways equal to 1 which makes it
possibleto represent the four variables at the same time in a 3-dimensional space thanksto the fact
that their sum is also always 1. Each vertex indicates a coordinate where the corresponding type
constitutes the whole population.

The resolution of equations 5.6 is shown in figure 5.3. As expected from the relationship
between strategies (see figure 5.1), thereis an oscillatory attractor in which each strategy becomes
successively dominant for a period of time, [figures 5.3 (a) and (b); the reader should notice how
in the long term dynamics the trajectory passes near each vertex of the tetrahedron.

The lack of strong stable points does not mean that all fixed points are necessarily unstable.
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Figure 5.3: Traectories in strategy space for the action-response game under equations (5.6).
Initial conditions, (a): po = (0.27,0.23,0.24,0.26), (b): po = (0.81,0.09,0.01,0.09).

In fact, by moving the initial conditions continuously along the set P it is found that some points
in P are weakly stable, i.e. they are neutral with respect to trandationsto neighboring pointsin
P, but stable to other perturbations. This can be proved by performing a linear stability analysis’.
The three eigenvalues? for the linearized equations (5.6) are calculated around a general point pa
in P. One of the eigenvalues, as expected, is always zero (indicating neutral displacement within
the neighbouring pointsin P) and the others are given by:

1 1
4 4

Figure 5.4 showsthat the real part of the eigenvalues, Re(L12), isnegativefor 1/4 < a< 1/2.
In this region there is a higher proportions of strategies T2 and T4 than T1 and T3. Pointsin this
region are expected to behave as weakly stable and correspondingly points in the region given
by 0 < a < 1/4 to behave as unstable. This is shown by adding a perturbation term to (5.6) in
the form of a small random fluctuation (white noise with range 0.01). The results can be seenin
figures 5.5 (a) and (b). In the latter theinitial condition is on the weakly stable subset of P and so
the movement is confined only to nearby points. In contrast, theinitial condition for figure 5.5 (a)

1
M2 =ac+ c—aiz\/l6c2a2—8c2a—|- 1-2c+c?

is on the unstable subset of P and quickly gets attracted towardsthe oscillatory dynamics until, by
chance, it entersinto the weakly stable region and remains there.

What all this means is that, even though there is not stable point in the infinite population
dynamics, thereisaregion of the strategy space where the populationismost expected to be found
after some time. Thisis the quasi-stable region where strategies 2 and 4 are equally abundant and

"This is one way of analysing the stability of fixed points. It consists of making a linear approximation for the
nonlinear dynamics in the vicinity of the fixed point and evaluating whether small perturbations tend to move awvay
from the fixed point or to return to it. Thisis achieved by calculating the eigenvaluesfor the temporal dynamicsand
examining the sign of its real part. If it is greater than zero it means the perturbation has a tendency to increase the
distance away from the fixed point in the corresponding direction. Thefixed point is therefore classified as unstable. If
it is negative the perturbation will tend to decrease and to restore the equilibrium which is then classified as stable. For
an introduction and examination of the possible conditions and other methods see (Haken, 1978; Murray, 1989) and
others.

80nly 3 of the 4 equations (5.6) are independent, since 3; pi = 1.
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Figure 5.4: Real parts of non-zero eigenvalues (vertical axes) for pointsin point-wisefixed set P
as afunction of parameter a for two values of c. Each plot showstwo eigenval ues as a function of
a. One eigenvaue is always greater than the other except in the linear region in the middle where
they are equal. Both have negativereal part for 1/4< a< 1/2.

are present in a larger proportion than strategies 1 and 3. The symmetrically opposed region is
unstable. In other words, the quasi-stableregion is that of non-coordination.

In conclusion, two different kinds of behaviors can be expected in the dynamical infinite
model, either oscillationsin the case without noise or quasi-stability of non-coordinating strategies
when noiseis added.

5.2.4 Finite population: dynamical analysis
At present it is accepted that the infinite population limit in Darwinian selection can be a strong
simplification whose consegquences are not merely quantitative. With the use of mainly statistical
and stochastic techniques the role of finite populations in evolution has been highlighted as a
limiting factor for allele substitution under natural selection (Kimura, 1995) as well as an order
production factor even in the total absence of selection (Derrida & Peliti, 1991). And from the
point of view of evolutionary dynamicsfinite popul ationshave been shown to induce metastability,
i.e. epochs of stasis punctuated by rapid changesin global fitness, (van Nimwegen, Crutchfield, &
Mitchell, 1997a, 1997b).

In the case of evolutionary game theory, however, the main effect of considering finite popu-
lationsis given by the fact that different players “perceive” different distribution of strategies. In
the ESS conditions(5.1) and (5.2) aswell asin the replicator dynamics given by (5.6) the quantity
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Figure5.5: Trajectoriesfor the perturbed dynamics. Initial conditions, (8): po=(0.3,0.2,0.3,0.2),
unstable region of P, (b): po = (0.2,0.3,0.2,0.3), stable region of P.

pi playsthe dual role of density of individuals playing strategy i on the one hand and probability
of one player randomly selecting another player of strategy i on the other. For these magnitudesto
be equal the population must be infinite so that the fact that a player cannot play against itself has
no effect. Other factors introduced by finite populations, such as random fluctuations in the way
players choose their partners can be safely ignored in deterministic models under the assumption
that players play alarge number of games whose fitness effect is cumulative.

As a consequence, it is found that, under generalized equilibrium conditions, strategies that
were ESS for the infinite popul ation case may not be so for finite populations, (Riley, 1979; Vick-
ery, 1987; Schaffer, 1988). Much of the discussion concerning thisissue has been focused on the
general stability of mixed strategies (Vickery, 1987; Maynard-Smith, 1988; Vickery, 1988) but, as
will be seen in the present case, for a polymorphism of pure strategies the consequences can also
be important.

The effects of finite population will only be explored for the dynamical analysis presented
above. First, equations (5.6), which are formulated for an infinite population, should be modified.
The change is straightforward after noticing that in (5.6) the first term in the parenthesis (e; - M p)
represents the average fitness W, for playing strategy i, and the second term (p- Mp) represents
the average payoff (W) for the existing distribution of strategies. In the finite population case the
population is characterized by the number of players P for each strategy. The total number of
players N can be assumed as a constant given, for instance, by ecological factors[see sections5.3
and 5.5]. In apurely random situation the probability for a player of strategy i of finding a player
of adifferent strategy j will be given by P;/(N — 1) and the probability of finding a partner playing
the same strategy will be given by (P —1)/(N — 1). Then the average fitness for playing strategy
i will be:

1
W = m(;Miij — Mii) (5.7)
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Figure 5.6: Trajectory for perturbed finite population dynamics with N = 100. Initial condition,
P>, (a) continuous evolution, (b) quasi-discrete evolution, (see text).

and the average fitness for the whole popul ation will be given by:
— 1
W:NZWM (5.8)
k

And so (5.6) are transformed into:
dR
5 =
Asin the case of equations (5.6), it is easy to see that the sum over i of al the derivativesis
null and therefore Y; B is constant, as required.
A search ismade for relevant fixed pointsin (5.9) (i.e. thosethat fulfil the condition };; B = N)
finding the following:

R(W—-W), Vi (5.9)

P! =(N,0,0,0) P®*=(0,0,N,0) P°=(N/2,0,N/2,0)
P2=(0,N,0,0) P*=(0,0,0,N) P°=(0,N/2,0,N/2)

By performing a linear stability analysis P® is found to be the only stable attractor. There is
already an interesting difference with the infinite case. Instead of a set of point-wise fixed points
only the two extremes of that set (P° and P®) remain fixed. Figure 5.6 (&) shows the numerical
resolution for N = 100 and initial condition P® where a small random term has been added to
test stability. In this tetrahedron diagram P;/N is plotted as the density of i-strategists in the
population®. The trajectory isdrawn towards P®.

Although equations (5.9) are treated as continuous over the P;, these in fact represent discrete
quantities (whose minimum variation is 1 individual) and therefore linear stability may not guar-
antee that a fixed point will be stable against discrete perturbations. In order to test if thisis so
it is helpful to perform a discrete perturbation analysis on the above fixed points consisting of
the addition of one individual to one of the sub-populations and a compensating subtraction from
another in all possible combinations. Examining the time derivativesit can be determined whether

9To simplify the notation, the vertices of the tetrahedron are label just with the corresponding vector P'.
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thereisatendency to return to the fixed point or move away fromit. In al casesthe linear stability
diagnosis has been confirmed, although in some, for instance P8, it was necessary to follow the
dynamics for many steps using a “quasi-discrete” approach to the numerical resolution of equa-
tions (5.9). Thisisdone in the following manner: instead of approaching variationsin P; in the
integration method as

dR
AP ~ — LAt
T odt

the following approximation is used:

AP ~ INT(%At)

where INT (-) means “integer part of”, and the remainder is accumulated for the next integration
step. Quasi-discrete resolution can introduce important differences in the overall dynamics, (see
discussion in section 5.5.4 below), as can be observed in figure 5.6 (b) which shows a tragjectory
for a quasi-discrete resolution starting from the same initial condition asfigure 5.6 (a).

5.3 Ecological coupling

In the simplified ecological setting assumed so far the distribution of strategiesin a population has
no effect in the payoff structure of the game. However, more detailed ecological considerations
would reguire an account of how differently constituted populations exploit the available finite
resources. Going back to the original metaphor that inspired the game it is easy to realize that, if
the energy containedin food sourcesis renewed more or lessindependently of their use by players,
then the average energy level E(t) in any given food source will depend on the exploitation by an
average player, i.e. on the population constitution. Until now E(t) has been considered constant
and equal to 1.

The expression of payoffs in energetic and fitness terms was taken as equivalent in the pre-
vious models. However, an explicit treatment of the environmental energy as an extra variable
permits the expression of the evolutionary dynamics purely in energetic terms and lets the effects
of relative fitness between different sub-populationsbe a consequence of the “ environmental cou-
pling”. This means that the optimization assumption which is explicit in equations (5.6) and (5.9)
can berelaxed. 1t can be noticed in these equationsthat the time derivatives are proportional to the
difference between the fitness of a given strategy and the average fitness of the population. Such
an assumption is meant to provide a competitive coupling between individualsin order for natural
selection to act. Instead of this, the time derivatives are now made proportional to the net energy
gained by a given sub-population, which will be given by the difference between the incoming
energy dueto payoffs obtained from playing the game and the outcoming energy due to fixed self-
maintenance costs. In the end, in the case where environmental coupling involves a single energy
variable accessible to all players, optimization will be recovered as a result of the dynamics. This
ishardly surprising sinceit isa classic case of competition for shared resources. However, as will
become clear later, this need not be so if resources are distributed and accessibility is not global.

Suppose that players can access a number Fq of food sources, each with an average energy of
E/Fq. E isrenewed at arate R per unit of time with a saturation time constant given by ye. The
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Figure5.7: Trajectory for ecological model with added perturbation. (Range of added white noise:
0.1 per time step, 3 x 10° time steps).

coupled equations describing the dynamics of the different populationsand environmental energy
can be then be written as:

% = BR(BWE — Lo)
dE N (5.10)

with W and W as defined above [(5.7) and (5.8)], now interpreted as the average proportion of
energy E taken in by a player of strategy i per game and the population average of the same
proportion for all strategies respectively. 3 is a constant, added mainly for dimensional reasons,
which specifiesthe number of games played by oneindividual per unit of time (B = 1 isassumed).
Lo is the individual energy cost per unit of time due to self-maintenance and B specifies how
many individuals are born per unit of energy gained. For simplicity, players do not accumulate
energy individually but instead all the energy obtained by a sub-population is transformed into
new individuals of the same population. The same constant B is also used to specify how many
individuals die when energy islost at the sub-population level. All the energy used by the players
is discounted in the last term on the right-hand side of the energy equation, where the total energy
intake is calculated by multiplying the number of players (N) by the average energy intake per
player (BWE/Fq).

Figure 5.7 shows a trajectory for the numerical solution of (5.10) where, as before, small
random perturbations were added, (R = 0.05, ye = 0.01, c = 0.6, B=0.01, Lo = 0.25, Fo =
10%). Without the perturbations the system evolves towards the cyclic attractor described before.
However, this attractor is unstable and the system ends up in the same stable fixed point attractor
as the previous model.

The total number of players N isno longer a constant, but it is aresult of the ecological inter-
play between the average payoff (i.e. population constitution) and the energy variable. Otherwise,
the ecological level of description does not introduce important differences at this stage.

5.4 Genetic constraints

Another issue that remains unexplored is the influence of genetic constraints. Aswith most game-
theoretic cases this analysis has made the so-called “ phenotypic gambit” (Grafen, 1991), that is,
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the calculations proceeded as if al strategies were freely realizable in any given population and
their growth depended only on their payoff. It is clear, though, that if behavioral strategies, as
other phenotypic traits, somehow depend on genetic constitution, then their realization may be
constrained by factors other than the strategy payoff. In the most obvious example, the best strat-
egy could be realized by a heterozygote in a diploid system. Thiswould mean that a proportion of
the non-optimal strategies realized by the corresponding homozygotes would exist at equilibrium
while in the purely game-theoretic analysisthey would disappear, (Grafen, 1991).

The purpose of this section, however, is not to describe a complex scenario, such asadiploid
genetic system realizing the four strategies, in order to study the effects of genetic constraints
sincethereisno evidence of how such a genetic system would be constituted. Instead, the simpler
guestion of how atrivial haploid system in the presence of mutationswould affect the evolutionary
dynamics will be addressed. The main reason for investigating this question is because such a
scheme will be included in the computer model described in the next chapter.

Players have two sets of choices, one set for each role, with two possibilitiesin each set. These
choices are assumed to be controlled genetically by two independent loci in a haploid genotype
each one with two possible alleles. The first locus specifies which set of signals the player uses
when acting on thefirst role (seetable 5.1) and the corresponding allelesare denoted by Al and al.
The second locus specifies how the player interprets perceived signals when acting on the second
role (seetable 5.2), the corresponding allelesbeing A2 and a2. Table 5.3 showseach strategy with
its corresponding genotype.

‘ Strategy ‘ Genotype

1 Al1A2
2 Ala2
3 al a2
4 al A2

Table 5.3: Haploid genotype for each of the four strategies.

The addition of a point mutation operation to the dynamics establishes an additional metric
over the strategy space. If the chances of a mutation are independent and the same for each locus
amutant will be more likely to end up playing one of the strategies “ nearest” to the parental one,
a change requiring just one mutation, than a strategy requiring a change of two alleles. If the
probability of a mutation occurringisp, (U< 1), then the chances of two mutation eventsleading
to a“non-neighbor” mutant strategy is given, in this model, by p?.

Thismechanism isincorporated into the equati ons describing the ecological dynamics. Before
modifying equations(5.10) it isimportant to notice that it only makes sense for mutationsto occur
if a sub-population is increasing in number, i.e. if its derivative is positive. Consequently, the
following distinctionis made:

BR(BWE — Lo), if BME —Lo >0
Q=

0 otherwise
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Figure 5.8: Trajectory for ecological model with genetic constraintsand added perturbation. Same
initial conditions as in figure 5.7. (Range of added white noise: 0.1 per time step, 3 x 10° time

steps).

BR(BWE —Lo), if pBME—-Lo< O
Mi =
0 otherwise

and so equations (5.10) can be re-written to include mutation:

dP

G = QU+ Mi+ X Qju;

i N 17 (5.11)
—— =R—YE-pW—E

dt YeE =P Fo

where |;; is the rate of mutation of newborn individuals of kind i to a different kind j and p; =
X i

Figure 5.8 (a) shows the trajectory for the numerical resolution of (5.11) for a mutation rate
of p= 0.01 per loci per unit of time. The initial conditions are the same as in the case shown
in figure 5.7 and so is the added random perturbation. Asin that case, the system ends up in the
same fixed point attractor where the whole population is constituted by strategies 2 and 4 in equal
proportions. However, itis clear that the existence of genetic constraints makesit more difficult to
abandon the cyclic attractor than in the case with no mutation. Figure 5.8 (b) shows the case for
a higher mutation rate (1 = 0.05). Here it can be observed that, for the same range of noise, the
system does not abandon the cyclic attractor at al.

5.5 Continuous spatial model with finite locality

So far the investigation has proceeded under the assumption that the population of players presents
no structure with regard to the chances of two individuals playing against each other 2. All play-
ers are equally accessible and this permits the mean-field approximation needed to formulate the

100, aswill be shown later, the chances of playing onerole instead of the other.
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above models. This situation would change if players were distributed in space and were only
allowed to choose their partners locally. The probability of two individuals playing against each
other would then be modelled as a decreasing function of the distance between the two.

Spatial models have become a hot topic in biology in recent years, partly because of the non-
intuitive resultsthey yield and partly due to the possibility of implementing them relatively easily
in computer simulations. Many issues come to the front when dealing with a spatially distributed
population. Oneis the obviousfact that interactions become correlated with locality and this may
provide conditions which, for instance, favour self-reciprocating strategies against parasitic ones
by forming accumulations where the chances of meeting a “cheater” are very small (Axelrod,
1984; Krakauer & Pagel, 1995). Alternatively, local interactions may increase the chances of
playing with relatives, if reproduction is also a local process, thus favouring a process of kin
selection (Hamilton, 1964; Hines & Maynard-Smith, 1979; Michod, 1982; Ackley & Littman,
1994, and see a so section 6.5).

Other spatial effects may depend on the local density of players. These may be related to
the ecological effects discussed in the previous section. For instance, the actual payoffs of the
game may vary with the local density of players™ and/or local density of resources. Also, other
density-dependent effects, not directly related to the game itself, may affect the absolutelocal rates
of population growth or other factors like mobility. For instance, Cressman and Vickers (1997)
compare two spatial games that reduce to a same non-spatial case when interactions are global.
One of them assumes an additional fithess component which depends on the variable density of
players and the other does not. The results are qualitatively different proving the point that spatial
extensionsto non-spatial games are far from unique.

A different factor that may influence the outcome of a spatial game is the formation of spatio-
temporal patternswhich impose certain regularity on the interactions between players. One of the
most interesting recent examples is the case of models giving rise to spiral dynamical patternsin
molecular evolution (Boerlijst & Hogeweg, 19913, 1991b, 1995a, 1995b, and others) and similarly
in host-parasitoid systems (Boerlijst, Lamers, & Hogeweg, 1993; Rohani & Miramontes, 1995;
Comins & Hassell, 1996; Savill, Rohani, & Hogeweg, 1997, and others). The interesting situation
found in these cases is that spatio-tempora patterns may present regularities of their own which
endave the dynamics at the micro level. For instance, Boerlijst and Hogeweg (1991a, 1991b)
speak of competition between spiral waves that result in the exclusion of parasites which would
take on the population if the dynamics were not spatial. In their model, rotating spiral waves are
an emerging feature of the lower level dynamics. Their speed of rotation isrelated to the “fithess”
of the constituting species. However, certain spirals of lower fitness rotate faster than other higher
fitness spiralsresulting in more rapid growth for their constituting species, even though this species
would actually be lessfit in a non-spatial model 2.

In general, a deterministic approach to spatial games involves some sort of reaction-diffusion
or similar model!® able to account for the effects of density dependence and pattern formation

11The stahility of such density-dependent ESS (DDESS) has been analysed by Cressman (1990).

12/ amodel of the same system but based on partial differential equations instead of cellular automata, Cronhjort
and Blomberg (1994) did not find the same stability against parasites. Thisis an interesting result because it points
to the recurring theme of continuous versus discrete models. The relevance of this distinction will become evident in
chapter 6; see especialy section 6.6.

135ee (Murray, 1989) for an introduction to the use of reaction-diffusion equationsin biology.
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as well as the effects of local interactions mentioned above. Such models may be formulated by
simply adding a diffusion term to the basic dynamics given by equations (5.6) in order to account
for gpatial changes in densities, [see for instance (Vickers, 1989)] or they may be more complex
(Cressman & Vickers, 1997; Durrett & Levin, 1994a). Typical reaction-diffusion equations are
generally intended to model local interaction between infinitesimal components and they ignore
long range effects. Thisis appropriate for contact processes such a chemical reactions but in the
present case it would mean that the range of interactions of playerswould be very small (just the
nearest neighbor). An usual answer to thissituationisto “abandon the continuum of spatial scales
.. infavour of a subdivisioninto patches’ (Durrett & Levin, 19944, p. 364). These patches may
or may not have additional spatial structure. Durrett and Levin (1994a) present very interesting
comparisons between spatial and non-spatial, patchy and continuousmodels. Unfortunately, mod-
els involving patches of population are difficult to explore deterministically which is the aim in
the present section. So an alternative should be found in the form of a spatial model with finite
locality as discussed below.

The remainder of section 5.5 will present the continuous spatial model in detail together with
proof of its capability for the formation of spatia patterns, numerical explorations and a study
of the effect of density thresholds. Some passages in this section are a bit more mathematically
oriented than the preceding sections of thischapter. An effort was made to provide the readers not
familiar with the techniques used in this section with enough guidance to facilitate understanding
of how the analysis proceeds. However, given that a point by point understanding of this analysis
is not fundamental for assessing the relevance of thismodel in the context of the rest of the thesis,
the resultswill be summarized in section 5.5.5, in order to highlight the main points. If the reader
so wishes, the summary may be read directly and the rest of the section ignored without much
loss.

55.1 The modd

The model isintended to be described using continuous variables but at the same time there isan
interest in taking into account the possibility of long range effects instead of just hyper-localized
interactions®. Therefore, a model with finite locality is presented. In this model players are
distributed in space in positions that do not change with time. Each player can only interact
with other individuals located within a neighborhood of finite radius L centered at the player’'s
position X. The neighborhood is denoted by Loc(x). A model like this can be seen as a middle
case between mean-field, non-spatial approaches and contact approaches where interactions occur
only at infinitesimally small scales. By varying the parameter L both ends of the spectrum can be
reproduced. Large values of L approximate global accessibility while small values approximate a
contact process.

A sub-population of players of strategy i is described by its spatial density pi(X,t) wherex is
the spatial position. At any position, the total density of playersis obtained by summing over all
the strategies: pr(x,t) = X pi(X,t). Energy resources are aso distributed continuously in space;
the amount of available energy at a given position and time is denoted as E(x,t). All players play
the first role in the game with a frequency which is proportional to the chance of finding a partner

14For an introduction to models that include long-range effects see chapter 16 of Murray (1989).
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in the neighborhood who will play the second role. Each player per unit of space“intends’ to play
the first role with a uniform frequency Fy and they make N, attempts at finding a partner. If the
probability of succeeding in locating a partner is Ps(x,t) then the frequency for playing the first
rolewill be given by:

F(xt) = Fo{1—[1— Ps(x,t)]"e}. (5.12)

where the factor in curly brackets indicates the probability of having located a partner after Nj
trials.
The probability Ps(x,t) is simply taken as proportional to the total number of players P-(x,t)
in Loc(x), the neighborhood centered at x:
PL(x,t)
Ps(X,t) = ————~— 5.13
S(Xv ) prT(U,t)dU7 ( )
where a normalization has been made by dividing by the total number of playersin the whole
space Q. The number of playersin Loc(x) is the sum of the total number for each sub-population,
P-(x,t) = ¥ P-(x,t), and each term in the sum is calcul ated as:

P-(x,t) = /LOC(X) pi(u,t)du

Following the initial metaphor (section 5.1), it is supposed that energy is extracted from the
location of thefirst role player. Asin equations(5.10), the rate of change in the number of individ-
uals of a given strategy will be proportional to the net energy accumulated by those individuals.
Thisnet energy is calculated by summing the contributionsof the energy an individual gainswhen
playing the first role and the energy it gains when playing the second role minus its individual
energy cost for self-maintenance.

The energy received by an individual of typei situated at x as a result of its participation in
games as afirst role player is given by:

L
EL(x,t) = Fl(x,t)E(x,t)ZMlijLLE?:; (5.14)
j )

where the matrix M1, defined in section 5.2.1, indicates the payoff received by afirst role player,
[M1;; is used to denote (M1);j]. The factor Pq-(x,t)/PX(x,t) represents the local average density
of players of strategy j within the neighborhood Loc(x). Given that energy is extracted from the
location of thefirst role player, EX(x,t) must be proportional to the available energy in that position
and to the frequency with which an individual playsthe first role in the game; hence the two first
factorsin (5.14). Theremaining factor issimply the average payoff that a player of strategy i will
receive given the number of players of each strategy present in the neighborhood.

The energy received by the same individual of type i due to its involvement in games as a
second role player depends on the number of contestsin which other playersin the neighborhood
have selected this individual as a partner and on the strategies played by those neighbors. The
probability that the partner found by an individual located in position u be located in position x is
simply one divided by the total number of playersin Loc(u), that is[PY(u,t)]~L. Integrating over
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al the positions u in Loc(x), the total energy received by a player of strategy i located at x for
playing the second roleis:

Eiz(x,t):/L ()Fl(u,t)[PL(u,t)]_lE(u,t)Z[pj(u,t)MZji]du (5.15)

I

The matrix M2, given in section 5.2.1, specifies the payoff obtained by a second role player.
The integrand is readily interpretable as the proportion of all games originating at u which find a
partner located at X times the average energy payoff received by that partner if it isof typei for its
participation as a second role player.
Dropping momentarily the dependence with x and t, the coupled differential equations that
define the system are given by:
% = Bpi(E!+ E? — Lo) + DV?p
9E . L (5.16)
= = R—YeE — 2F E%piMiij /P-.
A diffusive term was added to the first equation to account for mobility effects. The diffusion
coefficient D is constant and the same for all strategies. In a way similar to equations (5.10),
B gives the number of newborn players per unit of space for each unit of energy gained and Lo
indicates the energy costs per unit of time for a density value of one due to self-maintenance. R
and e represent the rate of energy renewal per time step and per unit of spatial dimension and the
energy saturation time constant respectively. The matrix M is the same payoff matrix used in the
previous sections, i.e. half the sum of M1 and M2. The coupling term on the right-hand side of
the energy equation can be interpreted as the number of games originating in position x per unit
of time (F1) multiplied by the average use of resources per game considering the contributions of
both rolestogether.
In order to reduce the number of parametersin the model, equations(5.16) are non-dimensiona-
lized by performing the following scaling operations:

t'=7vd, X' =x/L, E'=Eyw/R F*=FYR, p=pFo/te

The non-dimensional system can be written as (dropping the asterisks):

a "
a—F:' = pilA(Er+EP) — Az + D'V2py

E (5.17)

- 1 M P-/Ph
5 = 1-E-2F E;p.M.JPj/P :

where

BFR BLo , D
AN=—— A=— D=—7.
R A YeL2

The non-dimensional parameter A; gives an idea of the strength in the coupling between en-
ergy and density of players, it can be interpreted as a comparison between the energy needed to

“produce” atypical number of players per unit of space [(BFy/ve) 1] and the maximum val ue for
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Figure 5.9: Stability of homogeneous solution as a function of the non-dimensional parameters
A; and A, under homogeneous perturbations. The vertical axis showsthe real part of the growth
factor A for k = 0.

the environmental energy (R/ve). Az can be interpreted as acomparison between the characteristic
saturation times for the energy (yz1) and the density of players[(BLo)~1]. D' issimply the scaled
diffusion coefficient.

In general, in order to solve (5.16) or (5.17) it is necessary to specify an initial condition
for each variable and a set of boundary conditions. A finite one-dimensional spatial domain will
be used with two possible boundary conditionsfor al the variables: either Neumann conditions,
i.e. al flux must be zero at the boundary (which for the 1-D case studied means that all spatial
derivatives must be zero at the boundary) or the rather artificial, but useful, periodic conditions
which specify, for 1-D domains, that the values adopted by the variables a one extreme of the
domain must equal those at the other. The applicability of thislast sort of boundary condition can
be justified if the size of the domain L is much larger than the typical length of the system (L).

5.5.2 Pattern formation

It can be noticed that the system (5.16) [(5.17)] is symmetrical to transformations of the type
X — X+ & which suggeststhe existence of spatially homogeneoussolutions. However, the systemis
not symmetric to scaling transformationsof thetypex — vx dueto thefinite size of neighborhoods.
It would be interesting to explore the possibility of spatial patterns arising from the long range
coupling between strategies and energy variable. In order to do thisan analysisis performed of
the stability of a spatially homogeneous solution for different spatial scales.
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Figure 5.10: Dispersionrelation. (a): the vertical axis showsthe real part of the growth factor A.
(b): unstable combinationsof L and K,

Thismethod is described in detail by Murray (1989) in the context of proving the existence of
spatial patterns by testing the inhomogeneousinstabilitiesof spatially homogeneoussolutions, i.e.
by testing the system’s capacity for pattern formation. A finite domain of only one spatial dimen-
sion is assumed and the following steps are followed. First, it is necessary to find a homogeneous
solution for (5.16) describing the same equilibrium state for al x. Then the linear stability of this
solution is tested by adding to each variable a small in-homogeneous perturbation (the solutionis
assumed to be stable for homogeneous perturbations). In the linear limit the evolution of the per-
turbed variableswill be given by a sum of termswith the form exp(At + ikx) where A isthe growth
factor, k the wavenumber and i = +/—1. This means that the perturbed state of the system can be
described by a sum of wavelike spatial modes each with itsown growth factor. If the homogeneous
solution is stable this will be manifested with negative growth factors for all possible values of k.
However, if for certain wavenumbers Re(A) > 0 then the corresponding spatial modes will grow
indefinitely until a point where the linear analysisis no longer valid and non-linear effects may
take control. The fastest growing modes will end up originating spatia patterns.

In principle, the whole spatial domain isfinite and thisimplies that the spectrum of wavenum-
bers k will be discrete and will depend on the boundary conditions. In order to simplify the
analysis, it will be considered that the actual size of the spatial domain is much larger than the
typical size of the system, i.e. r < 1 wherer = 2L/Lp. Thiswill alow a treatment of the wave
spectrum as continuous, an often used simplification (Murray, 1989, p. 386).

As thisis a proof of existence, it suffices to address particular cases. Consequently, other
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simplifications can be made. First, the diffusion term is dropped since it is not the intention to
test for diffusion driven instabilities. The proof will be restricted to the case where the whole
population is constituted by players of strategy 2 (or, equivalently, 4). This will considerably
simplify the analysis. More general cases can be studied with similar results. Pattern formation in
the most general case will only be shown in the numerical resolution examples.

Taking into account that M2, = 0, M1, = ¢ and M, = ¢/2, the simplified system obtained

is:
% — po(AsFEC— Ay)
E (5.18)
5 =1-E- FEp.c.
And the only non-trivial homogeneous solutionis:
h_ A
- AFhe
i Ai 1 (5.19)
P2 = A, EP

where F" = [1— (1 — Ps)™e] isthe non-dimensional frequency of games given by (5.12). Ps, given
by (5.13), can be easily calculated since the distribution of players is homogeneous. In a 1-D
domain of total sizeLp, Ps=r = 2L/Lp.

The stability of solutions of the form pa(x,t) = pJ + epexp(At + ikx) and E(x,t) = EM +
eeexp(At + ikx) is now tested by replacing these expressions back into (5.18) and keeping only
those terms that are linear inep and eg.

After some calculationsthe factor F1(x,t) can be written as:

FY(x,t) = F"+epG(k)exp(At + ikx) + O(3)

with
_ INg(1—r)MNDsin(k)

G(k
(k) phk

where again it isconsidered r < 1 so that the integral over Q in the calculation of F 1(x,t) can be
approached as a constant [see (5.12) and (5.13)].
The following linear system is obtained for eg and ep:

A+ 1+ cF"phlee + [cE"F" + cE"phG(K)]ep = O

(5.20)
[—cAF"plleg + [A+ Az — AicE"F" + AjcE"pG(K)Jep = O.

The condition for non-trivial solutionsto exist is that the two equations not be independent, i.e.
the determinant of the corresponding matrix must be null. By performing this operation arelation
M(K) is obtained which tellswhat value of growth factor corresponds to each spatial mode defined
by the wavenumber k. Thisis called the dispersion relation (Murray, 1989; Haken, 1983). Using
this relation it is possible to study the temporal behavior of the different spatial modes, and in
particular if any of them isunstable, that isif Re[A(k)] > 0.

By equating the determinant of system (5.20) to zero two values for A are obtained. One of
them always has negative real part, so it can be ignored. But before analysing the other valueit is
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necessary to specify the value of some of the parameters. No exhaustive exploration of parameter
gpace will be made since the aim isto prove that spatial patterns exist for reasonable parameter
values. The following values have been used: ¢ = 0.6, N; = 2 and Lp = 100. Before specifying
A; and A, it isimportant to recall that the homogeneous solution should be stable under homoge-
neous perturbations, that is Re[A(0)] < 0. In order to see for which values of the non-dimensional
parameters this is the case, a plot is made of Re[A(0)] vs. A; and A, for values of r = 0.1 and
r = 0.02, (figure 5.9).

It is apparent that not for al values of A; and A; isthe homogeneous solution stable under an
homogeneous perturbation. In particular, it seemsthat for small values of A, the growth factor has
a positivereal part. To be on the safe side A; = 1 and A, = 0.8 have been chosen, which roughly
means that the values given by the ecological parameters and by the population parameters for
typical energies and times are of comparable magnitude. Re[A(k)] is now plotted as a function
of the neighborhood radius L and as a function of the dimensionalized wavenumber K = k/L,
(figure 5.10). In thisfigureit can be observed that certain combinations of neighborhood size and
wavenumber are clearly unstable. In figure 5.10 (b) those combinations are plotted in the (K, L)
plane (grey areas). For moderate values of L (remember that Lp = 100) there is a whole open
region of instability. AsL increases, the dynamics approach the case of the non-spatial game and
patterns cannot form and this is manifested as a cut-off of the unstable region for L = 20. For
small values of L both stable and unstable combinations are found in a complex pattern. And for
L < 1 stahility is recovered. The importance of having a parameterizable model of finite locality
can here be appreciated. The expected behavior for the two extreme cases, non-spatiality and
contact process without diffusion is recovered, but the behavior for intermediate locality sizesis
very different.

The conclusion of this analysisis that the system described by (5.16) [(5.17)] is capable of
pattern formation in the spatial domain. There is still no information about what kind of patterns
will be formed, though. As will be seen, for some parameter values, the resulting patterns are
stable accumulations (“lumps’ or “clusters’) of players surrounded by areas of zero density.

It isimportant to point out that the mechanism of pattern formation is given by the coupling
between the energy and population variables and not by diffusion mechanisms, which have been
ignored in the analysis. The main factor responsible for the existence of spatial inhomogeneities
is F1, the frequency of games which depends on the availability of partners in the finite neigh-
borhood. If the density of players istoo small, the opportunities for playing the game will be
scarce and the players will tend not to be able to compensate their self-maintenance costs. In
contrast, if the density is high, these opportunitiesare plenty and players will tend to accumulate
in those areas. Such accumulation will be limited by nonlinear factors, such as the rate of energy
exploitation.

5.5.3 Dynamics

The dynamics of the mode! are studied by with the numerical resolution®® of (5.17) in afinite one-
dimensional domain of size Lp = 200 and with neighborhood radius L = 10 spatial steps of size

15The spatial domain is regularly partitioned and all spatial derivatives are calculated using finite differences. The
update of the density values for each discrete position is performed synchronoudly once al the new values have been
calculated.
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Figure 5.11: Total (non-dimensional) number of playersfor spatial model. A; = 0.25, A, = 0.05,
D' = 10~4. (&) without random perturbation, (b) with random perturbations.

0.1. Periodic boundary conditions have been used as well as random uniform distribution for the
initial conditionsin the population densities (with range 2.0 per unit of space) and uniform initial

value of 1 for the non-dimensional energy. The non-dimensional parameters are set to'® ¢ = 0.6,
A; =0.25,A, = 0.05, D' = 10~*. Figure5.11 (a) showsthe evolution of the four sub-populationas
afunction of time. Oscillationsin number of players can be seen for each sub-population. These
oscillations compensate each other to give a constant total number of playersin the whole domain
after the initial transient. It is also apparent from this figure that two of the strategies (1 and 3)

seem to have a smaller mean number of players than the other two. This difference, however, is
not a generally observed result and it will be understood in this case once the patternsin the spatial

domain have been examined.

Figure 5.12 showsthe spatia distribution of playersat different times, starting from arandom
initial condition. Players arrange themselves into two clusters. (The use of a non-zero diffusion
term introduces little changesin the results, mainly by smoothing the shape of the clusters which
are also found if diffusion is removed.) The relative composition of these clusters changes over
time, but the behaviors are different. The composition of the cluster on the left settles, after an
initial variation, into a stable state (at about t = 5500) where the densitiesof strategies1 and 3 have
the same variation with x and so do the densities of strategies2 and 4. Integrating the densitiesover
the cluster it isfound that the cooperative strategies 1 and 3 form 43.1 % of the total population of
the cluster. The cluster to the right does not settle into a stable state. It isthis cluster that provides
the oscillatory dynamics observed at the population level in figure 5.11 (@) while the other cluster
providesthe differencein mean valuefor thetwo pairsof strategies. Thisisanice example because
it shows, at the same time, the two possible situations for a numerical resolution in the absence
of noise and because it illustrates a trivial but important property of separation between clusters:
independent evolution. However, the more frequently observed behavior is given by the cluster on
theright.

18These values were chosen for conveniencein numerical resolution and similarity to the computer model presented
in next chapter.
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Figure 5.12: Spatial patterns for numerical resolution of (5.17), ¢ = 0.6, A; = 0.25, A, = 0.05,
D' =104

It isinteresting to compare these results with the non-spatial models, where it was concluded
that there was either a weakly stable region or a stable attractor where strategies 1 and 3 would
be present in a small quantity or even disappear. Only in the absence of noise a similar cyclic
dynamicswas also establishedin those cases!’. The questionisthenwhether asimilar stabilization
to anon-cyclic stateisto be expected if noiseis added to the spatial dynamics.

In order to test if thisis so the equations are solved with the same conditions adding uniform
noise in the density variables (mean: 0O, range: 0.01 per unit of space and per unit of time). The
time evolution is shown in figure 5.11 (b), where it can be seen that oscillations dominate the
dynamics. (In this particular run there is only one cluster of players.) In the many independent
runs that were studied, stable non-cyclic solution where not observed when perturbations were

17The exception is the case of high mutation rates, as shown in figure 5.8, where the cycle becomes stable even with
the addition of noise.
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added. In conclusion, oscillations seem to be the long term mode of behavior for the continuous
gpatial model.

An interesting feature that this model allowsto study is the relative contribution to a player’'s
net energy increase for the first and second roles, a quantity that will be important in explaining
some results presented in chapter 6. For each strategy i the quantity AE; = E! — E? can be mea-
sured as a function of (x,t). The resulting form depends on the composition of the cluster and
the distribution of sub-populationswithinit. As an example, two different cases are observed in
figure 5.13 where the cluster composition (and variations in environmental energy) and the cor-
responding variation for AE; for strategy 1 have been plotted in different runs. In a case where
all strategies are present in similar quantities [(a) and (b)], AE; is always greater than zero, and
therefore players of strategy 1 receive most of their payoff from games in which they engage as
first role players. In contrast, for a cluster that is composed mainly of players of strategy 1, AE;
can assume negative values near the center of the cluster, which means that individualsin that area
are receiving most of their payoff for participating in games as second role players.

Itisclear that theintroduction of a spatial dimension establishesadifference in the frequencies
with which an individual playsthefirst and second roles. In non-spatial modelsthese were taken to
be equal and now they depend on the spatial position of aplayer relative to the rest of the cluster 18,
Additionally, the spatial variation of energy also affects the payoff a player receives depending on
which role it plays. For a population mainly constituted by a cooperative strategy such as 1, as
in figure 5.13 (c) and (d), the payoff for each player is always one half of the energy in the food
source (which is located at the same position of the first role player). According to the energy
distribution shown in the figure, in a contest between a player at the center of the cluster and one
at the periphery the first player will receive a greater absolute payoff if it plays the second role
than if it playsthe first one just because energy resources of different quality are at stake.

In conjunction, both these effects can contribute to a greater energy intake at the center of the
cluster when playing the second role than when playing the first. In other, more general cases,
thismay not be so, but it will be important to keep in mind that thisis a possible situation for the
discussion presented in next chapter for the individual-based model.

5.5.4 Effect of density thresholds, movetoward discreteness.

Additional numerical tests were performed in order to investigate the stability of initial distribu-
tionsthat favour one strategy over the others. In the most extreme case, the system was initialized
with a random spatial distribution for only one of the strategies as before (uniform with range
2.0 per unit of space) and a very small uniform distribution for the other strategies (range 0.1 per
unit of space). These distributions roughly mean an allocation within the spatial domain of about
20 individuals of one type and 1 individual for each of the remaining three types. The aim isto
observe whether some of the strategiesin small numbers will invade the population.

A series of tests were performed solving (5.16) numerically as above and using a mutation
scheme as described in section 5.3. Thisis achieved simply by adding in each resolution step a
re-distribution stage for the newborn players after the normal numerical resolution. Accordingly,

18Thisis true, however, only if the number of trials an agent makesin order to find a partner (Ny) is greater than one
trial per unit of time. For N; = 1 both frequencies are aways the same.
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Figure 5.13: Spatial distribution and corresponding difference in energy intake between roles for
strategy 1 (AE;). (@) and (b) a distribution with all strategies present, (c) and (d) a distribution
where strategy 1 is predominant. Variationsin energy levels are also plotted.

some of the newborn players of one strategy are mutated into the other strategies in a proportion
i for neighboring strategies and p? for non-neighboring strategies, (as done in section 5.4). Tests
using mutation are interesting in this context since the stability of single strategy distributionsis
being examined and, therefore, it is necessary to allow for the possibility of their disruption and
invasion by mutants.

Figure 5.14 shows the population composition for a run in which, initially, the population is
composed mainly by strategy 1. It is possible to observe that this distribution is not stable and
it is invaded by sub-population 2 (which is afterwards invaded by 3, and so on. until the cyclic
behavior isrestored).

There is, however, something suspicious about the postulated situation, since it is not clear
what is the meaning of an initia distribution where all but one, of the strategies are present in
very small densities. A careful observation of figure 5.14 shows that some sub-populations are
sometimes present in very small numbers (< 1) and after that follows a period where the same
sub-population is dominating. Considering that players are discrete entities (although they have
not been modelled as such) it could be asked whether thisis a reasonable behavior for the model.
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Figure 5.14: Invasion of a populationinitially constituted roughly by players 20 of type 1 and 1
player for each of the remaining strategies.

In aspirit similar to that of the quasi-discrete stability analysis presented in section 5.2.4, it would
be interesting to ask what would be the effect of passing from a continuousto discrete anaysis of
gpatial densities. After al, if the spatial volume of interest is of size V a density value less than
V~! make no sense unlessit is zero.

Thisis hardly a matter of little consequence. Abramson and Zanette (1998b) have studied the
statistics of extinctionin Lotka-Volterra systemswith many species introducing minimum density
thresholds and finding interesting qualitative differences in the resulting dynamics with respect to
purely continuous treatment such as, for instance, the transformation of unstable equilibriainto
stable ones!®. Thisismore than just atheoretical or technical point. Similar conclusionshave also
been reached in molecular evolution experiments on the invasion rates of highly fit RNA virus
variants (de la Torre & Holland, 1990). Highly competitive clones invaded their progenitor pop-
ulation only when seeded above a threshold level otherwise they were suppressed by the existing
quasispecies dynamics. Similarly, the effects of discreteness in combination with stochasticity,
have been recently studied in models of the evolution of altruism and kin-selection in viscous
populations, (Goodnight, 1992; van Baalen & Rand, 1998). It isfound that, in contrast with con-
tinuous models where an infinitesimal amount of non-altruists suffices to take over the population
in the long term, treating the population as discrete shows that altruism can be stabilized due to
the inter-group advantagesit provides and the un-invadability of altruist groupswith lessthan one
non-altruist.

Following the mentioned mathematical models, a density cut-off value pg is introduced for
the spatial densitiesof players and the invasion experiments are re-run. A reasonable upper bound
for this threshold may be obtained as the inverse of the volume of awhole cluster which, in these
experiments, is approximately equal to 0.4. Figure 5.15 shows the evolution of the different sub-
populationsfor different values of pg whereit is clear that as the threshold value increases it takes

19For other mathematical models including density thresholds see (Tsimring, Levine, & Kesser, 1996; Kepler &
Perelson, 1995).
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Figure5.15: Invasion patternsfor amutation rate i = 0.01 and different values of density threshold
Po. Theresulting spatial patterns are plotted on the right for t = 2000.

longer for the invading population to surpass the initial one until finally for po = 0.055 invasion
does not occur at all.

Therelevance of density thresholds pointsto an interesting aspect of the current model. Since
the continuous approximation for a discrete variable doesnot holdin the evident case of very small
density valuesin finite domains, it would be legitimate to ask in what other aspects this approxi-
mation is introducing spurious results (Durrett & Levin, 1994a, 1994b). One way to find out isto
explore different approaches in which the variables are treated as discrete, but still choosing as a
starting point the continuousmodel. A possibleway of doing it isto allow only for discrete values
in the numerical resolution of (5.16). A comment on how to do thiswas already given in section
5.3, and it consistssimply in allowing only discrete incrementsin the densities variables and accu-
mulating the remainder of the continuousincrement for the next integration step. Thisis till not a
discrete model, but an approximation in that direction. The partition to choose is again related to
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the choice of the characteristic spatial volume where it may be safely said that one individual can
be added. If the typical volumeisV only density changesin units of V ~* should be allowed.

However, this direction of inquiry will not be pursued since the same issue will be explored
more thoroughly in the following chapter where the continuous base for modelling the variables
is abandoned from the start.

555 Summary for continuous spatial model

The aim of the spatial model described above has been to provide a first order approach to un-
derstanding the possible roles that a spatial distribution may have on the evolutionary dynamics.
In order to be able to use the other results of the chapter, the model was based on the ecological
equations presented in section 5.3, to which it was necessary to add a spatial dimension. There
are different ways of doing this, some as simple as adding diffusion terms for the population den-
sity equations. However, it was considered important to include further ecological considerations
regarding the way agents should be able to play with their neighbors.

Many reaction-diffusion approachesintend to model so-called contact processes, which means
that interactions are considered to occur at infinitesimal distances. This approach is suitable for
phenomena like chemical reactions, where the actual size of the interaction range of individual
molecules is not much greater than the molecule itself. However, in the ecological case addressed
here, this is not a suitable assumption. It is not reasonable to suppose that a player will only
interact with a couple of nearest neighborsin itswhole lifetime. It is because of thisthat a model
with finite locality was used instead.

In thismodel each player is surrounded by a neighborhood of finite size where al itsinterac-
tionswill take place. This neighborhood isintended to represent the player’slocal habitat. There
are, in principle, a variable number of neighbors for each player. It is this sort of long-range
coupling that provides one of the key factorsin understanding the model capability for pattern for-
mation. Thisis so, because the actual frequency with which aplayer playsthe game is dependent
on the probability of finding a partner, which in turn depends on the number of available players
in the neighborhood.

Consequently, the frequency for initiatinga game as afirst role player is proportional to afixed
frequency for all players times the chance of finding alocal partner after a pre-specified number
of trials.

Instead of working directly with the number of players, the main variables in the model are
the continuous spatia densities of players according to their strategy. Assuming that energy is
also locally and continuously distributed, it becomes clear how to calculate the average energy
obtained by an individual per unit of time. Such energy has two main contributions. the energy
the individual gains as a first role player and the energy gained as a second role player. It is
assumed, according to the origina metaphor, that the energy used as a payoff for the game is
extracted from the location of the first role or initiating player. This makes the calculation of the
energy gain as afirst role player quite straightforward; it is simply the product of the frequency
with which that individual plays the first role times the local energy times the average payoff
obtained. Thislatter factor is calculated according to the current average of strategies surrounding
the individual in the neighborhood. The calculation of the energy obtained as a second role player
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is a bit more complicated. It involves calculating for all the other players in the neighborhood,
the proportion of times in which they select the original individual as a second role participant,
and then integrating this quantity over al the positions in the neighborhood. Once these energy
contributions are calculated, it is easy to write the equationsfor the evolution of the system.

The system is then tested for its capability to form spatial patterns, that is, non-homogeneous
long-term solutions. Thisis done using a special form of linear stability analysis which consists
on finding homogeneous solutions and then testing how stable they are under non-homogeneous
perturbations. If some non-homogeneous variations to the perturbed solution tend to grow, then
the dynamics is expected to proceed to the formation of a pattern in space. What sort of pattern
cannot be actually determined by the analysis because the analysis is concerned with the linear
limit. As soon as some spatial modes begin to grow the linear limit is lost and non-linear effects
begin to take place which in the end will determine the long term patterns.

As an analytical proof of existence for pattern formation, it is possible to apply this method
only inaparticular case described by the model. After doing the corresponding simplificationsand
defining parameters it is found that the models will produce spatial patterns under many circum-
stances. The actual “driving force” behind pattern formation is the coupling term in the equations
which linksan individual with its neighboursand consequently the capability for pattern formation
depends on the neighborhood size. Tentatively, it can be said that players with many neighbors
will tend to gain more energy partly because the are involved in more games than players which
are surrounded only by few neighbors. In the first case the local density will tend to increase
providing positive feedback, while in the other case it will be more difficult for new players to
be born and therefore isolation will tend to increase. Such effect is clearly manifested when the
actual model is explored numerically.

By solving the equations, after specifying a set of boundary conditions and random initial
distributionsin space for all the strategies, it is found that the population tends, in the long-term,
to be arranged into clusterswhich are quite stable in shape and separated from one another. Within
these clusters, though, the composition of the population may change in an oscillatory fashion
not unlike the original oscillations of the non-spatial model. Alternatively, stable compositions
may also exist within a cluster, but once noise is introduced in the system the cyclic solution
becomes the only one observed. An interesting point is that once the clusters are separated the
corresponding dynamics are independent.

The internal structure of the cluster introduces asymmetries between two given positions as
well as asymmetries between thetwo roles at agiven position. Thiscan easily be seen by studying
the differences in the energy contribution between the two roles. This differences varies from one
position to the other and may also change signs under certain circumstances indicating that in a
same cluster there are players who receive more energy for playing a different role that the role
played by other agentsin the cluster. Such asymmetries will become a key explanatory element
for the model presented in next chapter.

Another such key factor has also been preliminarily studied here. Thisisthe case of the role
of discreteness. By performing simple invasion tests, in which one population is initialized in
large numbers and the othersin very small ones. Adding a mutation stage to the resolution of the
system, the stability of single strategies is thus studied. It is not surprising to see that the initial
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strategy is invaded by another and after that the cycle is initiated. However, according to both
theoretical and empirical studies, it is not reasonable to allow for the density of players to reach
very small values because it becomes a meaningless variable. After al this density intends to
model the spatial distribution of discrete individuals. Because of this, aminimal density threshold
is introduced. This threshold indicates the density value below which all other values are so
small that they should be considered equal to zero. Interestingly, as the value of the threshold is
increased, invasions become more difficult, until a point in which they do not occur and the single
strategy becomes a stable solution.

This result points to discreteness as a factor which may radically change the dynamics of a
model. If the inclusion of aminimum density threshold is enough to introduce important changes,
one may ask what other influences would become apparent if the model were further pushed
toward a discrete situation. This questionis investigated in the following chapter.

56 Summary: broken symmetries

The motivation behind this chapter has been to define an evol utionary scenario where the evolution
of avery simple game of action coordination could be studied using a traditional game-theoretic
approach and some extensionsto it.

Once the game was defined, it was found that there were no ESS's when the investigation
proceeded using traditional game-theoretic analysis. However, after extending this basic stability
analysisto include amodel of evolutionary dynamics, it was found that there was aweakly stable
region of the strategy space where the population was expected to be found. This region (not
yet a single point) was defined by specifying that strategies 2 and 4 should be present in equal
guantitiesand in greater proportion than strategies 1 and 3. Thiscan beinterpreted as saying that a
combination of non-coordinating strategiesisan expected solution. Thisresult has been confirmed
both analytically and with numerical resolution of the equations. Oscillationsin strategy space
have also been observed. However, these are suppressed with the addition of noise.

By allowing population size to be finite, it becomes clear that only one point in the weakly sta-
ble regionisin fact stable. This attractor indicates that a population constituted by equal amounts
of players of the non-coordinating strategies 2 and 4 will not be invaded.

The addition of an ecological setting which allows the assumption of optimization which is
implicitin the equationsto be dropped, showsno major differencein results. Under perturbations,
the result is still a single stable point in which strategies 2 and 4 were dominating in equal pro-
portion. A global tendency towards optimizing individual fitness is dynamically recovered due
to the existence of a global energy variable with which al players are coupled. Distributing the
strategies in a haploid genetic space shows that high mutation rates can have arole in stabilizing
the oscillatory solution.

Asthe depth of the analysisisincreased, the sort of factorsthat can be expected to have impor-
tant effects are highlighted. An interesting tendency is already beginning to show. This tendency
indicates that important variations in the results should be expected as the inbuilt symmetries of
the game are gradually broken. The first broken symmetry is the fact that in the infinite popu-
lation case, al players “perceive’ the same field, which is not the case for finite sizes where the
perceived field depends on the strategy played although, clearly, as the population size increases
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this dependency becomes lessimportant.

More evidence of the importance of broken symmetries can be obtained from the continuous
gpatial model. The most obvious evidence is given by the formation of discrete spatial patterns
of characteristic size which achieve a steady evolutionary state. These clusters divide the popu-
lation into independent sub-groups. Within a cluster the dynamics remains oscillatory if random
noise is added, but evolution may reach a stable state if this noise is absent. Clusters present a
definite spatial structure manifested in the shape of the population and energy distributions. Such
a structure introduces differences between any two given positions within the cluster in terms of
the frequencies for playing each role and in terms of the local amount of resources. Some exam-
pleswere observed in figure 5.13 where the difference between in energy gained according to role
played shows a dependence with position and may even change signsin certain circumstances. A
change of sign indicates that some players may receive more energy per unit of time because of
their involvement as second role players, something which is not possiblein the non-spatial game.

Moving from acontinuousmodel toward a quasi-discrete oneintroduces new factorsin the dy-
namics especially when studying invasions of an initially dominant strategy by mutants. Inspired
both by recent theoretical models and empirical evidence, minimum density thresholds were in-
troduced below which all density values were considered to be zero. An increase in the value of
thisthreshold (well within reasonable limits) resultsin invasions not occurring and, consequently,
in a single strategy constituting a stable solution.

As progress was made through the chapter, a series of relevant factors that may introduce im-
portant differencesin the expected results has been identified. However, thereis still a sense of the
investigation not being finished. The issues of discreteness and space have merely been touched
upon. What would happen if the model were made discrete from the start? Would the spatial
patterns also exist? In order to investigate these questions a move will be made from the realm of
models that can be formulated mathematically into an individual-based model directly instantiated
in computer simulations. Some of the results of this computer model will be radically different
from what has been shown so far. Understanding the reasons for thisis not straightforward. How-
ever, the different influences identified for the various factors studied so far will provide crucial
help in formulating explanations of what happens when many of these factors are combined in the
individual-based model.



Chapter 6

A game of action coordination: individual-based model.

As the importance of the simplifying assumptions of each model is assessed by building new
ones that do not include them, arriving at a purely mathematical formulation becomes increas-
ingly difficult. An exploration has been made of the effects of including dynamics into a purely
game-theoretic analysisfollowed by an investigation of the consegquences of not assuming infinite
populationsand of situating evolution ecologically and spatially in cases where density-dependent
effects and pattern formation in space could appear. It has been shown that, as a consequence of
some of these factors, general results may be altered. Yet there is till reason to suspect that some
of the features which have not been so thoroughly investigated may also fulfill crucial roles. Af-
ter bringing to light the fact that populations are composed by discrete entities subject to random
fluctuations, it seems plausiblethat thisfact may be one such crucia feature. From what has been
shown in chapter 5 (especially sections 5.2.4 and 5.5.4) it seems that the effects of discreteness
on ecological and evolutionary stability may not be trivial. Another unexplored and related issue
concerns the nature of reproduction, not as an instantaneous, population level phenomenon (where
one may collect al the energy accumulated in a certain period and estimate the number of new
players) but as attained by individualswho have to accumulate energy and find an opportunity to
mate, all of which involves stochastic time delays.

In order to be able to explore these i ssues without resorting to complex and cumbersome math-
ematics, a choice was made to formulate and analyse an individual-based model implemented in
a computer simulation. The potential of thistype of models has been discussed in chapter 4 along
with some methodological issues concerning their use. On the one hand, it is often found that it
isrelatively easy to attain different degrees of complexity in this kind of models and therefore to
investigate factors that are necessarily over-simplified in mathematical models but, on the other
hand, without the previous theoretical insight provided by those less complex models, it is ac-
tually very hard to interpret the relevance of the many dimensions in which an individual-based
simulation can be explored. It isfor this reason that an effort has been made to explore different
analytical routes before embarking in a complex computational approach.
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6.1 The modd

In this model a population of agents play the same game as described in chapter 5 in a shared
gpatial environment represented as a toroidal arena of size Xmax by Ymax (typically 100 x 100).
Asin the continuous spatial model of section 5.5, agents are situated in a position which remains
unchanged during their lifetime. The whole spatia environment is partitioned as a regular grid
(typically of 10* positions) and each agent occupies one of these positions. At the beginning of
the simulation agents are distributed randomly. The normal spatial habitat of an agent during its
lifetimeisrepresented by aneighborhood around itsposition. Thisneighborhood issimply defined
as a sguare of a fixed size (usually 10 x 10) centered around an agent’s coordinates (see figure
6.1)1. Agents can interact with other agents and access food sources only within the limits of their
neighborhoods. A number, Fq, of energy repositories, or food sources, are also distributed within
the environment, (in general, Fo = Xmax-Ymax has been used). Food sources can be uniformly or
randomly spaced and this has proven not to be relevant to the results. These sources are created at
the beginning of the simulation run and their position and associated food type remain unchanged.
A food source cannot be created or destroyed during the rest of the simulation, but its energy
content changes due to consumption by the agents and stochastic renewal. Food types are denoted
as“F0", “F1”, etc.

One of the reasons for modelling spatial relations using afinite locality, apart from those dis-
cussed in the previous chapter (section 5.5), is to avoid possible spurious effects caused by the
gpatial regularity imposed in lattice-like models. Most models of this kind are intended to study
local contact processes (Durrett & Levin, 1994a) and rely on exclusion principlesto simulate eco-
logical density regulation. The space is regularly subdivided into cells and each cell can contain
just one particle or agent which is able to interact with its nearest neighbors and move (or send
offspring or propagules) only to nearby empty cells. As a result of this scheme unlimited over-
crowding is prevented. However, it is necessary to be aware of the sort of spatial regularities
imposed by this scheme. Thisis a situation analogous to the question of synchronous updating in
the temporal domain. It has been shown that interesting results in this sort of models can some-
times be due to the spurious effects occasioned by updating all cells at the same time?. Might not
the grid-like regularity of spatial relations be an ordering factor which provokes similar spurious
effects? Studies on the matter are lacking at the moment. But, to be on the safe side, it would
be desirable for the present model to depend as little as possible on such choices. To achieve
this, an ecological approach has been chosen instead of a cell exclusion principle in order to nat-
urally include features like density regulation as demonstrated in the continuous spatial model in
the previous chapter. Overcrowding is avoided through coupling with a space dependent energy
variable which is renewed at afixed finite rate. At the same time, even though spatial positionis
grid-likeinthisparticular model, it isalmost certain that spurious structuring effects are overcome
by the fluctuationswithin an agent’ s neighborhood caused by random choice of partners and asyn-
chronous updating. More than one player may occupy the same position since in this model these

1In the model presented in the chapter 7 experiments were made with circular neighborhoodsand with continuous
spatial coordinates without any significant changesin results.

2Seefor instance(Nowak & May, 1992), criticisms by Huberman & Glance (1993) and aresponse(May, Bonhoeffer,
& Nowak, 1995). On the question of asynchronousupdating and its effects see for instance (Ingerson & Buvel, 1984;
Bersini & Detours, 1994; Harvey & Bossomaier, 1997; Abramson & Zanette, 1998a).
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Figure 6.1: An example of agents' positions and their square neighborhoods. “F’ represents a
food source within reach of agent “A1” who has selected “A2" as a partner in the game. Notice
that although both“A2” and “A3" are“withinreach” of “A1”, they cannot interact with each other.

coordinates do not represent the actual physical position of the agent, but the center of a region
where the agent lives.

Each agent possesses an internal energy counter that specifies the energy available for self-
maintenance and reproduction. Every time an agent isborn itsenergy level is set at avalue chosen
following aGaussiandistribution G(e, 6 ¢) centered around e. (Typical valuesare e= 150, 6 = 10,
negative values cut off.) Energy flow is strictly accounted for. The whole environment is subject
to aconstant average energy flux R (500 per time step) which ismanifested in a stochasticincrease
of the energy stored in the Fg food sources. Agents derive their initial energy from their parents
and, during their lifetime, from the food sources. This ensures energy conservation. Agents
also spend a fixed amount of energy Lo (0.25 per time step) every time they are selected to act
(independently of the outcome of the action) which does not return to the environmental resources
but is dissipated, so as to make sure that an equivalent to the second law of thermodynamicsis
also observed.

At each time step a number of agents equal to the size of the current population are randomly
selected to try to find a partner and perform the first role in the game. As mentioned before, the
updating is performed asynchronously and, on average, each agent will always be selected once
per time step. A second player and afood source, both within the neighborhood of the first player,
are randomly selected. If no agent isfound after afinite number of attempts N, (typicaly 10), the
first player loses its chance to play the game and the energy cost is discounted anyway. Each time
an agent is selected its age isincremented by one unit regardless of theroleit plays.

Payoffs are assigned according to the rules of the game as described in section 5.1 and con-
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sidering the fact that their absolute value will depend on the energy contained in the selected
food source. When an agent has accumulated enough net energy it is able to reproduce. The
corresponding threshold level of energy is selected at each time step according to the distribution
G(2e,0¢), i.e. asimilar Gaussian distribution to that used in the assignment of initial energy val-
ues but this time centered at twice the initial energy value e. After each game, the energy level
of each agent is compared with a number extracted from this distribution. If the energy of either
one of them exceeds the selected value, then that agent initiates a reproduction event. The use
of a stochastic threshold for reproduction isintended to introduce noise in the dynamics. Repro-
duction is sexual and selection of mate is based only on the locality condition. This has been
implemented by choosing the last co-participant in a game as the second parent. The offspring
occupies arandomly chosen position within thefirst parent’s neighborhood. As neighborhoodsdo
not overlap completely in the general case, gene flow is not totally prevented. The initia energy
of the offspring is supplied by the parent whose high energy level triggered the reproduction event
in thefirst place. This energy value is again selected stochastically using a Gaussian distribution
centered around e.

Those agents unable to sustain their costs will eventually run out of energy and die. Costs
are the same for all agents, with the exception of very “old” ones. After a certain age has been
reached (typical values range between 1000 and 4000), costs are mildly incremented linearly with
age. Thisisthe only “developmental” featureincludedin thismodel. Thisisdonein order to avoid
the presence of “immortals’ which could render the resultson evol utionary dynamics questionable
for not allowing enough variation in the popul ation constitution. Thismechanism replacesthe lack
of agood model of developmental ruleswith whichit could be expected that typical lifespan would
result from an interplay between population dynamics, availability of resources and evolution of
those rules.

The structure of agents is that of a state-less machine. According to the role, actions can
depend on the perceived food type or on the perceived external manifestation of the partner in the
game. These actions may be represented in a look-up table that defines an agent’s behavior (an
example is shown in table 6.1)3.

1strole 2ndrole

Food Type ‘ Action ‘ Signd Signal ‘ Action
“FO” B Y o D
“F1” C B B C
“Fn” B o % A

Table 6.1: Example of a look-up table that determines the behavior of an agent. Capital letters
represent effective components and Greek |etters external manifestations of actions (signals).

Thebehavioral look-uptableisencoded in a hapl oid genome represented by abinary bit-string.

3Notice that it is possible to drop the simplifying requirement that the signals used by a player must belong to a
definite subset of al the possible signals, see section 5.2.1. While this may introduce additional complications since
agents would be able to play arestricted number of mixed strategies, the general results were not different from those
cases where the restriction was kept.
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Typicaly, if four food types, four actions and four signals are possible, as in the experiments
described in the following section, then each action and signal is represented by two bits and the
total size of the (active®) genotype is 12. Newborn agents receive their genome as the result of
a uniform crossover operation on their parents genotypes plus certain probability of mutation p
per locus. The result of uniform crossover is a genotype in which each place in the bit-string is
selected from the corresponding place from one of the parental genotypes with equal probability
(see Syswerda, 1989; Mitchell, 1996, pp. 58 and 172). A typical value for the mutation rate
was L= 0.005 per locus in the genotype and per reproduction event. This guarantees that, after
crossover, the probability of agenotype to remain unchanged after mutation is: (1— p) 122 0.942.

6.2 Results

Results discussed in this section were obtained using two sets of simulations in which only four
different types of food were included in the environment. In one set of simulationseach food type
had a different associated action and in the other a given action corresponded to two different food
types and, therefore, only two actions were relevant even if agents were able to perform more
actions, (for example, action “A” may correspond to food types “F0” and “F1" and “B” to “F2”
and “F3"’, while actions“C” and “D” may not be relevant). Only results on this last set will be
described since it approaches the cases studied with the mathematical models. Simulations with
more food types and actionswere also carried out and the results were similar, though much more
expensive to abtain and analyse.

In contrast with the mathematical models, agentsareinitialized totally at random. In particular,
this means that they will also have to evolve an association between food types and the effective
components of actions when they play that first role. Previously this was assumed to be always
correct. The player that “found” the piece of food was supposed to know what to do with it.
The evolution of such atask is consistently and very rapidly achieved in all the simulations, and
its explanation in selective terms does not present any problems given the static character of the
association involved.

Population size is variable. In all simulations the average population size stabilizes, after a
transient period, at a value between 600 and 800 agents.

A baseline case wasrun in order to understand what kind of activity emerged when agentswere
not ableto perceive each other reliably. Inthisrun, the external manifestation of thefirst player was
replaced by arandom signal when perceived by the second player. The instantaneous proportional
average of cases in which both players acted correctly simultaneously is called the coordination
ratio. Thisratio stabilized at 50 % for random signals. Since no food typeis predominant, the best
guess a second player can make, given that thereisno correlation between the “signal” it perceives
and the particular type of food in question, isto perform any of the two relevant actions out of the
four possible ones. The achievement of thislevel of coordination isindependent of the parameter
c. Thismeans that when signals are not random any successin coordination of behaviors will be
manifested as a greater coordination ratio than that observed in the baseline case.

4Thelook-up table 6.1 isin fact implemented as adouble entry matrix where for eachfood type and perceived signal
corresponds an action/signal pair. This matrix is not used entirely. The reason for this implementation wasto facilitate
the experiments presented in chapter 8 in which there is a sequence of actions and responses and the whole matrix is
used.
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Figure 6.2: Proportional success in action for the first player (top line, R1), second player (Ry),
and both simultaneously (R12) in atypical simulation run with ¢ = 0.55.

Figure 6.2 shows the evolution of the success ratios for the whole populationin atypica run
with c= 0.55, (for a same set of parameters variations between different runswere not significant).
These quantitiesshould not be confused with any measure of fitness of the population. Ry indicates
the average proportion of successful actions for first players which, as predicted, climbs rapidly
up to alevel near 100 %, (perfect successis not necessarily achieved, due to the effects of random
mutations). R, shows the same quantity for second players and Ry, for both roles simultaneously
(the coordination ratio). Although it is not very clear in the figure, R; and R, start near a value
of 25 % and Ry, near 12.5 % which corresponds to a randomly initialized population. Note that
the proportion of coordinated games reaches a higher than baseline level of about 90 % and is
maintained in arelatively steady state.

By observing the resulting behaviors once a stabl e state has been achieved it is possible to de-
terminethat signalling behaviors present a strong correl ation with actions and not with food types.
Therefore agents evolve a “two-signal code” for the two relevant actions that can be performed.
However, as shown later, such a codeisnot at all universal within the population.

A study of the effect of parameter ¢ on Ry, was performed in order to see how the extra payoff
against coordination affected the level of simultaneous success. The intuitive expectation is that
thislevel should decrease as cincreases from 0.5 to 1.0 because coordination becomes more costly
asthe degree of conflictisaugmented. Figure 6.3 showsthiseffect on R;» for different values of c.
It is apparent that the proportion of coordinated activity for the whole population decreasesascis
incremented from 0.5 to 0.65 but still remaining above the baseline case. Thelevel of coordination
goes from almost total coordination for ¢ = 0.5 (neutral cost) to coordination by guessing when
¢ > 0.65. Thisresultisquitedifferent from theresults obtained with the game-theoretical approach
and the extended mathematical models and it requires an explanation.
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Figure 6.3: Coordination level for different values of c. (b) shows the average value for the
coordination level for different values of ¢. Each point is the average of 5 simulation runs. The
linerepresent alinear regression, (linear correlation coefficient: -0.982). (a) shows some examples
of the time evolution of Ry, for some values of c.

6.3 Spatial patterns

It was shownin section 5.5 that in a spatially extended model, if the coupling between the density
of players and the available environmental energy depended positively on a term reflecting the
density of playersin a finite volume, spatially heterogeneous solutions may exist. In particular,
these solutions tend to be aggregated “lumps’ or clusters of players separated by uninhabited
regions. In thissection a study is made of the spatial distribution of agents as afunction of timeto
see whether thisisalso happening in these smulations.

Figure 6.4 shows the first stages in the spatial distribution of the agents. Initially these are
distributed randomly across the whole environment, (border effects have been avoided by the use
of periodic boundary conditions). Since agents do not move, any changein the spatial distribution
is due only to birth and death processes. One can observe how the initial symmetry is rapidly
broken and how agents show a tendency to aggregate into clusters. Asin section 5.5, symmetry
breaking is caused by minor differencesin thedistributionof initial positionsand also by the nature
of the updating rules. Some agents will reproduce more than others just because they have a few
more neighbors to interact with or have been called to act a few more times and, therefore, they
have a dlightly better chance of accumulating enough energy for reproduction. Asreproductionis
also alocal process, the effect is self-reinforcing. Relatively isolated agents will have less chance
of interaction and will tend to die sooner also contributing positively to increase the isolation of
agentsin similar positions.

Clusters remain relatively stable, at least if compared with the time scales of an agent’slife-
time. Although they rarely break or fuse, they have a tendency to move dightly in random direc-
tions®. This was also seen in the model presented in section 5.5 and, although it was not done
explicitly then, it is possible to use that model to support the claim that clusters do not change
significantly in their general form. Here, a more “physical” description of why thisis so will be

50r probably following slight gradientsin environmental energy.
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Figure 6.4: Formation of clusters. Each figure shows the distribution of agents in the toroidal
arena at different times during the initial transient.
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Figure 6.5: Qualitative energy and population distribution inside and around a cluster (circle) in
one spatial dimension.

given.

Tendency to expand. Figure 6.5 shows qualitatively the spatial distribution of energy and
density of agentsinsideand in the vicinity of a cluster (compare with figure 5.12). It iseasy to see
that resources will be more frequently used in the more populated areas toward the center of the
cluster than on peripheral areas in which the populationis sparser 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 average energy gained per
game played will be greater than that of agentsin the center region. So, at first glance, peripheral
agentswould seem to be better off and have abetter chance of generating more offspring; therefore
the cluster would experience a tendency to increase the peripheral population and consequently a
tendency toward expansion.

Tendency to aggregate. In contrast, while al 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 density of players. The more densely populated the area, the higher is
the chance of finding a partner in that area with which to play. For this reason, agents living near
the center of a cluster will play the game more frequently. So, in principle, they will stand a better
chance of receiving (by coordination or by guessing) more energy per unit of time. This provides
agentsin the cluster with a tendency to aggregate.

Equilibrium The equilibrium of both these tendencies determines the size of the quasi-stable
cluster. At a certain size the extra energy gained by the peripheral sub-populationwill match the
energy lost by their being more sparsely distributed than the center sub-population and similarly
the extra gain due to higher frequency of games in the center region will be compensated by a
smaller payoff per game. Resulting clusters have been observed to have atypica areaof 2upto 8
neighborhood sizes with populationsranging from 30 to 200 agents.
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Figure 6.6: Examples of the correlation between coordination and cluster size (estimated as an
average diameter) for different values of c. Each point represents the state of a cluster in atypical
simulation run after 3 x 10° time steps. Lines depict linear regressions. In these examples the
coefficients of linear correlation are 0.977 for ¢ = 0.52, 0.9998 for c = 0.55and 0.882 for ¢ = 0.65.

6.4 Correation between cluster size and coordination level

The above description can provide an idea of the tendencies that give origin to clusters as stable
gpatia patterns. However, this explanation may give a wrong impression and lead the reader
to think that cluster size, as determined by the interplay between opposing “forces’, depends
exclusively on the values given to the simul ation parameters, and that any variance in the resulting
sizesisattributable only to the random contingencies of the particular run. If thiswere the case, it
would not be reasonable to expect any correlation between cluster size and any other variable in
the smulation for a given set of parameters. However, a consistent correlation has been observed
between the level of coordination achieved within a cluster and its size and number of agents.

In a given simulation run the average level of cooperation (i.e. the proportion of games that
result in coordination) for each cluster admits certain variation from one cluster to the other. This
is due to the fact that each cluster evolves for long periods in a more or less independent manner
(which is aso the reason for signalling “codes’ used by the agents being different between clus-
ters). By looking for geometric characteristics that will help to differentiate clusters according to
their level of cooperation it was found that larger clusterstend to be associated with higher levels.
This correlation can observed in figure 6.6, where the coordination level within a cluster is plotted
as afunction of its size for three ssimulation runs using different values of ¢ (error bars represent
the standard deviation).

How can this correlation be explained? It is clear that a particular cluster being large or small
can depend only on the initial conditions and the random fluctuations suffered by it. However,
there seems to be a tendency in the dynamics toward establishing some order in the end distri-
bution with respect to the level of coordination in each particular cluster. The implication of this
is that any explanation for this correlation must provide a mechanism that links the correspond-
ing variables, either causally to one another or operationally to the rest of the process. Such an
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explanation will be provided in section 6.6.

First, it will be important to consider a plausible candidate for explaining the stabilization of
coordinationinthefirst placeand seeif itisableto provide an explanation for the size/coordination
correlation at the same time. Such a candidateis kin selection.

6.5 Therole of kin selection

The importance of a spatial dimension in evolutionary games with conflict of interest, whereby
organisms are constrained both in their reproductive patterns and possible choice of interaction
partners, has recently been put into focus. In particular, it is often found in these cases that coop-
erative interactions are stabilized under circumstances where simpler selective arguments would
predict the contrary®. This has been demonstrated both by mathematical considerations and com-
puter models in the case of the Prisoner’s Dilemma (Axelrod, 1984; Oliphant, 1994; Nakamaru,
Matsuda, & Iwasa, 1997) and communication games (Krakauer & Pagel, 1995; Ackley & Littman,
1994; Oliphant, 1996). Depending on the particul ar features of the model there may be more than
one possible explanation for this phenomenon. For instance, Axelrod argues that spatial clustering
favoursreciprocity in the case of the TIT-FOR-TAT strategy (Axelrod, 1984, p. 65 - 69). A differ-
ent explanation is favoured, in their respective models, by Ackley and Littman (1994), Nettle and
Dunbar (1997) and aso by Oliphant (1996). Such explanation involves the concept of kin selec-
tion, (Hamilton, 1964; Hines & Maynard-Smith, 1979; Michod, 1982; Grafen, 1991). It is argued
that, since the spatial regions where mating partners are chosen from and offspring alocated into
tend to coincide with areas where game co-participants are selected from, thisensuresthat players
will be highly related so that a cooperative player will tend to increase, on average, the frequency
of genesidentical to itsown in other players, i.e. their inclusivefitness.

If fitness is related to the degree to which an organism can pass copies of its own genes to
the next generation, inclusive fitness would be a generalization of this concept so that it can also
account for traitsthat help the transmission of copiesof the same genesthat happen to be located in
other individuals. Asthewell known example goes, a behavior that isdetrimental for an individual
but which produces benefits of a same magnitude for more than two siblings will tend, under
certain circumstances, to increase the individual’sinclusivefitness and thereforeit will be selected
for. Thisis so because the probability of finding the same given gene in a siblingis, in diploid
genetic systems, equal to 1/2. Thus, the general condition for atrait or behavior to be selected for
is not that it has a positive fitness effect for an individual W/, but that it has a positive inclusive
fitness effect W

\Nlinc = VViind + z rijVVii,d >0 (6.2)
J

where rj; is the degree of relatedness with another individua j (defined more carefully below)
whose own individual fitnessis affected by aquantity Wi‘nd by the actionsof i. Thesumisextended
over al the other individuals who may be affected by the trait or behavior in question. Even in

6And, more generally, a growing body of ecological literature shows that spatial extension introduces non trivial
results which sometimes are unexpected when compared with non-spatial models. See section 5.5 and literature cited
in the referencestherein.
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cases where W, < O for individual i, its inclusive fitness can still be positive, as long as the
remaining term in the sum islarge enough.

Here it is clear why space can play a relevant role. If interaction and reproduction are local
processes, i.e. if co-participants as well as reproductive mates are selected from an individua’s
vicinity and offspring are allocated in the same vicinity, then the average value for ther;;’s can be
expected to be high. Therefore, cooperative behaviors at the expense of one individual but which
benefit othersin the local vicinity could at the same time tend to be beneficial to individualsthat
are highly related; a situation which may resultin W, > 0.

Such is indeed the kind of argument advanced by Ackley and Littman; Oliphant; Nettle and
Dunbar, and others. Unfortunately, none of these authors actually shows that thisis the case in
their models. They just content themselves with finding a good candidate explanation without
verifying if the condition (6.1) is fulfilled, despite the fact that such a calculation should be easy
enough to perform in the computer modelsinvolved.

In the case presented in this chapter, kin selection arguments are not straightforward in the
sense that the actions and responses of the players cannot be said to beintrinsically cooperative or
non-cooperative, but they depend on the context of the strategies used by the rest of the players.
However, under the assumption of weak selection pressureit is possible to postul ate a situation of
quasi-equilibrium in which the context is fixed and then actions and responses could be seen as
cooperative in themselves. Thisisby no means the general situationin the present model but this
assumption will be maintained in order to see that even if this situation were true, kin selection
would not be enough to explain the obtained results.

In order to test the plausibility of kin selection as avalid explanation for the evolution of coop-
erative coordination in the present model, a calculation is performed of the degree of relatedness
between individuals and their average partners in the game. Genetic similarity can be caused by
descent but also by other factors such as convergence, founder effects, etc. However, relatedness
does not intend to measure just genetic similarity, otherwise all sorts of intra-specific conflictsand
competition would be unexplainable. In order to take into account this subtlety, relatednessis es-
timated following Grafen (1991) as the degree of genetic similarity between two individuals over
and above the average similarity within the population in which the individua interacts. In this
way, if the difference in genetic constitution between two individualsis zero then their relatedness
is equal to one, which means that from the point of view of gene frequencies for an individual
to help the other is the same as to help itself. If the difference between the genetic constitution
between the players is the same as the difference between one of them and the average genetic
constitution in the population, then for that individual relatedness is zero, since in cooperating
with the other player, it is not contributing to an increase in the frequency of genes similar to its
own’.

A calculation of relatednessin the current model is straightforward by taking the perspective of
the individual player and keeping track of the average relatedness with the partners it encounters
throughout its lifetime. For each game that is played the Hamming distance® dj between the
binary genotypes of the participantsis calculated as well as the distance between each genotype

"Relatednessis not clearly defined when all players share the exactly the same genetic constitution, but this is very
rare case, practically impossiblein the presence of mutations.
8The Hamming distanceis defined as the number of different bits between two binary strings of the samelength.
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and the population average genetic constitution®, d™ and d*®. And then, for each individual, if
the distance between its own genotype and its partner’s is less than the distance between its own
genotype and the popul ation average, then the relatednessis simply:

rij =1—%7 (6.2)
otherwiser;; = 0. Noticethat whiled;j = d;;, in general rj; # rji sincefor each individual related-
ness is defined with respect to its own distance to the population average constitution.

In the present model, if the mean genetic constitutionis cal culated using the whole population
instead of just the population which is bound to be affected by the actions of a given individual,
the resulting measure of relatedness will be a generous one in the sense that it will yield greater
values than, for instance, if the mean genetic constitution is calculated for each cluster. It must
be remembered that clusters can have afairly independent evolutionary history, as was shown for
the case of the mathematical model in figure 5.12. To be fair, the degree of “extra’ similarity that
relatedness intends to measure should be in terms of the mean population with which the player
or its offspring has a chance to interact, and so an average over the cluster for the mean genetic
constitution would yield a more accurate estimation of relatedness. Since this average is hard to
perform computationally due to the costs implied in defining the boundaries of a cluster algo-
rithmically, a more conservative estimation is added to the above measure of relatedness for the
purpose of comparison. Whereas the average constitution used for the first measure involves the
whole population, in the new estimation the average genetic constitution used for the calculation
of relatedness is taken as the one “seen” by each player during its lifetime. For each agent, the
genetic congtitution of all its partners in the game is averaged. Now, this measure of relatedness
underestimatesslightly thereal quantity since giventhetypical cluster size, no agent will play with
all the other agents in the cluster, although it can be expected to play with a good representative
portion of them. The first estimation (using the whole population) is called “relatedness-1" and
the second (using the consitution as seen by each player) “relatedness-2”. It is assumed that the
measure of interest lies somewhere between the two and probably closer to the second one.

Figure 6.7 shows the variations in the two estimations of relatedness for different values of
¢, each point obtained by averaging the temporal mean after transients of 5 simulation runs with
identical parameters. It is observed, as expected, that relatedness-1 is greater than relatedness-2,
but also that neither of them varies much with c. This behavior can be understood considering that
relatednessis given mainly by the spatial relations between players of different generationswhich
should not be affected too much by c.

By calculating the corresponding inclusive fitness per unit of energy according to (6.1) it is
found that for a first player (i) the payoff for no cooperation is Wl'?'f’i = ¢, and the payoff for
cooperation isW! = (1+ri;)/2. For asecond player (j) the corresponding payoffs are Wo') =

Inc —

9The average genetic constitution is simply astring calculated as the sum of all the genotypesin the population and
divided by the number of agents. Since there are only two possible alleles per locus which are represented by 0's and
1's, the result of this calculation is that every component in the average string gives an indication of the proportion of
each dlelein that particular locus. In order to calculate the distance from an individual genotype to this real-valued
string, a measure was used which reduces to the Hamming distance when applied between two binary strings. This
measureinvolvessumming, for each component of the string, the absol ute distance between the individual allele andthe
corresponding population average. For instance, the distance between the string (1,0,1,0) and the string (0.7,0.3,0.9,0.9)
isd=0.3+0.3+0.1+09=1.6.
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Figure 6.7: Average estimationsof relatednessvs. c. Linesdepict linear regressions.

rjicand W) = (14-rj)/2. Taking the measure that most favours an explanation in terms of kin
selection (relatedness-1), it is found that in all cases the relatedness factor is about 0.4, which
means that if ¢ < 0.7 cooperation should be the favoured outcome. This conclusion is reached
by asking for the conditions in which WS¢ < WC _ is true for both roles. Alternatively, taking
relatedness-2 as the estimation (r = 0.11) the same can be concluded for ¢ < 0.55, which does not
seem to be enough to explain the results. Since it is expected that this is a better estimation of
relatedness it can be concluded that kin selection is insufficient for explaining the results.

But even so, if the assumptions regarding weak selection pressures are stretched and a gen-
erous estimation is used for calculating relatedness, then kin selection would seem to suffice for
explaining the evolution or cooperative coordination in the present model. However, the expected
result, if such were the case, would be a constant high level of cooperation for any value of ¢
between 0.5 and 0.7, and a step-wise change to no cooperation for ¢ > 0.7 which is not what is
observed. As seen in figure 6.3 (b), the level of cooperative coordination is a linearly decreas-
ing function of ¢, even in ranges where relatedness does not vary. The condition for cooperation
is given by establishing the sign of the inequality between the inclusive fitness for cooperation
and for no cooperation, both calculated using equation (6.1). There are two parameters in this
equation: relatednessand c. A linear variation of the degree of cooperation with ¢ could only be
explained by some spatial variation in relatedness resulting in a linear decrease of the proportion
of players for whom cooperation implies the best increase in inclusive fitness. Not only is this
variation not observed, but it also would have to be manifested as a decrease in the global average
of relatedness. This observation suggests that, whatever the mechanism responsible for the stabi-
lization of cooperation, it must not work equally well for al valuesof ¢ below 0.7 as kin selection,
in these circumstances, does.

Another reason for not supporting an explanation purely in terms of kin selection is given by
the coordination/size correlation discussed above (6.4). It seems logical that if the determining
factor of the level of cooperation within a cluster is given by an optimization of inclusive fitness,
then any variation in this level from one cluster to another must be given by variations between
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Figure 6.8: Relatednessvs. cluster size for different two of c. Lines depict linear regressions.
“R1" and “R2" refer to relatedness-1 and rel atedness-2 respectively.

the average values of relatedness within those clusters because the parameter c is constant for the
whole population. Then, the relation between changes in relatedness and cluster size should be
examined. For two typical simulations with different values of c the results are plotted in figure
6.8. Anincreasein relatednesswith cluster sizeisnot observed as would be the tendency to expect
given the correlation shown infigure 6.6. On the contrary, if any tendency may be drawn from this
figure, it isadight tendency towards increased relatedness for smaller clusters, which is not very
surprising since such clusters have smaller interbreeding populations and the chances of meeting
unrelated individualsare lessthanin larger clusters.

In conclusion, even if it is accepted that kin selection could play arole in the most favourable
case, it is certainly not the whole story and further investigation is needed in order to explain
the variation of the average coordination level with ¢ and the correlation between this average
coordination and cluster size for afixed value of c. Aswill turn out, it will be possibleto discard
kin selection atogether when the structuring effects provided by the clusters are examined in
detail.

6.6 Clustersasstructuringinvariantsof the evolutionary dynamics

In this section a description will be provided of the two most important factors that arise from
the presence of clusters as stable or quasi-stable patternsin space. One of these factorsis purely
geometrical and it isrelated to the fact that players are discrete entities, connected by arelation of
genealogy along which the positionsof successive generations describe arandom walk of variable
step size. The other factor, already discussed in section 5.5.3 is ecological as well as geometrical,
and it is related to the breaking of in-built symmetries in the game and how agents are subject to
different environmental conditions depending on their position within a cluster.
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Figure 6.9: Probability of an entire genealogy remaining within cluster (delimited between posi-
tions 0 and 30) after 5 generations as a function of the ancestral position (Xp) within the cluster.
L = 10.

6.6.1 Fluctuationsand phenotypic aspects of spatial position

Section 6.3 described how clusters are constituted as a consegquence of the interaction between
agents and how they form a coherent quasi-stable spatial structure dueto the equilibrium between
a tendency by the agents to exploit more resources by expanding the size of the cluster and a
tendency to accumulate in zones of high density so as to increment the chances of playing the
game. Apparently, this equilibrium would seem to establish a degree of spatial neutrality in the
sense that spatial position does not matter for the rates of energy intake and offspring production.
Players at the center play the game more often than those at the periphery but they do so for poorer
resources. If the rates of net energy intake were different, the cluster would not be at equilibrium.
Such ahomogeneousrate of energy consumptionisindeed what isobserved inthe simulations. All
players within a stable cluster have the same average lifespan and number of offspring. However,
itisnot true that spatial positionis neutral in evolutionary terms.

Imagine a stable cluster of a definite size, and suppose that a new player is born into this
cluster. Asarule of the game, offspring are alocated near parents, so the position of the new
player depends on the position its parentsin the cluster 1°. Now, if the new player happens to be
allocated “outside” the cluster, for instance if its parents live near the periphery, its chances of
survival will be small since it will be able to play only with a few other players and the mgjority
of agentsin the cluster will be too far to reach.

So, at least in this “all-or-none” sense, spatial position is playing a phenotypic'? role which
is not genetically based: if you are born outside the cluster your chances of survival are reduced.

10Actually, it dependson the position of just one parent, the one whose high energy level triggered the reproduction
event, (see section 6.1).

11The word “ phenotypic” is used to refer to those attributes of an individual which have an effect on that individual’s
fitness. A phenotypeis usually associated with bodily and behavioral characteristics of an organisms, but the concept
can be extended to characteristics outside the body of the organisms which affect variations in genetic frequencies
within a population, (Dawkins, 1982). Phenotypic properties may trivially be unrelated to genetic constitution, e.g.
social position in adominance hierarchy, etc.
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Figure 6.10: Spatial distribution of ancestors (a) and current population (b) after 10 generations.

Would it be possible to retain a weaker concept of spatial neutrality and say that at least, the
positionswithin a cluster are evolutionarily neutral? A careful consideration of the above example
indicatesthat thisisnot possible. A player at the periphery may generate the same average number
of offspring asa player at the center, but the chances of some of these dying are grester because of
its own position. In general, by retracing the genealogy of the current population of playersin the
cluster, it would be expected that, as one goes backwards in time, ancestorswill be more likely to
be found near the central region of the cluster.

Thisis simply a geometrical consequence of the stochastic and local character of the process
of offspring allocation. This point can be illustrated with a one-dimensional example. Suppose
that all agents receive the same amount of energy per unit of time and reproduce at the same rate.
The cluster occupiesthe space between position 0 and positionL .. Each new offspring isallocated
at aposition Xg11 = Xg+ A, where Xg is the parental position at generation g and A is a random
variable uniformly taken from the interval [—L, L], (L being, as before, the neighborhood radius).
Thisisarandom walk process with stochastic step size and non-recoverable boundaries, i.e. if for
any generation g the corresponding position Xq is greater than L or less than zero the genealogy
iscut for all generations greater than g. Let P(xo,g) be the probability that no player in alineage
starting in xp at generation O has escaped from the cluster after g generations. How does P(Xo,Q)
vary with xo? This calculation is done using a Monte-Carlo method*?. As shown in figure 6.9 for
aparticular caseof g=5, L = 30 and L = 10, this probability has a peak right at the center of the
cluster and decreases towards the borders.

In order to find out whether thisis the situation in the present model a record was performed
of the gpatia position for the ancestors of the players constituting a cluster. The theoretical ex-
pectations are confirmed. Figure 6.10 showsthe spatial distribution for the current population and
for the corresponding ancestors of ten generations ago. Ancestor clusters are indeed much less
disperse suggesting that the ancestors occupied the central region of their corresponding cluster.
The size of the ancestral cluster decreases as one goes further backwards in time (also showing
dlight spatial displacementsin the cluster’s position).

125eefor instance, (Hammersley & Handscomb, 1964; Rubinstein, 1981).
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Figure 6.11: Differences in role frequency within a cluster. Agentsin central regions (triangles)
have played on average the second role more often than the first.

It is reasonable to conclude that position within a cluster has a phenotypic role with bearing
on the fitness of the players but a role which is not under genetic control. Genealogies initiated
in the central region will tend to be longer than those initiated in the peripheral region and, at
any moment, the stable cluster will be constituted by players whose ancestors were most probably
inhabitants of the central region.

6.6.2 Broken symmetrieswithin clusters

It has aready been mentioned in section 5.5.3 that the frequencies with which an agent plays
the first and second roles are a function of the agent’s position within a cluster. In a non-spatial
situation thisdoesnot happen, but in the presence of spatial patternsthis symmetry may be broken.
As aresult, some intuitions about the game may be challenged. For instance, it isclear that in a
symmetric situation playing the first role is always more effective in terms of payoff than playing
the second role, since afirst role player is bound to receive at least half the energy in the food
source, and maybe more depending on the strategies played, while the second role player may
receive at most half the energy. However, as demonstrated in the continuous spatial model (see
figure 5.13), when the symmetry in relative frequencies is broken there may be circumstances in
which a player receives a greater average payoff when playing the second role than when playing
thefirst (for instance, if the cluster is constituted entirely by a unique self-cooperating strategy).

Figure 6.11 shows, in a particular simulation run, the spatial distribution of players according
to which role they play more often. It is clear from this figure that there is a spatial correlation
according to which those agents that play thefirst role more often than the second tend to occupy
the periphery of the clusters and those that play the second role more often, the central region.

Of what consequence is this manifest asymmetry? One may advance the hypothesisthat for
values of ¢ sufficiently closed to 0.5, there will be an inner region in each cluster where players
will be receiving a higher contribution to their payoff per unit of time due to their involvement as
second role players and, given the spatial proximity of playersin this region, they would evolve
towards a self-cooperating strategy such as 1 or 3, since any growth of a non-cooperative mutants
would rapidly be overcome by a compensation of the inner population towards the other self-
cooperating strategy. Given that, as discussed in the previous section, all playersin acluster come



Cliaptel 0. A galtic OF aClOrl COOrdiriatorl. irdividual -dased Iodct. 120

from a genealogy originated at the cluster center, then one would expect a level of coordination
above the baselinelevel to evolve for the whole cluster. As c increases thislevel would drop since
the inner region of agents being selected mainly for being good “interpreters’ would become
smaller. Thiswould be an explanation which is able to account for the observed variation of the
level of coordinationwith c, [figure 6.3 (b)].

However, this hypothesisis only tentative and may not be very convincing. In order to make
the situation clearer a more careful analysisis needed.

6.6.3 Coordination explained

Consider first what would be the expected outcome if the model were to behave like one of the
mathematical models presentedin chapter 5. In those modelsit was shown that a stable attractor of
the non-spatial dynamicswas, for any value of ¢, a balanced combination of the non-cooperating
strategies (strategies 2 and 4) and no individual s, save for fluctuations, using cooperating strategies
(1 and 3). Could asimilar situation occur in the spatial model ?

It is clear that this stable solution “works” in the mathematical models because of the fine
global balance between the strategies. A consideration of the cooperative/conflictive relationships
between the different types (figure 5.1) showsthat strategy 2 is susceptibleto invasion by strategy
3 which can be “restrained” from growing by strategy 4. Similarly, strategy 4 is susceptible to be
invaded by strategy 1 which is “restrained” by strategy 2. As a result, the two non-cooperating
strategies are able to “look after each other” but only if they are present in equal humbers and
accessibility between players is global. In the spatial and stochastic case there is no way that
this uniformity can be maintained, especially since spatial symmetry is rapidly broken, and there
will aways be a possibility of an “un-constrained” invasion in areas where one non-cooperating
strategy forms a pocket and the other is absent.

The other typical solutions, both for spatial and non-spatial continuous models, were oscilla-
tions. In the present model these are not observed although, for high values of ¢ the dynamics do
not seem to settle to a steady state and the proportion of coordination fluctuates around a mean
value of 50 %. This could be understood as the effect of cyclic local invasions between strate-
gies, which occur without synchronization due to the relative independence of clusters. However,
it is important to consider that one factor that may make oscillations more difficult to occur in
this model is the fact that agents have a finite life spans, thus adding in combination with spatial
relations a certain degree of inertiainto the dynamics®3.

For values of ¢ near 0.5, the model presents a much more stable dynamics (figure 6.2), and an
investigation of the composition of the populationsat different times suggests convergence into a
stable state. In order to explain thisit is necessary to consider some features of the central region
of astable cluster. It will be important to remember the result of section 5.5.4 according to which
an invasion can only occur if the invaders achieve a threshold concentration. Thiswill happen if
the extra gain obtained by the invaders is significantly greater than the payoff of the established
strategy. Due to the stochastic nature of the processit isimportant that this extra payoff be greater
than the fluctuations in payoff experienced by the population, otherwise the effects of the extra

131 the similar model presented in chapter 7 atest was performed where the effects of the spatial dimension were
removed by making local neighborhoods as big as the whole environment. In this case oscillations were recovered.
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Figure 6.12: Critical frequency inwhich an invader’ sextra gain equalsthe fluctuationsin payoff in
an initially cooperating cluster. The horizontal lineisthe typical central frequency for playing the
second role as measured in the simulations. Also according to measures, the standard deviation of
fluctuationsin payoff are about 9 % of the mean payoff, see text.

gain will be overshadowed by noise®.

1. The central region can be modelled as a patch. Because of itstypical size of about 1 and 2

neighborhood areas, the central region of the cluster can be approximated as a single patch
where only one strategy will be represented in high proportionsand the rest of the strategies
will be present only in small quantities. If one of these strategies were able to invade, this
strategy would be expected to dominate in the long term. What cannot be expected is a
similarly weighted stable distributionfor two or more strategiesin such a small area. Thus,
the center of the cluster will be considered, for explanatory purposes, as a patch in which
only one strategy can be dominant surrounded by afield (which is not necessarily treatable
as patch initself).

. Invasions occur only after a threshold number has been achieved. In general, independently
of the invading and invaded strategies, for invasions to occur a minimal threshold density
must be achieved, since the populationis constituted by discrete entities subject to fluctua-
tions. Thiswas already demonstrated in the spatial model presented in the previous chapter,
as in other models and empirical studies, (see section 5.5.4 and references therein). Such
aminimal threshold is needed even if the mean payoff is greater for the invader. A good
estimation of the circumstances in which this threshold will be achieved is when the extra
payoff obtained by an invader rises above the level of fluctuationsin payoff. If the extra
gainissmaller than the level of fluctuationsit is unlikely that the minimal threshold will be
achieved since the invader can be said to be doing as well as the established population.

. Non-cooperative strategies are invaded for all valuesof c. Let f denote the mean frequency
with which playersin the central patch play the second role and (1 — f) the frequency for
playing the first role'®. Consider awhole cluster constituted by a non-cooperating strategy
(2 or 4). In each contest the first player receives a proportion ¢ of the energy at stake and
the second player receives nothing. Therefore, the (time) average payoff for aplayer in the

14For an introduction to the theoretical basis of some of observationsthat follow, see chapter 5 of (May, 1973)
15Typical valuesfor f were 0.53, with individual peaks at about 0.62.
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central patch will be:
(Wo) = [(1—f)c)(E),

where (E) is the average energy extracted per unit of time. If a cooperative individua
capable of invasion is placed in the patch, its average payoff will be

(W) = [f/2+(1- f)cl(E).

Thisisso because all gamesfor thisnew agent are against the established strategy; therefore
it will receive a payoff of half the energy when playing the second role and a payoff of ¢
when playing thefirst.

Fluctuationsin payoff are considered to be given mainly by fluctuationsin energy (i.e. fluc-
tuations in frequencies are ignored). The standard deviation in payoff is estimated from
observationsas

ow = 0.09(W).
The net differencein payoff for the invading strategy will be
(W) — (o) = f/2(E)

which isof the same order of magnitude as (Ws). Therefore, this difference, which does not
depend on ¢, will always be larger than the observed fluctuations and as a result the number
of cooperativeinvaderswill grow steadily.

4. Invasion of cooperative strategies dependson ¢ and f. Now consider a whole cluster con-
stituted by a self-cooperating strategy such as 1 or 3. The average payoff for aplayer within
the central patchis

Wo) = f/2(E),
while the payoff for an individua non-cooperative invader will be
(W) =[f/2+(1- f)c)(E).
The extra average payoff for theinvader is
(W) = (Wo) = (1— f)(c—1/2)(E).

Itisclear that for certain combinationsof ¢ and f thisdifference will be smaller thanthesize
of thefluctuationsin (W), so that the invader will be indistinguishablefrom the cooperating
type. In fact, if one keeps the estimates that the standard deviation of the payoff is about
9 % of the average payoff and f = 0.53 and plots the critical value of f where the extra
payoff equals the standard deviation, it is possible to see (figure 6.12) that for ¢ up to 0.6
the extra gain of the invader will be shadowed by the fluctuations. For these values of ¢ the
number of invaderswill be contained bel ow the threshold of invasion. However, statistically
this number is bound to increase (without necessarily invading) as ¢ approaches the critical
value, which can be seen by noting that if one takes a mean of the extra payoff among all
the potential invaders, the size of the fluctuations for this averaged quantity decreases with
the number of individuals.

This seems reasonable enough. For certain values of ¢ non-cooperating invadersin the central
region do not make enough extra gain to overcome the fluctuation effects and achieve threshold
concentration. But why should this affect the cluster as a whole? After al the conditionsin the
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Figure 6.13: Differencesin role frequency. Trianglesindicateindividual sthat play the second role
more that 105% (a) and 110% (b) more often than thefirst and dotsindicate the rest of the agents.

peripheral region are the opposite in terms of role frequencies, so that invaders should be more
favoured in thisregion than in the center. Asdiscussed in section 6.6.1, fluctuationsin fitness are
more pronounced near the border due to a higher risk of placing offspring “outside” the cluster.
Thisis especially manifested in the lengths of genealogiesinitiated in the peripheral region which
tend to be short. In fact, at any given moment, the whole population of the cluster can be traced
back to a group of ancestorsin the central region. So that whatever happens at the center of the
cluster, althoughit does not completely determine what happenswith the cluster asawhole, it can
strongly influence itsfinal composition.

Consequently, as a result of the internal structure of the clusters, both in terms of relative
frequencies for playing each role and in terms of the directionality of the lines of genealogy, and
also as a result of fluctuations due to the discrete nature of the agents and the stochastic nature
of their interactions, for certain values of ¢ cooperative coordination is the stable evolutionary
outcome instead of oscillationsor combinations of non-coordinating strategies.

The above explanation is able to account for the observed behavior of the mean coordination
level as afunction of c, [figure 6.3 (b)]. Even though total invasion may not occur, the number of
potential invaders maintained at aquasi-neutral evolutionary state doesincrease asc increases, thus
reducing the average coordinationlevel for the whole population. Thiswas one of the features that
could not be accounted for in akin selection explanation. Another such feature wasthe correlation
between cluster size and coordination level within clusters. Since an important test of any scientific
explanation is whether it is able to account for more phenomena than the specific questions that
gave origin toit, it would be important to see if the coordination/cluster size correlation can also
be explained using the same argument.

6.6.4 Correlation explained

In general, it isobserved that bigger clusterseither grow from smaller ones, or are relatively big at
the formation stage, so that there are two phenomenain need of explanation: 1) why do initialy
bigger clusters favour more coordinated activity, and 2) why an increment in coordinated activity



Cliaplel 0. A galtic OF aClOrl COOrdiriatorl. irdividual -ased IMouc!. 152

can provide a tendency towards cluster growth.

Explaining the second phenomenon is rather straightforward if one recalls the opposing ten-
dencies that determine cluster size. Suppose that a cluster is at equilibrium with a certain level
of coordinated activity. If, for any reason, thislevel is dightly incremented, this means that the
agents in the cluster will exploit the resources more efficiently since the average fraction of the
energy extracted per game will also increase. Thisis an unstable situation resulting in a number
of players greater than the allowed by the energy rate of renewal in the area occupied by the clus-
ter. The possibilitiesare either acompensatory growth in cluster size, arestoration of the previous
level of coordination, or asplit of the cluster into two or more sub-clusters. Assuming only a small
increment in the coordination level there islittle reason for the third alternative to occur (although
it has been observed, especially in large clusters where the energy level in the central region is
very close to zero). So it could be said that if the increment in the level of coordinated activity
remains fixed, then the cluster will have a tendency to grow.

In order to understand the other alternative, i.e. why bigger clusters may favour a higher coor-
dination level, it isnecessary to recall that for certain combinationsof f and ¢ acluster constituted
by cooperating agents will not be invaded in its entirety although a number of non-cooperating
players may exist withinit. Such a number will aso depend on the combination of c and f. Since
cisfixed during the simulation, variationsin the level of coordination of uninvaded clusterswill be
given mainly by variationsin f, the mean frequency for playing the second rolein the central re-
gion. The higher the value of f the smaller the extra payoff obtained by non-cooperating invaders
(see above) and consequently, the higher the chances that these invaders will be “shadowed” by
fluctuations. So, for fixed c, the level of coordination within the cluster will be a decreasing func-
tion of f.

Now it is necessary to show that bigger clusters will tend to have higher values of f than
smaller ones. This can be seen empirically by plottingin away similar to figure 6.11 the position
of players who play the second role not just more often than the first one, but more often than
105 % or 110 % the number of times they play the first one (figure 6.13). Here it is observed
that these agents tend to form a more compact subcluster in the central areas. Comparing figures
6.11 with figure 6.13 (a) and (b) it is apparent that big clusters admit higher values for the second
role frequency (f) than small ones. And therefore invadersin the central patch will tend to have a
lesser extra payoff.

Consequently, the structuring effects of clusterson the evolutionary dynamics are sufficient to
explain why coordination is stabilized, its dependence on ¢ and, additionally, why coordination
level and cluster size are positively correlated.

6.7 Conclusions and analogies

The investigation pursued in this chapter affords the derivation of a series of conclusionsin dif-
ferent contexts of relevance for thisthesis. First, there is the methodol ogical context which has to
do with the issues discussed in chapter 4. Then, there isthe specific interpretation of the resultsin
terms of historical processes as discussed in chapter 3. The role of spatial clusters as structuring
invariants of the evolutionary dynamics allows a series of comparisons with similar processes and
are-evaluation of the importance of different dynamical factorsin natural evolution. Such arole
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will suggest one possible avenue of further investigation which will be pursued in chapter 7. Fi-
nally, interesting analogies may be drawn between some aspects of this model and more concrete
natural phenomena. These analogies may serve as a basis for further speculation regarding the
usefulness of the explanatory mechanisms utilized here for other domains.

On the methodol ogical side, the use of an individual-based model isat the sametime acontinu-
ation of the series of comparisons between model s of different depth which wasinitiated in chapter
5 and a discontinuation in terms of the techniques involved for building the model and analysing
the results. The comparative approach has facilitated the identification of relevant factors and
their consequences. While, in order to use such a comparative approach, the present model can
be considered as an extension of the previous mathematical models, the actual construction and
analysis of thismodel has followed the methodological guidelines expressed in chapter 4 for the
use of computer simulations. Accordingly, the model was not built simply to reproduce the math-
ematical resultsand permit further relaxation of assumptions. On the contrary, the whole situation
under study was directly modelled in a computational form thusallowing aradical break with a set
of underlying assumptionswhose effects were not necessarily evident in the mathematical models
but were brought to light at the time of comparing results. Such is the case, for instance, of the
coupling between the stochastic nature of agent reproduction and spatial position resulting in a
better understanding of the phenotypic role of space. This phenomenon was not even suspected in
the mathematical approach because of the nature of the way reproduction was modelled as a pop-
ulation based instantaneous phenomenon. However, in no way should this be interpreted as saying
that the individual -based approach is better or more important than the mathematical modelssince,
without the latter, the former would not have been understandable’®.

The study of the results also followed the guidelines given in chapter 4. An explanation of the
global patterns observed in a complex computer model does not necessarily have to be based on
the lower level phenomena which are directly expressed in the model itself, but may be achieved
in terms of other global phenomena to which the model givesrise. Accordingly, an explanation
of why cooperative coordination is stabilized in certain circumstances was primarily based on the
structuring effects of clusters on the evolutionary dynamics. These effects, mainly to do with
the assignation of a meaningful phenotypic dimension to spatial position and a breaking of the
in-built symmetries of the game, are in themselves global phenomena which arise from the basic
rules of the model and which are partly dependent on each other. Thus, the explanation of the
observed resultsis better described with adiagram likefigure 4.2 (indirect explanations) than with
a diagram like figure 4.1 (direct explanation) which is the way that is usually suspected that a
computer model should be used.

In conclusion, the model studied in this chapter is a concrete proof of the suitability of the
methodological guidelines proposed in chapter 4 for the use of computer modelling in scientific
research.

As with many complex phenomena, it is usually preferable to try to find explanatory princi-
ples which will unify the type of evolutionary processes investigated here and other evolutionary
processes under the same framework. Indeed, the more contextsin which similar explanationsare

18Unfortunately, the presentation of the last two chapters has tried to proceed in logical, rather than historical, steps
and therefore it may give the reader theimpression of alinear unfolding of the research processwhile, in actuality, this
process has been a constant re-working and comparative analysis of al the models until the last moment.
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applicable the more powerful the explanatory principle. That unifying role has often been given
in evolutionary biology to natural selection. However, when natural selection was intended to be
used as the main explanatory factor in the current model, it failed. Such failure became evident
when the best candidate explanation in the present context, kin selection, was intended to account
for the observed results. In fact, kin selection proved to be quite weak as an explanation given that
alot of concessions regarding actual observations had to be made even to be able to apply it and
then not only did it not account for the observed stabilization of cooperative strategies but it also
was contradicted by other phenomena like the correlation between cluster size and coordination
level.

In contrast, the actual explanation provided in this chapter, while still relying heavily on dif-
ferential reproduction, is not constructed in terms of any unifying and unsituated principles but it
is rather based on the organizational properties of some invariant features of the actual dynamics.
As such, in this explanation some historical aspects of the process are brought forward. These as-
pects are manifested clearly in the co-dependence of many of the relevant explanatory factors such
as cluster formation, cluster stability, cluster size, symmetry breaking and behaviora strategies
selected. While this model lacks the richness that one tends to associate with historical processes
in general, the main point in the explanation of the stability of cooperative coordination is the fact
that some features which emerge from the whole ecological and evolutionary dynamics become
the constraining and organizational conditions which influence the path that the dynamics will
follow thereon. That is the nature of a historical process as discussed in chapter 3. In addition,
those same features tend to select dynamical paths that will result in their own stability which,
consequently, gives them their invariant character. Such is clearly the role played by the spatial
clusters of interacting agentsin this model.

The actual explanation of the results starts with an understanding of the dynamical “forces’
giving rise to cluster formation and stability. Once these are understood, other aspects become
evident such as the differences in environmental conditions between the central and peripheral
regions of a cluster. While cluster stability impliesan uniform level of individual rate of reproduc-
tion for all the agents, it soon becomes apparent that the phenotypic effects of spatial position are
not neutral but are manifested in the length of the geneal ogiesinitiated in different regions of the
cluster. Accordingly, after a few generations most of the current inhabitants of a cluster will have
ancestors who lived in the centra region. Thisis a consequence of the stochastic nature of local
reproduction and the discrete nature of the agentsin combination with the forces that maintain the
stability of the cluster.

Because of itstypical size and the local nature of sexual reproduction, the central region of a
cluster can be considered as a patch composed mainly by a single strategy. One cannot expect to
find a stable combination of different strategies in similar quantitiesin such a small area. If the
main central strategy can be invaded by another one, then the new strategy becomes the central
one. However, due to the discrete nature of the agents and due to the stochasticity involved in
reproduction events, for an invasion to occur it is necessary for the invading strategy to achieve
a minimal threshold in the number of players. Otherwise, the beneficial effects of the invading
strategy are overshadowed by fluctuations.

A combination of these facts with the broken symmetries induced by the cluster’s structure
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in the frequency for playing each role in the game, results in different conditions for achieving
the invasion threshold depending on the nature of the strategiesinvolved. A cooperating strategy

which has an advantage over a non-cooperating one may always achieve the invasion threshold.
In contrast, if the invasion is to be achieved by non-cooperating agents who have an advantage
over acooperating strategy at the center, then the invasion will depend both on the frequency with
which the second role is played at the center (f) and on the parameter c. For certain combinations
of these quantities invasion of the central patch will not occur. Since, after a few generations,
most individualsin the cluster will be descendants of the agents in the central patch, the central

strategy will alwaystend to be represented in a high proportion in the rest of the cluster even if the
competing strategies do better there.

This explains how cooperative coordination can be stabilized under certain circumstances.
Additionally, as c isincremented the number of individualsbearing a competing strategy will rise
(even if they do not invade the cluster completely) causing a dependency of the global level of
coordination with ¢ in accordance with what is observed in figure 6.3 (b). Finally, the same factors
can be used in explaining the correlation between cluster size and the level of coordination.

Besides the main structuring factors (like symmetry breaking), several seemingly innocuous
factors are also brought to light in this explanation, like discreteness, fluctuations, etc. It can be
concluded that use of novel techniques, within the proposed methodology, alows a re-evaluation
of the relative importance of different explanatory factorsin complex evolutionary phenomena.
Similar conclusionscan be derived from other lines of research mentioned elsewherein thisthesis
such as the work of Hogeweg, Boerlijst and colleagues on spiral waves and hypercycle dynamics
(see section 5.5) or the organizational investigationsof artificial chemistries by Fontana, Buss and
colleagues (section 7.7). If this tendency affords any general reading, it surely must be that no
single explanatory principle can do the wholejob of explaining complex situated evolutionary and
historical processes.

In addition to thisgeneral comparison between the results of this investigation and other mod-
els in which the structuring effects of invariants become key explanatory factors, it is possible to
draw other broad analogies with natural phenomena if the spatial structures of this models are
interpreted as metaphors for other factors which may have similar constraining effects on the dy-
namics. Such could be the case of group hierarchies, social networks, etc. It must be remembered
that the current investigation is not intended to provide accurate models of natural phenomena
but to gain atheoretical understanding of the many factors that are assumed to be involved in the
explanation of natural phenomena. Therefore, these analogies are intended to be suggestive and
perhaps open the door for further speculation.

As a particular case, the positive correlation between cluster size and level of cooperative
coordination within the cluster has interesting parallels in the animal world. In primate soci-
eties a similar correlation has been postulated between group size and relative neocortical size
(Sawaguchi & Kudo, 1990; Dunbar, 1992). It has been suggested that the evolution of complex
forms of communication leading to human language has been influenced by the growth in group
size in humans as compared with other primates, and a functional explanation has been advanced
in terms of the role of language as a bonding mechanism in the maintenance of stability in large
groups (Dunbar, 1993). The way that the analogous correl ation has been explained in the present
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study was rather different, more in terms of dynamics and feedback mechanisms than in terms of
functional adaptations. Nevertheless, the parallel is worth noticing because some aspects of the
operational account offered in this chapter could probably be trangated into the specific domain
of group size and communicative capabilitiesin primates.

Another important i ssue discussedin thischapter isthefitnessvalue of aspatial positionwithin
acluster. Interesting parallels may be drawn between this situation and the fitness value of spatial
positionwithin anatural group of animals. In general, individual spositioned at the edge of agroup
may suffer greater risksof predation or parasitesthan individual slocated at the center. On the other
hand, while edge individuals incur into greater energy expenditure, in some cases they benefit
from a greater energy intake due to more effective foraging. Dominance hierarchies also seem
to be correlated with spatial position, where dominating individuals occupy central positionsin a
group. Krause (1994) reviews a number of studies on the subject. The theoretical basis for most
of them is Hamilton's “ selfish herd” theory (Hamilton, 1971), which stipulates that individuals
seek a position within a group following their self-interest even if the end situation resultsin a
lower average fitness for the whole. Unfortunately, not all studies revised by Krause confirm
this hypothesis; some even contradict it. A recent computational study by Hemelrijk (1998) also
challenges the idea that dominant individuals have a preference for spatial position, showing that
they will tend to occupy a central position anyway, as afeature of the self-organizing dynamics of
interaction. If the analogy isvalid, the way in which spatia position playsa phenotypicroleinthe
current model would seem to support an explanation of the latter kind.

All these analogies suggest that it may be fruitful to speculate about these phenomena using
what has been learnt from the current model. In addition to that, the same anal ogies suggest ways
in which it would be interesting to extend the current investigation. Thisiswhat is done in the
following chapter.



Chapter 7

Social influences on development and coor dinated
behavior: an assessment

This chapter presents an extension to the models studied in chapters 5 and 6 which is still con-
cerned with the question of socia coordination from an evolutionary and ecological point of view
rather than from a behaviora one. In particular, the present chapter will continue to explore the
dynamical role played by processes that could be roughly situated at an intermediate time scale
between behavior and evolution.

The dynamics of spatial organization, as described at the end of chapter 6, can be read as
one example of such a process. In conjunction with natural selection, spatial structures play a
fundamental explanatory role in the understanding of the evolution of cooperative coordination
between interacting agents. In order to explore thistheme further a search will be made for natural
candidates that may (potentially) fulfill similar organizing roles as the spatial dynamics didin the
previous model.

One possiblefamily of candidates comesto mind when one recapitul ates how spatial structures
could beinterpreted as metaphorsfor other types of structuressuch as social hierarchies, affiliative
networks, etc. All these examples have as a common feature a similar way of influencing the
evolutionary process by constraining the patterns of realizable interactions, in that particular case
this is manifested in the form of restrictions to the available partners in the game and symmetry
breaking in role frequency.

This chapter will concentrate on the particular case of parental influences on development. To
support the hypothesis that a process such as this can affect the evolution of social interactions,
the relevant evidence from studies of animal behavior will be reviewed. The specific question to
be asked will be whether such an influence can introduce qualitatively important changes in the
evolutionary dynamics, and what sort of changes these may be. As a point of departure, the same
action-response game studied in previous chapters will be used in a simplified version. Thiswill
facilitate understanding by means of systematic comparisons.

As before, the model does not attempt to address specific behaviors observed in natural cases,
but rather to extend the understanding of the relationships between the processesinvolved in order
to help in the formulation of concrete hypotheses of what to expect in natural cases. For this
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reason, the model will be kept at arather abstract level, but specifying what aspects of the relevant
natural phenomena are intended to be included.

7.1 Social influences on development: evidence and consequences

Asdiscussedin chapter 3, atacit suppositionin many evolutionary modelsisthat those factorsthat
remain outside the influence of natural selection are either fixed or vary at random. The evolution
of atrait is often studied under the assumption that the relevant environmental factors change so
slowly that they may be considered to be static (e.g. the distribution of food patches) or their varia-
tion is dependent upon so many contingenciesthat, for large populations, they may be considered
to change randomly (for instance, mating opportunities). These are fruitful assumptions under
which the evolution of the particular trait of interest becomes, as a dynamical process, decoupled
from amyriad of other processeswhich, if considered, would make the treatment of the problem a
very difficult task®. However, it is apparent that in many cases thisis an over-simplification, even
for the limited understanding that is intended to be obtained from such models. The distribution
and quality of food patcheswill partly depend on the efficiency of foraging strategies, and mating
opportunitieswill depend, for instance, on space-time constraints and mate preferences.

Thisisacriticism that has been repeated many times (Bohm, 1969a, 1969b; Lewontin, 1982;
Odling-Smee, 1988, among others)? and should be taken seriously if an understanding of evolu-
tionary processesin general isto be achieved. On the other hand, itis clearly impractical to model
a whole ecosystem if the intention is to understand the changes of a single trait in a particular
species. If acompromiseisto be found between accuracy, realizability and explanatory value, the
relevance of those contextual factors which are not completely independent of the evolutionary
processitself should be fully justified before including them in the model.

The aim of this chapter is to accomplish such ajustification in the particular case where the
evolution of cooperative social coordination is coupled with a process of social influences on
individual development.

The assertion that social influences on devel opment can play an important role in the evolution
of social behavior isfar from surprising. Indeed, theliterature on socia effectson early life-history
inanimalsisvast and diverse. However, there seems to be a degree of conflicting terminology (in
particular for cases where the influences are on behavior rather than on other physical traitslikein
the case of nutritional maternal effects), so that it isnot uncommon for termslike*® social learning”,
“imitation”, “teaching”, “socia facilitation”, “encouragement”, “scaffolding” and others to be
used more or lessin similar contexts but with varying meanings.

Caro and Hauser (1992) review the evidence for teaching in non-human animals. They also
point to the existing terminol ogical confusion and provide their own definition of teaching:

Anindividual actor A can be said to teach if it modifiesits behavior only in the pres-
ence of a naive observer B, at some cost or at least without obtaining an immediate
benefit for itself. A’s behavior thereby encourages or punishes B’s behavior, or pro-
vides B with experience, or setsand example for B. Asaresult, B acquires knowledge

1In problemsinvolving co-evol ution assumptions like these are weakly relaxed so that the mutual coupling between
two or more “singl€e” evolutionary processes can be accounted for.
2See also section 3.2.3.
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or learnsaskill earlier in life or more rapidly or efficiently that it might otherwise do,
or that it would not learn at all. (Caro & Hauser, 1992, p. 153)

It is clear from this definition that social influences on devel opment include a wider range of
phenomena than just teaching®. Thus, one could also include as an instance of socia influence
cases where the behavior of A cannot be said to be either encouraging or punishing the behavior
of B, but just affecting it, without obvious immediate consequences to any of them. Or casesin
which A isnot actualy “modifying its behavior”, but just behaving normally in the presence of B.

An example that fits very well with the above definition of teaching (but not perfectly) is
given by the teaching of predatory behavior in felines, especially in domestic cats (Felix catus)
(Leyhausen, 1979; Baerends-van Roon & Baerends, 1979; Caro, 1980), but also in free-living
tigers (Panthera tigris) (Schaller, 1966) and lions (P. 1eo) (Schenkel, 1966) athough the data is
mostly anecdotal. Similar observations have been made on other species, including cetaceans like
the killer-whale (Orcinus orca) in the Argentinian South Atlantic coast (Lopez & Lopez, 1985).
In the presence of their offspring, mothers have been observed to modify their predatory patterns,
which are usualy quite efficient, in ways that will allow the former to gain some experience
in hunting. Thus, an adult female cat does not kill her prey immediately but tries to catch the
attention of her kittens by giving characteristic calls, letting the kittens play with the prey (which
isimmediately recaptured if it escapes), and so on.

In primates, examples of maternal “teaching-like” effects include the assistance of mother
chimpanzees (Pan troglodytes) in the nut-cracking activities of their offspring (Boesch, 1991) and
the encouragement of the devel opment of infant locomotionin pigtail macaques (Macaca Nemest-
rina), (Maestripieri, 1996). Thislast report presents quantitative, less anecdotal data where moth-
ers are seen to increase the distance of separation from their infant and display certain gestures
that encourage the infant to come closer.

Complementing the observation of the actual maternal influences of behavior, some hypothe-
ses regarding social learning have been supported by studies on the effects of mother-infant sepa-
ration; Harlow (1958) and Hinde & Spencer-Booth (1971) are two classical examplesin the case
of primates. Another caseisrelated in (Maturana & Varela, 1987, p. 127) where even a separation
of afew hours of anewborn goat from its mother can induce long term detrimental effects on its
adult social patterns.

As this last example suggests, maternal influences can also affect social relationships and
social behavior, (see Chalmers, 1983). For instance, Holmes & Mateo (1998) have studied the
maternal influence on the development of litter-mate preferences in Belding's ground squirrels.
They found that in the absence of their mothers, juveniles do not play preferentially with litter-
mates while if mothers are present, but unable to intervene, juveniles develop a preference for
litter-mates which they will tend to maintain throughout their lifetime. This suggeststhat the mere
presence of a mother, and not her active intervention, is enough to influence changes in social
behavior.

Mothers can aso influence the future social status of their offspring. For instance studies of
“rank transmission” from mother to daughter in rhesus monkeys (Macaca mulatta) suggest that
the infant’s social networks resemble its mother’s not just during the first weeks of life, when

3Caro and Hauser concludethat none of the casesreviewed fulfill their definitionin all respects.
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the mother hastotal control over the infant’s movements, but also when the infant startsto spend

more time separated from its mother, (Berman, 1982a, 1982b). A more careful study on this
phenomenon has been presented by de Waal (1996). Among the possible mechanisms suggested
for explaining this perpetuation of socia networks is early familiarity which has also been sug-

gested as aplausible mechanism for kin-recognition (Frederickson & Sackett, 1984). Accordingto
this mechanism, affiliative preferences devel op as a simple consequence of frequency of exposure
which, during the early stagesof an infant’slife, depends strongly on the existing maternal affilia-

tive network. Such a mechanism can be naturally regarded as potentially instantiating a historical

processin the sense discussed in chapter 3.

Similar cases that would fall under the rubric of social influences on development, would be
filial or sexual imprinting, whereby parents influence the mate preferences of their offspring. The
relevant literature is vast and the phenomenon will only be mentioned here?.

One salient characteristic of al the above examples is that socia influences on devel opment
do not necessarily imply the complex cognitive capabilities that one may initialy tend to asso-
ciate with terms like imitation, teaching, etc. As suggested by Ewer (1969), the setting of the
right environmental situation by the parent is enough for the developing animal to be influenced;
others mechanisms may be simpler, as in the case of early familiarity. Nor, for that matter, are
all of them classifiable as being cases where a behavior or trait is “transmitted” or “copied” via
non-Mendelian inheritance. Some of the examples may indeed look as cases of non-genetic (or
cultural) transmission (as the case of predatory patternsin felines) and some mileage may be ob-
tained from thinking in those terms. But thisis not the general case and therefore this assumption
will not be made in the model ®.

Isit possible to speak in general of the evolutionary consequences of socialy influenced de-
velopment given the variety of cases discussed? Of course, from a functional perspective it is
possible to argue for the selective value of some of these processes. For instance, imprinting of
sexual preferences may represent an optimal compromise between inbreeding and outbreeding
(Bateson, 1978, 1980). Other adaptive stories may relate the effects of the directionality of ma-
ternal effects in affecting plastic development. However, not all the effects may be functionally
adaptive. Kirkpatrick and Lande, (1989, 1992) present quantitative models that show that mater-
nal effects may produce time-lags in adaptation or even the evolution of maladaptive characters.
Laland (1994) presents a model which predicts similar results for sexual imprinting whereby the
probability of the spread of novel adaptive traits is reduced due to the preferentia resistance to
novel characters’.

In the context of thisthesis particular interest is given to the operational or dynamical aspects
introduced in an evolutionary process by allowing social influences on development. Regarding
the question about the conditions for social influences to evolve in themselves, this will not be
addressed here (although some simple modificationsto the model would probably suffice to study
it). The aim is rather to compare evolutionary processes without socially influenced development

“4For reviews on imprinting and its evolutionary consequences, see for instance (Ridley, 1987; Hess, 1973). For a
computational model on speciation induced by imprinting and sexual selection see (Todd & Miller, 1993).

5Thiswill allow to arrive at someinteresting conclusions concerning this issue.

8For another relevant evolutionary model incorporating maternal effects, see (Cowley & Atchley, 1992), Falconer
(1965) presents a pioneering experiment on the selective consequences of maternal effects and Bernardo (1996) dis-
cussestheir ecological significance.
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Figure 7.1: Two extreme cases of developmental relationships between parent and offspring. (a)
can give rise to plastic evolutionary effects (e.g. genetic assimilation), (b) can only give rise to
plastic and other dynamical effects (e.g. perpetuation of developmental relationships). See text.

with processesin which social influences are unavoidabl e, although the nature of these influences
may be subject to evolutionary changes.

In order to picture what kind of dynamical consequences can be expected, adistinctionwill be
introduced between two aspects of the process of socially influenced devel opment: 1) theinfluence
on the development of a certain behavior and 2) the influence on the propensity to influence the
development of future generations. Probably in most natural cases thisdistinctionwill not be very
sharp, but it isintended to provide an idea of the different evolutionary roles that these processes
may have. For instance, mother encouragement of the development of locomotion in macagques
does not seem to be a behavior that would affect its own probability of being found in a future
generation (although locomotion can be said to be influenced by mothers, it is not clear that the
ability to influence locomotion in the next generation is affected by the mother’s behavior). In
other cases socia influence could probably be seen as influencing their own chances of being
found in future generations, as in the perpetuation of social networks’.

The distinction is illustrated in figure 7.1 where the two extreme cases are depicted. In this
figure, phenotypesare represented by ovals divided into two sets of traits or behaviors (A and B).
Arrows represent the influence on development from one generation to the next. Each arrow starts
from the set of traits that is responsible for the influence on development in the next generation
(A in al cases), and ends in the set of traits whose development is influenced. Figure 7.1 (a)
shows a case where socia influences affect certain behaviors (B) but which do not reflect on the
capacity of influencing the next generation (A). In contrast, figure 7.1 (b) showsthe case where the
behavior (or trait) affected (A) also affects the chances of the process repeating itself in the next

7 Adoption in non-human animal s hasbeen proposed as a possible caseof a self-perpetuating social influence, (Avital
& Jablonka, 1994). See (Hansen, 1996) and (Avital & Jablonka, 1996) for critical comments on this hypothesisand a
response.
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generation. It is clear, that the ecological and evolutionary consequences of these cases are not
the same. In both circumstancesit is possible to expect effects related to developmental plasticity
in general [for instance, the so called Baldwin effect (Baldwin, 1896; Hinton & Nowlan, 1987),
or the time lags or momentum effects discussed in (Kirkpatrick & Lande, 1989, 1992)], but the
second case is more complex since the modified behavior includes the probability of modifying
future generations and so it can be viewed as a process in which the dynamics affects its own
conditionsof realizability, i.e. ahistorical process. As such, it could give rise to self-sustaining or
self-promoting structures (for instance, in the space of developmental relations).

It will be of interest to explore what kind of dynamical effects can result from the latter case.
In order to do so behaviors and the ability to influence the development of offspring will be fused
in asingle phenotypic space. Thisis done ignoring many of the complexitiesinvolved by using a
simple but justifiable model.

7.2 A model of socially influenced development

The purpose of thisinvestigationisto make afirst order assessment of the relevance that a socially
influenced developmental process may have for understanding the evolution of cooperative action
coordination, and also to try to identify what sort of constraints such a process may impose on
the evolutionary dynamics. This justifies the choice of an abstract, and indeed crude, model of
development under social conditions. In spite of this simplicity, the model is intended to account
for the following relevant aspects:

1. Phenotypesare theresult of adynamical process which is affected both by genetic constitu-
tion and coupling between the devel oping organism and its medium.

2. Thenature of the processitself is not totally determined by genetic constitution nor by envi-
ronmental coupling but there are also formal constraints (for instance, the number of possi-
ble attractors a devel opmental system can have depends on the specific transition dynamics
and may not be easily changed during evolution).

3. In most natural cases of socially influenced development, the most relevant coupling is
between devel oping organisms and their parent(s).

Thethird point issupported by the examples discussed above while thefirst two can be derived
from a Waddingtonian perspective on development as a dynamical process®. Figure 7.2 provides
a qualitative picture of the kind of process considered. An offspring’s genotype is determined
by the genotype of its parentsin the usual way (in this model using uniform crossover and point
mutation). Its adult phenotype is determined both by its genetic constitution and by parental
influences which depend on the adult phenotypes of the parents.

Put more formally, suppose that the adult phenotype of an individual i (denoted by P)) is
totally determined by its phenotype at birth Pti, with the exception of certain changes which will
depend both on Pti, and the adult phenotype of i’s parents PY*P2. Pti, depends only on the genetic
constitution of i and it is obtained by a universal genotype-phenotype mapping.

8For a collection of Waddington's key papers on development and evolution see (Waddington, 1975). Also of
relevanceis the work of Brian Goodwin and Gerry Webster, for instance (Goodwin, 1993, 1994; Webster & Goodwin,
1996).
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Figure 7.2: Scheme of abstract developmental process.

Of coursg, it is desirable that parental influence on development should reflect some formal
relationships between adult phenotype and that of the undeveloped offspring. However, these
formal ruleswill not be specified explicitly, but rather the possibility will be allowed for many of
them to coexist in the same simulation run.

A set of general constraintsis first defined for these developmental rules. The model will
consist of adiscrete and finite set of behavioral strategies and a correspondingly discrete and finite
set of possiblegenotypes. Additionally, adiscrete and finite set of phenotypeswill aso be defined.
This space will have its own phenotypic metric which, in principle, need not be the same as the
genotypic metric in terms of Hamming distances nor the same as a “behaviora” metric in terms
of possible strategies and their relations. The reason for thisis that the metric may also take into
account other traits besides those being studied. As a process, development will be manifested
on these “generalized” phenotypes and so it will clearly influence behaviora traits as well as
following alogic of itsown.

Under such a metric two phenotypes P and Q may be said to be close or apart and the distance
between them is denoted by dist(P, Q). Parental influenceswill be taken into consideration only if
the following condition holds:

dist(R,PY) <D, j=1or2,
for D asmall distance and the influence will be such that:

dist(P},P.) < D,
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where P, = Dev(P., PY7) is the adult phenotype of individual i and the function Dev(.) specifies
the developmental mapping under parental influence.

This means that socia influences on development will be manifested when parents are not
too distant from the offspring’s phenotype at birth and they will be such that the resulting adult
phenotype will remain within the same distance®. If the above conditions are not fulfilled then
P, =P,

The above abstraction of the process of socia influences on development follows a scheme
similar to those studied in models of chemical networks of catalysis, especially, as will be appar-
ent in the definition of the function Dev(.) below, random reaction networks (Stadler, Fontana,
& Miller, 1993). In such networks the interaction of two elements in a population of objects of
different types results in the production of another object (product) which is added to the popu-
lation. These models can contain as specia cases models of catalyzed replication of individua
objects (replicator equations, hypercycles) or of self-sustaining or self-replicating finite subsets of
elements. The latter cases have been explored recently in the work of Walter Fontana, Leo Buss
and colleagues (Fontana et al., 1994; Fontana & Buss, 1994a, 1994b, 1996) and some of their
findingswill be helpful in explaining what goes on in the present model (see section 7.7).

However, the model presented here is a bit more complicated, since entities are not only re-
lated through the developmental process, but also through genetic inheritance, and their relative
abundance, asinthe earlier model, will additionally depend both on selection pressures and spatial
structuring processes.

The space of possible behavioral strategies will be confined to four different types which are
discussed in the following section. However, in order not to trivialize theissue of development, the
model will includethe larger number of 256 phenotypes represented by integer numbers from 0 to
255. Aspreviously mentioned, these phenotypes are thought of as including both the behaviorally
relevant features (the strategies) and other features which are behaviorally (but not developmen-
tally) neutral. All four types of behaviorsare represented in equal proportionsin the set of possible
phenotypes’©.

The metric over the phenotypic space will be the traditional metric over the integers between
0 and 255 but “wrapped around at the edges”:

dist(P,Q) = min(|P—Q|,256— |P— Q|)

The adult phenotypeof newborn agentsis obtained as afunction of Pti, and PYP2 observing the
conditions discussed above. For each value of P} its developmental function Dev(.) is represented
by an integer symmetric matrix MP of size (2D + 1) x (2D + 1) which is defined at the beginning
of thesimulation run and isnot modified afterwards (D, as defined above, isthe maximum distance
between phenotypes for a developmental influence to take place). The entries in this matrix are
integers randomly selected from the interval | = [P} — D, P} + D]. The indexes of the rows and
columns correspond to the same interval, so that the first element of thefirst row will have indexes

9The object of this restriction is to avoid making genetic constitution an irrelevant factor on development. If any
adult phenotype can influence development then the relevance of genetic constitution is diluted while if only a small
group “close” to the phenotype at birth can exert influences it is possible to guarantee some degree of correlation
between phenotypic and genotypic proximity.
10pifferent mappings between developmental and behavioral space have been tried with no evident differencein the
results. See next section.
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(P — D,R, — D) and the last element of the last row (P} + D, P} + D). If the adult phenotypes of
both parentsfall within| the adult phenotype for the offspring will be:

Pa = MP (P, PL).

That is, the adult phenotype will be the element of the matrix corresponding to the indexes speci-
fied by the parental phenotypes. If only one of the parental phenotypesfallswithin| the remaining
index is taken to be equal to P}

Po = MP(P:Py).

and if none of the parental phenotypes falls within | the adult phenotype is taken to be equa
to the phenotype at birth. The matrices M™ for all the 256 possible phenotypes at birth define
a constrained random reaction-network. Table 7.1 shows an example of M™ for R, = 50 and
D = 2. All entries are chosen randomly from the interval [48,52]. For example, if the parental
adult phenotypesare 51 and 52, the resulting phenotypewill be changed from 50 to 49. (Note that
the symmetry of the matrix means that it does not matter which parent defines the row and which
one defines the column.)

Table 7.1: Developmental matrix for B, = 50.
| |[48]49|50]51]52]

48 || 50 | 50 | 52 | 51 | 53

49 || 50 | 50 | 51 | 52 | 53

50 || 52 | 51 | 48 | 50 | 49

51| 51|52 |50 |50 |49

52 || 53 | 53|49 |49 |53

In this abstract model the process of development isinstantaneous. As soon as a new agent is
born itsadult phenotypeis cal culated and thiswill be its phenotypefor therest of itslifetime. This
means that the model ignores the complex effects that may arise due to developmental dynamics
and their coupling with other processes.

7.3 Computer model

The abstract reaction-network model described above can easily be implemented in the context
of an action-response game equivalent to those presented in chapters 5 and 6. A population of
agents are distributed in a two dimensional spatial environment. During its lifetime an individual
agent does not leave itsfinite local habitat which is defined as a circle of radius Ry around a fixed
position with real-valued coordinates?, and where all the interactions involving that agent take
place (figure 7.3). Thisis adifferent definition of neighborhood from the one presented in chapter
6 (cf. figure 6.1).

Asin chapter 6, at each time step agents are chosen asynchronously and with equal probability
to try to play the game. An agent selected in thisway will try to randomly locate a partner within

M Typically, Ry = 8in a200 x 200 arena.
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Figure 7.3: An example of agents position with circular neighborhoods. “F" represents a food
source within reach of agent “A1” who has selected “A2" as a partner in the game. Notice that
although both “A2” and “A3” are “within reach” of “A1", they cannot interact with each other.
Compare with figure 6.1

its neighborhood with a probability of success proportional to the local density of agents 2. At the
same time a food repository will be randomly selected from those located in the neighborhood.
The first player performs an action A and the second player performs a response R. If A and
R are complementary in the sense described below, the two players are said to be coordinating
their behavior. In such a case both agents share equally the payoff which is an amount of energy
extracted from the local repository. If they do not coordinate the first agent receives a proportion ¢
of the energy in the repository where, asin the previous chapters, 0.5 < ¢ < 1, and the other agent
receives nothing.

In this simplified version A and R are fixed for all circumstances in a given individual: they
do not depend on food types nor on a history of interactions. They are represented each by an
integer number between 0 and 15. The condition for A and R to be complementary is simply that
parity(A) = 1 — parity(R) where parity(.) returns O for even numbers and 1 for odd numbers.
From this condition it is possible to distinguish four possible behavioral types depending on the
combination of paritiesfor A and R. Actions and responses may be odd (O) or even (E), therefore
the four possible strategies are (EO), (O0), (OE) and (EE) where thefirst placeindicatesthe parity
of A and the second the parity of R. The relations between these strategies are exactly the same
as the relations held by the four strategies used in the mathematical analysis of the coordination
game presented in chapter 5. These are shown in figure 7.4 (cf. figure 5.1). In thisfigure, arrows

12p s before this is implemented as a fixed number of trials in which the agent selects a player at random from the
whole population. See section 5.5.
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indicate a cooperative relationship between first player (arrow’s starting point) and second player
(arrow’s end). Absent connections“indicate” non-cooperative relationships.
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Figure 7.4: Cooperative relations between strategies. (EO) and (OE) are called “ self-cooperating”
or simply “cooperating” strategies.

Asin chapter 5, two of these strategies, (EO) and (OE), can be called self-cooperating since
agents playing these strategieswill coordinate when playing against each other. Other cooperative
outcomes will depend on the roles played by the agents. The mathematical analysis presented in
chapter 5 appliesdirectly to this game.

In one version of this game A and R are encoded in an 8-locus binary haploid genome using
binary encoding. Aisencoded in thetop 4 bitsand Rin the lower 4 bits. In both cases only 1 bitis
behaviorally significant: the one that determinesthe parity of the corresponding integer. However,
the whole genotype determines the phenotypic number that is used in the devel opmental process;
Ry, the phenaotype at birth, is obtained by transforming the whole genome into an integer number.
As an example, consider the string 00010100. The corresponding values for action and response
will be A= 1 and R= 4. The phenotypeat birthwill be P, = 20. After applying the devel opmental
rules, a new adult phenotype is obtained (say 21) which is transformed back into a binary string
(00010101) in order to obtain the corresponding new values of A and R (1 and 5 respectively).

It is clear that the correspondence between phenotypic number and the values of A and Rwill
follow a strict rule determined by the above process. Although this rule does not favour any of
the four behavioral types over the others, it may be the case that the results may depend strongly
on its application, which after all does not intend to model any specific phenomenon, but is rather
an implementational choice. To test whether thisis the case, a different set of experiments was
carried out using a random mapping between phenotypic and behavioral space. In thiscase, the 8-
loci genome also encodes the phenotype at birth, but the corresponding behavioral strategy for that
phenotype is assignhed randomly at the beginning of the simulation. Although, the corresponding
association remains fixed during the simulation run, any spurious effects should disappear after
comparing many different runs. In all the cases, the results for both types of encoding were the
same. A report will be made only on cases using the first type of encoding.

In al the experiments reported here the distance of alowed parental influence (D) is equal to
2 (modulo 256). Other values were tested between 1 and 5. Results did not seem to differ much,
although the exploration was not as methodical asin the case of D = 2.

In away similar to the model presented in chapter 6, agents store the energy gained from the
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gamesthey play and useit for self-maintenance (afixed energy cost isdiscounted at each time step)
and for reproducing once a certain amount has been accumulated. Selection of mating partner is
based only on locality constraints and the offspring is placed within the neighborhood of the first

parent (the one whose high energy level triggered the reproductive event) who also provides the
offspring withitsinitial value of internal energy. Neighborhoodsdo not overlap completely so that

gene flow is not prevented. The offspring’s genotype results from a uniform crossover operation
on the genotypes of the parents plus random point mutations with a fixed probability g = 0.002

per loci (which in the present case means roughly 3 mutants every 200 newborn agents).

At the beginning of the simulation the 256 developmental matrices (M ™) are defined and an
initial population (generally about 800) with randomly chosen genotypesis distributed at random
in the arena. The simulation is run for a fixed number of time steps. As before, many parame-
ters, especialy those linked to energy values, are chosen so as to avoid extinction and maintain a
reasonably high average number of players (about 700). These parameters are fixed for al simu-
lations.

7.4 No development

Based on previous experience with similar analytical and individual-based models one aready
knows how to expect the model to behave if no social development isincluded.

7.4.1 No Space.

Since the game isformally equivalent to the 4-strategy action-response game studied using game-
theoretic approaches in chapter 5, all the conclusions made in that chapter apply. In general, two
different attractors could be expected. A fixed point attractor where the popul ationis constitutedin
equal proportionshby strategies (EE) and (OO) and a cyclic attractor where each strategy becomes
dominant for afinite period and then isreplaced by another one in the order shown by the straight
arrowsinfigure 7.4.

In the current model, the lack of spatial relationships can be implemented by setting the local
neighborhoods to a size greater than that of the whole arena. Thus, each agent has equal access
to any other agent and the situation is that of a mixed medium. Figure 7.5 shows the population
constitution as a function of time where it is clear that the oscillatory solution dominates the
dynamics.

7.4.2 Space.

As in chapter 6, the introduction of space and stochasticity radically changes the outcome of
the evolutionary dynamics. In away practicaly identical to the model presented in that chapter,
despite differencesin parameters and the shape of thelocal neighborhoods, the resultsof the spatial
game showed that for certain values of c thelevel of cooperative coordination remains stable above
the baselinelevel of 50 %. Ascisincreased the overal level of coordination decreasesin aquasi-
linear fashion, from almost 100 % for ¢ = 0.5 to the baselinelevel for ¢ = 0.7 (see figure 7.8).
An inspection of the spatial distribution of the players shows that they form stable clusters
which present the same phenomenology as those discussed in chapter 6. This suggests that the
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Figure 7.5: Population constitution, no space and no development.

same type of processes are at play in thismodel and, consequently, that the stabilization of coop-
erative coordination can be explained in asimilar way.

It has been observed that populations tend to be constituted largely by a mixture of strategy
(EO) and aminor amount of (OO) or, conversely, by (OE) and aminor amount of (EE). Figure 7.6
(a) shows an example of such acase, for atypical run of 1.5 x 10° time steps (roughly 400 gener-
ations). The populationisrapidly invaded by a self-cooperating strategy (OE) and a small number
of agentsof type (EE) is maintained sincethey take advantage of the (OE) strategy. In contrast with
figure 7.5 the spatial dynamics prevents an invasion of strategy (EE), (other strategies disappeared
early in thesimulation). Figure 7.6 (b) shows, for the same run, the phenotypic constitution of the
population through time. Since thereis not developmental process, adult phenotypes are identical
to phenotypes at birth, and they are completely determined by genetic constitution. In thisfigure,
the horizontal axis represents the phenotypic number and the vertical axisrepresentstime (running
downwards). Darker areas represent a higher number of the corresponding phenotype!3.

As c increases beyond 0.6 this two-strategy constitution ceases to be stable and all strategies

13This figure does not reveal any apparent structure in phenotypic space other than the fact that the greater part of
population is located in a“cloud” surrounded by smaller “clouds” with shorter life span. Since most of the transfor-
mations in phenotypic space are effectively neutral (remember that only 2 of the 8 bits in the genome are relevant
for defining the behavioral strategy), one could ask why the population constitution does not perform something like
a “wandering” movement in phenotypic space rather than remaining in the main “cloud”. Thisis not one of the is-
sues treated in this thesis but, nevertheless, the hypothesis can be advanced that such “wandering” movement would
effectively be observed if the only operation in genetic space were mutation. The present model includes mutation
and recombination in a finite population. Thus, while many mutations would produce neutral phenotypes, in order to
effectively increase the number of players bearing those new phenotypes, a threshold concentration would have to be
achieved. Such concentration is difficult to achieve if most of the reproductive events in which the new players will
engagewill bewith partners drawn from the main “cloud”, which meansthat the resulting offspring will be morelikely
to be of adifferent phenotype than if the only genetic operation were point mutations. On the subject of the role of
neutrality in evolution see for instance (Huynen, Stadler, & Fontana, 1996; Barnett, 1997, 1998) and literature cited
therein. A related issue concerning the role of crossover in alopatric speciation without environmental barriers has
been discussedin (Di Paolo, 1996a).
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Figure 7.6: Population constitution for spatial game with no development, ¢ = 0.6.

participate in a strong dynamics.

7.5 Resultswith social development

When the evolutionary processincorporates development under social conditionssome interesting
gualitative differences become apparent. All simulationswere run using the same parameters and
for values of ¢ between 0.6 and 0.95.

7.5.1 No Space.

As concluded in chapter 6, the imposition of spatial constraints changes the evolution of coop-
eration from an oscillatory pattern into a stable level. |Is it possible that a process of social de-
velopment could, by itself, constrain the evolutionary dynamics in a similar way? The answer
is negative. The dynamics remain oscillatory, athough qualitatively different in that strategies
become phase-locked by pairs (figure 7.7).

75.2 Space.

When a spatial dimension is added, results at the population level are similar to the case without

development except that the range of ¢'s where cooperation is stabilized islarger: 0.5< ¢ < 0.8.

More interestingly, almost for the totality of this interval, the resulting population is constituted

purely by a single cooperative strategy [either (OE) or (EO)], and only for ¢ 2 0.8 do polymorphic
populations appear. In contrast with the case without development, the global level of cooperative
coordination does not decrease linearly as ¢ increases, but is maintained at alevel closeto 100 %
and then changes rather abruptly for ¢ = 0.8. In figure 7.8 one can compare the variation of the
level of coordination with c both for spatial games with and without development, (each point is
taken as the average of the long term coordination levels of 5 simulation runs). Such a qualitative
difference is an indicator that the process of socially influenced development is introducing an
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additional constraining factor in the evolutionary dynamics. To reveal this factor the situation
should be analyzed in more detail.

7.6 Networks of social influences on development

By studying the population constitutionit isfound that, within the range of ¢’s where cooperation
is stable, the population tends to be constituted mainly by a single adult phenotype either of type
(EO) or (OE). This can be observed in figure 7.9. In this figure the population constitution is
shown for atypical simulation run with ¢ = 0.6, (compare with figure 7.6). After atransient the
whole populationis constituted by strategy (OE) and the other strategies disappear almost entirely
[figure 7.9 (8)]. More remarkably, figure 7.9 (b) shows that the population is constituted mainly
by a single adult phenotype: P, = 176. In contrast with the case without development, where
for certain values of ¢ the competing strategy was prevented from invading, when development is
added it seemsthat the competing strategy is prevented even from existing.

By examining the genetic constitution of the agentsit is discovered that the whole population
has converged (save for small fluctuations) on a single genotype (or equivalently a single pheno-
type at birth: P, = 174). A study of the developmental table for this phenotype at birth (table 7.2)
reveals that adult phenotype 176 not only is the most abundant in the table but it also has the ef-
fect that if both parents have this adult phenotype their offspring (except in the case of mutations)
will also devel op into the same adult phenotype. The situation is depicted in figure 7.10 where the
number in the square representsthe phenotype at birth, the number in the oval the adult phenotype,
the solid arrow can be read as “ devel opsinto” and the dashed arrow as “influences”.

A set of developmental relationshipswhich somehow perpetuatesitself will be called a devel-
opmental network. It is so distinguishable precisely because its organization remains invariant in
time. In the particular case shown in figure 7.10 it is apparent that this network does not just per-
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Figure 7.8: Coordination level vs. ¢ for spatial games with and without development.

Table 7.2: Developmental matrix for B, = 174.
| | 172|173 [ 174 | 175 | 176 |
172 || 176 | 175 | 176 | 172 | 172
173 || 175 | 172 | 175 | 176 | 176
174 || 176 | 175 | 172 | 173 | 173
175 || 172 | 176 | 173 | 173 | 173
176 | 172 | 176 | 173 | 173 | 176

petuatesitself but it may also be called “ self-promoting” since the product plays a“ self-catalytic”
role in its own (future) production. As will be shown later, other type of networks can be ob-
tained by increasing the value of ¢. But, for the moment, one could ask if it is possibleto use this
self-promoting network to account for the observed results.

An explanation is required for 1) why the presence of these networks prevents the existence
of competing phenotypesfor a certain range of ¢’s, and 2) why the transition to no cooperation is
abrupt rather than smooth as in the case without social influences on development.

Thefirst question is easy to explain if the evolutionary process is momentarily imagined as a
search for viable phenotypes. If the populationis constituted in its totality by a self-cooperating
strategy like (EO) then individuals using strategy (EE) will constitute good alternative solutions
in the sense that they will get, in principle, more payoff than those using (EO). “Finding” this
competing strategy is not amajor problem for the case with no development, sinceiit is “located”
just one mutation away in genetic space (all that is needed is to flip an appropriate bit in the
genome). In the spatial game, athough individuals bearing this mutant strategy can easily be
found, the corresponding invasion is prevented by the spatial dynamics, as explained in chapter 6.
But the inclusion of socially influenced development changes the situation. Now not only must
the mutant be easily found by simple genetic operations, but it also must comply with the logic of
the dominant developmental network.
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Figure 7.9: Population constitution for spatial game with development, ¢ = 0.6.

174 %

Figure 7.10: A self-promoting developmenta network corresponding to the same simulation run
asinfigure 7.9.

In the example shown if figure 7.10, suppose that a mutation changes the phenotype at birth
from 174 to another value B,. Thisvaue can fall into one of two cases: either its distance to the
parental phenotype (176) islessthan or equal to D or it isgreater than D. In both cases one must
look for the probability that the new adult phenotype will be able to perpetuate itself by generating
offspring who will also result in the same adult phenotype. An estimation is made of the upper
bound for the probability of this happening in each case.

If the mutant phenotype at birth cannot be affected by the parental phenotype because its
phenotypic distance is greater than D, the corresponding adult phenotype will be equal to the
phenotype at birth, (section 7.2). Supposing that this mutant is able to produce an offspring with
the same genetic constitution, the adult phenotype of this offspring will be calculated as the entry
in the developmental matrix which corresponds to the phenotype at birth of the original mutant.

According to the developmental rule, if new phenotype at birth is Q the adult phenotype of
any future offspring, M9(Q, Q), should also be equal to Q in order to compete by establishing a
self-promoting network of its own. The probability of finding a matrix with this property is 1/5
(for D = 2 each entry isfilled by one of five possible numbers). The probability of the resulting
adult phenotype being one that is able to compete with the dominant oneis 1/4 (the four behavioral
strategies are equally distributed along the 256 phenotypes). And the probability of picking up a
genotype at random and that this genotype is within one mutation from the dominant one is less
than 8/256 since some of these mutations will map into phenotypes which are closer than D. So
the probability of finding a mutation that will produce a competing mutant able to develop into



Cliapter 7. olidal ITHHUCTICES Orl devetOpiTier it alflld COONdiTiated Pefiaviorl . alll dassessSlTielit 1o4

itself and maintain this developmental structure in a self-promoting way islessthan 1.562 x 10 3,
The other case is a bit more complex. If the new phenotype at birth may be affected by its
parents, then it has to develop into a competing adult phenotype. But it must do so both when
the parents belong to the dominant structure, and when they belong to the mutant population.
Suppose the new phenotype at birth is 175, which happens to develop into 177 if the parents are
both 176. Asthe number of agentswith adult phenotype 177 increases, many newborn agentswill
have one or both of their parents bearing this new phenotype. So, in order to compete with the
dominant network, itisalso required that phenotypeat birth 175 and adult phenotype 177 establish
a self-promoting network of their own. Again, it is possible to look for an upper bound for the
chances of this happening. In the example, the condition that must be met is that the entriesin
the matrix corresponding to 175 for indexes (176,176), (176,177), (177,176) and (177,177) al be
equal to 177. These are actually three conditions since the matrix is symmetric, so the chance of
this happening in the general case is 1/125. Again, only one fourth of these cases will map into
a competing phenotype, and the independent probability of one of those being accessible by one
mutation is, as before, less than 8/256. An upper bound for the probability isthen 6.2 x 10 5.

It is clear that the existence of a self-promoting developmental network poses much harder
constraints for evolution to find viable alternatives. These are not impossible to find, but much
more rare. In avery concrete way social development introduces changes in the phenotypic land-
scape, so that even if two phenotypes are behaviorally neutral, they are no longer evolutionary so,
simply because they are not developmentally neutral. And this explains why, in the presence of
a self-promoting network of the type shown in figure 7.10 other phenotypes are prevented from
existing.

It remains to be explained what happens when the value of ¢ is increased up to the point
where coordination is lost. Intuitively, it is possible to think that the selection “pressure” for
finding the viable alternatives increases as c is incremented, but it still must be the case that, if a
self-promoting network exists, then the competing phenotypes must comply to the devel opmental
logic as imposed by that network. For high values of ¢ these networks have not been observed
and so it is concluded that they are too costly, in behavioral terms, to exist. Nor have any evident
alternative developmental networks been observed in this case. This explains the sudden drop in
coordination for values of ¢ higher than the critical value of 0.8. Interestingly, althoughthedropis
quite abrupt isis still possibleto find a certain level of coordination above the baseline for values
near 0.8, [figure 7.8 (b)]. Thiscase will be examined in more detail.

What is observed as the value of ¢ = 0.8 is approached from below, is that the increased
“pressure” to find alternative phenotypes in the presence of a dominant self-promoting structure
results in complex co-existing developmental networks with interesting properties. Figure 7.11
(a) shows the constitution of the population for such a value of ¢ in a particular simulation run.
Similar cases were observed for different runs. The figure shows the main cooperating strategy
constituting most of the population (solid ling). In figure 7.11 (b) the variation of the population
constitution is shown. Besides the single main phenotypic component as in figure 7.9 (b), other
phenotypes can also be seen, (these are seen to the borders of the figure, it must be remembered
that the space iswrapped around and 255 and 0 are neighbour phenotypes). The main phenotype
is associated with the sel f-promoting devel opmental network showninfigure 7.12 (a). In addition,
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Figure 7.11: Population constitution for spatial game with development, ¢ = 0.8

by examining the population, the discover is made that some agents rel ate through a more compl ex
developmental structure [figure 7.12 (b)].

Both networks shown in figure 7.12 originate from three different genotypes. The Ham-
ming distance between ‘238" and ‘254’ and between ‘254’ and ‘255’ is 1 meaning that uniform
crossover between these pairs will not introduce new genotypes. However, the two devel opmental
structures are separate since developmental influences exist only if adult and newborn phenotypes
differinlessthan D = 2. From the behavioral perspectiveit is seen that two of the adult phenotypes
produced in the second structure are of type (OO) which, under ideal circumstances, would tend
to invade a population constituted mainly of type (EO). However, as can be seenin figure 7.12 (b),
these adult phenotypesare not “free” to grow because they are constrained by the amount of adult
phenotypes that favour their development, some of which compete with them on the behavioral
plane. In spite of what figure 7.12 (b) may suggest all the phenotypesin this developmental struc-
ture remain bounded in number. Thismay be easier to understand by considering the cooperative
rel ati onshi ps between these phenotypesalso as a network (figure 7.13).

In fact, a study of the time evolution of cooperating and non-cooperating phenotypesin the
secondary network [figure 7.12 (b)] shows a very strong correlation in their variation as if the
overall effect tended towards a form of behaviora neutrality which suggests that some complex
self-regulation is taking place. This time evolution is shown in figure 7.14. The dotted line in-
dicates the number of players using non-cooperative strategies (phenotypes 0, 253, 255) and the
solid line the number of players using cooperative strategies (phenotypes 1, 252, 254). The linear
correlation between the two time series has a coefficient of 0.8841.

7.7 Discussion

Assaid earlier, the purpose of this study is mainly exploratory, hence the abstractions made in this
early model. The relevance of social development for understanding the evolution of cooperative
coordination could well be supported independently by theoretical arguments. A choice was made
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to propose a minimal model where the nature of such influence could be explored.

In addition to the stabilization provided by spatial organization, cooperative coordination re-
ceives further stabilization by the presence of developmental networkswhich constrain the range
of viable competing strategies and act as organizational invariants.

Further understanding of the dynamics of these structures could be obtained from other studies
using reaction-networks. By the introduction of a chemical analogy, it is possible to use notions
such as catalysis, hypercycles, etc., (Eigen & Schuster, 1979), whereby developmental relations
can be seen asfavouring the production of certain group of phenotypesin a self-sustaining manner.
The work of Fontana and colleagues on artificial chemistries (Fontana et al., 1994; Fontana &
Buss, 19944, 1994b, 1996) could be particularly relevant in developing this analogy. In thisline
of work the dynamical organization of randomly reacting artificial objects is investigated in a
minimal chemistry paradigm using A-calculus expressions as the structure (and functionality) of
the reactants. Reactions follow the logic of deterministic construction of new entities from the
reacting elements and their subsequent substitution. Starting from random initial conditions the
whole system converges after a number of interaction into a set of A-expressions which, after
application upon an identical expression, ends up producing a copy of itself. These self-copying
functions are analogous to the self-promoting developmental networks that emerge in the present
model. Duetoitssimplicity, Fontanaand colleagueshave label ed thiskind of invariant regularities
aLevel 0 organization. By the introduction of syntactical constraintsthe action of copy functions
can be restricted and more complex self-maintaining organizations emerge (Level 1) which in
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Figure 7.13: Cooperative relationshipsin the developmental structures showninfigure 7.12.

certain aspects resemble the developmental networks that obtain when c is incremented to the
critical value for which coordination begins to disappear.

However, the link between the two types of invariant structures is, for the moment, purely
phenomenological, and some care should be taken in drawing hasty conclusionsas the differences
are also apparent, especialy in terms of the other two “dimensions’ in which the devel opmental
networks of the present model exist: the behavioral and the genetic. One can have an idea of the
added complications by considering the complex relations between the same set of phenotypes
exposed by figures 7.12 and 7.13 in the devel opmental and behavioral planes®.

Another interesting aspect of the model in relation to issues mentioned at the beginning of
the chapter is that the self-promaoting developmental networks that dominate the dynamics for
a large set of parameter values happen to look, within the restriction of the model, a lot like
cases of imitative learning or behavioral transmission. Although none of the minimal cognitive
mechanisms that would seem to be necessary in order to speak of such a phenomenon are present
in the agents, at least from an ecological perspective it seems that of al the ways that parents
can affect their offspring phenotype, those that most resemble teaching or imitation, are the most
likely to be encountered. Such an observation should be taken as a warning when the intentionis
to try to understand the evolutionary role of socia learning or imitative learning. It may not be
directly related to selected advantages to individual organisms at all, but it may impose its own
phenotypic significance simply by propagating more efficiently than other possible devel opmental
relations. Thiswould explain the apparent maladaptiveness that can be derived as a consequence

M nterestingly, in the casewhere only self-promoting structures like that shown in figure 7.10 exists, the correspond-
ing network of cooperating relationsisalso rather simple sincethe adult phenotypehappensto be of the self-cooperating
type, [(EO) or (OE)], and so the analogy can be directly applied. But this may not happen in more complex cases.
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of other formal models such asLaand’smodel on sexual imprinting (Laland, 1994) and the model
on maternal effects by Kirkpatrick and Lande (Kirkpatrick & Lande, 1989, 1992).

Finally, it would be important to emphasize that this study has looked at the issue of social
development from an abstract perspective, that of an instantaneous process coupled with, but not
completely governed by differential reproduction. Thisis a strong simplification of the issue of
development under social conditions, especialy if its behavioral and dynamical aspects become
the focus of interest. Whatever the complexities of natural cases one can at least be certain that
those features abstracted in the formulation of the model have relevant consequences for the study
of cooperative action coordination and should be taken into account in future studies.



Chapter 8

Coordination without infor mation

The model presented in this chapter is intended to act as a simple proof of concept against the
preconception that information must be unevenly shared in order for communication to evolve.
At the same time, it is meant to provide an example of the way in which a move can be made
from the very simplified interpretation of coordination needed for studying some evolutionary and
ecological issues towards a richer behavioral approach where other themes can be explored. This
tendency will culminate in the strictly behavioral study presented in chapter 9.

As discussed in chapter 2, the preconception regarding information unavailability as a requi-
site for the evolution of communication arises from deriving an operational requirement from a
functional a posteriori interpretation of the phenomenon in a selective context. In the argument
presented in that chapter it was emphasized that such a derivation is not just equivoca from a
theoretical perspective but that it also has specific pragmatic consequences in the form of awhole
range of phenomenathat is left unexplored because the models (in particular computational ones)
are unnecessarily restricted by a conceptual bias.

Themodel of social coordination presented in this chapter will extend the models presented in
chapters 5 and 6 and will not assume hidden information as those other modelsdid. Theintention
isnot to address specific scientific questions. Rather, theinterestisin presentingit asavery smple
example of the sort of issuesthat can be explored by relaxing a problematic assumption. For this
reason, resultswill not be analysed with as much detail as the with other modelsin thisthesis. At
the same time, it is expected that this model will suggest other ways of extending the very basic
action-response game used so far to games where the term “coordination” can be applied morein
accordance to the meaning given in chapter 2.

8.1 Computer models of communication and the informational bias

“A first prerequisite for communication is that some organisms have access to infor-
mation (knowledge) that othersdo not, for if they all have accessto the same informa-
tion, no communication is necessary. The non-shared information could be about the
organism’s own internal state (e.g., hunger), or it could be about features of the ex-
ternal state of the environment that cannot be directly perceived, or aswell perceived,
by the other organisms’, (MacLennan & Burghardt, 1994, p. 165).
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Such is the logic that, for quite some time, has been taken as a design dictum in many com-
puter based explorations on the origins and evolution of communication. As argued in chapter
2, thisview is the logical conseguence of a monetary understanding of communication as cur-
rency exchange; a currency whose value is converted into fitness points and therefore renders
communication tractable in simple cost-benefit termst. Information (understood in the colloquial
or semantic sense) is the obvious candidate for such an unifying currency. In spite of the lack
of clear definitions of the term, it must be recognized that this perspective on communication is
attractive partly due to the abundance of imaginable scenarios that could fit naturally into an in-
terpretation in terms of non-shared information. An agreement with the usefulness of this point of
view should be evident from the way the modelsin chapters 5 and 6 were built and the situation
represented therein interpreted. The criticism made in this chapter is not aimed at the specific
situations presented in many computer models as being unrealistic, uninteresting or in any other
way inaccurate. The criticism isamed at the language used in justifying those models, atypical
example of which is the above quotation. What this language manifests can only be considered,
from the theoretical perspective of this thesis, as defining a conceptually and methodologically
biased (rather than theoretically informed) research program?.

How isthisbiastrandated into computer simulations? The most common trend may be labeled
“denotational”. Thistrend equates the evolution of communicative behaviors with the evolution
of a shared code of tokens (usually plainly symboalic) that successfully map to environmental or
internal states or the categories the agents construct from perceiving environmental or internal
states. The corresponding models can be very straightforward: agents must simply converge into
a conventionalised set of symbols to denote abstract states with predefined range of possibilities
and which are privately accessible but must be somehow shared for effective action (MacL ennan &
Burghardt, 1994; Oliphant, 1996). Other models present more complex variationson thisideasuch
as the more ecologically inspired model by Cangelosi & Parisi (1998), where agents must learn to
classify mushroomsinto poisonous or edible (a feature which can be only perceived proximately
although the mushroom itself can be seen from afar) and pass on this information to other agents
to save them the trouble of going for the wrong type of food. And a more complex and integral
version is presented in studies by Luc Steels and colleagues where agents engage in language-
games such as pointing to environmental features and naming them, and where wordsin a shared
lexicon converge on perceptually grounded categories which can themsel ves be subject to change
in a coupled process, (Steels, 1996, 1997a, 1997b, and others).

Some of the more biologically inspired model s of thissort present an interesting potential from
aresearch perspective on evolutionary issues, because they permit the study of questionsregarding
the benefits and costs of signalling, particularly in cases where the game posits a scenario where
interests are in conflict; see for instance (Bullock, 1997; Nable, 1998a) and the models presented
in chapters 5 and 6. Related to the latter, although not as clearly belonging to the “denotational
trend”, are simulation studies of aggressive signalling such as those by de Bourcier and Wheeler
(de Bourcier & Whedler, 1994, 1997) and Noble (1998b). These models address issues regarding

1Seg, for instance, Hasson (1994) and Maynard-Smith & Harper (1995) for definitions of information “augmenta-
tion” and “reduction” in terms of increased and decreased fitness. See also section 2.3.

2Clearly, this would not be so viewed from atheoretical standpoint which equates communication with information
exchange and therefore rejects, or somehow managesto address, the broader theoretical issuesraised in chapter 2.
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the conditionsfor reliable signalling of aggression to evolve and become fixed in a population of
agents. Wheeler and de Bourcier study territorial signallingin an ecological context where agents
may have to compete for local resources. In its basic incarnation, the model shows that honest
signalling of aggressiveintent becomes stable only when the cost of signalling ishigh enough, thus
supporting Zahavi’s handicap principle (Zahavi, 1975, 1977) which states that reliability must be
tied to signalling cost in order to make signalsof high quality too costly for low quality individuals
to produce (i.e. to bluff). Noble studies the evolution of intention movements. displays that
could signal aggressive intent (such as the baring of fangs). None of these models assume a
denotational view of signalling. However, the emphasis on signal reliability suggeststhat the type
of communication that they are meant to addressis indeed of the informational kind3.

In spite of the fact that an interest in whether signal reliability only makes sense from an
information-centered point of view, in the studies on honest signalling under natural selection just
mentioned one cannot speak of a methodological or conceptual bias in favour of a denotational
perspective on communication since the possibility of non-trivial uninformative uses of signals,
athough rarely realized, is at |least contemplated within these models®.

A different and less frequent trend is exemplified by the work of Werner and Dyer (1992).
Here a scenario is constructed so as to avoid exerting direct pressure on a signalling system to
evolve, (although whether the actual model is successful in achieving thisisamatter of debate). A
population of agents controlled by recurrent neural networks must evolve efficient mating strate-
gies. Maes can move blindly in atwo-dimensional arena. Females can perceive nearby malesand,
although immobile, they are able to signal to the male who may choose to deviate on its course
thus facilitating the meeting and reproduction event. After many generations the behavior of the
males (initially finding mating partners at random) can be correlated with the signals emitted by
the nearby females which can be interpreted as constituting a “directional code” which “tells’
the blind males in which direction to move. Although, the results of this model could perhaps
be interpreted in terms of behavioral coordination, it is clear that the authors choose to make an
informational interpretation of the situation at the moment of designing their model. “To put evo-
[utionary pressure on the animalsto communicate, we needed to design animalsin an environment
such that some animals would have information that other animals needed to know but were not
capable of finding out for themselves. The animals with this valuable information would have
to communicate it to the other animals. The relevant information in this particular smulation is
the location of the female animals relative to the male animals.”, (Werner & Dyer, 1992, p. 661).
Again, as in the denotational trend, non-shared information is taken as an a priori requisite for
communication to evolve. Consequently, this model and others like it fall in the same category
being criticized in this chapter.

Although the habit of assuming hidden information as a requisitefor communication to evolve

SUnfakeable signals such as the aggressive roaring of the red deer fall trivially into a “denotational” perspective
on anima communication and so do signals which are honest in virtue of Zahavi's handicap principle since these
signals relate in an unique way to costs and, consequently, to quality (or need). Hence, the methodological necessity
in these models to allow for non-denotative or dishonest signalling (although the honest-dishonest distinction remains
informational in the sensediscussedin chapter 2).

“4For instance, both of Noble’'s models (1998a, 1998b) allow for the possibility of manipulative bluffing as well as
receiver’s counter-responseto co-evolve in an arms-race fashion, although this is not actually observed. Consequently,
these models cannot be said to have a denotational bias. However, asit hasbeen argued in chapter 2, they may still rely
on amuch subtler informational perspective, that of a combination of manipulation and mind-reading. See section 2.3
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is quite generaized in computational studies, there are fortunately a few exceptions.

In a recent model of the influences of sexual selection in song diversity Werner and Todd
(1997), argue that linking symbols to states of the world ties the variability of signals. Werner
and Todd connect the functional aspects of a signal (song) to the receptivity of this signal by a
partner (and potential mate) whose taste is itself affected by evolution. Interestingly, in contrast
with other models of sexual displays, in this one it is more difficult to speak of signals carrying
information about the emitter since they are not linked with the emitter’s quality nor do elaborate
signals make the emitters incur additional costs which would put the game in a condition where
Zahavi’s handicap principle would apply. In such cases it would be possible to say that signals
or displays carry information about the quality of their producers which the potential mateisin a
position to assess.

In a different approach, Ficici and Pollack (1998) attempt to evolve communicative behav-
iors in a Pursuer-Evader game instantiated in a “bit-string space” rather than in the traditional
2-dimensional arena. At each time step, the evader generates anew string which the pursuer must
simultaneously predict making use of a limited amount of history of the previous bits. Pursuers
get scores for predicting the actions of the generator who get scores for making prediction diffi-
cult. Such a scheme may easily degenerate in the production of evaderswho are extremely hard to
predict, so avariationisintroduced. Evaders are tested against the pursuers who they must evade,
and also against “friendly” pursuers or partners for whom they must be easily predictable. The
situation forces generators to be “ predictable to someone”. According to Ficici and Pollack, “[i]ln
terms of communication, this arrangement can be viewed as a competitive game between the two
agent populations (generators and partners) trying to evolve a proprietary behavioral convention
and the third agent population (pursuers) trying to crack the convention”. Thisisactually observed
using operational measures based on Shannon information. Although, thistype of behavior does
not fit exactly within the definition of coordination offered in chapter 2, it is certainly an inter-
esting scenario with much potential for studying communication since a few simple extensions,
like dropping the differentiation between the types of agents and allowing mutual observation and
prediction, would probably put thismodel in a situation where the systemic definitionwould apply.

8.2 Coordination of recursive actions

As mentioned earlier, in the model presented in chapters 5 and 6 an interpretation was given in
terms of information unavailability in order to make alink between the game played by the agents
and a plausible natural situation. The player in the first role is able to perceive a piece of food of
which there may be different typesrequiring different actions. The player in the second roleis not
ableto perceive the food type but must act upon the external manifestation of the action of thefirst
player. Although such away of interpreting the game was not essential for the results obtained, as
isshowninthefact that itispossibleto remove all differences between food sourcesintheformally
equivalent version presented in chapter 7, one can be certain that the metaphor guided many of
the choices made while building the model. In chapter 7 the game is interpreted directly in terms
of coordination as certain actions are “naturally” coupled (un-coupled) with certain responses.
Here there is no information about food types (food sources are “neutral” for the outcome of the
game). It could be argued that the action performed by the first player carries information about
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its strategy but since the second player’s response isfixed and does not depend on thefirst player’s
action, thisinformation has no receiver.

It can be concluded that the game presented in chapter 7 does not assume information un-
availability. However, blind one-step action coordination, as presented in this model, does not
reflect the idea of ongoing mutual orientation of behaviors that isimplied by the view of commu-
nication as arising from the activity in a consensual domain. Despite the insightsthat this model
provides from and evolutionary and ecological point of view, it can be said that the behavioral
aspects of communication are too simplified to make this a very strong case as an example of the
superfluousness of information unavailability.

The game of chapters 5 and 6 can be extended in order to approach a situation in which it
would seem appropriate to speak of such a consensual domain. Strictly speaking, this will not
be possible as long as the structure of the agents remains non-plastic. Another issue that should
arouse suspicionsis the fact that (both in those models and in the extension proposed below) the
patterns of interaction posses a pre-defined temporal structure which aready impliesthe existence
of alower layer of coordinated activity®. These issues, along with the question of autonomy, will
be explored in chapter 9. For the moment, the following modifications to the game will take it
nearer a Situation where one can speak of coordinationin aless artificial way.

A return is now made to the case in which there are different types of food sources. However,
instead of requiring an unique action by each player, access to energy in the food sources requires
the performance of a specific sequence of alternating actions by both agents. Energy is released
partially depending on the actions being correct at the required steps of the sequence.

In this case the actions of both players depend on the perceived food type and the perceived
external manifestation of the co-participant in the previous step. This means that the second agent
also has access to information about the food type. If, for instance, food type “F” requires the
sequence of actions“A, B, C, D" thefirst player is expected to produce action “A” and asignal, the
second player to produce action “B” and a signal followed by thefirst player acting again and pro-
ducing “C" and asignal and finally the second player producing “D” . Table 8.1 showsan example
of two agents successfully coordinating their behaviorsin this game. In thistable A; denotes the
“behavioral operator” of each agent: afunction that for each pair (food type, external manifesta-
tion) returnsapair (effective component of action, external manifestation). The signalschosen for
this table are arbitrary and the symbol g indicates an initially assumed external manifestation for
the first move (see below).

Time Sequence for food type “F”
A(“F,9) — (A 0) A
| B (B,B) — Az("F",00)
A("F".B) —(C.9) C
D (D,y) = A("F",9)

Table 8.1: An example of dialogic coordination.

This game has a dialogic structure and it resembles the kind of interaction described by von

5Suchisthe casefor the majority of simulation models on the evolution of communication (and many other areas).
A few exceptions can be found in Noble (1998b), Saunders& Pollack (1996) and in chapter 9.
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Figure 8.1: Examples of the evolution of dialogic coordinated activity for two values of c in two
typical runs.

Foerster’'s examples of two machinesinteracting and reaching their eigen-behaviors (von Foerster,
1977, 1980). The performance of awhole correct sequence may be called dialogic coordination.
The situation is somehow more complicated than the simple action-response game because not
only must the external manifestations of one agent and effective components of the other become
correlated, but also the external manifestations of both of them must become correlated through
the whole sequence. Not only must the second player rely on the signal of the first player to act
correctly, but thissignal must also trigger in the second player the production of another signal that
in turn will help in selecting the correct behavior in the first player for the next step in the game.
Thisisarecursive task much more in accordance with the nature of communication as defined in
chapter 2. Asbefore, agents are modelled as state-less machines.

It can be seen that a description of thistask in terms of semantic notions of informationis use-
less. If by information it is meant information about features of the environment, these are equally
accessible to both participants, if it is meant information about the changing state or intention of
the agents, they have no changing state or intention. In spite of this, the coordinating task that is
required from the agentsis not trivial in view of how they are constituted.

A simulation was run with four different types of food, two of them requiring a sequence of
actions such as “A, B, C, D" wherein the first player must perform “A, C” aternating with the
second player who must perform “B, D” and the two other types requiring the sequence “B, A, D,
C” which meansthat each agent must invert itsown actionswith respect to therole played. Payoffs
are allocated after thefirst two actions, and then again after the last two in amanner similar to that
described inthe chapters 5 and 6. The amount of energy in thefood sourceisdivided in halves, one
to be assigned to each subsequence of action-response. If the actions of the two agents correspond
to the actions required by the first half of the sequence each agent gets an equal part of the first
half of the energy, if only one agent performs a correct action it gets a proportion ¢ of that half
(0.5 < ¢ < 1) and the other gets nothing. The processisrepeated for the next half of the sequence
using the other half of the energy.
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Figure 8.2: Dialogic activity in the steady state for different values of c. Each point isthe average
of 5 simulation runs. The linerepresents a linear regression.

Exactly as in chapter 6, agents are distributed in space and select their partners and food
sources from their local neighborhoods. Reproductionisalso sexual and local. The spatial, energy
and genetic parameters were kept equal to those used in chapter 6. For details, see section 6.1.

Figure 8.1 shows the evolution of the average instantaneous success in dialogue over time
for two typical runs with different values of c. (Variations between runs with the same set of
parameters were not qualitatively significant.) This quantity is similar to Ry, in the chapter 6,
the difference being that it is defined as the proportion of games in which the whole sequence
of actionsis performed correctly. A comparison with figure 6.2 reveals that (for the same set of
parameters) the achievement of a high level of dialogic coordination is a much more difficult task
than for the case of one-step coordination. After 2 x 10° time steps the level of diadogic activity
is starting to stabilize while in the case of one-step coordination transients were of the order of
5x 10* time steps.

Analogous considerations to those mentioned for the model in chapter 6 apply here as well.
The level of dialogic success depends on the parameter ¢ in a similar fashion as the level of
coordinated activity did for the previous case. This dependency is shown in figure 8.2. Asin the
case of thelevel of coordinationin chapter 6, dialogic activity decreases linearly with c reaching a
baselinelevel for ¢ = 0.65. The spatial organization of the populationisalso similar. Agentsform
quasi-stable clusters with a same internal structure and these clusters can differ in their own levels
of dialogic success in a manner positively correlated with their size. All this evidence suggests
that the evolution of dialogic activity may be explained in a similar manner as the evolution of
coordination in chapter 6.

It is possible to investigate the resulting behaviors by analysing the evolved behavioral struc-
tures. For example, consider the evolved behavioral matrix within a highly successful cluster
(above 90 % of dialogic activity) shown in table 8.2. Asin chapter 6, these genetically encoded
matrices define what action the agent will perform for a given food type and perceived signal. The
matrix specifies which action and external manifestation will be produced by the agent for each
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Perceived Signal
Food Type | o ‘ B ‘ ) ‘ Y
“FO” Ay|Coa | Cy | Bd
“F1” AS|Dy|By|CB
“F2 BB|AS|Dy|Cy
“F3" BS|Dy|AB|Ca

Table 8.2: Behavioral matrix of an evolved player of the recursive coordination game.

food type and perceived signal from the other agent. In this particular case, agents must produce
the sequence “A, B, C, D" in the presence of food types “F0" and “F1” and the sequence “B, A,
D, C” in the presence of food types “F2” and “F3"’. The column corresponding to the signal o
encodes the initiating action of the first player for each food type (g = o). The food type and o
are the starting point of the interaction. In contrast with the game in chapter 6, the entire matrix is
used and not just one column and one row (see section 6.1). This may explain why it takes longer
for stable state of coordination to be achieved.

Assuming that the particul ar agent shown in table 8.2 belongsto arather homogeneouscluster,
as it does, it is possible to explore the result of the interaction with a structurally identical agent.
It is easy to see that in such an interaction the agent will achieve an average level of dialogic
coordination of 93.75 % just by counting for each food type the success levels that this agent
would achieve in a dialogue with an identical agent starting for the entry determined by the food
type and signal o and then moving to the entry determined by the new signal and the same food
type. For instance, if the food typeis“F3” the initiating action of the first player (corresponding
to column o) is“B” and itssignal is 8. For a second player of identical constitution perception of
“F3” and signal & will elicit the production of action “A” and signal 3 and so on. The actual level
of dialogic coordination achieved in the simulation by this agent was in fact 96.2 %, probably
because other agents in its neighborhood are dlightly different, or because there is a relatively
smaller number of food sources of type “FO” surrounding it. (Success when the food is of type
“FO” isonly 75 %, note that the effective component “D” is missing in the corresponding row and
this prevents the production of the whole required sequence.)

These results show that agents coordinating their activity are able to perform tasks beyond
their individual capabilities. This particular game requires that both agents perform a sequence
of different actionsin the presence of an externa environmental feature that remains unchanged
over time. Given that agents are stateless machines, such a behavior is impossible for them to
implement individually. However, pairs of interacting agents can achieve an important level of
success in this task, each player taking advantage of the presence of the other, and “using” their
interactions asthe internal statesthey lack.

8.3 Discussion

The aim of this model has been to provide a simple counter-example. Contrary to what is com-
monly thought, it is not necessary that a game should present players with unegqual access to
information for such a game to give rise to an evolutionary situation in which some form of com-
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munication may result. The type of dialogic coordination which evolvesin thismodel for certain
parameters cannot be readily associated with a conventional signal exchange since, from the tra-
ditional perspective, signalsmust have areferent.

The problem with thiskind of thinking was already addressed in chapter 2. If the perspective
presented there is taken serioudly, not only is dialogic coordination in the present model as good
an example of an artificial communication system as other denotational models presented in com-
putational studies, but one can also say that it is certainly nearer the idea of communication as
behavioral coordination expressed in systemic terms.

Near, but not quite there yet. After al, behaviora coordination entails some sort of structural
coupling between autonomous systems followed by structural changes in those systems which
result in pure interactions eliciting coordinated behaviors. Agents in this game cannot perform
such atask, since they are simple look-up tables. The sense in which they can be said to be acting
autonomousdly (i.e. as operationally closed systems) is at best very restricted. However, it will
be seen that it is possible to provide the necessary structural richness to build a model in which
behavioral coordination does occur in amore strict sense.

Besides pointing to the possibility of exploring via computer models non-informational forms
of coordination, this chapter has also highlighted, albeit in a simplistic way, one of the themes
that motivates the study of socia behavior from the point of view of cognitive science. Such is
the case of the relation of logical implication between performance and competence which exists
in most methodological individualist positions. Accordingly, an instance of a performance of
certain behavior by an individual entailsthe capacity in that individual to instantiate such behavior
(competence). Thisisnot necessarily the caseif the behaviorsareinstantiated by individual sacting
in coordination asis clearly demonstrated in thismodel by the capability of the agentsto produce
sequences of actionswhen presented with a static piece of food. The lack of internal states makes
thistask impossible at the individual level, but two agentsin coordination may perform it. Clearly,
the smplicity of thisexample meansthat it should be taken as an illustration rather than as actual
evidence for the possibility of performance to exist without individual competence. However, the
illustration is suggestive and more serious evidence will be presented in the following chapter.



Chapter 9

Rhythm, entrainment and congruence in
acoustically coupled agents

Up to this point, the studies presented in this thesis have explored the role of different kinds of
ecological situatednessin the context of the evolution of certain modes of social coordination. Ac-
cordingly, it has been shown that when questions about the evolution of social coordination are not
formulated in ageneralized, unsituated manner, but are instead put into the context of an ecol ogical
and historical situation, the conclusionscan differ radically from what isinitially expected. Thisis
hardly surprisingin thelight of the recent general realization in the fields of cognitive science, Ar-
tificial Intelligence and Artificial Life, that adaptive behavior should be addressed, not in terms of
generalized all-purpose features, but in terms of whole embodied agents inhabiting their specific
environments. In view of this genera trend, it is only natural that this thesis should also address
that other aspect of situatednesswhich has been neglected in previous models: embodiment.

The conception that adaptive behavior in general (and social behavior by implication) has less
to do with general cognitive mechanisms instantiated in some form of computational processing
within the brain and more to do with the workings of a whole body, with its own plasticity, habits
and manners of making its way in the world, is slowly, but firmly, gaining the recognition it de-
serves. Thisrecognition isreflected in the behavior-based approach to robotics (Brooks, 1991), in
the field of evolutionary robotics (Harvey, Husbands, Cliff, Thompson, & Jakobi, 1997, and oth-
ers), in simulated approaches to the study of adaptive behavior in whole agents (Beer & Gallagher,
1992; Beer, 1995), inissuesregarding cognitive devel opment (Rutkowska, 1994; Thelen & Smith,
1994; Hendriks-Jansen, 1996) and also in contemporary philosophy of mind (Lakoff, 1986; Varela
et a., 1991; Clark, 1997; Wheeler, 1995, 1996; Lemmen, 1998).

Most of the inspiration that drives these lines of thought have been around for quite some
time. On the philosophical side one can mention the earlier works of Martin Heidegger (1962;
Dreyfus, 1991; Wheeler, 1996) and the phenomenological (and metaphysical) approach of Mau-
rice Merleau-Ponty (1962, 1968; Lemmen, 1998) as well as the works of John Dewey (1929a).
Also, inspiration has been drawn from the works of W. Ross Ashby and W. Grey Walter as well
as other cyberneticists (Ashby, 1960; Walter, 1953). Other currents, not so well established in
the cognitive sciences so far, are also reflected in the fields of anthropological linguistics (Foley,
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1997), and social anthropology (Bourdieu, 1977, 1990).

Considering this general background, the goal of this chapter is to present a model in which
it will be possible to explore the value of the theoretical concepts introduced in chapter 2 in a
direct manner as well as issues related to the role of embodiment in a concrete example. More
specifically, the present chapter sets out to explore, by means of simulations, some of the coherent
behavioral patterns that can arise in the behavior of embodied autonomous systems as a result
of sustained interaction through an acoustic medium. It will be shown that this coherence can be
explained in terms of the systemic concept of structural congruence (section 2.4.2), the attainment
of which is to be expected under a variety of circumstances. This concept attempts to describe
one important consequence of sustained coordination between plastic autonomous systems. As
discussed in chapter 2, a process of coordinationis, at the same time, a process of mutual selection
of plastic changes in the structures of the participating systems in such a way that not only it is
possible to witness a coherence in the domain of their behaviors, but also in the domain of their
structures. If the result of structural coupling is coordination, then such structural congruence
can indeed be deduced operationally, through the principle of structural determinism, from the
coherence which is manifested at the behavioral level of description.

The choice of sound as a medium of interaction is not incidental. Acoustic interactions are
conspicuous in nature and some of their physical features, as well as those corresponding to au-
ditory perception, make this “channel” a particularly interesting one from the point of view of
embodied adaptive behavior. For instance, organisms using sound as a means of achieving be-
havioral coordination must face nontrivial problems like distinguishing their own production from
those of othersand avoiding mutual interference of signals. Aswill be seen later, sound perception
also affords an active component given by the effects of body orientation and movement on the
actual sound perceived. Additionally, other forms of perceptua regulation may play an important
role in behaviors which are constrained by the temporal features of the medium and by physi-
ological restrictions. As an example, one may consider the regulation of perceptual gain when
intense sound is emitted and attention must be directed toward other sounds of lesser intensity
[for instance, in the case of echolocation in bats, (Sales & Pye, 1974; Dawkins, 1995)]. Conse-
guently, dueto its physical characteristics, acoustic coupling is a medium in which the richness of
embodied adaptive behavior can be particularly highlighted?.

The present approach differs from the models presented in previous chapters as well as from
other computer models addressing the evolution of communication in that the focus of interest
is on behavioral issues rather than on evolutionary ones. In order to make positive contributions
to evolutionary questions those models must assume too much (in terms of how the interactions
between individualsare structured) to be, at the sametime, useful for understanding purely behav-
ioral questions. Here, in contrast, the aim will be to make fewer assumptions about the nature of
the interaction and the behavioral building blocksincorporated into the agents.

In the following section some basic physical aspects of sound as a channel of interaction are
identified and section 9.2 presents an example of complex acoustic coordinationin nature. Section

1Aninteresting line of research dealing with acoustic interactions using robots has been the modelling of the behav-
ior of female cricketsin the presence of the songsproduced by males, (see for instance Lund, Webb, & Hallam, 1997).
So far this work has only been focused on reproducing the behavior of femalesin responding to songs (produced by
real crickets) and not in song production by males, where issues like self-stimulation could arise. However, a detailed
understanding of the mechanismsinvolved shows the importance and opportunistic nature of embodied perception.
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9.3 discussesthe scope and methods used for building and studying the model presented in section
9.4. Therest of the chapter presents and discusses the results obtained.

9.1 Acoustic coupling

The use of sound is conspicuous in the animal world where it is associated with a variety of
behaviors, particularly, but not exclusively, with social behaviors. The following list describes
some of the relevant physical characteristics of interactions that rely on an auditory channel. In
the general case, these features should be taken as givens whenever these interactions are present.

Finitelocality and directionality. Sound intensity decays with the square of the distanceto the
source and it does not linger after it has been produced. It is aso affected by other factors like
wind direction and speed as well as the acoustics and filtering characteristics of the environment.
Perception of sound is therefore a reliable measure of proximity at the moment of perception.
Due to this feature the most basic behaviors relying on (voluntary and involuntary) production of
sounds are related to localization functions (detection of predator/prey or mates, etc.).

Localizability. Binaural perception allows for spatial discrimination of the sound source. The
mechanisms involved are varied, but rely mainly on temporal and intensity differences between
the sound perceived in each ear. Differencesin time of arrival of an acoustic signal can be used to
pinpoint its source if the duration is short. For continuoustones, this mechanism isonly effective
at low frequencies (less than 1400 Hz in humans), since it relies on a discrimination of the wave
phase (see Rozenweig, 1954; King & Carlile, 1995; Kandel, Schwartz, & Jessell, 1991, p. 493).
For higher frequencies this information becomes ambiguous as more than one cycle may occur
within the distance that separates the ears. Another mechanism provides discrimination based on
differences of intensities between the sound perceived by each ear. Here, the actua difference due
to intensity decay of the sound wave is not as important as the shadowing effects of the relative
angular position of the head with respect to the source. For short wavelengths the head casts a
considerable shadow in the travelling sound waves. In this case, differencesin intensity are much
more accentuated if the body comes between the source and one of the ears. In humans this
difference can reach up to 20 dB for a continuous tone of 6000 Hz (Feddersen, Sandel, Teas, &
Jeffress, 1957). This mechanism facilitates active discrimination involving movement of the body
as wasfirst observed by Venturi’sexperimentsin the 1790's (see Rozenweig, 1961)2.

Sound affects many individuals at the same time. Although sound production can be directed,
in the general case, sound is broadcast within its local range, and can affect more that one indi-
vidual organism. Acoustic signals necessarily influence the originator unless specific mechanisms
prevent this from happening (e.g., synchronized sensory inhibition in bats during emission peri-
ods in echolocation). The role of this latter feature is not to be downplayed for various reasons.
A discrimination between externally and internally generated sound (when necessary) poses the
non-trivial problem of distinguishing between self and non-self.

Sound is continuous. Another feature that should be considered as a given in acoustic interac-
tionsis the fact that sound signals are inherently continuous, although they can be made discrete

2More specific mechanisms, such as the auditory apparatus of the cricket, combine frequency discrimination with
enhancement of intensity difference by means of a particular set of delays and filters, (cf. Lund et al., 1997, and
literature cited therein).
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by controlling the temporal structure of their production. In combination with the above, thisfea-
ture introduces the problem of how interactions are structured temporally and with respect to the
number of participants so as to avoid interference between simultaneous productions. One to one
interaction and turn-taking patterns require a certain degree of existing behavioral coordination,
which in some cases may result from acoustic interaction itself, but they may aso involve differ-
ent sorts of physical coupling like body movements, touch, direction of gaze, etc. Purely gestural
interactions, in contrast, may take place with certain degree of simultaneity.

So far auditory interactions have not received the attention they deserve, especialy from
researchers in the adaptive behavior community engaged in the study of socia behavior. For
instance, many studies concerned with the evolution of communication (e.g. MacLennan &
Burghardt, 1994; Werner & Dyer, 1992) aready assume discreteness, turn-taking or some other
structured regulation of participation as the basic substrate upon which communicative behaviors
evolve. The same may be said of the other models presented in this thesis. However, to be fair,
none of these modelsis aimed at addressing the continuous/discrete transition or the problem of
how participantsstructure apattern of interactionin time. Another common assumptionisthe one-
to-one nature of interaction which, as mentioned before, isnot agivenin the physical properties of
the sound channel. These assumptions have also been criticized by Saunders and Pollack (1996).
They present amodel of communication over continuous channel swhere many emitters can affect
at the same time a given agent in varying degree depending on the corresponding distances. The
physical features of their signalling channels are indeed inspired by acoustic interaction, however
they explicitly exclude the effects of self-stimulation and its associated problems.

The model presented in this chapter does not intend to address all these issues. For instance,
theissue of self-stimulationover a continuouschannel will be addressed, but restricting interaction
to the pairwise casewhichisinitself asevere limitation. The motivefor thisrestriction, apart from
some technical difficulties, is the (reasonable but not entirely justified) suspicion that thiswill be
a useful preliminary step for understanding more complex models with many agents interacting
simultaneously.

9.2 An example of coordination through acoustic interactions

In order to illustrate the concepts introduced in the preceding section and some of the ideas dis-
cussed in chapter 2, a brief description will be made of a natural case of social coordination and
structural congruence via an acoustic channel °.

In many monogamous species of tropical birds singing is not limited to the male but both
male and female sing together performing in some cases antiphonal duets, i.e. alternation of
different note patterns (Farabaugh, 1982)*. Antiphonal duetting has been studied in a number of
East African species, particularly in certain shrikes (Laniarius) (Thorpe, 1972; Hooker & Hooker,

3In humans such coordination is apparent. There is much evidence of coordination between speech and body
movements of both the speaker and the listener, both in adults and infants (Condon & Sander, 1974; Condon, 1979;
Port, Tajima, & Cummins, 1998). Even if a conversation is not performed via an acoustic channel, one till isin the
presence of a casethat raises most of the issues discussed, (including self-stimulation via kinaesthetic feedback in the
caseof sign-language). However, adifferent example may helpto put certain distancefrom specific human behavior and
avoid issueswhich, at this stage, are difficult to addressusing the present methodol ogy (such aslinguistic interactions).

4Duetting has also been observed in many monogamous primate species. See (Haimoff, 1986) for a description of
the evolutionary convergence of many aspectsof duetting in primates of different taxa.
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1969; Wickler & Seibt, 1979). One of these species, the bou-bou shrike (Laniarius Aethiopicus)
livesin denseforests and produces aflute-like sound. Duets are constituted by patterns of notes so
precisely alternated that they can be confused with the performance of asinglebird. Each bird has
its own part and they are not interchangeable, although some rare records were made of birds that
completed their partner’'s part when alone. Each pair has a variety of different patterns, some of
which are exclusively their own. Performance of duets can serve both the purpose of localization
and demarcation of territory in the dense foliage as well as maintenance of the pair bond (Wickler,
1980; Wickler & Seibt, 1980). Hooker and Hooker (1969) observe that there is no signal other
than the production of the first note for the duet to start, and that the tendency to respond can be
very strong, sometimes forcing the interruption of preening or a response through a beakful of
live food. They also report the lack of observation of periods of “practising” in young shrikes,
which suggests that the particular features of the duetting pattern are something birds acquire by
interacting within the pair.

Duetting thus serves as an example of atype of acoustic interaction which not only requires
a high degree of coordination in itself but can also coordinate other behaviors like approaching.
The fact that specific pairs of duetting birds develop a repertoire that reflects their own particular
history of interactionsand, partly as a consegquence of this, they will pair for life, can be taken as
evidence of therole of acoustic coupling in the achievement of ontogenetic structural congruence.

9.3 Methods

The rest of the chapter describes a simulation model which will be helpful for exploring some
aspects of the concepts discussed above. Inspired by the example of duetting birds, a simulation
will be introduced in which fully embodied agents are able to interact through an acoustic channel.
As mentioned earlier, duetting in shrikes can €licit localization behavior in dense foliage. Based
on this observation, a model is proposed for studying how mobile agents which are unable to use
visual clues can approach each other by the use of acoustic interaction (i.e. signal production and
phonotactic behavior). As explained in section 9.1, there are some basic givens in this type of
coupling that have to be assumed from the start, like continuity and locality of the sound channel.

Continuous time recurrent neural networks will be used as the internal architecture of the
agents sinceit is desirable that they produce behaviorsthat are continuousin time and thistype of
network has proven adequate for generating such behaviors. In the spirit of reducing theinitial set
of assumptions, agents will not be built directly, although certain parameters (such as body size)
will be specified as constant and given®. Instead, an evolutionary search algorithm will be used to
explore the space of possible structures.

A word must be said about the use of a genetic algorithm (GA) in the context of this work.
Since it is not the aim of the model to provide an evolutionary scenario wherein the behaviors
under study are a plausible outcome, the application of evolutionary techniques will be restricted
purely to the task of searching a complex design space. Therefore, no conclusion will be derived
about the likelihood of evolutionary historiesthat may lead to the behaviors of interest. Examples

5An exploration of the influence of each of the many parametersin the model is not its purpose. The analysis will
concentrate on some instancesof behaviorswhich are viable under the imposed constraints. The significancefor natural
caseswill be given by the validity of the choices made.
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of natural organismsthat interact through an acoustic channel are sufficiently abundant to provide
evidence that such cases are not at all evolutionarily implausible. Instead, plausibility restrictions
are imposed on the constraints that provide the context of the search process both in the form
of the physical laws fed into the model and in the form of performance evaluators for viable
structures/behaviors.

It is fair, then, to inquire about the reasons for using a GA instead of other equally, or even
more, efficient search techniques. Given the number of successful cases where this method has
been applied in recent years in both simulated agents and actual robots, and the “interface” be-
tween the two (see for example Beer & Gallagher, 1992; Harvey et al., 1997; Jakobi, 1997,
respectively), one reason for using a GA may be attributed simply to the proven adequacy of the
method for similar search tasks.

The study of the resulting behaviorswill follow more traditional techniquesof observationand
analysis of interaction patterns and internal dynamics. In addition, perturbation and disruption of
normal modes of behavior will also be used in order to try to understand how such behavior is
integrated.

9.4 The modd

94.1 Sound

Sound is modelled as an instantaneous, additive field of single frequency with time-varying inten-
sity which decreases with the square of the distance from the source. The effects of time-delays
will be explicitly ignored as well as the effects of differences in frequencies of sound produc-
tion, (i.e. no Doppler effect, differential filtering etc.). This coarseness of modelling will fit with
mechanism modelled for spatial discrimination described bel ow.

9.4.2 Bodies

Each agent ismaodelled as a circular body of radius Ry = 4 with two diametrically opposed motors
and two sound sensors symmetrically placed at 45 degrees to the motors (see figure 9.1). The
position of the sensorswas chosen in order to introduce a back/front asymmetry (although which
iswhich isnot specified) asit isconsidered important to be able to eval uate angular effects and co-
ordination of physical orientation. A sound organ islocated at the center of the body and regulates
the intensity of the sound produced by the agent. The motors can drive the agent backwards and
forwardsin a 2-D unstructured and unlimited plane. In this simple model each agent isthought of
asarigid body, small in size and having avery small mass, so that the motor output is directly the
tangential velocity at the point of the body where the motor islocated. The transational movement
of the whole agent is calculated using the velocity of its center of mass (the vectorial average of
the motor velocities) and the rotational movement by cal culating the angular speed (the difference
of the tangential velocities divided by the body diameter). There is no inertial resistance to either
type of movement.

Agents move freely in the arena except when they collide with each other. Collisions are
modelled as point elastic, i.e. no energy loss and no effect in the angular velocity of the bodies.
While undergoing a collision, an agent may move in adirectionwhich isnot specified by its motor
output but which corresponds to a displacement which conserves the momentum of the whole



Cliaptel g. Ry, eritrarirfiet it afild Corgrucrice i acoustiCally Coupied aycerits . 174

Path of signal (Dsen)
Sensors

Shielded path (Dsh)

Sound organ

Figure 9.1: Body of agents and paths of acoustic signals.

system. The bodies of both agents are taken as identical so that the result of an elastic collision
is the instantaneous “exchange” of the vectors of velocity at the center of mass. However, due
to the lack of inertia, agents recover control of their movement immediately after the collision.
The body circumference is taken asfrictionless so that the angular vel ocities do not change during
collisions.

Since the task the agents must perform involves some sort of spatial discrimination this must
be provided by the relative activity of the sensors. These are physically separated so that in gen-
eral their activity will be influenced by different external intensities, however such a difference
provides poor discrimination especialy if background noiseisadded. A natural mechanism, men-
tioned in section 9.1, involvesthe attenuation of intensity as high-frequency sound is shadowed by
the body. The degree of attenuation is linked to the angular position and movement of the agent
except in the case of sound produced by itself. This* self-shadowing” mechanismismodelled asa
linear attenuation without internal refraction which is proportional to the distance travelled by the
signal within the body, D,. Thisdistanceis given by:

D¢y = Deen(1—A), 0<A<1,

D? - R?
D&

A=

where Dg, is the distance between the source and the sensor and D is the distance between the
source and the center of the body (figure 9.1). If A> 1, thereisadirect line between source and
sensor® and Dg, = 0. The maximum value of Dy, is given when the sensor is directly opposed
to the external source (D¢, = 2Rp). The attenuated signal is calculated by first calculating the
intensity of the signal at the position of the sensor in the usual way (i.e. applying the inverse
sguare law without attenuation) and then multiplying by an attenuating factor which goeslinearly
from 1 when Dg, = 0t0 0.1 when Dg, = 2Ry. The processis repeated for the other sensor.

The agent’s controller is composed of a network of four dynamical inter-neurons and an ar-
rangement of sensors and effectors, each one controlled by one neuron. The inter-neuron network

6For A= 1 the sensor, the center of the body and the external source form aright-angled triangle.
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is fully connected (including self-connections). Additionally, each inter-neuron receives one in-
coming synapse from each sensory node (of which there are only one for each auditory sensor)”.
Each effector node (one for each motor, one for signal production and two gain regulators as
detailed below) receives one incoming synapse from each inter-neuron. There are no direct con-
nections between sensors and effectors. Thiskind of dynamical neural networks can serve as an
adequate basis for a fully embodied operationally closed mechanism and so they are a good tool
for studying adaptive behavior in simple autonomous agents as some successful cases have shown,
(Beer & Gallagher, 1992; Beer, 1996, and others). Thisis especialy so when dealing appropri-
ately with time constraints becomes an essential part of adaptation (Beer, 1995; Harvey, 1996).
Inter-neurons and effectors neurons obey the following law:

1
T Irexp—(y; +b)]°

Y = =i+ D Wiizj;  Z
j

while sensory neurons obey:

TYi = =Y+,
where, using terms derived from an analogy with real neurons, y; represents the cell potential, T;
the decay constant, b; the bias, z thefiring frequency, wi; the strength of synaptic connection from
node i to node j and I; the degree of sensory perturbation on the sensory node (modelled here as
an incoming current).

In similar models sensors can be directly regulated by their participation in the network dy-
namics (e.g. by incoming synapses). A decision was made not to model direct synapses from
the inter-neuron network into the sensory neurons and instead an effector was added that directly
regulates the sensory gain in a multiplicative way. Such regulation allows the agent to have the
possibility of extra control on perception. The gain of effectors can be regulated as well. 1n all
cases presented here only two regulating neurons were used, one for the gain of both auditory
sensors (in asymmetric way), and another one for the gain of the sound production organ. In each
sensor a transduction step occurs which transforms external stimuli into a degree of perturbation
(current). Analogously for effectors, a transduction step transforms the neuron firing frequency
into the effector’s output. These transduction steps are simply modelled as linear scalings (i.e. a
multiplication of thefiring rate by again). In sensorsand effectors with regulated gain, the activa-
tion of the regulating neuron defines at each time step the scaling value by transforming linearly
its own firing rate (between 0 and 1) into the gain value (see next section for ranges).

In order to constrain the production of sound to a redlistic behavior neurons are allowed to
“burn up” if the cell potential exceeds certain limits due to intense stimulation. In sensory neurons
this may happen in the presence of intense sounds. In real auditory systems the destruction of hair
cells in the cochlea occurs for mechanical reasons and not due to intense incoming currents into
the nerve cells. Thisis the reason for stressing that the meaning of |; should be taken as the de-
gree of perturbation or stimulation to the sensory cell and not necessarily asaliteral current. The

A different sensor type that suggestsitself would be a touch sensor which would activate in the event of contact
with another agent (or awall, etc.). In the simulations reported here no use was made of such sensors. The main reason
for thisis becauseit is of interest to explore long-term behavior, even after the agents have successfully approached
one another. It has been observed in simulations that the introduction of touch sensors can have as a consequencethe
termination of (translational) movement in the agents after the first collision (i.e. agents find each other, collide and
then rotate on the spot in nearby positions).



Cliaptel g. RHyuwinl, eritrarifietr it afild Corgrucrice i acoustitally coupied aycerits . 170

neuronal structures which satisfy this“physiological” restriction can be seen as approaching nat-
ural caseswhere viable behaviora trajectories are characterized by a certain equilibrium between
the autonomy of the nervous system and the autonomy of the individual cells. This mechanism
also provides additional significance to the sort of interactions an autonomous agent may engage
in. Evolved agents should be expected to “take care” regarding the intensity of their own sound
production and/or use their sensory gain regulation accordingly.

9.4.3 Genetic algorithm

A form of rank based sel ection genetic algorithm has been used as a search technique with afixed
population of 90 agents evolving for up to 1000 generations, (after a few hundred generation the
search converged). Each agent is selected an average of ten times (five guaranteed®) to play with
a different agent in the population which is introduced in the arena at a random time after the
first one. The am of this delay isto avoid cases in which agents may undergo similar dynamics
in an artifactual way simply because they start their operation at the same time and from similar
initial conditions®. The second agent is placed at a random distance no smaller than 50 from the
current position of the first agent. The initial state of the agentsis reset at the start of each trid;
the cell potential of each neurony; is set to a randomly chosen small value taken uniformly from
theinterval [-0.1,0.1].

Fitness values are averaged over all the trials. Fitnessis alocated in terms of how much the
agents have approached each other at the end of the run, (Fa = 1 — Dgina/Dinitia), ahd what
proportion of the interaction time they have spent within a distance of 4 body radii of each other
(Fp). Additionaly, the weighted sum of these proportions is modulated by a mild exponential
term that decreases with the integrated energy used. This was done in order to compensate for
the lack of an adequate model of energy consumption. Agents making excessive use of motors
are therefore penalized, although very mildly. The individual fitness F for a given trial (usually
lasting 200 time steps’®) can be expressed as:

L
F= Fa)exp(— /w/v2 V2dt),
(agFp + aaFa)exp( % | & +Vedt)

where ag = 0.75 and ag = 0.25 are the weighting factors for the approaching and maintenance of
proximity tasks respectively, a. = 0.005 scales the modulation of the exponential and Vg and V.
are the tranglational speeds of the right and left motors respectively. A final factor affecting fitness
is cell death (see above). If at the end of the trial run an agent has burnt up one of its sensory or
effector neurons, itstotal fitnessin that run is reduced to zero.

Numerical integration of the model is done using the Euler method. Thisis a second order
method and therefore not very accurate, however it is fast enough to study many evolutionary
runs. To compensate for the lack of accuracy the integration step is chosen in such a way that
similar resultsare obtained (in one typical run) by using an order four Runge-Kuttamethod ! with

8This is achieved selecting each agent deterministically to play five times with a randomly selected partner other
than itself. On average, the same agent will be selected by a different one another five times.

91t must be remembered that after a few generations a large proportion of the population will have converged to
similar structures.

10This number is determined by the choice of other parameters, such as motor gain and initial distance of separation,
in order to make the approaching task possible.

115ee (Press et al., 1992) for description of these methods.
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Figure 9.2: Trajectories of approaching agents, (a). Distance between agents as afunction of time,
(b). The second agent isintroduced inthearenaatt = 10.

atime step of half the minimum neuronal decay constant. The resulting integration steps for the
Euler method used is 0.1 (compare with decay constants below).

All network parameters (weights, gains and biases) are encoded in a real-valued vector of
fixed dimension. Each component has a value in the interval [0,1]. Thisvalue is scaled linearly
to an appropriate interval in order to specify a parameter of the network. Transduction gains are
chosen from the interval [0.05,10], biases from [-3,3], weights from [-8,8] and decay constants
from [0.4,2]. An agent with N inter-neurons and Nz sensors/effectorswould have a genome size
of (N + N )(N+2) + Nse. Symmetry between left and right isenforced only for biases and gains
but not for weights and some of the gain parameters are directly regul ated by the agent (see above),
so the resulting genome size isin fact less than the above quantity.

After ranking the population according to fitness the next generation is built by making 2
copies of each individual in the top third of the current population and one copy of each indi-
vidua in the middle third. No crossover operator is used and mutation consists in perturbing the
genome vector G with probability 1 = 0.005 in arandom direction by adding a normalized vector
p multiplied by a distance m chosen uniformly in theinterval [0,1]: G — G + mp.

Uniform noise is added to all the transduction steps affecting sensors and effectors, (range =
0.1, mean = 0 or 0.05 if the transduction implies a non-negative value). These values of noise are
also scaled by the gain of the corresponding sensor/effector.

95 Reaults

Highly fit agents evolve reliably after a few hundred generations. About 16 different evolutionary
searches were run. In 11 of them a same qualitative type of behaviora strategy was observed
with small quantitative variations. With less frequency, other behavioral strategies were also ob-
served but were not studied thoroughly. The most frequent strategy was found to be interesting
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Figure 9.3: Neuronal structure. NO and N1: active inter-neurons, MR and ML: motors right and
left, SR and SL: sensors right and left, SenG: sensory gain regulation, SIG: amplitude of emitted
sound, SigG: gain regulation for sound effector.

enough to deserve a detailed examination. The reported results correspond to a single instance of
this strategy, but the same conclusions apply in al 11 instances where the same behaviors were
observed.

9.5.1 Approaching behavior

Agents successfully approach each other when two of them are in the same arena (figure 9.2
shows an example of the trajectories performed by the agents and the distance between them as a
function of time). The structure of the evolved neural network can be seen in figure 9.3. Only 2
activeinter-neuronsare “used” by the agents; the other two have a constant activation of 1 or 0 (not
shown). Examination of the sensory activation shows that the signal perceived by one agent at the
moment when the other oneis placed in the arenais very faint in comparison with the agent’sown
signal production, and even in comparison with noise levels. Agents engage in a mode of search
behavior that relies on the fact that self-shadowing is a mechanism that can be exploited actively
by movement with a strong angular component, (figure 9.2). This helps to discriminate external
sounds since perception of an agent’s own signal does not depend on the orientation. Sensors act
as leaky integrators and connect differentially to the inter-neurons with similar absolute weights
(figure 9.3, values not shown), which means that the basic strategy would seem to involve rotation
while moving, integration of sensed intensities and evaluation of the difference between left and
right sensors (i.e. filtering out of own contribution to perceived intensity since this contributionis
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Figure 9.4: Emitted signal (full line) and sensory gain both for an agent that is interacting and an
agent by itself (aand b). Fourier power spectra (c and d).

the same for both sensors). Thisis an efficient way of discriminating faint external signals'.
However, thisis not entirely right. It is observed that self-stimulation is also integrated into
the production of movement, as is evident from the fact that if one reduces progressively the
capacity to hear their own production, the behavior of the agents degenerates very rapidly into a
rotation on the spot. Perturbation can be done by altering the degree of self-stimulationin absolute
terms (multiplying the contribution to perceived intensity due to the agent’s own signal by a factor
between 0 and 1) or by introducing delays between own sound production and perception®3. It

12N otice also that agents chooseto placetheir sensors*on the back” with respect to the direction of movement. This
cannot be explained in a straightforward manner, but it may be related to an enhancement of the active discrimination
strategy at the initial stages. If both sensorswere placed in the direction of the external sourceit would be unlikely that
the self-shadowing mechanism will enter into action.

13The latter method has been used in humans to show the dependence of speech production on acoustic self-
perception in subjectswith normal hearing. Delayed hearing of own spoken words results in degradation of the speech
produced. Deaf people can of course produce speech relying purely on kinaesthetic perception showing, therefore, no
degradation. This method can be used to identify subjects who fake deafness, (von Békésy, 1972).
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Figure 9.5: Fourier power spectra for signal (solid line), agent orientation relative to the other
agent’s position (dotted line) and difference of intensity at sensor position (dashed line).

is possible to conclude that the agents are not merely acting on external cues as was suggested
in the previous paragraph, but the ability to hear themselves is also integrated into the rest of the
behavior. From another point of view, thisis also evidence that a functional characterization of
signalling behavior as purely conveying information of position, or even of changes of position, is
not possible, nor isit possible to decompose movement into active sensing and approaching.

Figure 9.4 shows the signal produced and the regulated value of the sensory gain both for an
agent on its own and in interaction with another agent together with the corresponding Fourier
power spectral*. As would be expected from the fact that sensors can “burn up” due to intense
activation, when the agent is emitting an intense signal sensory gain isreduced. It isalso apparent
that signalling behavior has a marked rhythm when agents are interacting. What is the origin of
this rhythm? It cannot rely entirely upon internal mechanisms since it does not appear when the
agent isby itself [plots (a) and (c) in figure 9.4], although the corresponding power spectrum does
indicate the presence of other frequencies.

Also from the analysis of frequency spectra it can be concluded that rhythm in signalling
behavior is directly linked to angular behavior. This is achieved by comparing for one of the
agentsthe frequency of its signal with the frequency of the variationin angular orientation relative
to the line connecting both agents and finally with the frequency obtained from the “objective’
difference of sound intensity at the position of the sensors, (figure 9.5)%°. All three spectra show a
sharp pesk for the same value of frequency.

Additional evidence of a connection between signalling and angular movement is obtained

14AI1 power spectrain this and the following figures are calculated by first normalizing the signal to a value between
0and 1, then subtracting its mean value and cal culating the square of the absolute value of the Fast Fourier Transform.
155ince the signal produced by the agent reaches its own sensors symmetrically, performing this difference in the
value of intensity will also provide information about the angular movement of the agent relative to the external source.
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Figure 9.6: Trajectory for an agent with a constant source with afixed position relative to the agent
(a). The source position is represented by a small circle on the side of the agent. Signal emitted
by the agent, (b).

from the observation that if a source of sound is placed at a fixed distance and angular position
with respect to a moving agent (i.e. movement has no influence on perceived intensities), all
rhythm in signalling behavior disappears. Thisis shownin figure 9.6.

The previous evidence seems to suggest that rhythmic signals originate entirely as a conse-
guence of the angular movement of the agents. However, one must be cautious with this con-
clusion since, as discussed above, movement is not independent of signal production. From the
observations made, it could as well be argued that angular movement depends on rhythmic sig-
nalling and that rhythm in signals originates somehow within the dynamics of interaction. The
first explanation seems more plausible but it has not been possible to rule out the second one so
far. Thisdifficulty initself pointsto the fact that behavior is quite integrated and makes functional
decomposition hard. It gets harder if one consider the global picture of both agentsin interaction
as will be shown next.

9.5.2 Entrainment, turn-taking and structural congruence

Since patterns of joint activity seem to be relevant for understanding the behavior of individual
agents an analysisis now made of these patterns in cases of prolonged interactions (about 1000
time steps). Figure 9.7 shows the signalling behavior of two interacting agents after having ap-
proached one another. It is observed that for long periods signals seem to be phase-locked at some
value near perfect anti-phase. Althoughagentsare similar they are not identical and their “ natural”
power spectra[i.e. when acting on their own, figure 9.4 (c)] are indeed different. This suggests
that the observed entrainment must be somehow related to the coupling between the agents. Fig-
ure 9.7 (a) (see aso figure 9.12) shows that this entrainment can be lost momentarily only to be
regained later. This phenomenon is similar to what has been called relative coordination: the



Cliaptel g. Ry, eritra rifiet it afild Corgrucrice i acoustiCally Coupied aycerits 1oz

25

Vi ,u“\‘
| L 1 I

i 1
z‘y\wv ! | [ i
[ |
ol
\ i Yl
|

‘W

o L L L L L L
400 420 440 460 480 500 520 540 560 580 600
time

1)
. IRURYnRS WLy
Wl WYY M AN

@ (b)

Figure 9.7: Signalling behavior of interacting agents and power spectra.

tendency to actively correct for phase-randomizing factors such as fluctuations or differencesin
natural behaviorsor physical properties.

The anti-phase locking of signals can be interpreted as a basic form of turn-taking. Since
agents have no other way of knowing of the presence of the other but through acoustic coupling an
efficient way of doing thisis by alternating the production of signalsand so minimizing overlap.

Movement during periods of coordination is also highly organized (figure 9.8). Agents per-
form almost perfectly synchronized “dancing” patterns alternating their positions on the inside
and outside of a curved trgjectory while varying their angle of orientation in an almost identical
manner. Agents collide slightly with each other on certain occasions and this aso seems to be an
ordered phenomenon (compare the smooth portions of tragjectory on the top of figure 9.8 where
the agents are not in contact with the portions at the bottom where collisionsoccur).

It is proposed that the highly ordered patterns shown by agents both in their movement and
signalling behavior are evidence of the achievement of dynamical structural congruence through
acoustic coupling. Coordination is therefore a coherent state that agents achieve jointly after un-
dergoing specific transient paths in their respective dynamical trgjectoriesin the presence of mu-
tual perturbation. As much as coordination cannot be reduced to the behavior of a single agent,
the specific ordered patterns observed during coordination cannot be explained by the activity
of individual agents if they are indeed the consequence of the structural congruence attained be-
tween them. In principle thismay seem strange, after al coordination could be thought of as the
individual adaptation to the behavior of one’s partner instead of a co-adaptation.

In order to prove that coordination in these agents does not originate from an individual ca-
pacity for adapting an examination will be made of how agents behave in the presence of beacons
that produce sound signals. A beacon is placed in the arena in a fixed position and one agent at
a random angle, orientation and distance from it. Beacons can produce a variety of signals. In
all cases agents approach the beacon successfully but their signalling behavior differs from the
case of two interacting agents. Figure 9.9 shows this signalling behavior when the beacon pro-
duces a periodic signal with a period chosen to be equal to the one shown by coordinating agents.
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Figure 9.8: Motion of agents during period of coordination. Agents are shown at two time steps.

If the agent had an individual capacity to adapt its signalling behavior to the sound it perceives
one would expect it to show a similar signalling behavior in the presence of the beacon. It does
not happen. It can be argued that the frequency used by the beacon is not exactly right. A long
simulation in which a slow “frequency sweep” in the beacon’s signal is performed for the whole
range of frequencies of interest shows no difference in the signalling behavior of the agent. The
possibility still remains that the particular distribution of frequencies may matter. In order to test
this, the following experiment is performed. A normal simulation with agents in interaction was
run and the signalling behavior of one of the agents during coordination was saved. The “taped”
signal was broadcast from the beacon to the other agent now by itself. The result (see figure 9.10)
shows that phase locking does not occur.

All this evidence points to the importance of the presence of a history of mutual induction
of changes in the dynamics of each agent. Beacons are completely non-plastic and therefore
their “behavior” cannot be influenced by the approaching agent. The lack of atransient period of
mutual triggering of changes of state results in no structural congruence and consequently in no
entrainment. In other words, the process ceases to be historical in the sense proposed in chapter 3.

So far only some external manifestations of structural congruence have been considered. Fig-
ure 9.11 presents further evidence, this time from internal dynamics. This figure shows the em-
bedded time-delayed plotsfor the activation of the same inter-neuron in two agents under different
circumstances. The two plots at the bottom correspond to the agents acting on their own, i.e. no
coupling. Hereit isagain observed that althoughtheir structuresare similar (both neural networks
present the same architecture shown in figure 9.3), they are not identical (parameter values differ
sightly) and, consequently, their dynamics present different attractors. The top four plots show
the same embedded dynamics, now for the agentsin interaction. The two plotsat the top are taken
from a period of coordination. The striking similarity between the two attractors becomes evident
aswell asthe difference between them and the respective natural dynamics. The plotsat the center
of the figure show agents interacting but during a period when coordination has been lost. These
plots aso show an interesting qualitative difference with respect to the other cases. Agents do
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Figure 9.9: Signalling behavior in presence of periodic beacon.

not return to their “natural” dynamics when coordination is lost but to a different, uncoordinated
state from which it is possible for coordination to be regained and which suggests that, during
interaction, the structure of each agent has changed from its natural one.

In each case isis possible to calculate the time correlation in neuron activation between the

agents:
. COV( NA17 NAZ)

P~ SNaSINA2)”
where Cov(X,Y) is the covariance between variables x and y, §(x) the standard deviation of x and
Naij is the vector composed by the time series of activation values for the inter-neuron in agent
i in the period of interest. In the case of coordination p = —0.8443, for the case of interaction
but no coordination p = —0.3750, and for the non-interacting agents'® p = —0.0403. A strong
anti-correlation between coordinating agentsis in accordance with their signalling behavior.

The transition from coordinated towards un-coordinated state can be induced both by fluctua-
tions (noise) or by an instability due to internal differences in the respective dynamics. However,
the transition from un-coordinated state into coordination can only be understood in the presence
of an organizing coupling between the two systems since fluctuations, on their own, will tend, on
average, towards the loss of entrainment. Figure 9.12 shows how different variables are affected
when these transitions occur. The four plots are taken from a simulation run with the agents in-
teracting. All show certain variables as a function of time. The plot at the top showsthe distance
between the agents. Coordination periodsare conspi cuoussince they present amuch smaller range
of variation in distance. During these periods agents perform the ordered patterns of movement
showninfigure 9.8. Theseregionsare marked “b” and “d”. In contrast, periods of no coordination
(regions“a’, “c” and “€") show greater variation in distance. The second plot shows the relative
angular orientation between the agents which remains near zero degrees during coordination and
is uncorrelated the rest of the time. The third plot shows signalling behavior and the plot at the
bottom shows a continuous estimation of the relative phase between signals, (the horizontal lines

B8Thislast valueis only illustrative of the different “natural” behavior of the agents.
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Figure 9.10: Signalling behavior in presence of imitative beacon.

mark 180 and -180 degrees)!’. During coordination and even a bit before (compare the beginning
of region “d” in the top two plots with the same area in the other plots) signals are produced near
the anti-phase region. The fact that this correlation is manifested before the attainment of min-
imum distance suggests that signal coordination may come first and coordination of movement
may be its consequence. This makes sense if one thinks that signals can begin to be coordinated
from a certain distance greater than the minimum.

9.6 Discussion

The basic model shows some interesting phenomena like turn-taking and organized movement
arising from basic features of the physical nature of acoustic coupling between embodied agents.
In interpreting how these phenomena arise, use has been made of theoretical concepts concerning
social behavior under a systemic, operational perspective (as presented in chapter 2) as well as
other concepts taken from the dynamics of coupled oscillators. It is thought that much is to be
gained from this perspective and that the present example has not exhausted its potential.

The model shows how agents interact acoustically and through this interaction they mutually
coordinate their patterns of movement and they structure their acoustic coupling into a form of
aternated production that resembles turn-taking. It isnot inconceivable that this result could have
been different, (for instance, fairly constant signalling behavior, totally decoupled from movement
and perception). Initially one may be surprised that agents organize their interactionsin the way
they do but it has been shown that there is nothing magical about this organization if the process
isanalysed operationally.

However, providing a thorough operational explanation can be hard. Apart from the potential
complexity of such an account, one of the main difficultiesliesin the fact that many operational
aspects of the system act concurrently, so it is not always possible to speak in terms of causality,

17This estimation is obtained by a continuous normalization of the signal and its derivative to the unit circle after
filtering out the noise and then cal cul ating the phase difference asafunction of time. Thisis shownin the range between
-360 and 360 degreesto aid visualization, i.e. the horizontal lines indicate a same phase value.
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Figure 9.11: Embedded time-delayed dynamics in the same inter-neuron for two agents (A1 and
A2) in different situations. The selected inter-neuron was chosen for clarity in the plots.
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Figure 9.12: Achievement, loss and regaining of coordination. From top to bottom: distance,
relative orientation, signals and estimation of relative signal phase as functions of time.
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as implicitly noticed in the discussion on the origin of rhythm in signal patterns. Nevertheless, a
tentative operational route can be formulated in order to understand what goes on in the model.
Such route starts from the physical aspects of sound production/perception as operational givens.
Embodied agents actively exploit self-shadowing as a localization mechanism by producing cy-
cloidal movement as a search strategy. Angular movement introduces rhythm in perception which
is also manifested in signalling behavior. Rhythmic acoustic signallers become entrained through
mutual perturbation by driving one another to a state of structural congruence which is manifested
both in the resulting internal and external dynamics. This process is similar to cases in which
other coupled oscillators also entrain their dynamics under avariety of circumstances, even in the
presence of fluctuations and individual structural differences (Winfree, 1980; Kuramoto, 1984;
Kelso, 1995). Finally, coherent signalling behavior helpsto maintain the patterns of movement in
an ordered state which may be lost due to fluctuations and regained | ater.

If the best that can be done is to give an incomplete operational account of what happens
in an artificial world one may justifiably ask what is the scientific value of this methodology.
Although, as discussed in section 9.3, the model says nothing about the evolutionary aspects of
social coordination, it is possible to consider some implications of the analysis as to how certain
evolutionary questions could be framed.

The study of social behavior and its relevance to the evolution and development of human
capabilities has often been approached from a purely functional angle. To repeat, there is nothing
inherently wrong with this. However, functional considerations should be grounded on what is
known about the operation (at different levels) of the systems concerned. Asdiscussed in chapter
2, functional explanation can be derived from the abbreviation of certain nomic relationships.
But without a sufficient exploration of those relationships one runs the risk of missing alternative
ways of building functional links as well as the risk of building functional links that disregard
operational constraints (section 2.2). For instance, the received wisdom has been in recent years
that socia life isimportant for understanding the evolution of human intelligence because social
life can be very complex and our ancestors needed to be good predictors of the outcomes of social
interactions®®. Here social life and individual capabilities are distinguished from each other and a
functional bridge is built to join them back together. And this distinction can serve its purpose, as
long asit does not become reified into the operation of the various systemsinvolved. Because from
an operational standpoint, even in this simple model, the artificiality of this separation becomes
evident. In particular, it was found that the use of the same channel for self-stimulation and social
interaction makes it difficult to decompose the behaviors of an embodied agent into social/non-
social categories. And this shows that there can be direct operational links between what is seen
as purely socia and what is seen as purely individual.

A related aspect that shows how the divide between social and individual capabilitiestends to
permeate into operational requirements is the re-discovered fact that behaviors arising from co-
adaptation do not necessarily imply an individual capability for performing similar tasks. This
has been clearly shown in the model when a demonstration was made of the fact that agents are
incapable of entering into coherent signalling behavior with beacons that produce “artificial” and
temporally homogeneous signals as they do with other agents. The successful performance of

18The so-called Machiavellian intelligence hypothesis, see (Humphrey, 1976) and the collections (Byrne & Whiten,
1988; Whitten & Byrne, 1997)
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certain behaviors need not be within the realm of competence of the individual organism if the
tasks are performed socially in a coordinated fashion, a fact that should serve as a warning when-
ever one tries to extrapolate operational features (how an organism should work) from functional
interpretations of observed evidence (what it does)®.

To show the potential of the present methodology some brief comments will be added about
how this model could be improved and what else could be studied with it. In chapter 2 (section
2.4) some ideas were briefly touched upon which could be used to explain how socia forms of
learning can be understood from a systemic perspective asaform of directed structural change due
to the achievement of structural congruence between unevenly plastic organisms. The feasibility
of this hypothesiscould be easily tested by extending the model to include richer forms of plastic
change, some of which would become gradualy “solidified” during the lifetime of the agent.
Some cases of imitative learning could possibly be explained in these terms. But theideais more
powerful still, as it could also explain other phenomena such as the bonding observed between
duetting pairsin Laniarius (section 9.2). Once some of the structural changes undergone due to
mutual perturbation have become “frozen” in waysthat favour following encounters with the same
individual (s), socia affinity isthe unsurprising outcome.

In the general context of the thesis, this chapter has shown the validity of the operational ap-
proach and its applicability to the study of the mechanisms involved in generating coordinated
behavior. The direct analysis of dynamics as well as the utilization of more indirect perturbation
techniques should be highlighted as particularly useful. The model has aso shown that concepts
derived from the biology of autonomous systems can have direct applicationin describing and ex-
plaining concrete examples of adaptive behavior, thusproving the practical value of the vocabulary
and framework introduced in chapter 2.

19gee also the model presented in chapter 8 for asimpler example.



Chapter 10

Conclusions

Thisthesis has originated from a combination of interestsin some biological and cognitive aspects
of social behavior. It has offered a theoretical and methodological perspective on how to approach
research on social adaptive behavior in autonomous systems as well as concrete examples of this
perspective at work in the form of specific investigations concerned with the evol utionary, ecolog-
ical and behavioral aspects of basic social coordination.

In general, the importance of understanding evolutionary and behavioral dynamics as part of
situated historical processes has been highlighted. This has been a recurrent theme of the thesis.
Evolution cannot be considered to proceed by the combination of universal principleswhich bear
the greatest explanatory responsibility and a set of contingencies that complement them. Thisis
especialy so in the case of social behaviors where the boundaries that separate evolving traits
and environment become blurred as a consequence of ecological situatedness. Analogoudly, the
achievement of socia coordination between two autonomous systems cannot be understood, from
the operational point of view, as the work of individual problem solvers capable of dealing with
a variety of situations, but instead it must be approached as the result of a history of mutual
perturbations between embodied systemsin what constitutes also a situated process.

To take situatedness seriously sometimes implies renouncing the simplicity of explanatory
monism and embracing the complexity of the multiple concurrent and interdependent factors that
form a historical process. This may not always be an easy task. However, once a situated pro-
cess is properly understood many issuesthat are initially mysterious can be explained in a natural
manner. Thus, cooperative coordination in games with conflict of interest can be explained by a
combination of Darwinian selection and ecological situatednessin the form of spatial and/or de-
velopmental processes that operate concurrently with evolution and in an interdependent manner.
In the situation described in chapter 9 rhythm and turn-taking are not problemsto be solved by
individual adaptive agents but arise naturally from the physical constraints implied by acoustic
interaction and the nature of a process of structural coupling that leads to coordination. In short,
situatedness cannot be avoided if adaptive behavior is to be approached serioudly.

With thisgeneral conclusionin mind, thisfinal chapter will summarize the main contributions
of the thesis and will also present some speculations about interesting future paths along which
the investigations could be extended.
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10.1 Recapitulation and contributions

Chapter 2 articulated the need to ground the theoretical framework used to deal with socia adap-
tive behavior on an operational theory of biological autonomy. This choice was made both for
pragmatic reasons and because of the concern raised about the way traditional biology has treated
social behavior exclusively from afunctional point of view and, as a consegquence, hasfailed to ac-
count properly for paradigmatic cases such as animal communication. The logical contradictions
of the misapplication of terms like signals and information and the use of selective advantage as
the sole defining norm of communication were carefully exposed. The situation within traditional

theoretical biology is such that, even if it is possible to theorize about the evolutionary conditions
for the appearance of what is intuitively considered as communication, the phenomenon itself

remains undefined beyond thisintuitivelevel.

In response to this situation, the choice was made to ground the work of thisthesis on an op-
erational theory of biology, namely a theory of biological autonomy based on systemic concepts
and given expression in the works of Humberto Maturana and Francisco Varela. According to
this theory, the autonomy of a system, defined as the operational closure of itsinternal dynamics,
restricts the modesin which such a system may engage in interaction with its environment. Those
interactions that do not break its autonomy can only influence the system by means of structural
perturbations which may trigger new states in the system but cannot specify these states directly.
Two autonomous systems undergoing such a process of structural coupling are said to be interact-
ing. If the systems present a degree of initial operational congruence (for instance, if they are two
animals of a same species), interaction may lead to a coherence of behaviors which are not them-
selves directly engaged in the interaction but which would not arise if the interaction was not there
(or had not been there). If this happens, the systems are said to be coordinating their behaviors.
Sustained or repeated coordination of thiskind constitutesa domain of behaviorswhich appear to
depend on one another in a consensual manner. Communication is then defined as those behaviors
that occur in a consensua domain. The behavioral coherence that arises as aresult of sustained or
repeated coordination implies, due to the structural-determinism and autonomy of the interacting
systems, an anal ogous coherence of their structureswhich isreferred to as structural congruence.

Complementing this theoretical basis, chapter 3 provided a general description of what is
meant by ahistorical process. Thisideaproved to be useful asan aid for interpreting what to expect
from certain complex situationsand what to |ook for in order to make sense out of them. A process
ishistorical if itisableto alter itsown conditionsof realization by exerting an influence onitsown
constraints either directly or indirectly through coupling with other processes. As such, a process
is historical not only because it is contingent but also because time ceases to be homogeneous
as variations in constraints change the form in which general dynamical principles are embodied
as the process unfolds. This may lead to the formation of spontaneous invariants of the process
which, by influencing the dynamics, specify the conditions for their own perpetuation, i.e. for
their own invariant character. This peculiar relation between dynamics and constraints provides a
perspective from which complex processes may be approached and much of the observed order
explained.

From this rather general basis it is possible to go to many places. In this thesis, however,
only a limited number of issues have been explored. Social coordination has been studied from
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an evolutionary and ecological point of view in order to show that functional questions need not
be abandoned (even if, in the end, functional explanations happen to be abandoned). It can be
argued that, due to the simplifications made to the behavioral properties of the agents so as to
make evolutionary problems tractable, the systemic perspective has not been put to a very hard
test in these studies. In order to compensate for this, it seemed appropriate also to study how
coordination is achieved from the behavioral point of view so as to see the theory of biological
autonomy at work in a concrete case.

In al studies a similar general methodology was applied to the use of formal models and
computer simulations. This methodology was explained in chapter 4. Making amodel of anatural
phenomenon alwaysimplies some degree of abstraction. From a pragmatic point of view finding
out how much isleft out by thisabstraction is asimportant as finding out how much is captured by
it. Hence, a pragmatic approach to forma modelling is more concerned with comparing different
models so astoreveal therole played by different factorsthan with how well amodel approximates
the natural case. Following this approach, models of different granularity and complexity have
been used in this way in the thesis. Among those, the most flexible and encompassing were
individual-based computer simulations. Some problems regarding their use were discussed in
chapter 4 as well as away of formulating these problems clearly as a case of integrating a new
tool into an existing framework of practices.

A solution for these problems was proposed and followed in the investigations. This solution
states that a simulation must be observed and understood in itself but not necessarily as a case of
the basic model giving rise to the global patterns. Most of the times the situation may not be so
simple. Understanding what goes on in a simulation may be quite a complex task in itself and
here is where the use of comparative models may come to the rescue by providing an angle from
which to observe the simulation and compare it with the expected results. Once an explanation of
what goes on in the simulation is proposed, this must be tested, just as in the case of a hypothesis
about natural phenomena, by means of specific observationsand crucial experiments. Finally, the
integration with the rest of scientific practicesis achieved by comparing the explanatory structure
of the simulation with anal og theoretical structuresfor natural cases. In thisway, smulationswork
in away similar to thought experiments.

Chapters 5, 6 and 7 can be read as one long investigation on the role of situatednessin the
evolution of cooperative social coordination for a simple game with conflict of interest. In chapter
5 the basic action-response game is proposed and analysed from a game-theoretic perspective
for which the only “driving force” behind the evolutionary process is differentia reproduction.
Systematic comparisons reveal how factors like noise, finite populations, discreteness, coupling
with aglobal ecological variable and genetic constraintsinfluence the result. However, in none of
these cases cooperative coordination evolves; the results are either an oscillation in strategy space
or acombination of non-cooperative strategies.

The model is then extended to include spatia interactions within a finite local domain. This
continuousmodel isbased on along-range coupling between variabl eswhich makes homogeneous
solutions unstable for non-homogeneous perturbations. The capability of the model for forming
gpatial patternsis demonstrated analytically and by means of numerical resolutions. Interestingly,
the patternsthat result are stable clusters of playersthat divide the population into non-interacting
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groups which evolve independently. Theintroduction of minimal density thresholdsfor the player
densities shows how many apparently unstable solutions may become stable if an approximation
ismade in the direction of treating the popul ation variables as discrete. This supports observations
made empirically and in other models that conclude that it is not sufficient for a single invader to
be fitter than its surrounding population but that a minimum threshold in the number of invaders
must be achieved for invasion to occur.

Following onthistrack, an individual -based spatial model, in which agents are discrete entities
from the start, is presented in chapter 6. The results of this model could not have been predicted
from the previous models. Cooperative coordination is observed to evolve for a moderate degree
of conflict between players. Kin selection was examined as a possible candidate for explaining
this observations since it is often claimed that spatial situatedness may enhance the chances of
interacting with kin and so they may favour altruistic behavior. Unfortunately, it is unusual for
researchersto confirm thisclaim by a proper investigation of relatednessin their computer models.
Here, such an investigation was carried out and it was found that kin selection was insufficient for
explaining the observed results.

An explanation was finally found after examining the structuring roles of clusters as invari-
ants of the dynamics. Clustersintroduce asymmetries in spatial position between the central and
peripheral regions. These asymmetries are varied and include the greater length of genealogies
that originate in the central region and the differences of frequencies for playing each role. These
asymmetries follow from geometrical factors and from an understanding of the forces that main-
tain the stability of a cluster.

I'n combination with the discrete nature of the agents and reproductive events and with stochas-
tic fluctuations, the above structuring effects suffice for explaining the evolution of cooperative
coordination and its dependence on the degree of conflict of interest. Additionally, the same fac-
tors can account for other observations such as the positive correlation between cluster size and
average coordination level within a given cluster.

Chapter 7 extends thisinvestigationin a new direction. In view of the invariant structures that
emerge from a coupling between evolutionary and ecological processit becomes relevant to ques-
tion what other factors may introduce similar ordering effects. An assessment of the evolutionary
role of one such factor, socially influenced development, is presented. In thismodel, adult pheno-
types depend on genetic constitution and parental influences following certain formal constraints.
The simplified developmental scheme that results resembles a random reaction network. The con-
stitution of the populationisthe outcome of a processwhich combines selection, ecol ogical factors
and developmental relations, al of which are interdependent. The results show that, in the case
of space and social development, not only is the range of viability of cooperation enlarged, but
the dependence on the degree of conflict changes from a linear decrement to a stepwise descent
from total cooperation to no cooperation. An explanation of thischange of behavior isfound when
the devel opmental relations between agents are analysed. Self-promoting developmental networks
constraint the population usually to a single viable phenotypein spite of the variability introduced
by mutations. This occurs simply because it is very hard to find new phenotypes that conform
to the developmental logic imposed by the dominating invariant network and which, at the same
time, participatein a competing invariant structure of their own.
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The biological implications of these models are clear. Evolution, particularly evolution of
social behaviors, cannot be studied purely as a process de-coupled from its ecological context.
As any other natural process, evolution is a situated process and as described in chapter 3 also a
historical process which, in combination with ecological and developmental processes, may lead
to the formation of invariantsthat constrain its dynamicsto certain paths. Both spatial clustersand
self-perpetuating devel opmental networks are examples of such invariants.

In chapter 8, the same evolutionary scheme is used to provide a simple proof of concept.
Contrary to what is usually claimed, computer models of communication need not include the
assumption of hidden information for interesting behaviors to evolve. The model showsthisin a
very smpleway by extending the interactions between agents to the production of an alternating
sequence of actions and responses that depends on the food type that both of them can see. The
task is not trivial since the agents must produce a sequence while being modelled as state-less
machines. Therefore, any non-constant response to a constant environmental stimulus must come
as aresult of their interaction. This simple counterexample also hints to the direction in which
coordination could be studied from a behavioral point of view.

Chapter 9 follows in that direction. A model of acoustically coupled agents is presented in
which coordinated behavior must follow from continuous interaction. Agents must locate, ap-
proach and remain within a certain distance of one another only by producing and sensing sound
signals. Sound constitutes a rich medium for studying the role of embodiment in adaptive social
behavior. Thisis clearly demonstrated at the time of studying the behaviors of the agents. Active
perception takes advantage of the self-shadowing mechanism by exploiting the differential sensing
introduced as a result of varying the relative orientation of the body. Accordingly, agents move
in a cycloida paths that introduce rhythm into the overall dynamics even though no evidence of
rhythm isfound in the individual agents acting on their own.

Interaction leads to coordination as agents are able to approach one another and remain close.
However, further (and unexpected) coordinationisobserved inthe temporal structure of the rhyth-
mic signals and on the patterns of movement of the agents after having approached. Signals are
entrained in an anti-phase mode that resembles arudimentary case of turn-taking and agents move
coherently in space by coordinating changes in position and in angular orientation. More interest-
ingly, even if coordination can be lost due to fluctuations, the overall tendency istoward regaining
the coordinated state.

It is here that the conceptual structure presented in chapter 2 becomes vital for understanding
why agents behave as they do. It is proposed that coordination is achieved due to a process by
which agents drive one another to a state of structural congruence as a result of mutual perturba
tions. In order to confirm that thisis the case and that agents are not simply very good individual
adaptors, acrucial testismade to seeif agents can exhibit asimilar signalling behavior in the pres-
ence of non-plastic beacons that reproduce the coordinated signalling patterns of a single agent.
Failureto observe an entrainment of signalsin thiscase suggeststhat agents are indeed co-adapting
to one another in a historical process.

This model has some nice implications besides the emergence of coherence from embodied
interactions and the applicability of the systemic perspective to a concrete case. The fact that
co-adaptation need not imply an individual capability to adapt casts some doubts on the applica-
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bility of the Chomskyan dictum (reproduced in most forms of methodological individualism) that
competence is a precondition for performance (Chomsky, 1965, p. 25), especialy in the case of
social behavior (which is the domain in which it was originally meant to be applied). It is seen
that agents can engage in coordinated behavior with other agents but not individually with similar
structures of their environment.

Another implication is concerned with the possibility of decomposing behaviors into well-
defined functional modules. This may not aways be easy and it is particularly difficult in the
presence of social interaction. As shown in this model, the production of signals does not fulfil
the purely “socia” role of interacting with the other agent, but self-hearing plays an important
operational role in the generation of cycloidal approaching movement as is confirmed when this
movement collapses as aresult of the self-hearing capability being perturbed.

10.2 The future

Although the investigations presented in this thesis are considered to have reached a stage of
completion, the reader should, hopefully, be left with the feeling that there is still much to be
done along similar lines of research. The thesis will end with a speculative description of some
directions in which the work presented here could be expanded.

The approach presented in chapter 9 seems particularly fruitful for extension. One obviously
interesting way of extending it would beto try to realize a smilar situation in actually embodied
systems. This path is certainly difficult, but possible and surely quite fruitful although a clear
statement of objectiveswould have to be made clear from the start.

Still using simulations, it would be interesting, for instance, to explore under what circum-
stances the coordinated behavior of the acoustically coupled agents would exhibit greater com-
plexity, perhaps approaching something like the duetting patternsin Laniarius (section 9.2). One
possibility for doing this would be to make the situation more complex in itself by requiring that
agents do not just approach one another but that they also do something else. To achieve this, it
is amost certain that the environment would have to be modified by the introduction of additional
structure. An alternative to making the task more complex would be to enlarge the dimensionality
with which the agents may behave. This could be achieved by making their bodies more complex
and perhaps subject to evolution themselves, or by enlarging the variety of modes of interaction
(e.g. sound could be modelled as afield of varying intensity and frequency).

Another alternative would be to introduce some sort of dimorphism, liketwo sexes, and let in-
teractions occur between opposite sexes. Related to this possibility, a potentially more interesting
approach would be atwo species scenario in which intra-specific interaction requires approaching
and inter-specific interaction requires pursuit and evasion. This possibility would be inspired in
the approach used by Ficici and Pollack (1998) for the evolution of generators and predictors of
binary strings (see section 8.1). Two agents in interactions would be in a situation of having to
discriminate if they belong to the same or to different species. This scenario would probably hold
a good potential for investigating evolutionary questions as well as behavioral ones such as the
dynamics of competitive co-evolution between the species.

A different branch of investigation rooted in the same model would not necessarily be so con-
cerned with complexity of coordinated patterns but with the possibility of testing the hypothesis
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that structural congruence between unevenly plastic organisms may be the basis for explaining so-
cia affinity and some forms of social learning (see section 2.4). In order to study this hypothesis,
the plastic dimensions of the agents would have to be extended as well asaway of letting the his-

tory of past interactions be actively reflected in their present structures. One way of doing thisis
by extending the dynamics of the neural networksto include processes that occur on much slower
time-scales. An interesting possibility under consideration is the use of architectures that incor-

porate additional mechanisms like neuron modulation through emission and diffusion of “gas’

(Husbands, Smith, Jakobi, & O’Shea, 1998; Husbands, 1998). These dimensions of added plas-
ticity would facilitate experiments on social affinity such as comparing the co-adaptation between
individualsin a “fresh” state with the co-adaptation between individuals who have undergone a
long history of co-adaptation with different partners. Similarly, the possibility of socia “learn-

ing” could be tested by allowing a group composed of genetically identical individualswhich are
already able to coordinate to undergo two independent evolutionary processes in which genetic
constitutionis kept constant but the possibility of historical drift in the patterns of behaviorsisleft

open by the recurrent achievement of structural congruence between different generations in the
presence of noisy fluctuations.

Thislast possibility can be* re-connected” with the themes of investigation of the other models
in the thesis which in away can be thought of as approaching a similar issue from the evolution-
ary and ecological angle. While a full-blown ecological model of acoustically coupled agents
would perhaps be too complex to build and probably aso to understand, it is possible to make
some further abstractions that would make agents behave in simpler ways using perhaps simpler
architectures but retaining some interesting behavioral potential beyond mere look-up tables. This
would alow to add the possibility of aricher type of history than that exhibited for instancein the
study of social influences on development by coupling behavior and developmental changesin a
more direct manner.
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