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because they are unexpected. Some brilliant individuals can produce huge collective fails (e.g.,
Brazil lost against Germany, 7-1, in the 2014 World Cup) and sometimes teamwork
demonstrates a success whereas no one individual is able himself to well perform (e.g.,
Greece, European Champions, 2004). Both are spectacular and not common, thus funny.

Collective behaviours are also fascinating. An ant could be stupid. It does not have
much of a brain, no will, and no plan, but many ants together are smart. An ant colony can
construct complex structures. Some colonies keep farms of fungi; others take care of cattle.
They can wage war or defend themselves. How is this possible? How can a bunch of stupid
things do smart things together? This phenomenon is call emergence, and it is one of the most
fascinating and mysterious features of our universe. Schools of fish, termites, Mexican waves,
crowds, and football teams illustrate the emergence phenomenon. It describes small things
forming bigger things that have different properties than the sum of their parts. It is
complexity arising from simplicity.



Collective behaviours are everywhere; schools of fish, termites, Mexican waves,
crowds, and football teams are good examples. It is everywhere, yet water has vastly different
properties than the molecules that make it up, like the concept of wetness. Wetness is an
emerging property of water. Atoms form molecules, molecules form proteins, proteins make
up cells, cells form organs, organs make up individuals, individuals form football teams.

BAR 4-0 [T 69:02

To talk about my Ph.D., | decided to investigate the emergence of collective behaviour
with football as a main object of study. Considering a team as a complex system, | currently
think that emergence arises from the interactions of the players. The project attempted to
understand how players regulate their behaviour to each other within the interaction to
contribute to the collective behaviour. With the idea behind it that various individual
regulations should imply various responses in the collective behaviour.

To talk about the usefulness of this project at the level of society, the question is
complicated, but | can give you some examples more or less distant from what | did but still
related to the topic. Firstly, this project could help coaches to improve their understanding of
team behaviour and to develop new types of training. Secondly, there are probably some
implications in robotics. By improving the knowledge of interaction processes, implications in
the robot’s coordination could work. There are actually many domains where we need a lot
of robots working together: seabed cleaning, demining areas, space exploration. Finally, this
project is more about fundamental research, and fundamental research is always useful.
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INTRODUCTION

Schools of fish, ant colonies, termites, the Mexican wave, human crowds, football teams — all
reveal the beautiful side of what living beings can accomplish when they participate in
collective behaviour. These phenomena suggest that collective behaviour is more than the
sum of its components (Eccles & Tenenbaum, 2004). This project is born from a fascination
with the beauty of these behaviours, at first sight difficult to explain, with a specific interest
in collective behaviour in football.

Context. Collective behaviour has been intensively studied during the last two decades
(Aratjo & Bourbousson, 2016; Bourbousson, Séve, & McGarry, 2010b; Davids et al., 2014;
Duarte, Araujo, Correia, & Davids, 2012; McGarry, 2009; Memmert, Lemmink, & Sampaio,
2017; Silva et al., 2014). The research on understanding team behaviour started with a focus
on social psychology and the concepts of group dynamics, such as leadership, motivation
(Cotterill & Fransen, 2016) and cohesion (Carron, Bray, & Eys, 2002). However, this area of
research has missed one of the most important concepts, which is interpersonal coordination.
Behind this, research topic on collective behaviour has shifted by considering that there is less
to being a cohesive team than being an effective team (McEwan & Beauchamp, 2014).
Researchers have sought to understand how the coordination of individual activities can
exceed the products of their mere juxtaposition (Eccles & Tennebaum, 2004), thus signalling
a form of collective intelligence. Team effectiveness has been assumed to arise from the base
of teamwork as achieved by players (Eccles & Tenenbaum, 2004).

Interpersonal coordination that supports the team’s effectiveness arises from the
interaction among the activities of individuals. Past research was largely interested in
analysing and understanding interactions between individuals. Considering collective
behaviour to be the overall result of individual activities in interaction, the investigation of
how players regulate their activity to contribute to the collective behaviour seems to be
relevant. Individuals engaged in the same collective activity can adapt their activities to
maintain their collective performance in a specific environment. In other words, individual
activities to support interpersonal coordination are at the core of what emerges as collective
activity.

Research that attempts to understand the emergence of collective behaviour is
currently abundant in sports science (Araujo, Davids, Bennett, Button, & Chapman, 2004;
Bourbousson, Séve, & McGarry, 2010a; Davids et al., 2014; Duarte, Araujo, Correia, & Davids,
2012; McGarry, 2009; Torrents et al., 2016). The emergence concept has been mostly
explained in terms of dynamical systems theory. Dynamical systems theory describe the
emergence of collective intelligence like in team sports as the appearance of new properties
within group behaviour that cannot be reduced to the properties of individual behaviours.
While understanding the dynamics of collective behaviour within dynamical systems is of
particular interest in sports science, it also touches on many other areas, such as ethology and



Introduction

robotics. From a purely fundamental perspective, object of study flirts with concepts drawn
from the theories of complex systems. Several studies in sport science have referred to this
type of approach. For example, Bourbousson, Séve and McGarry (2010b) assume that it is
possible to understand collective behaviours in sports as similar to natural behaviours such as
swarms (e.g., schools of fish). In research on natural phenomena, studies have shown how
simple local interactions can support complex collective forms that have surprising new
properties.

Purpose. Considering the team as a complex system in which interactions are among
the most fundamental elements, this project aims to investigate how players regulate their
behaviour in relation to each other during the interaction process. This regulation includes the
informational resources supporting the players’ activity and the resulting behavioural
adjustment. For example, a player could be focusing on a single team member — the
informational resource —and attempting to maintain a stable distance from this team member
— the resulting behavioural adjustment.

The rational for the present scientific project is elaborated based on the assumption
that the process of regulation is at the heart of the dynamics of collective action. From this
perspective, the dynamics of the collective activity produced by individuals are likely self-
organised. This point of view has recently been formulated within the framework of the
enactive approach to social coupling (Bourbousson, 2015; De Jaegher, Di Paolo, & Gallagher,
2010; Torrance & Froese, 2011) and also within the paradigm of dynamic systems of
coordination (Haken, Kelso, & Bunz, 1985; Kelso, 1995; Oullier & Kelso, 2009). From this self-
organisation of the dynamics of collective activity, produced by the interaction of the activities
of the agents, emerges an autonomous phenomenological domain, a dynamic characteristic
to the interpersonal encounter. This collective dynamic is not reducible to the individual
perspectives of those who participate in the team behaviour, but it concretely exists through
the influence it has on individual behaviours (De Jaegher & Di Paolo, 2007). This project is
undertaken from an enactive approach.

The enactive approach has mainly provided theoretical arguments to the social human
conception. In this approach, the focus is on the mutuality of interaction, which refers to the
fact that social interactions concern simultaneously the agents who participate in the
encounter and that the respective activities of these individuals are interdependent and affect
each other. This characteristic is essential to the emergence of an autonomous collective
activity. It is through the continuous effects that individuals have on one another that the
process of interaction can self-organise and engender its own effects. The paradigm of
dynamic systems applied to the study of interpersonal coordination has provided more
empirical results on the self-organised nature of interpersonal coordination, without
considering the mutuality of the effects the agents have on each other. The role of individual
regulation in the elaboration of collective behaviour should be investigated. An embodied
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collective activity is, therefore, one of the central aspects of this project. Moreover, individual
regulation is considered at a phenomenological level and a behavioural level.

Objectives. The aim of this project is to improve understanding of individual regulation
itself and also to understand the role of this regulation in elaborating collective behaviour.
First, we review the possible informational resources supporting the players’ activities used in
football. Second, by extrapolating the potential behavioural adjustments in response to these
informational resources, we create a simulation model. We attempt to reflect individual
adjustment modality changes and their correlates in collective behaviour. A complementary
study focuses on the link between informational resources and adjustment but also on the
ability to control regulation through interaction rules. This project is also a methodological
challenge, given the need for both phenomenological data to characterise individual
regulation modalities and simulation data to evaluate the behavioural correlates in collective
behaviour.

Structure. In the first part of this work, which develops the scientific foundations, we
discuss the state of the art in chapter 1, the scientific gaps in chapter 2, and the enactive
approach epistemology in chapter 3. In the second part of the work, which presents the
scientific contributions, we address the scientific rational in chapter 4, the general
methodology in chapter 5, and empirical studies in chapter 6, closing with a general discussion
in chapter 7. The final part of the work comprises a list of references, an overview of the
author’s scientific achievements, a list of figures and tables, and several appendices.
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CHAPTER 1 - STATE OF THE ART

This chapter presents an overview of the studies conducted on collective behaviour in team
sports. All of which build on the central idea that performance in team sports is more than the
aggregate of team members' effectiveness (Eccles & Tenenbaum, 2004). Teamwork
achievement has been explained according to different mechanisms, all aimed at improving
the understanding of collective behaviour. From this foundation, we first argue for the need
to investigate individual regulation within collective behaviour before we present
assumptions about the various individual regulation modalities. The investigation of individual
regulation involves diverse sources of data.

Chapter overview. This chapter first presents the current debate about the
understanding of collective behaviour. With a primary focus on the interaction process, the
second part of the chapter argues for the necessity of individual regulation in the elaboration
of collective behaviours. Subsequently, we present our hypothesis about various types of
regulation. The chapter ends by explaining the roles of the various data collected to study
both regulation and collective behaviour at the same time. Together these elements structure
our state of the art review, which should fill in all scientific gaps.

ELABORATION OF COLLECTIVE BEHAVIOUR

Describing what team members produce, how they behave on the field, and how they achieve
team coordination in real time has been a main topic in team sport research in recent years
(Aratjo & Bourbousson, 2016). Three approaches to understanding collective behaviour can
be distinguished: (1) investigating the properties of the individual activity that is part of a
collective functioning, (2) investigating the collective as a unit and (3) studying the
interferences between the individual and collective level.

Individual properties within collective behaviour

To account for collective activity, some studies have focused their analysis on the properties
of individual activity (Converse, Cannon-Bowers, & Salas, 1993; Eccles & Tenenbaum, 2004;
Reimer, Park, & Hinsz, 2006). Individual properties have been investigated in different studies
according to two main focuses: (1) a description of individual behaviours included in the team
and (2) a description of individual cognition within the team.

Description of individual behaviour. Traditionally, collective behaviour has been
investigated by first investigating the properties of individual behaviour (Vilar, Araujo, Davids,
& Button, 2012). Individual behaviour was described during all the game phases by providing
accurate descriptions of the indicators of interest. For instance, important indicators of team
performance in football include the team’s style of play. Team style has been described using

12
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two categories: direct play and possession play (Hughes & Franks, 2005). This collective
behaviour performance was measured as the number of passes executed by all team
members before scoring a goal. Hughes and Franks (2005) stated that the more a team passed
the ball, the more the team style should be described as possession play. The results showed
that the strike ratio of goals was better for direct play style than for possession play style.
From a behavioural point of view, understanding collective activity through individual
properties does not exclude the recognition that individuals must coordinate (Eccles &
Tenenbaum, 2004), but the individual properties are considered to be primary. An example is
the handling of a car accident: proper management of the accident will result from the
performance of police, firefighters and emergency services, regardless of coordination needs
(Kozlowski, Grand, Baard, & Pearce, 2015). In other words, collective performance is
accomplished only if each individual is successful in the proper task.

Notational analysis approach. The description of individual properties has been
developed in the theoretical framework of notational analysis. Notational analysis was
established to objectively examine and describe behaviours of players during games to
improve performance in team sports (Pollard, 2002). The notational approach allows
description of the type of collective behaviour based on the individual properties but also
allows identification of the individual profile within the collective behaviour. This approach
does not afford a strong theoretical background, primarily due to a lack of key concepts.
Additionally, this approach does not consider the interactions between team members and
their dynamics as well as the ecological features of the game (Cooke, Gorman, Myers, &
Duran, 2013).

Description of individual cognition. Collective behaviour has also been understood
based on descriptions of individual cognitive processes. The principal assumption is to
guestion why an expert team is more than simply a team of experts and is more than the sum
of the individual performances. In contrast to notational analysis, coordination also has to be
investigated. Coordination is defined, in this case, as a process of cognitive sharing between
members (Blickensderfer, Reynolds, Salas, & Cannon-Bowers, 2010; Eccles & Tenenbaum,
2004, 2007). Cognition sharing between individuals induces complementary and similar
mental models, allowing players to anticipate the needs of others and thus to coordinate. For
this reason, coordination was characterised as explicit. Studies focused on the shared mental
model through the study of phenomena such as shared knowledge and shared understanding
(Mathieu, Heffner, Goodwin, Salas, & Cannon-Bowers, 2000). Blickensderfer et al. (2010)
studied the correlation between shared knowledge and explicit coordination in doubles
tennis. Researchers started by measuring the task experience and team familiarity of each
member of a doubles pair with a questionnaire. From this, a score of shared knowledge was
calculated. In parallel, experts in tennis were hired to evaluate the implicit coordination
between the players in a pair. The study showed a significant correlation between shared

13
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knowledge and levels of implicit coordination. This study concluded that the arrangement of
individual cognitive processes is a vector of collective performance. In this way, the work
suggests that shared cognition in a team sport allow for better implicit coordination and,
consequently, improved performance.

Social-cognitive approach. The first approach that investigated teamwork is the social-
cognitive approach (Eccles & Tenenbaum, 2007) to interpersonal coordination. This approach
focuses on these cognitive processes by inspecting the cognitive sharing between members
of a team, and it postulates that members' sharing of similar mental models (i.e., shared
mental models) are at the root of any form of collective intelligence. The social-cognitive
approach (Eccles & Tenenbaum, 2004), assumes that teamwork is predicated on the notion of
team cognition. A key aim has been to understand how shared knowledge can help team
members coordinate efficiently in adapting to the dynamic demands of competitive
performance environments. The assumption is that shared knowledge results from the team
members having complementary goals, strategies, and relevant team routines that provide
basic shared expectations about each other's actions. This allows them to coordinate and
disregard completely new situational analyses of how the team should face unfolding game
events. The social-cognitive approach, build on the human information processing approach,
has adopted some similar methodology, such as the questionnaire and the verbal protocol
(Blickensderfer et al., 2010).

Criticism of the social-cognitive approach. The social-cognitive approach has been
challenged using two major arguments. First, because it gives primacy to the shared-
knowledge hypothesis (Silva, Garganta, Araujo, Davids, & Aguiar, 2013), the social-cognitive
approach has been accused of not accounting sufficiently for the situated nature of teamwork.
The ecological feature of a situation is missed, while other approaches consider the ongoing
situation as a main part of the collective behaviour. Second, the social-cognitive approach to
teamwork neglects the key role of ongoing interactions in patterning collective behavioural
states (Cooke et al., 2013). Thus, missing the embedded and embodied nature of human
cognition (Froese & Di Paolo, 2011), this theory is not directly concerned with social
interactions. Individual behaviours are regulated only by knowledge about the task and the
team, and there is no concern about regulation in the ongoing situation.

Collective behaviour as units

Other research has considered collective behaviour as a unit, with team efficiency being
described as emerging from the coordinated behaviours of the members. This phenomenon
of emergence leads these researchers’ to consider the collective as an autonomous unit,
investigable in itself, thus team sports are described as superorganisms (Duarte, Araujo,
Correia, et al., 2012). For this reason, most of these researchers’ have tried to capture stable

14



Chapter 1 - State of the Art

behavioural patterns that underlie collective behaviour. Their examination focuses on the
dynamics of space-time features in sport, which seem to be a vector of performance.

In these conditions, analysing the spatiotemporal structure and dynamics has been
relevant for defining the collective behavioural patterns associated with performance. As an
example, researchers have shown that collective behaviour performance improves when the
variability of the centre of gravity and the variability of the stretch index of the team conform
to a specific pattern (McGarry, Anderson, Wallace, Hughes, & Franks, 2002).

In this framework, analysis of behavioural patterns to inform dynamic systems
contains several objects of study (Travassos, Araujo, Correia, & Esteves, 2010; Travassos,
Davids, Araujo, & Esteves, 2013): (1) the player—player dyad as an analysis unit, and (2) the
team—team relationship in a game situation. Under the first category, McGarry et al. (2002)
dealt with dyadic coordination in racket sports. Researchers (McGarry, Anderson, Wallace,
Hughes, & Franks, 2002; McGarry, Khan, & Franks, 1999) showed that the behaviour of the
squash dyad showed non-linear properties of dynamic systems. Other researchers extended
these results to tennis (Palut & Zanone, 2005). The results pointed out that several attractors
showed stability properties in the spatiotemporal interactions between the players. Based on
angular measurements referring to the centre of the field, researchers were able to identify,
on the one hand, recurring behaviours which define the attractors and, on the other hand,
significant dynamic transitions of interaction between players. Moreover, Bourbousson et al.
(2010a) studied one by one the dyadic coordinations within a collective. The case study
allowed for updated mapping of the dyadic interaction networks (Bourbousson, Séve, &
McGarry, 2010a) and contributed to the knowledge of the underlying structures of the
spatiotemporal interaction, signalling an interest in the theory of dynamic systems for
analysing sports collectives.

In addition, researchers investigated the team—team relationship at the level of the
match (Bourbousson, Séve, & McGarry, 2010b). Bourbousson et al. (2010b) have identified
patterns of coordination between two teams. This study offered the possibility of
understanding the collective activity that resides in the phase that precedes a basketball shot.
Macroscopic analysis was relevant in a dynamic approach, with each team considered an
autonomous system. These studies generated a collection of video data and a statistical
treatment of observed behavioural variables. Their results showed that the relative-phase
relation for the stretch index was in in-phase attraction in the longitudinal direction and
exhibited no attraction to any values in the lateral direction. The difference between the two
stretch indexes is explained as phase transitions between two stable patterns. This suggested
reciprocity between teams in their degree of expansion and contraction when possession of
the ball was won and lost.

Research in football also highlighted the need to investigate collective behaviour as a
unit (Clemente, Couceiro, Fernando, Martins, & Rui Mendes, 2013; Clemente, Couceiro,
Martins, Mendes, & Figueiredo, 2013; Duarte, Araujo, Davids, et al., 2012; Frencken, Lemmink,
Delleman, & Visscher, 2011; Frencken, Poel, Visscher, & Lemmink, 2012; Memmert et al.,
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2017; Memmert & Raabe, 2018; Moura, Santana, Vieira, Santiago, & Cunha, 2015; Perl &
Memmert, 2017). Spatiotemporal analysis in particular has been a main focus (Gudmundsson
& Horton, 2016; Gudmundsson & Wolle, 2014)

Ecological approach. Results that explain teamwork using an ecological dynamics
framework (Aradjo, Davids, & Hristovski, 2006) are based on the idea that team behaviour can
be investigated in terms of its own dynamics without investigating individuals' internal
cognitive processes at the micro level. Teamwork as the interpersonal interaction process
leading to team behaviour is considered to occur between biological rhythmic units that are
connected informationally (Araujo & Davids, 2016). Such informational connections between
team members are assumed to be driven by affordances defined as opportunities for action
(Gibson, 1979). The concept of affordances assumes that the environment is directly
perceived in terms of what actions an agent can take and is not dependent on the players'
expectations or mental representations (Richardson, Shockley, Fajen, Riley, & Turvey, 2008).
On a social level, shared affordances are assumed to govern the arrangement of many
individual behaviours (Silva et al., 2013). Thus, teamwork depends on the team's collective
perceptual attunement to a landscape of environmental constraints. Therefore, based on
their situational perceptual readiness, players become capable of refining their behaviours to
functionally adapt to what they perceive as team coordination opportunities. From this view,
teamwork-related concepts (e.g., division of labour; Duarte, Araujo, Correia, & Davids, 2012)
have been investigated based on the assumption that interpersonal patterns that are
observable at the behavioural level are sufficient to reveal the key environmental constraints
that underlie team coordination. While acknowledging the main role of situated interaction
between team members in helping collective behaviour emerges, the ecological dynamics
approach has been analysed as reflecting an ontological realism (Varela, Thompson, & Rosch,
1991) in that it considers affordances as existing in the real material and physical setting and
views them as something that can be revealed through behavioural methods. In contrast with
this view, some authors have considered humans as primarily coupled to a meaningful world
rather than to a physical one (Varela et al.,, 1991). In this sense, researchers assume a
framework of analysis of the collective functioning starting from the postulate that teams are
superorganisms (Duarte, Araujo, Correia, et al., 2012). These superorganisms are dynamical
systems characterized by a set of interacting elements that present an emerging collective
behaviour determined by self-organising properties that result from the large number of
information exchanges within the supergorganism (Gibson, 2014).

Dynamical system theory. The ecological approach has largely adopted dynamical
system theory to investigate collective behaviour. A system is defined by many components
which interact with each other and with their environments. This system becomes dynamical
when it changes over time. Most of the system change over the time, this change is called
bifurcation. This bifurcation allows a system to switch from a stable behaviour to another
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one. The stable state is called an attractor. By attempting to describe the dynamical system
as a whole, complexity has been demonstrated by deducing the macroscopic behaviour. The
macroscopic behaviour has been explained thanks to the collective variables. Collective
variables capture the order (e.g., synchrony) present within the system. These collective
variables are usually called order parameters. Order parameters describe the patterns of the
collective system. From example, they describe the phase or antiphase of the bimanual task
coordination. While the macroscopic level is defined with the order parameter, the
microscopic level is based on a control parameter, which is defined as a variable capable of
modifying the essentials of team behaviour (i.e., the order parameters) when the variable
value evolves beyond a critical value (Davids et al., 2014).

In line with dynamical systems principles, in team sport, metrics have been considered
to characterise the collective behaviour, thus describing the order parameters. Previous
research based on the dynamical systems approach to team sport has focused primarily on
how some metrics, such as surface area, can serve as parsimonious macroscopic descriptors
(Ric et al., 2016) of what happens in the social system (Duarte, Araujo, Davids, et al., 2012;
Passos, Araujo, Davids, Gouveia, Serpa, et al., 2009; A. Ric et al., 2017). The local constraints
observable at a more microscopic level of description were designated control parameters.
Finally, the dynamical system describes a self-organisation by considering that process by
which the pattern at the global level of a system emerges from interactions among
microscopic components of the system. Considering this definition and the description of a
dynamical system suggests that this theory can be applied to the dynamics of group cognition
(Palermos, 2016).

Ecological dynamics framework. Based on dynamical systems theory and the concepts
of ecological psychology, the ecological dynamics framework arose as a strong theoretical
approach to reveal the rule that affects team behaviour (Araujo, Silva, & Davids, 2015;
Travassos et al., 2010; Vilar et al., 2012). The ecological dynamics perspective allows a better
understanding of coordination in team sport. Collective behaviours are described as
performer operating in integrated systems composed of many interactors (attackers and
defenders) that can self-organise to satisfy specific performance in environmental constraints
(Keith Davids, Button, Araujo, Renshaw, & Hristovski, 2006; Passos, Araujo, & Davids, 2013;
Silva et al.,, 2014). Within this framework, sports teams have been described as social
neurobiological systems in which players are able to adjust their behaviours to modify the
ecological constraints of performance environments to succeed (Button et al., 2013; Passos,
Araujo, Davids, Gouveia, Serpa, et al., 2009).

Criticism of the ecological dynamics approach. First, this approach to collective
behaviour involves the identification of non-accidental behavioural correlations among
several interacting individuals. These non-accidental behavioural correlations can be captured
by various tools, as developed by dynamical systems theory (Guastello, 2017), or by
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spatiotemporal configurations (Gudmundsson & Horton, 2016). Nevertheless, an identifiable
non-accidental behavioural correlation is not sufficient to consider that collective behaviour
has emerged from the interaction between individual agents.

Second, ecological dynamics theory assumes that collective behaviour can be
investigated in terms of its own dynamics, disregarding how interactions are linked to
individuals’ internal cognitive processes. For instance, studies conducted within this approach
developed tools capable of capturing team properties on their own, notably by elaborating
team metrics such as the centroid position, the stretch index or the surface area of the team.
However, this research neglected to provide a clear description of how the microscopic level
of the system is implicated in the self-organised behaviour ( Bourbousson & Fortes-
Bourbousson, 2016). In other words, previous researchers, following ecological dynamics
theory, adopted a prism that overlooked the way individual interactors in the system manage
their own space-time interactions. When one considers humans to be uncertain interactors
who are not determined solely by external factors, are able to inhabit their own very distinct
worlds (i.e., they have subjective perception and experience their own phenomenological
world in which they pursue their own intentions) and are free to change their interaction
modalities while disregarding observable environmental reasons (De Jaegher & Di Paolo,
2007), a research gap remains in the ecological dynamics approach when one seeks to
described how individual interactor perspectives influence team behaviour.

Third, the ecological dynamics approach to teamwork rejects the description of what
team members live in real time when coordinating with others, thus missing the meaningful
nature of any affordance and the underlying sense-making activity that helps affordances
emerge (Fultot, Nie, & Carello, 2016). In other words, if individual behaviour is embedded in
the environment, it is achieved within a field of affordances that should be investigated by
considering the ongoing actors' own world — that is, how each member singularly builds and
experiences his or her world (Rietveld, Denys, & Van Westen, 2016).

Finally, it is also necessary that the actors actively regulate the dynamics of their
interpersonal coordination at the level of their local couplings. Specially, a flow of information
exists between the agents, and this flow is actively and dynamically regulated by the actors.
The experience of the agent should increase the understanding of team behaviour. In the
Chapter 3, we present an approach that answers all the preceding criticisms and also fill the
scientific gaps presented in Chapter 2.

Interferences between individual and collective properties

The understanding of collective behaviour has been improved by the ecological dynamics
approach. However, this area of research has neglected the fact that the individual level is
involved in the elaboration of the self-organised system. To bridge this gap, some studies have
attempted to consider the mutual influence of the individual and the collective behaviour in
the construction of collective performance. The actions of individuals are both constrained by
the collective behaviour and contribute to the elaboration of this same collective behaviour.
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Individuals are integrated into the system and entirely separate in the system. Based on this
idea, several levels of analysis have been conceived to understand the overall activities and
the associated links in a complex system.

Levels of analysis. The level of the individual has been called the microscopic level, the
dyadic relation between individuals or all the subsystems has been called the meso-level, and
the level of overall team understanding has been called the macroscopic level (Araujo, Passos,
et al., 2015; Bourbousson, R’Kiouak, & Eccles, 2015). At the micro-level of analysis, the main
focus is on the cognitive process that players use (Bourbousson et al., 2015) or on the
individual spatiotemporal behaviour and the attitudes (Bourbousson, Deschamps, &
Travassos, 2014). At the meso-level of organisation, the focus is on the dyadic relationship as
the maintaining of distances between two players (Passos et al., 2011). At a macro-level of
organisation, the focus is on the overall team. However, the main interest is to understand
the interferences between the micro- and macro-level of analysis.

Micro—macro links. The governing principle for this area of research has been to
improve the understanding of how team behaviour emerges from the interaction of
individuals. By considering interferences between micro- and macro-levels of analysis,
researchers have attempted to understand the collective behaviours at different levels of
system analysis in team sports (Araujo, Passos, et al., 2015; Bourbousson et al., 2014; Silva et
al.,, 2014). Thus, understanding micro-macro interference is a central issue in team sport
science because it is directly related to interpersonal coordination of behaviour in the complex
system. The key concept of transition or bifurcation justifies the interest in interference. As
discussed above, transitions are those points when a global behaviour shifts from one pattern
to another. For example, an experiment on bimanual finger movements reported that beyond
a critical frequency the coordination pattern between two fingers changed (Haken et al.,
1985). When the frequency of the finger movement was low, the coordination was out of
phase (i.e., antisymmetric), whereas when the frequency was high, the pattern was replaced
by an in-phase (i.e., symmetric) coordination (Haken et al., 1985). This suggests that the
macro-level analysis described two patterns which are separated by a transition (Aradjo,
Passos, et al., 2015). Moreover, this transition was tied to the fingers’ frequency, which is
examined at the microscopic level of analysis. To conclude, the transition that gave two
different patterns was made by changes in the level of finger movement frequency (i.e.,
microscopic level). However, the identification of patterns is not as easy when the number of
interactors increases, and these difficulties in understanding tactical behaviour in team sport
are quite clear. Some studies have investigated the micro—macro-level interferences in team
sport (Bourbousson et al., 2014).

Spatiotemporal interference. Bourbousson et al. (2014) examined the multi-level
nature of constraints in a basketball game. The researchers focused on the individual level by
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investigating the dyadic relation between a drive from one offender with the nearest defender
and the relation between a drive from one offender and the team behaviour. They considered
that the description of these levels was the most explanatory for understanding the decision
making of a player (i.e., driver decision). The results indicated that the beginning of a drive
was not preceded by a disturbance at the dyadic level (i.e., there was no significant difference
in the variability of the relative phase), so fluctuations were point in the inter-team level. The
drive was supported by changes in the centres of gravity and the stretch index. This result
points to the inter-individual relations that seem to be at the heart of the action and are
characterized by spatiotemporal constraints at the level of the team. This suggests the
relevance of considering several levels of analysis and the interferences between them.
Finally, from a methodological point of view, this study was interested only in behavioural
data (Bourbousson et al., 2014). This perspective introduced here indicates to what extent
events occurring at the level of global coordination can constrain or govern the local individual
activity of the players.

Intersubjective interference. Another study was also interested in multi-level analysis,
however the data were essentially subjective data. The aims were to compare an expert
collective and a novice collective in basketball. Using this approach, Bourbousson, R’Kiouak et
Eccles (2015) showed that the study of phenomena of interference between analysis levels
could help advance the understanding of collective activity. More specifically, collective
activity would arise from individual behaviour, but in return, individual performance might be
undertaken in favour of a specific collective configuration. As part of this approach, the
authors focused on key player roles. The results demonstrated that one specific player often
had the attention of his teammates. This indicated this player had a leadership role in
coordinating the team. Also, expert players had a low level of awareness of other team
members. This could be explained by implicit coordination processes. Finally, in the expert
team, the variability at the intra-team level was lower than for a novice team. This could be
clarified by the increased ability of the expert team to accomplish and maintain a high level of
awareness during the game. From a methodological point of view, this study differed from the
study discussed in the ‘Spatiotemporal Interference’ section above in that it granted primacy
to subjective data (Bourbousson et al., 2015). This work on interference between the levels of
analysis justifies studying individual cognition to learn what is happening at the collective
level. The step-by-step construction of individual articulation influences the characteristics of
coordination at higher levels of organisation.

Criticism against actual interference. The recent studies focused on the role of
interlevel interference suggest a need to investigate the correlated patterns between the
individual level and the collective behaviour. However, even if we observe correlated
collective behaviour, the large number of parameters in natural settings at the individual level
make it impossible to draw a clear link or a real correlation between the individual and
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collective observations. There is a clear necessity to control the parameters experimentally to
delineate the correlated behaviour. Moreover, the study of interferences should ensure that
individual coordination is desired by the players. Cases of unintentional coordination (Varlet
& Richardson, 2015) and spontaneous coordination (Haken et al., 1985) demonstrate that
indicating a link between the levels of organisation requires precautions.

Individual regulation correlated with collective behaviour. In the literature of team-
sport science, a gap remains in work that identifies correlations between individual activity
and emerging spatiotemporal collective behaviour patterns. Based on dynamical system
theory, collective behaviour in team sports can be explained without affording any
explanation that could arise from individual behaviour. One idea to bridge the gap considers
that humans are likely to be affected by the dynamics of their coordination (De Jaegher & Di
Paolo, 2007), leading to emerging patterns of coordination influencing the ongoing
commitment of the players. In a system, individuals are likely affected by the collective
products (Bourbousson et al., 2014) they contribute to that emerge at a macroscopic level of
organisation. Individuals are engaged in the process of self-organising. Agents participate in
the step-by-step construction of the articulation dynamics that influence the characteristics
of coordination at higher levels of organisation. To be described, these phenomena require
multiple levels of analysis but also require the identification and characterization of
interferences between these levels. It is this articulation of the levels of analysis that justifies
the naming of a multi-level approach (Cooke et al., 2013; Kozlowski et al., 2015). If the
collective level changes from one pattern to another, as shown in Haken et al. (1985), the
cause should come from the individual changes. If the system is composed of many
individuals, it is probable that individual spatiotemporal behaviour is related to their
regulation to each other. There is a need to investigate this active regulation.

THE NEED TO INVESTIGATE INDIVIDUAL REGULATION

Over the last two decades, the non-representational approaches (e.g., the social-cognitive
approach) have been focused on spontaneous coordination (e.g., the bimanual task), whereas
the representational approaches have been focused on a plan for coordination (e.g., strategic
planning). In this section, we attempt to demonstrate the necessity of understanding the
intentional coordination that goes on within situations through individual regulation.

This research project postulates that agents regulate their individual and collective
activity without a real need for symbolic representations but only by experiencing, in the
phenomenological sense, their coupling with the environment. Agents are thus able to
modify, adapt and transform their activities to maintain interaction with others. This purpose
is mainly explained and justified in the enactive approach. We reserved the description of the
enactive approach in Chapter 2, however in this section we present an overview of the idea
that has been developed in sport science and in some other scientific fields as well. In the
context of sport, this notion of individual regulation remains under-studied. However, the
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practical as well as theoretical repercussions of understanding what directs the activity of an
individual in a collective are considered paramount. In line with how the enactivist approach
to teamwork is applied, Bourbousson and Fortes-Bourbousson (2016) have identified the
nature of the regulation of interactions performed by players in real time as a major gap in
current teamwork research. Agents actively regulate their activity to elaborate and maintain
the collective behaviour. Her we turn to regulation process.

Regulation required for interaction process

Regulation in interaction. Collective behaviour most often requires interpersonal
coordination. This coordination is based on the interaction between at least two agents. To
maintain the interaction, the regulation of the agents is absolutely required. The regulation is
the way of how individuals adapt their behaviour to each other. It is defined with more details
in the next section. Some studies have empirically described the fundamental function of
regulation in interpersonal coordination, particularly in those using perceptual crossover
(Auvray, Lenay, & Stewart, 2009). In order to highlight the minimal conditions necessary for
the emergence of an interaction, Auvray et al. (2009), inspired by Murray and Trevarthen
(1985), designed an experimental device to manipulate the interaction process. This device
places participants in a situation in which they move an avatar into a minimal virtual
environment (Murray, Trevarthen, Field, & Fox, 1985) populated by different entities (e.g., a
human avatar, moving lures, and fixed decoys). No visual information is accessible, but the
meeting of the entities, with the mouse, leads to a type of unique tactile stimulation that
makes the encounters undifferentiated. In other words, their encounter provides the same
sensory information to each other. The task for the participants is to recognize the presence
of their partner and to indicate it by a click. This manipulation thus makes it possible to test
the respective contributions of the interaction process and the individual information in the
emergence of a coordinated interaction (see appendices for details). This device suggests that
the participants succeed in recognizing themselves (i.e., one click), and thus experience their
social interaction, thanks to the simultaneous and shared perception of the process of
regulation that takes place. Indeed, without having any feedback on their ability to recognize
themselves, the results show that the participants were relatively effective and were rarely
mistaken. In keeping with this principle of regulation allowing the emergence of interpersonal
coordination, most of the studies investigating this regulatory process have been
experimental and have focused on coordination within dyads, providing repeated evidence of
interpersonal benefits related to regulation processes (Laroche, Berardi, & Brangier, 2014).

Individual regulation in sport. In the field of sport science, it was considered that
within a dyad regulation is anchored on the perception of others (R’Kiouak, Saury, Durand, &
Bourbousson, 2017). This perception is the key phenomenon of interpersonal coordination
and therefore collective performance. However, the majority of studies in ecological
situations postulate regulation as fundamental for the emergence of social interaction
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without investigating it (Bourbousson & Fortes-Bourbousson, 2016). According to R’kiouak
(2015), a collective elaboration is not possible without regulating the members in relation to
each other. This regulation concept is developed in the enactive approach.

Enactive approach. Within the enactive approach to social coupling, researchers into
the enactive approach to social coupling have assumed that each agent must take others into
consideration in order to build behavioural coherence (De Jaegher & Di Paolo, 2007; Froese &
Di Paolo, 2011; Gallagher, 2001, 2008). De Jaegher and Di Paolo (2007) assume that the
phenomenon of emerging complex interpersonal coordination is facilitated when the two
agents simultaneously regulate their ongoing interpersonal coordination (i.e., a bidirectional
flow of interactions). Thus, this bidirectional activity of the agents produces a collective
behaviour that exceeds the simple juxtaposition of individual productions. The need for such
mutuality in interaction is also discussed as mutual awareness in other traditional research
(Fiore & Salas, 2004).

Clarification regarding regulation

Collective behaviour arises from the interaction of components. Interaction is the general
concept that explains the relation between at least two agents in a specific situation. The
quality of interaction is mainly based on how players consider each other and on what will
arise from these perceptions. By considering each other, interaction is maintained when
agents regulate their individual behaviour to participate in elaborating collective behaviour.
This regulation is divided into two parts: the informational resources and the behavioural
adjustment. In real time, the way the teamwork activity of a given team member unfolds is
supported by informational resources accounting for the team's dynamic behaviour — for
example, what is the subject attuned to in the ongoing activity at this moment? These
informational resources appear to the team member from his or her viewpoint; they are not
fixed but change over time, depending on the current needs of the agent and on the unfolding
events he or she is able to grasp (De Jaegher & Di Paolo, 2007). The content of informational
resources supports football players' real-time spatiotemporal adjustments on the field.
Adjustment is the way for an agent to behave based on significant informational resources
enacted. For example, a player who is focused on a single team member, who illustrates the
informational resources, attempts to maintain a stable distance from that team member over
time, which illustrates the adjustment. The regulation appears when informational resources
and adjustments support the players activity. Co-regulation and active co-regulation are two
specific regulations which are described on the regulation spectrum.

Regulation spectrum

This section has been largely inspired from De Jaegher & Di Paolo (2007). Regulation manifests
in different forms, which can be either observable, and accessible to third-person analysis, or
more complicated within an interaction, requiring first-person analysis. When the sense-
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makers are interacting, we talk about a spectrum of participation ranging from the individual
sense-making affected by coordination dynamics to the joint sense-making (De Jaegher & Di
Paolo, 2007). All the levels in the spectrum of participation consider only two agents. The
spectrum of degrees of participation is large.

Unilateral regulation. In considering the lower level of the spectrum and only one of
the agents in an interaction process, the second agent can simply be a source of disruption,
similar to the rest of the environmental constraints. In other words, when an agent adjusts his
behaviour to follow a second agent, this second agent is not disturbed and does not react to
the first agent. The first agent regulates his behaviour in the same way he would regulate it in
a non-social world. Others are just objects, tools, or problems for the individual cognition. This
social encounter positions only one of the two agents as interactor. The construction of
meaning is an activity that remains individual: if the construction of meaning from the
interaction integrates the activity of others, the converse is not true. No shared meaning is
built. At best the own world of the interacting is modulated by the existence of the
coordination.

Co-regulation. In the second degree of the spectrum participation the two agents are
described as interactors. The regulation of the two agents arises from the personal
interpretation of the dynamics of their coordination. However, neither of the interactors fully
manages to regulate the dynamics of this coordination, whose direction seems finally to
escape the interactors. The dynamics of isolated individual activities do not allow us to
understand the collective dynamics resulting from their interaction. Granic (2000) described
this process with the example of how interaction between parents and kids could turn sour
even if there is no intention of both part (Granic, 2000). In this case, the regulation is for the
first time a co-regulation. Co-regulation refers to the way in which several individuals jointly
and at the same time adapt their activities to the needs of the collective situation.

Active co-regulation. Another level refers to the cases where the interactors construct
shared meanings, with a convergence of these meanings towards those of one of the
individuals. In this case, one of the interactors (i.e., the oriented) will move towards a new
domain of meanings that was part of the significant activity of the other (the orientator). In
this case, one of the agents expresses her understanding of the world with the effect of
influencing the construction of meanings by the other. In other words, the former outsources
her own perspective in order to guide the perspective of the second and to make the second
consider the possibilities of the activity in the same way. More specifically, this case splits into
two cases with increasing degrees of participation. In the first case, the oriented protagonist
does not engage in regulation specifically directed towards interaction, without being passive
to the extent that he engages autonomously his construction of meanings towards the world
expected by the protagonist orientator. In the second case, the oriented will engage in direct
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regulation of the interaction, although the outcome is not changed, namely his own
perspective converges with that expected by the orientator (e.g., the orientator converses
with the oriented to change his affects). It is important to mention that throughout the rest
of this dissertation, when regulation is mentioned it has to be understood to refer to co-
regulation and active regulation.

Joint process of construction of shared meaning. Finally, at the very end of the
spectrum, there is a last case in which the interactants each regulate the interaction,
coordinate their significant activities, and ultimately build a new perspective that neither
agent held before interaction. This case is the most sophisticated insofar as the interactants
participate directly and fully in a joint process of construction of shared meanings. The
interactants go beyond regulating the interaction respectively by truly engaging in a joint
process of co-construction that brings out a new signifying domain (e.g., situations where the
construction of shared meanings is the purpose of the collaboration: brainstorming, building
a shared diagnosis, developing a participative strategy). In a way, this new domain of meanings
constitutes the phenomenology of social unity, and it is irreducible to individual perspectives
atthe same time asitis anchored in individual activities. According to, De Jaegher and Di Paolo
(2007), the circularity of action and perception conventionally used to describe the individual
activity of construction of meanings here takes on a collective dimension, and sense is created
through the equilibrium of patterns of joint activity. It is the highest degree of participation in
the construction of meanings, and the highest degree of sophistication of the consensual
domain of observable phenomena in social systems. There is some level of regulation that
cannot be understood without the help of a first-person analysis. Co-regulation is said to be
active when several individuals adapt in real time their respective activities to the needs they
perceive for the situation.

Football - enthusiastic sport setting

Football is selected as the setting under study for several reasons. It offers a larger number of
agents that can be studied, and thus, it provides greater possibilities for observing a wide
range of informational resources that support real-time participants’ activities.

Number of players. In the literature, the number of agents involved in the
experimental design was small (e.g., two interacting agents; Alderisio, Fiore, Salesse, Bardy, &
Bernardo, 2017). The investigation of dyads could limit the crucial understanding of how
collective behaviours emerge from interacting individual activities. Empirical gains should thus
come from investigating social systems larger than a dyad, especially by revising the regulation
hypotheses. It assumed that the number of agents implied in the study design should involve
changes. In the past, studies showed how varying the number of agents involved in a given
collective behaviour really matters and can change the processes needed to elaborate a
collective behaviour (Buchin, Giuggioli, Theraulaz, & van Kreveld, 2014). For example, the
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effect of the number of agents has been studied in the science of social insects. Empirical
studies that investigate effects of the social system’s size on the collective behaviour of
humans who are regulating their online activities will contribute to a main focus of research
on the topic of interpersonal coordination dynamics. Unresolved questions would need to be
delivered, as investigated how many members might be required in the social system to
prevent occurrences of holoptism. Football also allows the investigation of several player roles
(e.g., defenders versus attackers) and their related possible spatial positioning effects. A
football match is a systemic confrontation between two systems. The systems are necessarily
connected to each other; the question is how agents included in these systems adapt to each
other and to the constraints of the environment.

ASSUMPTIONS REGARDING VARIOUS FORMS OF REGULATION

Researchers have identified the nature of the regulation team members performed in real
time as a major gap in current teamwork research (Bourbousson & Fortes-Bourbousson,
2016). This gap reveals that the description at a behavioural level of how team coordination
is formed, stabilized, and destroyed is far more developed than the description of how
individuals live their own interactions and regulate their teamwork in real time in relation to
what they perceive as the team's behavioural needs.

The literature has made assumptions about several possible types of regulation rather than
empirically describing those types. This lack of investigation contributes to an empirical-
theoretical paradox, insofar as it brings into question one of the strong presuppositions of the
enactive approach to social coupling, that of the need for regulation of members' activities to
build the autonomy of the social system.

In line with how the enactivist approach to teamwork is applied, regulation comprises
the way players adapt their own behaviour to their current lived experience of the collective
joint effort and the team's needs (De Jaegher & Di Paolo, 2007).

Even if research has not focused directly on the regulation modalities adopted by the
coordinating agents, previous research has made it possible to generate assumptions about
the regulation modalities. Human regulation has been initially assumed to be either local or
global. In this section, we also present a postulate about complex regulation and
environmental regulation.

Assumption regarding local regulation

First, local regulation has been postulated in ethology (Perna et al., 2012; Perna, Grégoire, &
Mann, 2014). Researchers have attempted to determine a perceptual range within termite
nests. Perna et al. (2012) have identified several mechanisms; the first mechanism was called
purely local regulation. It described the regulation of one individual to another individual from
information selected in a near space that did not include information on the general state of
the environment. This type of regulation was observed in many animals groups. Indeed, in

26



Chapter 1 - State of the Art

many cases the animal would be unaware of the elaboration of the collective behaviour;
rather, each one would be regulated by the agents around it. The arrangement of these
different local adjustments would constitute the collective behaviour (Perna et al., 2012).
Analogously for humans, regulation has been considered as local when an agent contributes
to collective behaviour simply by adjusting to the immediate vicinity. In this case, team
behaviour is explained through elementary mechanisms, suggesting it can emerge from a
simple local arrangement of interactions.

Naturalistic sport setting. In sport science, some works have specified the content of
local regulation. Regulation has been considered local when a team players contributes to
collective behaviour while adjusting to the immediate neighbourhood (Silva et al., 2014). Local
regulation is the definition applied when players coordinate by what they perceive of others'
individual behaviours without considering the higher-order shapes that emerge from the
interaction within the team. From this, collective behaviour is determined through simple
mechanisms and arises from simple arrangements of local interactions. There is no need for
players to be attuned to the overall team coordination they help develop. In the sport science
literature, it is classically stated that team sport player’s coordination activity should be
supported by local information, meaning information available in the player’s nearby space
only. For instance, studies have investigated different variables which illustrate local
regulation, by considering the interpersonal distance variability (Passos, Araujo, Davids,
Gouveia, Milho, et al., 2009; Passos et al., 2011), by considering player's velocity (Passos et al.,
2008 ) in rugby union, or by considering a player's trajectory, as in the case of an attacker-
defender dyad, where it is suggested that interpersonal angles shape decision making (Araujo,
Davids, & Hristovski, 2006; Passos et al., 2008) in basketball. In such works, viewing regulation
as local allowed the authors to illustrate how the parsimonious processes leading to swarming
behaviours observed in nature, such as in social insects or fish, can inspire sports research. It
also led the authors to reinforce the relevance of affordance-based approaches to team
coordination in sport, postulating that spatiotemporal sporting teamwork can unfold through
elementary and nonrepresentational mechanisms.

Assumption regarding global regulation

The second regulation modality is a priori more specific to humans. Humans have the ability
to regulate their behaviour from a global perception of the situation. Global regulation occurs
when an agent grasps the overall state of group behaviour and adjusts his or her activity based
on such high-level information. In the past, this regulation has been conceptualised in the
literature that has been assumed to support the idea of collective intelligence patterns'
behaviours. The concept is called holoptism. Holoptism appears when agents are able to grasp
the dynamics of the whole system in interaction and adjust their behaviour through perceiving
the given real-time joint effort. Holoptism requires a bird’s eye viewpoint. Importantly,
holoptism should not be confounded with the perception of every team member's behaviour
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implied in the social system, which does not require a bird's eye viewpoint. A recent study
illustrates this concept. People were invited to dance in a social situation. The aim was to show
how participants could perform feats while being aware of the movement of all the other
participants moving on a large dance floor (Long, Jacob, Davis, & Magerko, 2017). The study
suggested a distinct sensibility of being aware of the individual motions of all the players on
the team. Thus, there is a difference between an exhaustive local coupling and a bird’s eye
point of view. Empirical evidence of holoptism in human movement science has recently been
described in sport science research (Bourbousson & Fortes-Bourbousson, 2016). To date,
while being especially relevant to human behaviours, holoptism has not been investigated in
sport, however some studies could be relevant to illustrate this concept.

Naturalistic sport setting. Such a capability for the global regulation is particularly
powerful in cases in which team sport is goal directed and in which agents are concerned with
monitoring the global team behaviour (Bourbousson & Fortes-Bourbousson, 2016). Some
empirical evidence can be found in the literature that illustrates how a global mode of
regulation can support team behaviour emergence in sport settings. For instance, expert
basketball players’ decisions on dribbling to the basket were shown to be better explained by
global-level parameters than by local-level ones (Bourbousson, Deschamps, & Travassos,
2014), suggesting that individual players organised their activity by taking into account the
global movement of players, at least in the case of the ball carrier initiating a critical action. In
this type of adaptive and interactive process, the agent considers the emerging
spatiotemporal form, and regulates his behaviour on this basis. Others researcher have stated
that ‘understanding these reciprocal relationships between the state of movement of the two
dimensions of opposition (offense vs. defense) and knowing how they operate in real game-
play, constitutes, by definition, tactical intelligence with regards to opposition’ (Grehaigne,
Godbout, & Zerai, 2011, p.763). In this view, a given player's positioning activity is based on
high-level information related to the global picture that the team achieves in real time. In road
cycling, for example, riders need to have information about the overall state of the race to
adjust their behaviour (Assemat, 2012).

Assumption regarding complex regulation

Third, while described to a lesser extent, some authors have proposed intermediary forms of
informational resources. For instance, Perna and colleagues proposed a mode of regulation
called local estimation of global properties (Perna et al., 2012), in which individual agents
estimate the state of the global structure from information built only at a local level. For
instance, termites perceived the density in an area when provided with a satisfactory overview
of the current state of the overall building. This mode of regulation allows individuals to learn
about the overall state from local information. For example, in termites, the local information
about a chamber provides information on the general structure of the overall termite.
Another complex regulation was illustrated by Marmelat & Delignieres (2012). They showed
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that two individuals coordinating themselves with a computer-generated oscillating
pendulum can coordinate by oscillating their own pendulum in a local mode but with
anticipation to reduce the errors. Individuals showed an understanding of the overall
dynamics of the system with which they coordinated. In sport science, complex regulation has
been assumed as well.

Naturalistic sport setting. A recent study set out to understand how team members
adjust their dynamic behaviour in team coordination during ongoing situation (Gesbert,
Durny, & Hauw, 2017). This study sought to develop new knowledge about the regulation
process by examined the regulation enacted by football player in order to be coordinated
during a match. In this study, the results showed the apparition of mixed regulation. This
mixed regulation was described by combining different regulation modalities or by combining
similar regulation modalities. The results showed that players were able to mobilise local and
global regulation at the same time. To illustrate, a defender could be focused on the nearest
partner in an attempt to maintain a given distance and also on the movement of all opponent
attackers.

Assumption regarding environmental regulation

All the previous regulation was based on a perception of human trajectory, movement or
attitudes. Another regulation modality has considered the regulation in response to material
or the environment. This type of regulation has been described in the theory of stigmergy
(Grassé, 1959; Susi, 2016). Stigmergy has been described as a mechanism of indirect
coordination. This coordination is mediated through the environment between agents. This
phenomenon is illustrated with insect colonies. Termites leave a trace in the environment
which gives information for other termites to act upon. In this way, individual traces help
engender the spontaneous emergence of coherent collective behaviours. Stigmergy is a form
of self-organisation; it allows collective behaviour efficiency without any need for planning or
direct communication between the agents. This stigmergic process can be an effective innate
way of making collective behaviour emerge and of preserving multiple players' coupling with
key environmental events. Recent research in sport science has explained this form of
regulation (R’Kiouak et al., 2017).

Naturalistic sport setting. R'Kiouak, Saury, Durand, and Bourbousson (2017) recently
elaborated on the fundamentals of such a process in their stigmergic view of teamwork. In
their study of a rowing setting, team members exhibited highly synchronised patterns of
collective behaviour, achieved not by direct co-awareness of their behaviours but by
exhibiting individual activities that were supported by a simultaneous awareness of their
shared environment. The co-regulation of the rowers was achieved through the boat in the
study setting. Such a stigmergic coordination was also investigated in other studies (Millar,
Oldham, & Renshaw, 2013). In the field of sport science, the concept of stigmergy is called
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extra-personal coordination. Indeed, rowers could coordinate through shared informational
resources being captured in their shared physical environment, without considering directly
their respective movements.

Assumption regarding symbolic regulation

All previous regulation referred to players’ adjusting their activity according to an ongoing
situation rather than according to a pre-established action (Blickensderfer et al., 2010).
Research has shown that agents can adjust their behaviour based on learned knowledge. In
this light, the social-cognitive perspective of team coordination (Eccles & Tenenbaum, 2004)
assumes that patterned teamwork mainly arises through sharing knowledge within the team,
which refers to similar representations of the task and the team routines across team
members. According to this approach, shared knowledge helps team members form clear
expectations about others' actions so that situational probabilities can support the way each
teammate behaves, rendering real-time event monitoring and related cognitive interpretation
not always necessary. In other words, the agent regulates his behaviour based on this
knowledge and not based on the on-going situation.

Naturalistic sport setting. Such a regulation produced in a specific team coordination
process has been called implicit coordination. It has been assumed to be highly knowledge
dependent (Blickensderfer et al., 2010). The knowledge that each team member can mobilise
in the game is available so that he or she is still capable of adjusting the activity based on
expectations even if he or she does not necessarily grasp the current state of the game (i.e.,
probabilistic events rather than situated informational resources).

DATA - INDIVIDUAL REGULATION AND COLLECTIVE BEHAVIOUR

Throughout state of the art Chapter, the aim has been to present the general concepts and
findings associated with the theoretical framework in a way that would pave the road to the
clear necessity for a better understanding of individual regulation. As described above,
teamwork studies showed several differences in terms of the investigated objects, but these
studies are also distinguishable by their method of analysis. On the one hand, teamwork
behaviour was explored with behavioural data in a third-person analysis (quantitative data).
On the other hand, teamwork was examined through subjective data in a first-person analysis
(qualitative data). Given the need to understand how changes in player’s individual regulation
give rise to distinct correlates of simultaneous team behaviour, simulation data, by controlling
all parameters, could prove an innovative data set to increase knowledge about individual
regulation and collective behaviour.
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Behavioural data - Collective understanding

From a methodological perspective, a subset of the research has been interested in the
collective behaviour as unit and has described the team as a dynamical system. These
researchers have focused their treatment on behavioural data (Araujo, Silva, et al., 2015;
Bourbousson et al., 2010b; Clemente, Sequeiros, Correia, Silva, & Martins, 2018; Duarte et al.,
2010; Memmert, Lemmink, & Sampaio, 2017; Passos et al., 2011; Travassos et al., 2010).
Considering the team as a superorganism (Duarte, Araujo, Correia, et al., 2012), this research
has argued that understanding the team does not require understanding how each individual
behaves. However, to describe the superorganism it was necessary to collect behavioural
data. In particular, relying on affordance theory (Araujo, Silva, et al., 2015), behavioural
methodology offered a way to position an alternative to the social-cognitive methodology.

Tracking data. In this methodology, the behavioural data retained were mostly
positional data of each individual at each moment. This approach requires collecting position
data using GPS capture systems. Researchers have used the ProZone analysis system to track
the movements of the 20 players in a football match (Vilar, Araujo, Davids, & Bar-Yam, 2013).
With the help of tracked positional data, research revealed how players and teams interact
during competition (Filipe Manuel Clemente et al., 2018). A manual system, called Tacto, has
also been developed to track the positions of the players based on a video recording (Duarte
et al., 2010). This software has been validated to quantify player movement in football
(Serrano, Shahidian, & Fernandes, 2014). This methodology allowed the recording of the
positions of players and the study of all metrics based on these positions at every moment.

Metrics. Based on this positional data, team behaviour has been analysed with the
help of metrics. These measures are classed into four major categories. The first category is a
measure of the team centre. Team centre characterises the relative positioning of one or both
teams within all movement displacement. A team’s centre is determined by calculating the
mean lateral and longitudinal coordinates of all players. In some cases, not all players
contribute equally to this measure that involve changes in the equation. Team centre allows
the evaluation of the intra- and inter-team coordination in team sport (Bourbousson et al.,
2010a; Frencken, Lemmink, Delleman, & Visscher, 2011). To understand the collective activity
by considering the team as a unit is to associate the team with its behavioural characteristics.
Thus, Mc Garry (2009) states that the team as an entity can be reduced to the variability of its
centre of gravity and the variability of its stretch index.

The second category is measures of team dispersion. Team dispersion is defined by the
stretching and expanding of a team. The collective behaviour is captured by measures that
evaluate the spatial dispersion of players, such as the stretch index, the team spread, and the
surface area. The stretch index corresponds to the contraction and reduction of distances
between players of a team the team centre. The surface area illustrates the smallest size of a
zone that includes all team members (Clemente et al., 2013). In one study, researchers
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measured the collective behaviour of two opposing teams. They compared two situations,
one with ball possession and one without. The results showed significant differences between
the two situations in the stretch index and the surface area.

The third category concerns team synchrony. Several tools have been used to assess
coordination between two oscillatory units. For example, the phase relations of two rowers
can be measured to illustrate a type of synchrony (Feigean, R’Kiouak, Bootsma, &
Bourbousson, 2017). The phase synchronization of two signals has been also studied in team
sports through relative phase analysis (Bourbousson et al., 2010a,b) and running correlations
(Frencken et al., 2012). Frencken et al. (2012) aimed to study inter-team distance synchrony
related to events during the game.

The final category concerns the labour division (e.g., Voronoi diagrams, dominant
regions, heat maps). The idea is to illustrate the individual effectiveness of the players within
the collective behaviour. For example, a Voronoi diagram is used to partition into regions all
the individual zones. It is based on distance to others on the field, including opponents. In the
study of football, research has examined the spatial dynamics of team sports determined by
Voronoi diagrams (Fonseca, Milho, Travassos, & Araujo, 2012).

Subjective data - Individual understanding

Some research has apprehended collective behaviour with the help of subjective data
(Bourbousson, Poizat, Saury, & Seve, 2012; Poizat, Bourbousson, Saury, & Séve, 2009; Poizat
et al.,, 2009; Poizat, Séve, & Saury, 2013). The analysis of subjective data was conducted
primarily with reference to the paradigm of enaction. Subjective data is needed because
enactive approach involve the collect of this type of data. Enactive approach considers an
asymmetrical coupling of the agent with his or her environment. This coupling induces
humans to bring out their own world. If everyone lived in their specific own world, then it
would not be possible to understand the world of any agent except through the agent’s
description of it. The subjective data describes the world in which the agent lives.
Interpersonal coordination can be analysed from the subjective viewpoint of the agent
without trying to understand the behaviours from an outside point of view (Bourbousson et
al.,, 2012). In sport science, such enactivism has been fruitful in showing how qualitative
descriptions of sport activities offer a counterbalance to current behavioural theories (Poizat
et al., 2013; Rochat, Gesbert, Seifert, & Hauw, 2018; Rochat, Hauw, Philippe, Roten, & Seifert,
2017). Regarding teamwork investigation, the method has been mobilised in the analysis of
the joint action of rowers (R'Kiouak, Saury, Durand, & Bourbousson, 2016), basketball players
(Bourbousson, Poizat, Saury, & Seéve, 2012), and table tennis teammates (Poizat,
Bourbousson, Saury, & Séeve, 2009). The results have revealed a variety of patterns in term of
attacker-defender interaction.

Interviews. Subjective data are collected from the self-confrontation of an individual
to the traces of the lived situation. The goal of the self-confrontation interview is to gather
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verbalizations that will be analysed later. Dealing with subjective data requires questioning
the agent about his or her experience in the situation. The self-confrontation interview
(Theureau, 2003) is a methodological tool that makes it possible to analyse subjective data.
The explanation interview is another such tool (Vermersch, 1999). The enactive approach
proposes that team coordination processes has to understand by reconstructing how
individual cognitions’ articulate within performance environments and by determining how
these articulations are adjusted, step-by-step, over time.

Thematic analysis. Some research has used these interview methods to investigate
the collective dimension of an activity. Poizat et al. (2009) sought to understand collective
activity in table tennis by using verbalization data to account for doubles partner sharing
information in a doubles situation. This study advanced the understanding of the way in which
contextual information is shared by players in a game situation. Other studies have been
carried out, notably in basketball, to report on the dynamics of player—player dyads
(Bourbousson et al. al., 2010a) and to report the networks (Bourbousson et al., 2012) and to
report the dynamics of sharing concerns from subjective data (Bourbousson et al., 2011). Note
that this methodology does not refuse to address behavioural data in cases where they
provide subjective insight, but primacy is granted to subjective data. It is also possible to mix
phenomenological data and behavioural data (R’Kiouak et al., 2017; Saury, Adé, & Seifert,
2016). Different tools are used to analyse subjective data. Given the needs of the current
project, thematic analysis seems to be the most promising approach (Braun & Clarke, 2006;
Braun, Clarke, & Weate, 2016). Thematic analysis is a method commonly used to analyse
subjective data in sport science (Doron & Bourbousson, 2017). Moreover, this type of analysis
allows for better generalisation of its results (Smith, 2017).

Innovative data - Modelling and simulation

The need to understand how humans regulate their behaviour is associated with descriptions
of consciousness and thus with the need for subjective data. However, to gain insight into how
changes in players’ individual regulation gives rise to distinct correlates in simultaneous team
behaviour, we also need behavioural data. Some studies have used a combination of data to
better explain the interreference between the levels of analysis (Bourbousson et al., 2015;
R’Kiouak et al., 2017). These studies, however, collected data in natural sport settings, which
does not allow for control of all parameters. As a consequence, the link between the micro-
level and macro-level of analysis cannot be definitively proven. In sport science, it could be
useful to control the regulation of the individual player to observe the correlate collective
behaviours. No study has used such a design in sport science, although it has been applied in
studies in other fields. Applications exist in particle physics for studying elementary particles
in this way, in chemistry for studying molecules, in robotics for studying actual robot
implementations, in cell biology for studying cells, and in ethology for studying animals. All
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these fields have studied the emergence of behaviour from a multi-agent system. In this case,
the agent can be either a particle, molecule, robot or human.

Simulated data. Many team sports, such as football, describe structural order, with
the behaviour of the organisms, the team appears to move as a unique coherent unit.
Collective behaviours could be understood by considering the lot of interactions among
players. From a methodological perspective, to observe relationships between the individual
regulation and collective behaviour levels requires controlling all parameters so that just the
regulation parameter can be varied. In ecological situations, controlling all parameters is very
difficult, and thus there is not certitude for explaining a direct correlation. For this reason,
elaborating a simulation model seems to be a satisfactory choice for studying the
interdependence between the individual level and the collective level.

Multi-agent model. Individual-based computer simulations are demonstrated as
useful analytical tool for studying group behaviour. With the simulations showed that
hierarchical control and global information are not always essential to elaborate effective
collective behaviour (Couzin, Krause, James, Ruxton, & Franks, 2002). The basic models of
collective movement suggest that individuals move at a constant speed and suggest the global
direction of motion are executed within their local neighbourhood. Simulation models are
particularly useful because the minimalism allows them to be analysed using techniques
developed for physical systems (Couzin et al., 2002). Multi-agent systems, by contrast, are
used to simulate interactions between autonomous agents. Researcher seek to determine the
evolution of such systems to predict the results. Simulation studies allow for control all
individual parameters and allow us to clearly evaluate what we want. This local-to-global
approach often deploys multi-agent simulations of collective behaviour, in which the goal is
to reproduce characteristic global patterns by modelling the behaviour of simple agents. A
less common, but equally important, approach is global-to-local analysis. The goal is to
observe patterns at the global level and use them to infer properties of agents and their
interactions at the local level. In sport science, insight into how changes in players’ individual
adjustments give rise to distinct correlates in simultaneous team behaviour has not been
demonstrated in the past.
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The state of the art review revealed the large contributions that have been made in the
scientific literature to understanding collective behaviour. However, some areas for
investigation have been neglected. To this end, in this Chapter we present the essential gaps
that could be interesting to bridge.

REGULATION IN LARGE GROUPS IN NATURALISTIC SETTINGS

Presupposed vs investigated. Bourbousson and Fortes-Bourbousson (2016) have stated a lack
of understanding of the nature of individual regulation. They considered that the regulation
has been presupposed rather than investigated. This regulation defines the way players adapt
their own behaviour to their current lived experience of the collective joint effort and the
team's needs (De Jaegher & Di Paolo, 2007). The gap reveals that the description at a
behavioural level of how team coordination is formed, stabilised, and/or destroyed is far more
developed than the description of how individuals live their own interactions and regulate
their teamwork in real time in relation to what they perceive as the team's behavioural needs.
In real time, the way the teamwork activity of a given team member unfolds is supported by
informational resources accounting for the team's dynamic behaviour (i.e., what is the subject
attuned to in the ongoing activity in this moment?). These informational resources appear to
the team member from his or her viewpoint; they are not fixed but change over time,
depending on the current needs of the agent and on the unfolding events he or she is able to
grasp (De Jaegher & Di Paolo, 2007). However, informational resources supporting an
individual's contribution to collective behaviour have more often been theoretically
presupposed (i.e., as they were in the ecological dynamics and social-cognitive frameworks)
than empirically investigated (Bourbousson & Fortes-Bourbousson, 2016, p. 201). No study
has investigated precisely the informational resources necessary for the interaction. A fine
and complex understanding of the extent of these informational resources, their conditions,
possibilities, and how they help to understand stable collective behaviour is a significant topic
to be investigated.

Experimental vs naturalistic. When attempts were made to empirically describe the
nature of the informational resources supporting individual activity, those resources were
experimentally manipulated. For example, in a study of a dual-rocking-chair, coordination
tasks were controlled by allowing the agents to see or not see each other, with researchers
observing the subsequent effects on interpersonal synchrony of their manipulation of
informational resources (Richardson, Marsh, Isenhower, Goodman, & Schmidt, 2007).
Interestingly, another study compared the effects of individual activities being supported by
informational resources at either a local (i.e., limb motion) or a more global level (i.e., optical
expansion) of perception within dyads (Meerhoff, De Poel, & Button, 2014). First, participants
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had to follow, in order to keep the initial separation distance, a virtual display of both
segmental (limb motion) and global (optical expansion) motion information. Second, they had
to follow a sphere in which segmental motion information was absent. The results suggested
that coordination can be successfully guided by global information. However, the segmental
movement information allowed more adaptations (Gipson, Gorman, & Hessler, 2016;
Schmidt, Carello, & Turvey, 1990; Schmidt & O’Brien, 1997). Despite these findings, there is
still a relevant debate in the scientific literature about the need to study phenomena and
processes of interaction in situ. Indeed, interpersonal coordination is considered to be
complex behaviour that includes many constraints that influence the possibilities for
interaction and which cannot be fully reproduced or considered in the laboratory. No study
has investigated precisely the individual regulation necessary for interaction in naturalistic
sport settings.

Dyad vs large group. According to Bourbousson and Fortes-Bourbousson (2016), the
study of individual regulation supporting team behaviour should consider the number of
agents. In the past, many studies have investigated team coordination in dyads in situ (Passos
et al., 2011) or with an experimental design (Marmelat & Deligniéres, 2012). The number of
agents implacted in the experimental paradigms was quite small (e.g., two interacting agents).
Studying dyads have restricted the fundamental understanding of how collective behaviours
emerge from interacting individual behaviour. Moreover, these studies were probably not
able to capture the complexity of interacting behaviour in larger social systems, such as
football, especially with respect to questions about the local versus global nature of the
regulation. To investigate the possibility of global regulation (Bourbousson et al., 2014;
Marmelat & Deligniéres, 2012; Perna et al., 2012), it seems interesting to investigate very large
collective behaviour. For example, fans perceive the movement of a Mexican wave in the
stadium and regulate their oscillations based on the global movement (Bourbousson, 2015).
Furthermore, the investigation of local and global informational resources should benefit from
the study of large groups, due to the levels of group organisation being better distinguished
in such groups.

INDIVIDUAL ACTIVITIES AND THEIR CORRELATES IN COLLECTIVE PATTERNS

Individual vs collective level. The collective behaviour process is described at different levels
of organisation (e.g., dyad, sub-group, team). For instance, one study (Bourbousson et al.,
2015) has investigated shared awareness within a social network at different levels of analysis.
The result described the social network proprieties at the level of the team and at the level of
triadic and dyadic levels. Also, a recent study in basketball has described interference between
the levels of organisation (Bourbousson et al., 2014). The result showed that, for the drive,
there was variation among the collective constraints. In other words, the individual activity of
triggering a drive was anchored in a destabilization of collective forms emerging from the
coordination of individual activities. This suggests relationships between the levels of
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organisation, which also suggests that each level could potentially influence the others. The
individual level can impact and modify the level of collective behaviour. However, in the field
of spatiotemporal behaviour research, there is no study that has clearly investigated the
correlation between individual regulation and the collective consequences that appear at the
level of team behaviour.

Spatiotemporal vs subjective approach. Interference between the levels of analysis
has been demonstrated according to the spatiotemporal approach (Bourbousson et al., 2014)
and according to the subjective approach (Bourbousson et al., 2015). The ecological approach
also affords the possibility of describing patterns of collective behaviours. These patterns are
characterized using computational metrics for team analysis (Araujo, Silva, et al., 2015; Filipe
Manuel Clemente et al., 2018). Although patterns may be acceptable to explain a part of team
behaviour, they cannot describe all its properties. Indeed, imagine a human going to work
every morning at the same time in parallel with a neighbour who leaves the house 20 minutes
later every day to go to work. For a researcher using a third-person (Petitmengin, 2006)
perspective, a pattern can describe a perfect synchrony between these two individuals.
Neither of the individuals, however, can explain this coordination, simply because the
coordination is accidental. Thus, to show the non-accidental nature of observations, a
gualitative analysis of the intentions and actions of the individual is needed. The enactive
approach affords the possibility of understanding the individuals’ activities based on the
individuals’ experience when contributing to the collective behaviour. However,
comprehension of collective behaviour cannot be complete with only a qualitative approach.
In other words, there is a need to combine the quantitative data and qualitative data to
understand collective behaviour as fully as possible. No recent study has tried to mathematize
the qualitative data to increase the power of generalization of the results. Simulation models
could be a useful method to bridge this gap. In the field of the spatiotemporal behaviour
research, there is no clear study which generates data from simulation model that is based on
subjective data (Bourbousson et al.,, 2014) and models it. This method could improve the
knowledge about both bottom-up and top-down flows that exist in all complex systems
(Gipson, Gorman, & Hessler, 2016).

IMANAGING INDIVIDUAL REGULATION

Changes in individual regulation could influence the correlate collective behaviour patterns.
This expectation gives rise to another objective. Indeed, if collective patterns are predictable
based on individual regulation, the control of individual regulation could afford new
possibilities for obtaining the expected team behaviour. For example, when a player attempts
to maintain a distance from another agent, this player has more opportunity to be locally than
globally regulated. However, it seems necessary to first delineate the regulation. In fact, the
regulation is constituted by informational resources and individual adjustment. It has been
postulated that, at this step, the local information resources result in a local adjustment.
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However, Perna et al. (2012) have shown that local information resources could instead give
an overview of the global shape of the collective behaviour. For this reason, there is a need to
investigate the link between the informational resources and the adjustment modality.

Delineate regulation. Based on the results demonstrated by Perna et al. (2012), an
investigation in football could offer several possibilities for regulation. Considering only the
local and global regulation assumes that the information resources could be either local or
global and the resulting adjustment could be either local or global. In other words, it is possible
to obtain, (1) local adjustment based on local informational resources, (2) global adjustment
based on local informational resources, (3) local adjustment based on global informational
resources or (4) global adjustment based on global informational resources. No study has
delineated regulation with this level of detail.

Interaction rules. One objective is clearly to produce the collective behaviour
expected. The control of individual regulation (e.g., adjustment) could allow the realization of
this aim. The control of individual regulation could emerge from the interaction rules given to
agents. For instance, a rule to maintain the same speed as the nearest player could involve
local adjustment, whereas a rule to maintain a square shape with four other agents could
involve global adjustment. Further questions arise from the interaction rules. What is the
viability of situations in which there is heterogeneity of the regulation modalities? That is to
say, do partners simultaneously adopt distinct modes of regulation? What are the conditions
under which these modes of regulation occur?

EPISTEMOLOGICAL NEEDS

To bridge all these gaps, we need to switch from the traditional epistemological approach.
Indeed, the literature review described several criticisms of the social-cognitive approach and
the ecological dynamics approach. Based on its focus on the shared knowledge hypothesis
(Silva et al., 2013), the social-cognitive approach misses the ecological character of the sport
situation. The ecological approach, by considering the collective behaviour as a unit, misses
the lived experiences of the individual in the elaboration of team coordination. For these
reasons, the present investigation of individual regulation modalities should go beyond these
approaches and use an innovative approach that could afford the possibility of bridging all the

gaps.

Need for enactive approach. Currently, there is no epistemological concept capable of
theorising the way in which an individual regulates his or her activities in a sport setting. The
enactive approach, however, by considering the lived experiences of individuals, the
importance of the ongoing situation, and the role of the interaction itself and by making use
of dynamical system theory.
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We identify five core ideas that define the enactive
paradigm. These are the mutually supporting
concepts of autonomy, sense-making, embodiment,
emergence, and experience. (De Jaegher & Di Paolo,
2007, p.487)

Introduction. The previous chapter demonstrated gaps in the previous research and argued
for the importance of investigating how individuals regulate their individual behaviour to the
ongoing situation so as to participate in the collective behaviour. Moreover, the literature has
shown a theoretical lack of understanding of the individual regulation processes. To this end,
we suggest use of the enactive approach (Maturana & Varela, 1980) to theoretically justify
the investigation of individual regulation. The theoretical framework developed by Maturana
and Varela (1980) introduced the idea that, during their lived experience, individuals construct
their own perspective on the world. The theoretical framework defended by De Jaegher and
Di Paolo, (2007) was part of this enactive approach and was interested in the interaction
process between individuals in a social encounter. This part of the framework is of particular
interest for supporting team behaviour research.

Chapter overview. This chapter presents an overview of the enactive approach as a
guideline to help future researchers better understand this approach. We aim to give a step-
by-step explanation that will help the reader to follow the argument. We voluntarily include
citations in this part to avert misrepresentation of the nature of the enactive approach and to
avoid misunderstanding.

Quintessence. Before providing details and explanations, we first summarize here the
path of thought that led to a belief in the enactive approach. First, the enactive approach
delineates a specific conception of human activity. Based on the biologic foundation of a living
system, the enactive approach considers human autonomy to be that which defines the
human’s identity. This autonomy constitutes the structural coupling between the agent and
the environment. Structural coupling designates that humans are indivisible from their
environment, from which emerges a significant own world. This own world admits that each
individual manages his or her self-regulation within the environment. The enactive approach
also considers the possibility of social cognition with a focus on the interaction process itself,
on the autonomy of social interaction and on the sense-makers interacting. This enactive
social cognition perspective allows application to collective behaviours, notably through
dynamical system theory. To conclude, the enactive approach resorts to human
phenomenology by considering the pre-reflective self-consciousness.
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ENACTIVE HUMAN ACTIVITY CONCEPTION

Indeed, we will propose a way of seeing cognition not
as a representation of the world ‘out there’, but
rather than as ongoing bringing forth of a world
through the process of living itself. (Maturana &
Varela, 1987, p.11)

This section delineates the human experience as traditionally understood from the cognitivist
perspective. The cognitivist conception of human activity has been discussed as not focusing
sufficiently on situated nature. Cognitivist research has not considered the embedded and
embodied nature of human cognition (Froese & Di Paolo, 2011), and recent research has
commonly rejected the representational approaches to cognition. This research denies that
cognition relies on representations (i.e., symbolic) of a predetermined external world (Varela,
Thompson, & Rosch, 1991). More precisely, the enactive approach does not deny the ability
of individuals to produce mental representations, but challenges the central role attributed to
these representations in the explanation of cognition and of the adaptation of individuals to
their environment (Maturana & Varela, 1980; Maturana & Varela, 1987; Varela et al., 1991).
The enactive approach has been constructed on a strong biologic foundation.

Biological foundation of a system

Living system. By definition, a system is composed of components and their interactions
within the living system itself. Two main concepts define the living system: the organisation
and the structure (Maturana & Varela, 1987). Organisation refers to the relationships that
must exist between the components of a system to be a member of a given class, while the
structure designates the components that constitute a particular unit. Structure is the
embodiment of this organisation. A system can be either non-cognitive, such as a robot, or
cognitive, such as a human (Di Paolo & Thompson, 2014). All the enactive approach concepts
developed in the next section concern only cognitive systems.

Autopoiesis. As described before, each system has an organisation. The specific
organisation of the living system is its autopoiesis (Maturana & Varela, 1980). Autopoiesis is
the minimal organisation of a living system which describes biologically the self-production of
a single-cell organism (Maturana & Varela, 1987). Living systems are autopoietic in the sense
that they retain their organisation, at the cost of structural transformations in response to the
disturbances in their environment. All autopoietic systems have been described as
operationally closed (Di Paolo & Thompson, 2014).

Operational closure. The particular organisation of the living and autopoietic system
(i.e., relationships and processes are maintained between physical components) ensures a
regeneration of the component and maintains a physical space delimited by a dynamic
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frontier. In other words, due to the activity of the different processes, the system is clearly
self-enabling and it sustains itself in time (Di Paolo & Thompson, 2014). Such a self-enabling
system is described as an operationally closed system. All living systems defined by
autopoiesis and operational closure are characterised by a constitutive autonomy.

Autonomy. As the point of its foundation, the enactive approach adopted the concept
of autonomy. The autonomy of the system allows for the development of an individual’s own
identity (Froese & Di Paolo, 2011). The activity of the system is both the cause and the effect
of the autonomy. The activity of the system depends on organisational constraints. The
autonomy of a system corresponds to its fundamental capacity to be and maintain its
organisation, that is, its identity. Thus, the agent is subject to continuous structural changes
that result from interactions with the environment in which the agent evolves or from its
internal dynamics. This autonomy describes the fact that a living system self-constitutes its
identity. Finally, autonomy makes agents more or less sensitive to certain disturbances of the
environment, and it is what characterizes the coupling between agent and environment.

Without the autonomy afforded by organizational
closure the system is incapable of defining its own
identity as an individual; it remains an externally defined
collection of components that we have merely chosen to
designate as an ‘agent’ by convention. (Froese & Di
Paolo, 2011, p.6)

Emergence of a significant world

The autonomy of the living system allows maintenance of the organisation regardless of the
constraints. The constraints affecting the organisation are either internal dynamics constraints
or specific environmental constraints. The impact of constraints of the environment could
specify the dynamics of the transformation of the living system (i.e., the human).

Structural coupling. The enactive approach considers that the individual is inseparable
from the world in which he or she is physically engaged, thus cognition emerges from this
interaction between the living system and its environment. The relation between living system
and environment has been defined as a structural coupling (Di Paolo & Thompson, 2014;
Maturana & Varela, 1987). The structural coupling is described at different levels of
organisation (Fig. 1). Three orders of couplings are defined (Maturana & Varela, 1987). The
first-order coupling describes the interaction between an autopoietic system and its
environment. For example, biologic cells illustrate this form of coupling. The second-order
coupling is defined by the interaction between an autopoietic system with a nervous system
and its environment. A third-order coupling involves a combination of two second-order
systems. In a third-order coupling, an organism with a nervous system interacts with another,
thus organisms live in interaction. Third-order coupling is a universal phenomenon that
appears in different animal groups under a variety of forms. This coupling also describes
human activities.
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Figure 1. lllustration of the three orders of couplings. The first-order coupling describes the interaction
between an autopoietic system and its environment. The second-order coupling is defined by the
interaction between an autopoietic system with a nervous system and its environment. The third-order
coupling describes the interaction of an organism with a nervous system with another such organism.

Asymmetrical coupling. Another key aspect of the structural coupling between the
agent and its environment is the asymmetry. In another words, the individual only interacts
with those characteristics of the environment that are relevant or that produce disturbances
on its internal dynamics. For example, research has shown that animals and humans identify
different relevant characteristics in a living room (Von Uexkiill, Von Uexkdll, & O’Neil, 2010).
For humans, all the objects have relevant characteristics, whereas for flies, all the different
objects have quite the same significance (Fig. 2). This significative difference between the
relevant characteristics can also be illustrated between human themselves.

Figure 2. lllustration of the construction of significant characteristics for a human (left) compared to a
fly (right) in a living room. Each colour represents one meaning, in other words, all the objects have
different meanings for the human, whereas for the fly, the living room affords only two meanings.

The coupling is asymmetrical due to the fact that it is based on the perspective of the
human. Individuals are not constrained to a prescriptive disruption of the environment but
could be described as selecting their own perturbations. In any case, it is not the individual as
an individual who selects the disturbances but perhaps, rather, the internal organisation of
the individual that conditions the selection of sources of disturbances. Individuals interact
with a part of the environment to maintain the activity of the internal organisation. Therefore,
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