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Chapter VII 

Decision-making as multiple transitions in a course of (inter)action in team 

ball sports: a model in rugby 

 

 “Bifurcations provide a selection mechanism, the means to decide when one mode of 

behaviour is no longer able to do the job and to switch to one that can.” (Kelso & 

Engstrom, 2006, p.170) 

 

Introduction 

 

The ability of humans to choose behavioral patterns that are tightly coordinated 

with the environment, in the service of achieving a specific goal is a concern of 

psychology for well over a century. This ability to produce stable yet adaptive 

behaviour raises two constituent issues. On the one hand, it implicates the coordination 

of action, such that the many neuromusculoskeletal components of the body become 

temporarily organized into an ordered pattern of movement or the coordination patterns 

that emerge due to interpersonal relationships in team sports. On the other hand, it 

implicates perception, such that information about the world and the body enables 

appropriate actions to be selected and adapted to environmental conditions. At a basic 

level, the problem of decision making is thus synonymous with the problem of 

perception and action (Warren, 2006). 

It seems natural to presume that observed behavioural decision making implies 

the existence of a centralized controller— a pattern generator, action plan, knowledge 

structures, or internal model that is responsible for its organization and regulation. Such 

an assumption has been commonplace in psychology and cognitive science. However, 

this is unsatisfying because it merely displaces the original problem of behavioral 

decision making to a pre-existing internal structure, begging the question of why that 

particular organization obtains and how that specific structure originated. Gibson’s 

(1979) suggestion was that, rather than being localized in an internal structure, control is 

distributed over the agent– environment system. 

For Warren (2006), the structure and physics of the environment, the 

biomechanics of the body, perceptual information about the state of the agent– 
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environment system, and the demands of the task all serve to constrain the behavioral 

outcome. Adaptive behavior, rather than being imposed by a pre-existing structure, 

emerges from this confluence of constraints under the boundary condition of a particular 

task or goal. 

In the present chapter, we attempt to show how the decision making can be 

attributed to the dynamics of the agent– environment interaction (e.g. a player in team 

sport of rugby and his opponent) under such constraints contributing to a coherent 

theoretical framework for understanding decision-making, such as the one proposed by 

Warren (2006). 

 

Characteristics of Behavioural Decision-making 

 

Human and animal behavior exhibits two complementary attributes that need to 

be accounted for: stability and flexibility. On the one hand, behavior is characterized by 

stable and reproducible low-dimensional patterns. These patterns are stable in the sense 

that the functional form of movement is consistent over time and resists perturbation 

and reproducible in that a similar pattern may recur on separate occasions. On the other 

hand, behavior is not stereotyped and rigid but flexible and adaptive (Warren, 2006, pp. 

359). Given the example of team sports of Rugby, neighbouring components (i.e. team 

mates) shape dynamical sub-system (e.g. 1v1; 2v1; 3v3) that provided stability to the 

behavior of that sub-system, while adjacent opponents raised the need to seek out 

alternative solutions to preserve goal direct behaviour, which is only made possible by 

variability (or flexibility) of actions. This example highlights a continuous need for a 

subtle balance among stability and flexibility of behaviour in any dynamical system, 

including a team sport such as Rugby Union.  

Although action patterns exhibit regular morphologies, the organism (e.g. the 

players) are not locked into to a rigidly stable solution (e.g. technical, tactical) but can 

modulate the behavioral pattern. 

Competitive team games are not stable contexts in which information is assured. 

In contrast, successful players need to adapt their actions to the dynamically shifting 

environment that characterises the archetypal team game. To the extent that such 

flexibility is tailored to current environmental conditions or task demands, it implicates 

perceptual control. In line with this Kelso and Engstrom (2006) argue that transitions 

among stable states occur as a result of dynamic instability. Dynamic instability thus 
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provides a universal decision-making process for switching between and selection 

among polarized states. So, if better ways are out there to fit the circumstances and 

context of a given coordination pattern, fluctuations will help the system explore and 

discover them. This is not a switch, per se, but a qualitative change that arises due to the 

intrinsic nonlinearity of the pattern dynamics.  

Moreover, agent–environment interactions give rise to emergent behaviour that 

has a dynamics of its own, which Fajen and Warren (2003) call the behavioural 

dynamics. At this level of analysis, the time evolution of behavior can be formally 

described by a dynamical system, which may be represented as a vector field (i.e. state 

space). According to Warren (2006) the core claim is that stable behavioral solutions 

correspond to attractors in the behavioural dynamics, and transitions between behavioral 

patterns correspond to bifurcations. Such stabilities do not inhere a priori in the 

structure of the agent (i.e. the player) but are codetermined by the confluence of task 

constraints and perceptual–motor control laws. It is in this sense that, as Gibson (1979) 

proposed, control lies in the agent– environment system. 

One consequence of this account is that behavior can be understood as self-

organized, in contrast to organization being imposed from within. Behavior patterns 

emerge in the course of learning, development, and even evolution through a 

bootstrapping process in which agent– environment interactions give rise to the 

behavioral dynamics, and stabilities in these dynamics in turn act to capture the 

behavior of the agent (i.e. the player). During bootstrapping, the agent actively explores 

the vector field for a task, both contributing to and locating its stabilities (stable 

solutions). Reciprocally, attractors in the behavioral dynamics feed back to fix the 

agent’s action patterns, in a form of circular causality. Thus, rather than a central 

controller dictating the intended behavior, the agent develops perceptual–motor 

mappings that tweak the dynamics of the system in which it is embedded so that the 

desired behavior arises from the entire ensemble. From the player’s point of view, the 

task is to exploit physical (e.g. field boundaries) and informational constraints (e.g. the 

opponent running speed approach) to stabilize the intended behavior, this is what 

Kaufmann (1993) stated as “Order for free”. As shown below, the solution may rely 

more or less upon physical or informational regularities, depending on the nature of the 

task. Consequently, behavior is not prescribed by internal or external structures, yet 

within the given constraints there are typically a limited number of stable solutions that 

achieve the desired outcome. 
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The approach taken here is to adopt a scale of description that is commensurate 

with the scale of observed regularity. Systematicity in goal-directed behavior is 

manifested in low-dimensional action patterns directed at medium-scale features of the 

environment and guided by higher order informational variables, whereas at the level of 

neuromuscular degrees of freedom, such behavior exhibits considerable contextual 

variation. A theoretical account of behavior must incorporate goals, information, 

physics, and properties of the world that are not directly reducible to a neural level 

(Koenderink, 1999). Thus, the aim of this research is to seek a lawful account of 

decisional behavior in 1v1 dyadic system in Rugby Union at a functional level. The 

dynamical approach to human movement developed in the 1980s and 1990s and has had 

a significant impact in the motor control literature (Kelso, 1995; Kugler, Kelso, & 

Turvey, 1980; Kugler & Turvey, 1987; Saltzman & Kelso, 1987). This view emphasizes 

physical principles and concepts from nonlinear dynamics to explain interlimb 

coordination as a natural process of pattern formation. One strength of the approach is 

its promotion of dynamics as a common theoretical language for describing the world, 

the body, and the neural and sensory couplings involved in coordination.  

In his seminal research on coordination, Kelso and his colleagues (Haken, Kelso, 

& Bunz, 1985; Kelso, Scholz, & Schöner, 1986; Scholz, Kelso, & Schöner, 1987) found 

that two oscillating limbs are stably entrained at phase relations of 0° and 180° and 

undergo a spontaneous phase transition from an antiphase to an in-phase pattern as the 

frequency of movement is increased. Borrowing from the analysis of physical systems 

Kelso and colleagues refer to phase as an order parameter, because it indexes the order 

or organization of the movement, and refer to frequency as a control parameter, 

because it induces a qualitative change in phase at a critical value.  

Most research on human movement dynamics to date has focused on fairly 

simple tasks with stationary dynamics, such as rhythmic movement or interlimb 

coordination. For perception and action in a complex world, the dynamics are often 

nonstationary, evolving as the interaction between organism and environment unfolds. 

The present chapter thus shifts emphasis from the dynamics of movement coordination 

to the behavioral dynamics—the dynamics of temporal and spatial coordination 

between an organism (i.e. a player) and its environment (i.e. his opponent). 
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Dynamics of Decision-making in Concrete Contexts Such as a Rugby Game 

 

It is often considered to be difficult to apply the dynamical approach to what 

could be considered to be genuine cases of cognition. But many examples such as 

Haken (1996) on pattern recognition; Thelen, Schöner, Scheier, & Schmidt (2001) on 

the A-not-B task; Busemeyer & Townsend, 1993; Townsend & Busemeyer (1995) on 

decision making; Vallacher, Nowak, & Kaufman (1994) on dynamics of social 

judgment; Rooij, Bongers & Hasenlager (2002) on imagined actions; and Tschacher & 

Dauwalder (2003) for an overview, indicate that this is not the case anymore.  

Dynamic systems models typically describe behavior on the level of the whole 

system. Despite the great complexity at the level of the interacting components, the 

behavior of the system (i.e. attacker-defender dyadic system) as a whole can be 

described in terms of low-dimensional order parameter dynamics (i.e. collective 

variables). In that line of reasoning to formally model the behavior of an attacker-

defender dyadic system in Rugby differential equations can be used to describe the 

overall behavior of the system, and potential functions capture the long-term behavior 

of the dynamics underlying the system’s behavior. The potential function can be 

interpreted as describing an attractor landscape, in which the wells function as attractors 

and exemplify relatively stable states/modes of behavior. The attractor landscape may 

change and attractors can disappear or originate. As a consequence, transitions between 

different modes of behavior can be induced. The parameters that drive the system 

through these different behavioral patterns are called control parameters. Although their 

name suggests otherwise, control parameters may be quite unspecific in nature, that is, 

in no sense do they prescribe the emerging pattern.  

In a dynamic system, the order parameter is continuously defined, since all 

possible states are assumed to lie on a continuum referred to as state space. However, 

under the regime of a given order parameter it may be that only certain, more or less 

“discrete,” regions of the state space are stable. Even though transitions from one such 

“qualitative state” to another must theoretically involve a trajectory through all 

intermediate states, there is still only a limited set of states that can be maintained for 

long enough to sustain an overt judgment. The control parameters and order parameters 

governing dynamical systems are generally unknown. The key to studying a cognitive 

system then is to make the dynamics underlying the system’s behavior observable.  
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Araújo, Davids and colleagues joined other recent attempts to develop of this 

approach in complex contexts such as sport (e.g., Araújo et al., 2006; Davids et al., 

1994, 2001; see also Gréhaigne, Bouthier, & David, 1997; Handford et al., 1997; 

McGarry, Anderson, Wallace, Hughes & Franks, 2002; Schmidt, O’Brien, & Sysko, 

1999). In such complex systems, decision-making is considered to emerge from 

interaction of the different system components, in this case the individual team players 

(see Araújo, Davids, Saínhas, & Fernandes, 2002; Araújo, Davids, Bennett, Button, & 

Chapman, 2004; Passos, Araújo, Davids, Gouveia & Serpa, 2006; Schmidt et al., 1999). 

Previous work of Schmidt et al. (1990, 1999) stated that two individuals in a dyad (e.g., 

an attacker-defender dyad in team sports) may be considered as a single system with 

dyadic synergy. Following the previous work of Schmidt and colleagues, Davids, 

Button, Araújo, Renshaw and Hristovski (2006), suggested that “a dyadic synergy can 

show nonlinear properties, namely entrainment and sustained periodic behaviour, and 

specific modes of inter-personal coordination emerge from contextual, personal, and 

task constraints'' (Davids et al., 2006, pp.81). For example, coordination has been 

studied in 1vs 1 subphase of team ball games (Araújo et al., 2004; Davids et al, 2006; 

Passos et al, 2006). Here, attackers and defenders form closely interacting dyads in 

which both individuals do not deliberately seek to coordinate actions, since an attacker 

does not typically seek stable dyadic organisation, but endeavours to dribble past the 

marking defender towards the goal or basket. An important point is that the individuals 

that compose such systems do not share a common neuronal system, and so emergent 

coordination processes are uniquely based on the task constraints present in specific 

environmental contexts (e.g., characteristics specific to individuals involved in each 

dyad). However these descriptions have not yet been modelled. Also, the existent 

models of transitions of this kind (Schmidt et al., 1990) explain task dynamics 

characterized by two attractors. In this chapter we aim to formally model a three 

attractor’s task to attacker-defender dyadic system in Rugby Union. 

Our starting point is the conceptual model already presented on chapter 4 

(Passos, Araújo, Davids, Gouveia, Serpa & Milho, under review). As stated before 

regardless the different trajectories that the dyadic system could perform due to slight 

differences on the initial conditions, second order contextual constraints (Juarrero, 

1999) that emerge throughout this phase set specific requirements expressed in 

behavioral information that drag the attacker-defender system towards three possible  
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coordination patterns characterized as attractor states: i) effective tackle, physical 

contact takes place but the attacker does  not passed  the defender;  ii) tackle, physical 

contact takes place and the attacker passed the defender; iii) clean try, the attacker 

passed the defender without physical contact.  

Part of the attractiveness of dynamic models is derived from the fact that they 

can explain these three different decisions by means of the same underlying process of 

originating and decaying attractors. 

The behaviour of the collective variable over time can often be described by a 

gradient equation. More precisely, if the variable of interest (i.e. collective variable or 

order parameter) is denoted by “x” and the potential function is denoted by “V”, then 

the evolution of “x” over time can be expressed by the differential equation 

 

dx/dt = – dV/dx       Eq. 1 

 

A value of “x” for which the derivative “dx/dt” is equal to zero is an equilibrium 

point and corresponds to a steady state of the system. If that value is a minimum of “V”, 

then it is a stable equilibrium, i.e., an attractor; if the value is a maximum of “V”, then it 

is an unstable equilibrium, i.e., a repellor. A simple interpretation of Eq. 1 consists of 

identifying “x” with the coordinate of a small ball which moves in the potential 

landscape. 

 

Previous Models in Motor Control 

 

The model presented by Haken, Kelso, and Bunz (1985) was derived to explain 

the oscillatory motion of two index fingers under the influence of changes in the cycling 

frequency. An experimental study (Kelso, 1981) showed that the participant's fingers 

switch suddenly from anti-phase to in-phase beyond a critical frequency. The main 

properties of these experiments are: the presence of two attractors and the abrupt 

transition from one attractor to the other at a given frequency. If the relative phase “phi” 

of the oscillators is identified as an order parameter and the potential function “V” is 

supposed to be periodic and symmetric, then “V” can be defined as 

 

V(phi) = - a cos(phi) - b cos(2 phi),      Eq. 2 
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where “a” and “b” are two control parameters. Combining Eqs. 1 and 2, it is possible to 

write 

 

d(phi)/dt = = - a sin(phi) - 2b sin(2 phi).      Eq. 3 

 

The model proposed by Tuller, Case, Ding, and Kelso (1994) was established to 

study speech perception, namely the discrimination between the words “say” and 

“stay”, when an acoustic parameter is varied. Previous studies (Best, Morrongiello, & 

Robson, 1981) reported that listeners perceive the word “say” at short silent gaps after 

the “s” noise and they perceive the word “stay” at long silent gaps. Therefore, there are 

two attractors (say and stay). If “x” is a variable characterizing the perceptual form, then 

the potential function “V” can be written as 

 

V(x) = k x – (x2)/2 + (x4)/4,              Eq. 4 

 

where “k” is a control parameter (gap duration). From Eqs. 1 and 3, it follows that 

 

dx/dt = - k + x – (x3).        Eq. 5 

 

This model was used in other tasks such as the transition between walking and 

running (Diedrich & Warren, 1998; Rooij et al., 2002)  

In Tuller et al.’s model (as in all attractor models) it is assumed that the system’s 

state, x, changes over time under the influence of the attractor landscape. To incorporate 

the potential effects of random influences and noise inherent in the system, Rooij t al., 

(2002) assumed that the trajectory can be thought of as a random walk (cf., e.g., Ratcliff 

& Rouder, 1998; Townsend & Ashby, 1983). There are many possible ways in which 

one can implement the specifics of such a random walk, but in general Rooij et al. 

(2002) assumed that the mean drift in the random walk at x is a function of V’(x), such 

that the drift is negative for V’(x) > 0 and positive for V’(x) < 0. This means that the 

system will tend to drift to the right on the x-axis for negative slope of the potential 

landscape and to the left for positive slope of the landscape. The characteristic nature of 

the attractor states for V(x) is such that for all states within an attractor well the system 
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will tend to be pulled towards the minimum of the well. Once the system is caught in an 

attractor well, the system will tend to drift towards the minimum (where V’(x) = 0), and 

then meander (stochastically) around this minimum. We say the system has settled 

when this situation occurs (i.e. when the system is caught in an attractor well) and 

assume that a decision is made, and a new behavioural pattern initiated, as soon as the 

system has settled. The system is assumed to start in some initial state, x0, and 

stochastically change over time until it settles and a new pattern is initiated.  

 

A Model in 1vs1 Dyadic Interactions on Rugby Union 

 

On previous work Passos and colleagues identified a collective variable that 

describes space-time relations of attacker-defender dyads characterizing the system's 

behaviour (please see chapter 2). The values for this collective variable were calculated 

based on the angle between the defender –attacker vector with an imaginary horizontal 

line parallel to the try line with the origin in the defender’s position. This analysis 

method results in an angle close to +90 deg before the attacker reaches the defender and 

close to -90 deg after the attacker successfully passes the defender, with a zero crossing 

point emerging precisely when the attacker passes the defender (Passos, Araújo, Davids, 

Gouveia, Serpa & Milho, under review). Using the theoretical framework of Schöner 

(1990) we suggest that the ``behavioural repertoire'' available to a dyad in team sports as 

a dynamical system can be sustained on the ``behavioural information'' that couples the 

components of the dyad (i.e., the players) which expresses the specific requirements that 

a given system should adapt in order to maintain his preferred states. Behavioural 

information contributes to the emergence of pattern dynamics that attract the system to a 

required coordination pattern (e.g. clean try; successful tackle). In line with this idea, we 

hypothesize that a certain coordination pattern may work as an attractor, despite the 

huge variability of trajectories that both players might performed the dyadic system will 

always be attracted to one of the three coordination patterns previously presented 

(please see chapter 4). 

The model presented here was derived to explain the coupling behaviour of two 

opposite players in the competitive setting of rugby union, namely the discrimination 

between the three coordination patterns previously identified in the conceptual model 

and hypothesized as attractors.  
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A dyad in team sports of Rugby viewed as a dynamical system can be described 

by the angle “x” between the defender –attacker vector and an imaginary horizontal line 

parallel to the try line with the origin in the defender’s position (please see chapter 4; or 

Passos et al, under review). The collective behavior of the system is defined by the 

changes in x over time and can be expressed by the equation dx/dt = – dV/dx, where V 

= V(x) is a potential function which describes the attractor landscape. Just like in Tuller 

et al model as in all attractor models the system’s state x changes over time due to the 

influence of the attractor landscape. The minima of V correspond to the stable states of 

the system. There is empirical evidence that this kind of system has three stable 

attractors, namely x = – π/2, x = 0, and x = π/2. The characteristic nature of the 

emergent coordination patterns (i.e. the attractors) characterized as V(x) function is such 

that for all the states within the basin of attraction the dyadic system will tend to pulled 

towards the minimum of the attractor well (i.e. one of the three coordination patterns) 

(please Figure 1).  
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Figure 1. Plot of the collective variable values displaying the three coordination patterns 

set as attractors. Black dashed line it represents an effective tackle identified as a π/2 

attractor state; Grey line it represents a tackle where the attacker passes the defender 

identified as 0 (zero) attractor state; Black line it represents a clean try situation 

identified as a - π/2 attractor state.  
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 Where x= – π/2 correspond to a clean try situation (i.e. collective variable values 

in the neighborhood of -90º), x= 0 correspond to a tackle where the attacker passed the 

defender (i.e. collective variable values in the neighborhood of 0º), and x= π/2 

correspond to a successful effective tackle (i.e. when the collective variable values 

remain in the neighborhood of +90º). These attractors change with some specific control 

parameters related to inter-personal coordination (Figure 1). As stated before once the 

system is caught in an attractor well (i.e. the system has settled), will tend to drift 

towards the minimum. We suggest that once the system is settled the players’ decision 

and actions drive the dyadic system to the emergence of a new behavioural coordination 

pattern.  

This dyadic behavioural dynamics suggests a potential function of the form 

 

V(x) = + k1 x + k2 a x2/2 – b x4/4 + x6/6,      Eq.6 

 

where k1 and k2 are two control parameters, and a and b are two constants given 

by a = (π/4)2 * (π/2)2, and b = (π/4)2 + (π/2)2. k1 is the relative velocity and k2 is the 

interpersonal distance. Note that the parameter of the linear term k1 (i.e. relative 

velocity) is linked to the attractors – π/2 and π/2 (i.e. respectively a clean try and an 

effective tackle), and the parameter of the quadratic term k2 is related to the attractor 0 

(i.e. a tackle where the attacker passes the defender). 

According to Eq. 6, the motion equation expressed by Eq. 1 can be rewritten as 

 

dx/dt = - k1 - k2 a x + b (x3) – (x5).      Eq.7  

 

Due to the inherent variability of dyadic system behavior there is also evidence 

of random fluctuations in the behavior of the system which can be modeled as a white 

noise et. This leads to the more general equation dx/dt = – dV/dx + √Q et, where Q is the 

noise variance. With  
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As previously stated the parameter Q is the noise variance and reflects the 

magnitude of the effect of the stochastic process on the behaviour of the collective 

variable. Based on this condition, the system can be modelled as: 

 

 dx/dt = - k1 - k2 a x + b (x3) – (x5) + √Qet   Eq.8  

 

Dyadic 1vs1 Model Simulated Data 

 

Following these initial insights of Araújo et al. (2004), whom suggest the 

interpersonal distance as a control parameter on a more recent work (Passos et al., 2006; 

Passos, Araújo, Davids, Gouveia, Serpa and Milho b, under review) the data revealed 

the influence on interpersonal dynamics of another candidate control parameter: the 

“relative velocity” between participants in a dyad. Relative velocity was derived by 

calculating the difference between attacker velocity and defender velocity. In attacker-

defender dyads in rugby union, it was observed how attackers used velocity to create 

fluctuations leading to phase transitions in attempts to de-stabilize dyadic systems. 

In our comparative analysis we sought to examine the relative utility of two 

candidate control parameters in rugby union dyads: interpersonal distance and attacker-

defender relative velocity. Data from previous research suggested that, with decreasing 

interpersonal distance, a phase transition in dyadic structural organisation might occur 

(Passos et al.b, 2006, under review). However, the results of this comparison showed 

that interpersonal distance as a single control parameter it is not enough to drive a 

dyadic system in rugby union to all its states, i.e., through the different types of phase 

transitions that emerge in dyadic interactions between attackers and defenders (please 

see Figure 1). As state before (please see chapter 3) with the decreasing of interpersonal 

distance the data suggest that 1v1 dyads in rugby union may be viewed as self-

organizing systems with the ability to create the potential that moves the system to the 

region of self-organizing criticality (see Kauffman, 1993; van Orden et al., 2003; Passos 

et al.b, under review).  

That potential seemed to be predicated on the velocity of each player inside the 

four meters of the interpersonal distance (i.e. for small values k2), which alters the 

players’ positions relative to each other. If the velocity of the defender is higher than the 

attacker (k1= - 2), the relative positioning of each player does not undergo a substantial 
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change. The players can annihilate each other’s actions and the structural organization 

of the dyadic system remains intact, as occurs in an effective tackle. However, if 

relative positioning changes occur between the players, due to increases in attacker 

velocity relative to that of the defender (i.e. k1= 2) then a phase transition increases in 

probability as the attacker will pass the defender. The system is moved to a new state of 

order characterized by a different type of structural organization (e.g. as in a clean try 

situation). Although a defender can counterbalance an attacker’s decisions and actions, 

leading to fluctuations in values of relative velocity (i.e. k1=0) the system will undergo 

a phase transition characterized by a change in structural organization, as well as on the 

type of connection between system components (e.g., such as when an attacker passes a 

defender during a tackle). Figure 2 summarizes our main suggestions regarding the 

predictive utility of interpersonal distance and relative velocity as nested control 

parameters in attacker-defender dyadic systems in Rugby Union. 
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Figure 2. Multistability and region of self-organizing criticality. Clean try situation 

(black line); Tackle but the attacker passed the defender (Grey line); Effective tackle 

(Black dashed line). 

 

Back to the model as stated before k1 is the relative velocity and k2 is the 

interpersonal distance. Sustained by conceptual model and the data previously presented 
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an attacker-defender dyadic system phase transitions in Rugby can be explained with 

the coupling of two candidates to nested control parameters: the interpersonal distance 

and relative velocity, with the later gaining influence on the system behavior across 

time. To highlight this feature we present an example with the k2 (i.e. interpersonal 

distance) values as a constant (i.e. k2=2). Thus if k1 = - 2 (means that defender velocity 

is increasing and attacker velocity is decreasing), decreasing the relative velocity values 

then the system flow towards for π/2 attractor (accordingly with the conceptual model 

presented on chapter 2 this represent an effective tackle). If k1= 0 (means that defender 

velocity and attacker velocity rate of change is similar) the system flow towards a 0 

(zero) attractor (accordingly with the conceptual model this represents a tackle but the 

attacker passed the defender). If k1= 2 (means an increase on relative velocity values 

due to an increase in running speed of the attacker and a decrease on defender velocity), 

the system drive towards - π/2 attractor corresponding to a clear try situation (Figure 3). 

Figure 3 shows the graphical representation of the potential function and the motion 

equation in Eqs. 6, 7 and 8. 
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Figure 3. a and b. Graphical representation of the potential function (figure 3.a on the 

left side) and the motion equation (figure 3.b. on the right). Figure 3. a and b Effective 

tackle. 
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 The potential function plotted on figure 3.a display a displacement of the 

attractor well to the right side. The motion equation plotted on figure 3.b display that 

when the first derivative reach 0 (zero) (i.e. at the right side of the figure), the dyadic 

system move to π/2 attractor state. This means that due to a decrease on the relative 

velocity (i.e. k1= - 2, the defender is faster than the attacker) the dyadic system is 

attracted to a coordination pattern characterized as an effective tackle (i.e. π/2 attractor 

state).  
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Figure 3. c and d. Graphical representation of the potential function (figure 3.c. 

on the left side) and the motion equation (figure 3.d. on the right). Figure 3.c and d 

Tackle but the attacker passes the defender. 

 

For the potential function plotted on Figure 3.c the attractor well remains at the 

centre. The motion equation plotted on figure 3.d display that when the first derivative 

reach 0 (zero) (i.e. at the centre of the figure), the dyadic system move to 0 (zero) 

attractor state. This means that both players can annihilate each others actions, the 

relative velocity undergoes small fluctuations (k1=0) in the system behavior that 

attracted the dyad to a 0 attractor, a coordination pattern characterized as a tackle where 

the attacker passes the defender but fell down quite close.  
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Figure 3. e and f. Graphical representation of the potential function (figure 3.e. 

on the left side) and the motion equation (figure 3.f. on the right). Figure 3.e and f, 

Effective tackle. 

 

For the potential function plotted on Figure 3.e the attractor well displays a 

displacement to the left. The motion equation plotted on figure 3.f display that when the 

first derivative reach 0 (zero) (i.e. at the left side of the figure), the dyadic system move 

to - π/2 attractor state. This means an increase in relative velocity (i.e. k1= 2, the 

attacker is increasing velocity and the defender is decreasing velocity), the dyadic 

system is attracted to a coordination pattern characterized as a clean try situation (i.e. - 

π/2 attractor state). 

Importantly the model successfully predicts dyadic outcomes i.e. when 

defenders have supremacy (effective tackle) and when attackers have supremacy (clean 

try).  

According to the model that we present a pattern on t can be different from the 

pattern on t − 1 for two reasons: (1) a transition has been induced by the change in the 

control parameter k1 or in the control parameter k2, or (2) a transition has occurred due 

to random influences (i.e., the evolutionary trajectory is a random walk).  
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Discussion 

 

The dynamic behavior that emerges due to the interaction of an attacker-

defender dyad in competitive settings attracted the system to a coordination pattern. It 

was already hypothesized that the coordination patterns that emerge on rugby dyads (i.e. 

clean try; tackle where the attacker passes the defender; effective tackle) may work as 

attractors. We purpose to formalize this hypothesis through a mathematical model. The 

basis was previous ideas on motor control modelling (please see Tuller et al, 1994; 

Haken et al, 1985), which as to be adapted to the constraints nature of our system. This 

adaptation was the inclusion of two nested control parameters (please see chapter 4) the 

interpersonal distance and the relative velocity between attacker-defender. This led us to 

a model with three attractors.  

For the simulation we decided to fix the interpersonal distance values which may 

raise some questions about the needed of the control parameters to be nested. Based on 

previous data (please see chapter 4) the reason to fix interpersonal distance was that 

relative velocity is gaining influence over the system on time, which means that from a 

certain distance apart it is the relative velocity that move the system to a certain attractor 

state. We may argue that the model formalize system dyadic behavior within the region 

of self-organizing criticality where the interpersonal distance loose influence over the 

system and the relative velocity is the control parameter that add the most valuable 

information moving the dyadic system to one of the three coordination patterns. To 

strength this previous argument, the simulated data (with k2=2) are consistent with the 

real world data (within the four meters of interpersonal distance) which add external 

validity to the presented model. This means that within the region of self-organize 

criticality for the same relation between the two nested control parameters the system 

drift for the same attractor (i.e. when relative velocity increase the system moves to the 

clean try attractor; when relative velocity suddenly decreases the system moves to the 

effective tackle attractor; and when the relative velocity increase and decrease the 

system moves the a tackle where the attacker passes the defender attractor). The relative 

velocity as a control parameter only gain influence over the system due to a decrease in 

the interpersonal distance until a certain value is achieved (i.e. the region of self-

organize criticality) this is the main reason to why the term nested remains. In other 

words, relative velocity values embedded within a particular interpersonal distance 
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value are most capable of influencing dyadic system organisation, to highlight this 

feature we run a simulation with the model using interpersonal distance fix values. 

Another issue is concerning about the existence of multistability. The entering in 

the region of self-organize criticality seems to suggest the existence of multistability on 

dyadic system behaviour, meaning that for a certain values of the nested control 

parameters all the three states of the system (i.e. the coordination patterns) are possible 

to be achieved. However we had experienced an increase difficulty to display the 

existence of multistability due to the following issues: i) the accuracy in the calculus of 

exact values of the parameters, once the model involve a six order function and; ii) the 

parameters are not necessarily in known units, 1 or 2 only mean a smallest or biggest 

quantity of a given variable. The data suggest that multistability might happen for a 

given interpersonal distance where the relative velocity doesn’t have a significant 

influence on system behavior (i.e. for high values of k2 in the mathematical model; for 

values of interpersonal distance higher than four meters from the experimental data).  

 

Conclusions 

 

We conclude through predictions that can be derived from the model for our 

representative experimental task: i) within the multistable region switches in judgment 

can occur as a consequence of random disturbances; ii) the narrower the multistable 

region gets (towards the region of self-organization criticality, shorter than four meters 

of interpersonal distance) the smaller the chance of observing switches of the judgment 

emerging one single solution that is expressed in one of the three possible states of the 

system. 
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