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1. Introduction

Recent advances in different disciplines, ranging from cognitive sciences and robotics, biol-
ogy and neurosciences, to social sciences and philosophy are clarifying that intelligence re-
sides in the circular relationship between the brain of an individual organism, its body, and
the environment (including the social environment).

In this chapter we will focus our attention on the evidences collected in robotic research
with particular reference to results obtained in experiments in which the robots develop their
skill autonomously while they interact with the external environment through an adaptive
process. In particular we will demonstrate how the behavioural and cognitive skills developed
by the robots can be properly characterized as complex adaptive systems which: (a) arise
from the interactions between the brain of the robots, their body, and the environment and
eventually between the dynamical process occurring within the robot and within the environ-
ment, (b) display a multi-level and a multi-scale organization in which the interaction be-
tween behavioural and cognitive properties at a certain level of organization lead to higher-
level properties and in which higher-level properties later affect the lower levels properties.

The complex system nature of behaviour and cognition has important consequences both
from an engineering and a modelling point of view. From the point of view of developing ef-
fective robotic artefacts it implies the need to rely on “design for emergence” techniques, i.e.
techniques allowing the development of robots which are able to exploit useful emergent
properties.

From the point of view of modelling biological system, it implies the need to conceptual-
ize behaviour and cognition as dynamical processes which unfold in time while the organism
interacts with the environment.

Viewing behaviour and cognition as a complex adaptive system represents a new concep-
tual framework that can have profound consequences on cognitive science. In particular, as
we will discuss in the concluding chapter, it might allow us to clarify better the notion and the
role of embodiment and situatedness.

In section 2, we will demonstrate how behavioural and cognitive skills developed by ro-
bots which adapt to their task-environment through an adaptive process can be properly char-
acterised as complex system. In section 3, we will discuss the relation between adaptation and
the complex system nature of behaviour. Finally in section 4, we will discuss the implications
of the complex adaptive systems of behavioural and cognitive skills.

2. Behavior and cognition as complex systems



In agents which are embodied (i.e. have a physical body) and are situated (i.e. are located in
physical environment with which they interact) behavioural and cognitive skills are dynami-
cal properties which unfold in time and which arise from the interaction between agents’
nervous system, body, and the environment (Beer, 1995; Chiel and Beer, 1997; Keijzer, 2001,
Nolfi and Floreano, 2000; Nolfi 2005) and from the interaction between dynamical processes
occurring within the agents’ control system, the agents’ body, and within the environment
(Beer, 2003; Tani & Fukumura 1997; Gigliotta and Nolfi, 2008). Moreover, behavioural and
cognitive skills typically display a multi-level and multi-scale organization involving bottom-
up and top-down influences between entities at different levels of organization. These proper-
ties imply that behavioural and cognitive skills in embodied and situated agents can be prop-
erly characterized as complex systems (Nolfi, 2005).

These aspects and the complex system nature of behaviour and cognition will be illus-
trated in more details in the next section with the help of few examples involving robotic ex-
periments.

2.1 Behavior and cognition as emergent dynamical properties

Behaviour and cognition are dynamical properties which unfold in time and which emerge
from high-frequent non-linear interactions between the agent, its body, and the external envi-
ronment (Chiel and Beer, 1997).

At any time step, the environmental and the agent/environmental relation co-determine
the body and the motor reaction of the agent which, in turn, co-determines how the environ-
ment and/or the agent/environmental relation vary. Sequences of these interactions, occurring
at a fast time rate, lead to a dynamical process — behaviour — which extends over significant
larger time span than the interactions (Figure 1).

Since interactions between the agent’s control system, the agent’s body, and the external
environment are nonlinear (i.e. small variations in sensory states might lead to significantly
different motor actions) and dynamical (i.e. small variations in the action performed at time t
might significantly impact later interactions at time t.x) the relation between the rules that
govern the interactions and the behavioural and cognitive skills originating from the interac-
tions tend to be very indirect. Behavioural and cognitive skills thus emerge from the interac-
tions between the three foundational elements and cannot be traced back to any of the three
elements taken in isolation. Indeed, the behaviour displayed by an embodied and situated
agent can hardly be predicted or inferred from an external observer even on the basis of a
complete knowledge of the interacting elements and of the rules governing the interactions.
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Figure 1. A schematic representation of the relation between agent’s control system, agent’s body, and the envi-
ronment. The behavioural and cognitive skills displayed by the agent are the emergent result of the bi-directional
interactions (represented with full arrows) between the three constituting elements — agents’ control system,
agent’s body, and environment. The dotted arrows indicate that the three constituting elements might be dy-
namical system on their own. In this case, agents’ behavioural and cognitive skills result of the dynamics origi-
nating from the agent/body/environmental interactions but also from the combination and the interaction be-
tween dynamical processes occurring within the agents’ body, within the agents’ control system, and within the
environment (see section 3)

A clear example of how behavioural skill might emerge from the interaction between the
agents’ body and the environment is constituted by the passive walking machines developed
in simulation by McGeer (1990) --- a two-dimensional bipedal machines able to walk down a
four-degree slope with no motors and no control system (Figure 2). The walking behaviour
arises from the fact that the physical forces resulting from gravity and from the collision be-
tween the machine and the slope produce a movement of the robot and the fact that robot’s
movements produce a variation of the agent-environmental relation which in turn produce a
modification of the physical forces to which the machine will be subjected in the next time
step. The sequence of by-directional effects between the robot’s body and the environment
can lead to a stable dynamical process --- the walking behaviour.

The type of behaviour which arises from the robot/environmental interaction depends
from the characteristics of the environment, the physics law which regulate the interaction
between the body and the environment, and the characteristics of the body. The first two fac-
tors can be considered as fixed but the third factor, the body structure, can be adapted to
achieve a given function. Indeed, in the case of this biped robot, the author carefully selected
the leg length, the leg mass, and the foot size to obtain the desired walking behaviour. In more
general term, this example shows how the role of regulating the interaction between the robot
and the environment in the appropriate way can be played not only but the control system but
also from the body itself providing that the characteristics of the body has been shaped so to
favour the exhibition of the desired behaviour. This property, i.e. the ability of the body to
control its interaction with the environment, has been named with the term ‘morphological
computation’ (Pfeifer, lda & Gomez, 2006). For related work which demonstrate how effec-
tive walking machines can be obtained by integrating passive walking techniques with simple



control mechanisms, see Bongard and Paul (2001), Endo (2002), Vaughan et al. (2004). For
related works which show the role of elastic material and elastic actuators for morphological
computing see Schmitz et al. (2007), Massera et al. (2007).

Hip

Figure 2. A schematization of the passive walking machine developed by McGear (1990). The machine includes
two passive knee joints and a passive hip joint.

To illustrate of how behavioural and cognitive skills might emerge from agent’s body, agent’s
control system, and environmental interactions we describe a simple experiment in which a
small wheeled robot situated in an arena surrounded by walls has been evolved to find and to
remain close to a cylindrical object (Nolfi, 2002). The Khepera robot (Mondada, Franzi &
lenne, 1993) is provided with eight infrared sensors and two motors controlling the two corre-
sponding wheels (Figure 3).

From the point of view of an external observer, solving this problem requires robots able
to: (a) explore the environment until an obstacle is detected, (b) discriminate whether the ob-
stacle detected is a wall or a cylindrical object, and (c) approach or avoid objects depending
on the object type. Some of these behaviours (e.g. the wall-avoidance behaviour) can be ob-
tained through simple control mechanisms but others require non trivial control mechanisms.
Indeed, a detailed analysis of the sensory patterns experienced by the robot indicated that the
task of discriminating the two objects is far from trivial since the two classes of sensory pat-
terns experienced by robots close to a wall and close to cylindrical objects largely overlap.
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Figure 3: Left: The agent situated in the environment. The agent is a Khepera robot (Mondada, Franzi & lenne,
1993). The environment consists of an arena of 60 x 35 cm containing a cylindrical objects placed in a randomly
selected location. Right: Angular trajectories of an evolved robot close to a wall (top graph) and to a cylinder
(bottom graph). The picture was obtained by placing the robot at a random position in the environment, leaving
it free to move for 500 time steps each lasting 100ms, and recording its relative movements with respect to the
two types of objects for distances smaller than 45 mm. The x-axis and the y-axis indicate the relative angle (in
degrees) and distance (in mm) between the robot and the corresponding object. For sake of clarity, arrows are
used to indicate the relative direction, but not the amplitude of movements.

The attempt to solve this problem through an evolutionary adaptive method (see section 4) in
which the free parameters (i.e. the parameters which regulate the fine-grained interaction be-
tween the robot and the environment) are varied randomly and in which variations are re-
tained or discarded on the basis on an evaluation of the overall ability of the robot (i.e. on the
basis of the time spent by the robot close to the cylindrical object) demonstrated how adaptive
robots can find solutions which are robust and parsimonious in term of control mechanisms
(Nolfi, 2002). Indeed, in all replications of these experiment, evolved robot solve the problem
by moving forward, by avoiding walls, and by oscillating back and fourth and left and right
close to cylindrical objects (Figure 3, right). All these behaviours result from sequences of
interactions between the robot and the environment mediated by four types of simple control
rules which consist in: turning left when the right infrared sensors are activated, turning right
when the left infrared sensors are activated, moving back when the frontal infrared sensors are
activated, and moving forward when the frontal infrared sensors are not activated.

To understand how these simple control rules can produce the required behaviours and
the required arbitration between behaviours we should consider that the same motor responses
produce different effects on different agent/environmental situations. For example, the execu-
tion of a left-turning action close to a cylindrical object and the subsequent modification of
the robot/object relative position produce a new sensory state which triggers a right-turning
action. Then, the execution of the latter action and the subsequent modification of the ro-
bot/object relative position produce a new sensory state which triggers a left-turning action.
The combination and the alternation of these left and right-turning actions over time produce
an attractor in the agent/environmental dynamics (Figure 3, right, bottom graph) which allows
the robot to remain close to the cylindrical object. On the other hand the execution of a left-
turning behaviour close to a wall object and the subsequent modification of the robot/wall po-
sition produce a new sensory state which triggers the reiteration of the same motor action.



The execution of a sequence of left-turning action then leads to the avoidance of the object
and to a modification of the robot/environmental relation which finally lead to a perception of
a sensory state which trigger a move-forward behaviour (Figure 4, right, top graph).

Before concluding the description of this experiment, it is important to notice that, al-
though the rough classification of the robot motor responses into four different types of ac-
tions is useful to describe the strategy with which these robots solve the problem qualita-
tively, the quantitative aspects which characterize the robot motor reactions (e.g. how sharply
a robot turns given a certain pattern of activation of the infrared sensors) are crucial for de-
termining whether the robot will be able to solve the problem or not. Indeed, small differences
in the robot’s motor response tend to cumulate in time and might prevent the robot for pro-
ducing successful behaviour (e.g. might prevent the robot to produce a behavioural attractor
close to cylindrical objects).

This experiment clearly exemplifies some important aspects which characterize all adap-
tive behavioural system, i.e. systems which are embodied and situated and which have been
designed or adapted so to exploit the properties that emerge from the interaction between their
control system, their body, and the external environment. In particular, it demonstrates how
required behavioural and cognitive skills (i.e. object categorization skills) might emerge from
the fine-grained interaction between the robot’s control system, body, and the external envi-
ronment without the need of dedicated control mechanisms. Moreover, it demonstrates how
the relation between the control rules which mediate the interaction between the robot body
and the environment and the behavioural skills exhibited by the agents are rather indirect.
This means, for example, that an external human observer can hardly predict the behaviours
which will be produced by the robot, before observing the robot interacting with the environ-
ment, even on the basis of a complete description of the characteristics of the body, of the
control rules, and of the environment.

2.2 Behaviour and cognition as phenomena originating from the interaction between
coupled dynamical processes

Up to this point we restricted our analysis to the dynamics originating from the agent’s con-
trol system, agents’ body, and environmental interactions. However, the body of an agent, its
control system, and the environment might have their own dynamics (dotted arrows in Figure
1). For the sake of clarity, we will refer to the dynamical processes occurring within the agent
control system, within the agent body, or within the environment as internal dynamics and to
the dynamics originating from the agent/body/environmental interaction as external dynam-
ics. In cases in which agents’ body, agents’ control system, or the environment have their own
dynamics, behaviour should be characterized as a property emerging from the combination of
several coupled dynamical processes.

The existence of several concurrent dynamical processes represents an important oppor-
tunity for the possibility to exploit emergent features. Indeed, behavioural and cognitive skills
might emerge not only from the external dynamics, as we showed in the previous section, but
also from the internal dynamical processes or from the interaction between different dynami-
cal processes.

As an example which illustrates how complex cognitive skills can emerge from the inter-
action between a simple agent/body/environmental dynamic and a simple agent’s internal dy-
namic consider the case of a wheeled robot placed in a maze environment (Figure 4) which
has been trained to: (a) produce a wall-following behaviour which allows the robot to periodi-
cally visit and re-visit all environmental areas, (b) identify a target object constituted by a
black disk which is placed in a randomly selected position of the environment for a limited



time duration, and (c) recognize the location in which the target object was previously found
every time the robot re-visit the corresponding location (Gigliotta & Nolfi, 2008).
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Figure 4. Left: The e-puck robot developed at EPFL, Switzerland (http://www.e-puck.org/). Centre: The envi-
ronment which have a size of 52cm by 60cm. The light produced by the light bulb located on the left side of the
central corridor cannot be perceived from the other two corridors. Right: The motor trajectory produced by the
robot during a complete lap of the environment.

The robot has infrared sensors (which provide information about nearby obstacles), light sen-
sors (which provide information about the light gradient generated by the light bulb placed in
the central corridor), ground sensors (which detect the colour of the ground), two motors
(which control the desired speed of the two corresponding wheels), and one additional output
units which should be turned on when the robot re-visit the environmental area in which the
black disk was previously found. The robot’s controller consists of a three layers neural net-
work which includes a layer of sensory neurons (which encode the state of the corresponding
sensors), a layer of motor neurons which encode the state of the actuators, and a layer of in-
ternal neurons which consist of leaky integrators operating at tuneable time scale (Beer, 1995;
Gigliotta & Nolfi, 2008). The free parameters of the robot’s neural controllers (i.e. the con-
nection weights, and the time constant of the internal neurons which regulate the time rate at
which this neurons change their state over time) were adapted through an evolutionary tech-
nique (Nolfi & Floreano, 2000).

By analysing the evolved robot the authors observed how they are able to generate a spa-
tial representation of the environment and of their location in the environment while they are
situated in the environment itself. Indeed, while the robot travel by performing different laps
of the environment (see Figure 4, right), the states of the two internal neurons converge on a
periodic limit cycle dynamic in which different states correspond to different locations of the
robot in the environment (Figure 5).

As we mentioned above, the ability to generate this form of representation which allow
the robot to solve its adaptive problem originate from the coupling between a simple robot’s
internal dynamics and a simple robot/body/environmental dynamics. The former dynamics is
characterized by the fact that the state of the two internal neurons tends to move slowly to-
ward different fixed point attractors, in the robot’s internal dynamics, which correspond to
different type of sensory states exemplified in Figure 5. The latter dynamics originate from
the fact that different types of sensory states last for different time durations and alternate
with a given order while the robot move in the environment. The interaction between these
two dynamical processes leads to a transient dynamics of agents’ internal state which moves
slowly toward the current fixed point attractor without never fully reaching it (thus preserving
information about previously experienced sensory states, the time duration of these states, and
the order with which they have been experienced). The coupling between the two dynamical
processes originates from the fact that the free parameters which regulate the



agent/environmental dynamics (e.g. the trajectory and the speed with which the robot moves
in the environment) and the agent internal dynamics (e.g. the direction and the speed with
which the internal neurons change their state) have been co-adapted and co-shaped during the
adaptive process.
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Figure 5. The state of the two internal neurons (il and i2) of the robot recorded for 330s while the robot per-
forms about 5 laps of the environment. The s, a, b, ¢, and d labels indicate the internal states corresponding to
five different positions of the robot in the environment shown in Figure 4. The other labels indicate the position
of the fixed point attractors in the robot’s internal dynamics corresponding to five types of sensory states experi-
enced by the robot when it detects: a light in its frontal side (LF), a light on its rear side (LR), an obstacle on its
right and frontal side (OFR), an obstacle on its right side (OR), no obstacles and no lights (NO).

For related works which show how navigation and localization skills might emerge from the
coupling between agent’s internal and external dynamics, see (Tani and Fukumura, 1997). For
other works addressing other behavioural/cognitive capabilities see Beer (2003) for what con-
cerns categorization, Goldenberg at al. (2004) and Slocum et al. (2000) for what concerns se-
lective attention, Sugita and Tani (2005) for what concern language and compositionality.

2.3 Behaviour and cognition as phenomena with a multi-level and multi-scale organiza-
tion

Another fundamental feature that characterizes behaviour is the fact that it is a multi-layer
system with different levels of organizations extending at different time scales (Keijzer, 2001,
Nolfi, 2005). More precisely, as exemplified in Figure 6, the behaviour of an agent or of a
group of agents involve both lower and higher level behaviours which extend for shorter or
longer time spans, respectively. Lower level behaviours arise from few agent/environmental
interactions and short term internal dynamical processes. Higher level behaviours, instead,
arise from the combination and interaction of lower level behaviours and/or from long term
internal dynamical processes.



The multi-level and multi-scale organization of agents’ behaviour play important roles: it
is one of the factors which allow agents to produce functionally useful behaviour without nec-
essarily developing dedicated control mechanisms (Brooks, 1991; Nolfi, 2005), it might fa-
vour the development of new behavioural and/or cognitive skills thanks to the recruitment of
pre-existing capabilities (Marocco and Nolfi, 2007), it allow agents to generalize their skills
in new task/environmental conditions (Nolfi, 2005).
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Figure 6. A schematic representation of multi-level and multi-scale organization of behaviour. The behaviours
represented in the inner circles represent elementary behaviours which arise from fine-grained interactions be-
tween the control system, the body, and the environment, and which extend over limited time spans. The behav-
iours represented in the external circles represent higher level behaviours which arise from the combination and
interaction between lower-level behaviours and which extend over longer time spans. The arrows which go from
higher level behaviour toward lower levels indicate the fact that the behaviours currently exhibited by the agents
later affect the lower level behaviours and/or the fine-grained interaction between the constituting elements
(agent’s control system, agent’s body, and the environment)

An exemplification of how the multi-level and multi-scale organization of behaviour allow
agents to generalize their skill in new environmental conditions is represented by the experi-
ments carried our by Baldassarre et al. (2006) in which the authors evolved the control system
of a group of robots assembled into a linear structure (Figure 7) for the ability to move in a
coordinated manner and for the ability to display a coordinated light approaching behaviour.

Each robot (Mondada et al, 2004) consists of a mobile base (chassis) and a main body
(turret) that can rotate with respect to the chassis along the vertical axis. The chassis has two
drive mechanisms that control the two corresponding tracks and teethed wheels. The turret
has one gripper, which allows robots to assemble together and to grasp objects, and a motor
controlling the rotation of the turret with respect to the chassis. Robots are provided with a
traction sensor, placed at the turret-chassis junction, that detects the intensity and the direction
of the force that the turret exerts on the chassis (along the plane orthogonal to the vertical
axis) and light sensors. Given that the orientations of individual robots might vary and given
that the target light might be out of sight, robots need to coordinate to choose a common di-
rection of movement and to change their direction as soon as one or few robots start to detect
a light gradient.



Figure 7. Left: Four robots assembled into a linear structure. Right: A simulation of the robots shown in the left
part of the figure.

Evolved individuals show the ability to negotiate a common direction of movement and by
approaching light targets as soon as a light gradient is detected. By testing evolved robots in
different conditions the authors observed that they are able to generalize their skills in new
conditions and also to spontaneously produce new behaviours which have not been rewarded
during the evolutionary process. More precisely, groups of assembled robots display a capac-
ity to generalize their skills with respect to the number of robots which are assembled to-
gether and to the shape formed by the assembled robots. Moreover, when the evolved control-
lers are embodied in eight robots assembled so to form a circular structure and situated in the
maze environment shown in Figure 8, the robots display an ability to collectively avoid obsta-
cles, to rearrange their shape so to pass through narrow passages, and to explore the environ-
ment. The ability to display all these behavioural skills allow the robots to reach the light tar-
get even in large maze environments, i.e. even in environmental conditions which are rather
different from the conditions that they experienced during the training process (Figure 8).

Figure 8. The behaviour produced by eight robots assembled into a circular structure in a maze environment
including walls and cylindrical objects (represented with grey lines and circles). The robots starts in the central
portion of the maze and reaches the light target located in the bottom-left side of the environment (represented
with an empty circle) by exhibiting a combination of coordinated-movement behaviours, collective obstacle-
avoidance, and collective light-approaching behaviours. The irregular lines, that represent the trajectories of the
individual robots, show how the shape of the assembled robots changes during motion by adapting to the local
structure of the environment.
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By analysing the behaviour displayed by the evolved robots tested in the maze environment, a
complex multi-level organization can be observed. The simpler behaviours that can be identi-
fied consist of low level individual behaviours which extend over short time spans:

1)

2)

3)

4)

A move-forward behaviour which consists of the individuals’ ability to move forward
when the robot is coordinated with the rest of the team, is oriented toward the direction of
the light gradient (if any), and does not collide with obstacles. This behaviour results
from the combination of: (a) a control rule which produces a move forward action when
the perceived traction has a low intensity and when difference between the intensity of
the light perceived on the left and the right side of the robot is low, and (b) the sensory
effects of the execution of the move forward action selected mediated by the external en-
vironment which does not produce a variation of the state of the sensors until the condi-
tions that should be satisfied to produce this behaviours hold.

A conformistic behaviour which consists of the individuals® ability to conform its orien-
tation with that of the rest of the team when the two orientations differ significantly. This
behaviour results from the combination of: (a) a control rule that makes the robot turns
toward the direction of the traction when its intensity is significant, and (b) the sensory
effects produced by the execution of this action mediated by the external environment
that lead to a progressive reduction of the intensity of the traction until the orientation of
the robot conform with the orientation of the rest of the group.

A phototaxis behaviour which consists of the individuals’ ability to orient toward the di-
rection of the light target. This behaviour results from the combination of: (a) a control
rule that makes the robot turns toward the direction in which the intensity of the light gra-
dient is higher, and (b) the sensory effects produced by the execution of this action medi-
ated by the external environment that lead to a progressive reduction of the difference in
the light intensity detected on the two side of the robot until the orientation of the robot
conforms with the direction of the light gradient.

An obstacle-avoidance behaviour which consists of the individuals’ ability to change di-
rection of motion when the execution of a motor action produced a collision with an ob-
stacle. This behaviour results from the combination of: (a) the same control rule which
lead to behaviour #2 which make the robot turns toward the direction of the perceived
traction (which in this case is caused by the collision with the obstacle while in the case
of behaviour #2 is caused by the forces exhorted by the other assembled robots), and (b)
the sensory effects produced by the execution of the turning action mediated by the ex-
ternal environment which make the robot turns until collisions do not prevent anymore
the execution of a moving forward behaviour.

The combination and the interaction between these three behaviours produce the following
higher levels collective behaviours that extend over a longer time span:

5)

6)

A coordinated-motion behaviour which consists in the ability of the robots to negotiate a
common direction of movement and to keep moving along such direction by compensat-
ing further misalignments originating during motion. This behaviour emerges from the
combination and the interaction of the conformistic behaviour (which plays the main role
when robots are misaligned) and the move-forward behaviour (which plays the main role
when robots are aligned).

A coordinated-light-approaching behaviour which consists in the ability of the robots to
co-ordinately move toward a light target. This behaviour emerges from the combination
of the conformistic, the move-forward, and the phototaxis behaviours (which is triggered
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when the robots detect a light gradient). The relative importance of the three control rules
which lead to the three corresponding behaviours depends both on the strength of the cor-
responding triggering condition (i.e. the extent of lack of traction forces, the intensity of
traction forces, and the intensity of the light gradient, respectively) and on a priority rela-
tions among behaviours (i.e. the fact that the conformistic behaviour tends to play a
stronger role than the phototaxis behaviour).

7) A coordinated-obstacle-avoidance behaviour which consists in the ability of the robots to
co-ordinately turn to avoid nearby obstacles. This behaviour arises as the result of the
combination of the obstacle avoidance-, the conformistic and the move-forward behav-
iours.

The combination and the interaction between these behaviours lead to the following higher
levels collective behaviours that extend over still longer time spans:

8) A collective-exploration-behaviour which consists in the ability of the robots to visit dif-
ferent area on the environment when the light target cannot be detected. This behaviour
emerges from the combination of the coordinated-motion behaviour and the coordinate
obstacle-avoidance behaviour which ensures that the assembled robots can move in the
environment without getting stuck and without entering into limit cycle trajectories.

9) A shape-re-arrangement behaviour which consists in the ability of the assembled robots
to dynamically adapt their shape to the current structure of the environment so to pass
through narrow passages especially when the passages to be negotiated are in the direc-
tion of the light gradient. This behaviour emerges from the combination and the interac-
tion between coordinated motion and coordinated-light-approaching behaviours mediated
by the effects produced by relative differences in motion between robots resulting from
the execution of different motor actions and/or from differences in the collisions. The fact
that the shape of the assembled robots adapt to the current environmental structure so to
facilitate the overcoming of narrow passages can be explained by considering that colli-
sions produce a modification of the shape which affect on particular the relative position
of the colliding robots.

The combination and the interaction of all these behaviour leads to a still higher level behav-
iour:

10) A collective-navigation-behaviour which consists in the ability of the assembled robots to
navigate toward the light target by producing coordinated movements, exploring the en-
vironment, passing through narrow passages, and producing a coordinated-light-
approaching behaviour (Figure 8).

This analysis illustrates two important mechanisms which explain the remarkable generaliza-
tion abilities of these robots. The first mechanism consists in the fact that the control rules
which regulate the interaction between the agents’ and the environment so to produce certain
behavioural skills in certain environmental conditions will produce different but related be-
havioural skills in other environmental conditions. In particular, the control rules which gen-
erate the behaviours #5 and #6 for which evolving robots have been evolved in an environ-
ment without obstacles also produce behaviour #7 in an environment with obstacles. The sec-
ond mechanism consists in the fact that the development of certain behaviours at a given level
of organization which extend for a given time span will automatically lead to the exhibition of
related higher-level behaviours extending at longer time spans which originate form the inter-
actions from the former behaviours (even if these higher level behaviours have not being re-
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warded during the adaptation process). In particular, the combination and the interaction of
behaviours #5, #6. and #7 (which have been rewarded during the evolutionary process or
which arise from the same control rules which lead to the generation of rewarded behaviours)
automatically lead to the production of behaviours #8, #9, and #10 (which have not been re-
warded). Obviously, there no warranty that the new behaviours obtained as a result of these
generalization processes will play useful functions. However, the fact that these behaviours
are related to the other functional behavioural skills implies that the probabilities that these
new behaviour will play useful functions is significant.

In principle, these generalization mechanisms can also be exploited by agents during their
adaptive process to generate behavioural skills which play new functionalities and which
emerge from the combination and the interaction between pre-existing behavioural skills
playing different functions.

2.4 On the top-down effect from higher to lower levels of organization

In the previous sections we have discussed how the interactions between the agents’ body, the
agents’ control system, and the environment lead to behavioural and cognitive skills and how
such skills have a multi-level and multi-scale organization in which the interaction between
lower-level skills lead to the emergence of higher-level skills. However, higher level skills
also affect lower level skills up to the fine-grained interaction between the constituting ele-
ments (agents’ body, agents’ control system, and environment). More precisely, the behav-
iours which originate from the interaction between the agent and the environment and from
the interaction between lower levels behaviours, later affect the lower levels behaviours and
the interaction from which they originate. These bi-directional influences between different
levels of organization can lead to circular causality (Kelso, 1995) where high level processes
act as independent entities which constraint the lower level processes from which they origi-
nate.

One of the most important effects of this top-down influences consists in the fact that the
behaviour exhibited by an agent constraint the type of sensory patterns that the agent will ex-
perience later on (i.e. constraint the fine-grained agent/environmental interactions which de-
termine the behaviour that will be later exhibited by the agent). Since the complexity of the
problem faced by an agent depends on the sensory information experienced by the agent it-
self, this top down influences can be exploited in order to turn hard problems into simple
ones.

One neat demonstration of this type of phenomena is given by the experiments conducted
by Marocco and Nolfi (2002) in which a simulated finger robot with six degree of freedom
provided with sensors of its joint positions and with rough touch sensors is asked to discrimi-
nate between cubic and spherical objects varying in size. The problem is not trivial since, in
general terms, the sensory patterns experienced by the robot do not provide clear regularities
for discriminating between the two types of objects. However, the type of sensory states
which are experienced by the agent also depend on the behaviour previously exhibited by the
agent itself --- agents exhibiting different behaviour might face simpler or harder problems.
By evolving the robots in simulation for the ability to solve this problem and by analyzing the
complexity of the problem faced by robots of successive generations, the authors observed
that the evolved robot manage to solve their adaptive problem on the basis of simple control
rules which allow the robot to approach the object and to move following the surface of the
object from left to right, independently from the object shape. The exhibition of this behav-
iour in interaction with objects characterized by a smooth or irregular surface (in the case of
spherical or cubic objects, respectively) ensures that the same control rules lead to two types
of behaviours depending on the type of the object. These behaviours consist in following the
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surface of the object and then moving away from the object in the case of spherical objects,
and in following the surface of the object by getting stuck in a corner in the case of cubic ob-
jects. The exhibition of these two behaviours allows the agent to experience rather different
proprioceptors states as a consequence of having had interacted with spherical or cubic object
which nicely encode the regularities which are necessary to differentiate the two types of ob-
jects.

For other examples which shows how adaptive agents can exploit the fact that behav-
ioural and cognitive processes which arise from the interaction between lower-level behav-
iours or between the constituting elements later affect these lower level processes see Scheier
et al. (1998), Nolfi (2002), Beer, (2003).

3. Behaviour and cognition as adaptive systems

The complex system nature of behaviour and cognition can also help us to understand why
embodied and situated agents are difficult to handcraft from a human designer. The fact that
the relation between the characteristics of the robot and of the environment and the behav-
ioural and cognitive skills that emerge from robot/environmental interactions is so complex
and indirect, in fact, implies that a human observer cannot predict the behaviour that will be
exhibited by the robot (without having had the chance to observe the behaviour exhibited by
the robot in interaction with the environment) even on the basis of a detailed description of
the characteristics of the robot and of the environment and of the rules that regulate the ro-
bot/environmental interaction. This in turn implies that the task faced by the robot designer
which consists in inferring the fine-grained characteristics that the robot and the robot’s con-
trol system should have in order to produce a given desired behaviour is extremely hard if not
completely hopeless (Funes et al., 2003; Nolfi, 2005).

On the other hand, as we have shown in the examples illustrated in the previous section,
the fine-grained characteristics of the robot can be effectively shaped through an adaptive
process. In particular, robots able to display the required behavioural skills can be developed
through an evolutionary techniques (Nolfi and Floreano, 2000) in which the fine-grained
characteristics of the robots’ control system (and eventually of the robot body) are varied ran-
domly and variations are retained or discarded on the basis of the their effect at the level of
the global behaviour exhibited by the robot (or by the robots). This type of adaptive process
in fact can be able to discover and retain the characteristics of the robots that, in interaction
with the other characteristics of the robot itself and with the environment, can lead to useful
emergent properties through a trial and error process which does not require to compute the
relation between the fine-grained characteristics and the high level properties that emerge
from their interactions.

Overall these considerations suggest that adaptivity can be considered as a fundamental
property of behavioural and cognitive systems as well as their embodied and situated nature.

4. Discussion and conclusion

In this paper we illustrated how the behavioural and cognitive skills displayed by embodied
and situated agents can be properly characterized as complex system with multi-level and
multi-scale organization and involving both bottom-up and top-down influences which e-
merge from several fine-grained interactions between the agent (or the agents) and the envi-
ronment.

The complex system nature of adaptive agents which are embodied and situated has im-
portant implications which constraint the organization of these systems and the dynamics of
the adaptive process through which they develop their skills.
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For what concerns the organization of these systems, it implies that agents’ behavioural
and/or cognitive skills (at any stage of the adaptive process) cannot be traced back to anyone
of the three foundational elements (i.e. the body of the agents, the control system of the
agents, and the environment) in isolation but should rather be characterized as properties
which emerge from the interactions between these three elements and the interaction between
behavioural and cognitive properties emerging from the former interactions at different levels
of organizations. Moreover, it implies that ‘complex’ behavioural or cognitive skills might
emerge from the interaction between simple properties or processes.

For what concerns agents’ adaptive process, the development of new ‘complex’ skills
does not necessarily require the development of new morphological features or new dedicated
control mechanisms. Indeed, behavioural or cognitive skills might arise spontaneously as a
result of the interaction between properties serving different functions and/or as a result of
simple additional characteristics thanks to the possibility to exploit the emergent results of the
interaction between these new characteristics with the other pre-existing characteristics and
skills.

The study of adaptive behaviour in artificial agents which has been reviewed in this paper
has important implications both from an engineering point of view (i.e. for progressing in our
ability to develop effective machines) and from a modelling point of view (i.e. for understand-
ing the characteristics of biological organisms).

In particular, from an engineering point of view, progresses in our ability to develop
complex adaptive behavioural and cognitive systems can lead to development of new arte-
facts playing useful functionalities.

From a modelling point of view, progresses in our ability to model and analyze behav-
ioural and cognitive skills can improve our understanding of the general mechanisms behind
animal and human intelligence. In particular, the comprehension of the complex system na-
ture of behavioural and cognitive skills illustrated in this paper can allow us to better define
the notion of embodiment and situatedness which are universally recognized as central as-
pects in the study of natural and artificial intelligence but which still lack a clear and uncon-
troversial definition. Indeed, although possessing a body and being in a physical environment
certainly represent a pre-requisite for considering an agent embodied and situated, a more
useful definition of embodiment (or of truly embodiment) can be given in term of the extent
to which a given agent exploits its body characteristics to solve its adaptive problem (i.e. the
extent to which its body structure is adapted to the problem to be solved, or in other words,
the extent to which its body performs morphological computation). Similarly, a more useful
definition of situatedness (or truly situatedness) can be given in terms of the extent to which
an agent exploits its interaction with the physical and social environment and the properties
originating from this interaction to solve its adaptive problem. For sake of clarity we can refer
to the former definition of the terms (i.e. possessing a physical body and being situated in a
physical environment) as embodiment and situatedness as weak sense, and to the latter defini-
tion as embodiment and situatedness in a strong sense.
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