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Introduction

The goal of adaptive robotics is to build fully autonomous robots capable

of overcoming any unexpected change on their own with no need for human

intervention. This can be achieved by modifying the operative strategy used

to complete a task by exploiting, for example, neural networks and learning,

evolution as an adaptation process or online adaptation. In particular, for

online processes, robots try variations of their own controllers in real time

exploring novel strategies as they operate to find a suitable one. During this

exploration, a robot is vulnerable and exposed to damage. In a controlled

setting, a human supervisor can intervene to avoid serious damages but in

an autonomous deployment this is not a viable or desired solution. A single

damage can permanently compromise the robot, making future operation

impossible and replacement costly. For this reason, many efforts have been

made to develop robots that can adapt to damage like animals can adapt to

injuries. Nevertheless, even when these strategies are available, preventing

damages remains preferable to recovering from them. In this context, how

can an autonomous robot protect itself from damage especially while it is

still learning or adapting?

In nature animals but also humans can count on a set of innate instincts

and reflexes. Many of these are meant to protect the individual and trigger

survival-oriented responses to the environment. This characteristic is evident

in some reflex actions like blinking or moving away when an object suddenly

approaches. It can also be observed in more complex behaviors triggered, for

example, by fear that leads to avoiding certain potentially dangerous areas
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and situations. Given their importance in nature and based on the fact that

it is common in robotics to take inspiration from nature and biology and that

this often leads to interesting results, robots too could benefit from having

a set of innate and ready-to-use safety mechanisms inspired by instincts and

reflexes.

The contribution of this thesis lies in the design of a safety module based

on innate instincts and reflexes to prevent different types of damage. The

focus is on potential dangers that could be faced by a simple wheeled robot

that freely navigates its environment. We provide an implementation of these

mechanisms and propose a control architecture to equip the safety module

to a robot subject to an Online Adaptation process.

The thesis is organized as follows:

• Chapter 1 - Innate instincts and reflexes: It reviews the literature

on instincts and reflexes taking into consideration different perspectives

on the topic. It examines their characteristics and purpose, focusing

in particular on those that are useful for the survival and protection of

the individual. Finally, it provides a set of examples of instincts and

reflexes observed in nature.

• Chapter 2 - Autonomous and adaptive robots: It examines the

relevant background for autonomous and adaptive robots covering Evo-

lutionary Robotics, Online Adaptation and existing approaches that

focus on damage recovery.

• Chapter 3 - Robots equipped with innate instincts and re-

flexes: It illustrates the contribution of the thesis. It describes the

designed safety instincts and reflexes, the experimental setup, the pro-

posed control architecture and the implementation details of each mech-

anism. It also describes an example of Online Adaptation process

equipped with the instincts and reflexes and discusses the results and

limitations.
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• Conclusion: In this final chapter we summarize the work done and

draw the conclusions.
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Chapter 1

Innate instincts and reflexes

Innate instincts and reflexes are fundamental for the survival of both hu-

mans and animals. Literature is plenty of examples on how instincts like fear

can help animals in successfully escaping from threats or on how reflex reac-

tions to pain allow humans to prevent further injuries. Due to the importance

of these two mechanisms, for many years, instincts and reflexes have been

the topic of discussion among scholars and researchers coming from very dif-

ferent fields. For example W.M. Wheeler [1] states that there are substantial

differences between his point of view as an entomologist and zoologist and

that of a philosopher and psychologist: one studies the subject and explains

the origin of these mechanisms observing animals while the other is more

focused on the impact they have in humans.

1.1 Reflexes and instincts

We define a reflex as an immediate and involuntary motor reaction trig-

gered by sensory stimuli [2]. Reflexes are automatic responses but they can

happen without the subject being aware of their effects. Usually, the strength

of the reflex is proportionate to the intensity of the stimulus. Sensory and

motor neurons work together in what is known as the reflex arc, a neural

pathway that allows animals to respond rapidly to stimuli, ensuring survival

1
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through protective and adaptive reactions. Simple reflexes involve a direct

connection between sensory and motor neurons while more complex reflexes

require multiple neurons and synapses to coordinate responses. Reflexes are

useful for many different purposes: some reflexes quickly and efficiently reg-

ulate vital biological processes, while others have a protective or self-defense

function needed to guarantee the survival of the organism. This defensive

function is observed in reflexes such as the startle reflex, in infants, which

provides an automatic response to an unexpected stimulus [2]. Reflexes are

genetically determined, they are present since birth and no effort is needed

to acquire them, as a consequence reflex responses are essentially invariant in

healthy individuals and their examination can often provide valuable insights

about the health of the individual and the presence of neurologic disorders [2].

On the other hand, instincts can be seen as the innate tendency to execute

a particular complex behavior or a specific series of actions when facing a

certain situation or to respond to a specific stimulus [3]. We refer to instincts

also to all biological forces that guide the individual to the fulfillment of

its needs. As reflexes, instincts are performed without relying upon prior

experience and learning. This implies that instincts are an expression of

innate biological factors that exist in most members of the species; however,

details of their performance change based on the experience of the single

individual.

Table 1.1 summarizes the key differences and similarities between in-

stincts and reflexes.

1.2 Different perspectives on the topic

This topic has attracted and keeps attracting the attention of psychol-

ogists, philosophers and biologists, especially ethologists and physiologists.

For this reason, instincts and reflexes have been investigated from different

perspectives which, over the years, have given rise to many definitions.

For Wheeler [1], in 1921, an instinctive behavior originates from an im-
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Instincts Reflexes

Tendency to perform an entire be-

havior in certain conditions

Quick defensive motor reaction in

response to a stimulus

They are innate and present since

birth

They are innate and present since

birth

Triggered by a stimulus or a situa-

tion

Triggered by a stimulus

They can slightly change based on

the experience of the individual

They do not change based on the

experience

Table 1.1: Similarities and differences between Instincts and Reflexes

pulse, namely an innate biological drive or a predisposition, and is character-

ized by some kind of necessity because the resulting reaction is almost oblig-

atory. In addition, it is both highly adaptive and purposive even though the

organism manifesting it is unaware of any purpose, other than an immediate

one. He studied animal behavior, and in particular insects, to get insights on

the relation between stimuli and responses. He states that insects best show

the diversity and complexity of instincts because many species have endured

the challenges and changes of geological time.

From an early and pure mechanistic point of view [1], we have Descartes’s

idea of reflex: animals are seen as machines, and every activity of the organ-

ism is a necessary reaction to some external or internal stimulus. It is a

simple chain of reflexes to react to changes in the environment. In this def-

inition we lose all the intentionality of the action. This connection between

the stimulus and a definite response resembles the link cause-effect and is the

fundamental purpose of the nervous structures in the animal body [4].

In 1951, in physiology, it is explained how fundamental it is that animals

reactions to changes in the environment are directed towards the preservation

of their existence [4] [5]. The lack of this exact correspondence with the

environment would be lethal, just think how dangerous it could be if instead

of being attracted to food, the animal were repelled by it, or if instead of
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running from fire the animal threw itself into the fire. This means that

organisms survive only if they are in a balanced state with the environment

and reflexes, machine-like and inevitable reactions of the organism, are the

elemental units to do so. In short, the reflex can be seen as a survival-oriented

response to the environment. It is worth mentioning that in this definition a

reflex is innate, shared by all members of a species, permanent in the sense

that it cannot be unlearned and the pattern of the reflexive reaction is quite

constant and predictable. In this field we can sometimes find instincts and

reflexes grouped together and it is discussed that there are no real differences

between them. For example, the essential feeding instinct of a newly hatched

chick that reacts by pecking towards any stimulus that catches its eyes works

just like the defensive reflex of tilting our head or closing our eyelids when

something flicks past our eyes. They also reject distinctions based on the

complexity or on the origin, internal or external, of the stimulus.

According to neuroscience and psychology [6], instincts need to be studied

focusing not only on the causal relationship with the environment but also

on their inner origin, that can be seen as an automatic response to a specific

stimulus, almost like a reflex, as well as an impulse, a pressure towards

auto-preservation. This leads us to consider a behavior always in relation to

specific motives that can be found in emotions or instincts such as hunger

or fear as well as in simple reflexes. For this reason, the study of instincts

and reflexes often overlaps with that of emotions. Human emotions evolved

to ensure safety in various domains, and scientists have long studied the

actions that impact basic survival and what triggers them as to reveal the

nature of emotions. These actions are believed to be caused by the existence

of a survival circuit and range from defensive reflexes, which are said to be

executed in an obligatory, rapid manner to flexible, goal directed actions that

result from thinking about possible future outcomes. It is believed that the

same circuits are present in animals as well: rats are assumed to be fearful

when they protect themselves from a predator and flies are assumed to be

angry when they attack each other.
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1.3 Examples

In this section, we will list some examples of instincts and reflexes to

concretely show their usefulness and importance in keeping the organism

safe and increasing its chances of survival and adaptation. These mechanisms

have been observed in nature or through experiments.

Wheeler [1] studied insects and, as one of his examples, explains that red

wood ants have evolved an instinctive defensive behavior: whenever an in-

truder comes close to their nest, they rush outside and spray it with acid. He

also observed instinctive behaviors important for the survival of the species

rather than the one of the single individual [2]. For example, some species

show established patterns in courtship rituals, nest building and territorial

behaviors. In addition, there are instincts important for newly hatched an-

imals: for example sea turtles move towards the ocean and goslings, as in-

vestigated by Lorenz [7], follow their mother knowing it will keep them safe,

even though they can be tricked because they need to learn how to identify

their mother.

An interesting instinct studied by physiologists is the investigatory or

“what-is-it?” reflex [4] [5]. It is important for both men and animals because

it immediately leads them towards the slightest changes in their environment

and to fully investigate them. It is clear that an animal without this atten-

tion mechanism could not survive long and humans would not be curious

about the world around them. This curiosity and attention that animals

and humans show towards their surroundings is also particularly important

for threat assessment and detection [8]. In addition it is interesting that

anxiety in humans can influence this predisposition: elevated anxiety levels

usually mean a stronger attentional bias toward threatening or potentially

threatening stimuli.

Another example is the self-defense instinct [4] [5] that is triggered as

soon as the prey spots or hears the predator, giving it a chance to save

itself by fleeing or hiding. If this reaction fired only when the predator had

already touched the prey it would be useless, instead, it works because the
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prey successfully learns how to associate the sight and sounds produced by

the predator with danger.

There is also a passive-defensive mechanism [4] [5] that can be seen as

caution or fear. This can be triggered by specific weak or repetitive stimuli

or by a strong and unusual stimulus caused, for example, by the sudden

appearance of a predator. In this case the organism reduces the vigor of its

behavior, sometimes even producing a freezing reaction. This could enhance

the chances of survival because the prey could go unnoticed.

Similar behaviors to the previous two, are also studied in [9], where the

authors explain, in terms of neural circuits, the origin of these mechanisms

that allow animals to successfully avoid danger and escape from predators,

and thus to survive. In order to do this, they explain how animals are able to

timely detect threats and how they start the correct fight-or-flight responses.

These defensive behaviors are innate capabilities of the nervous system. Mice

evolved a couple of instinctive mechanisms: freeze and response. The immi-

nence of the threat determines which one is needed to be activated. It is

observed that freezing is chosen when the threats are remote, for example

when the mouse detects a distant eagle in the sky. The reason for this choice

is simple: stopping all movements makes the mouse more difficult to be iden-

tified as a prey and keeps it safe until the predator goes away, it also allows to

save energy compared to escaping. However, when the threat is imminent, for

example if the mouse has already been identified and the eagle is approach-

ing, escape especially towards a close shelter is better. This is examined in

depth in [10] where it is shown that mice can learn the location of a shelter

and then, when in danger, they instinctively flee towards it. When facing

an imminent threat animals need to perform an escape that involve choosing

between moving away from the threat or moving toward a safe place. The

first one is quicker but can have many disadvantages, for example it can lead

the animal into dead-ends or makes it more easy to spot. The second one has

better long-term value but it is more complex and needs time to compute

the safest escape route considering all the available shelters. The collected
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data indeed show that the mouse escape behavior is an instinctive and goal-

directed defensive behavior, rather than a simple reflex-like reaction. This is

shown by the fact that when the mouse notices something dangerous while it

is inside a shelter he does not try to escape. They also reflected on the fact

that, although this defensive mechanism is instinctive, it is also conditioned

by the mouse’s knowledge of available shelters: if there is no memorized safe

location the mouse could choose freezing instead. Similar decisions are also

observed in the vinegar fly. When a non-imminent danger is detected the fly

privileges a more controlled motor planning strategy, however, this can be

overridden by a fast escape when the threat is dangerously near [9]. Finally

the fight response can be seen as a last resort when all the other strategies

have failed [8].

A further different perspective on fight-or-flight responses is given in [8],

where an unified and general model, the Survival Optimization System, is

proposed to explain how animals and humans protect themselves when they

face danger and what important role fear plays in this process. Here, sur-

vival intelligence, defined as the capacity of minimizing local threats while

adapting to novel threats, relies on both fixed and flexible or learned traits.

This, again, highlights the significance of innate traits, such as instincts and

reflexes, in dealing with highly risky situations especially when they can not

be predicted or detected in time. It is stated that this quick instinctive reac-

tion system resides in the oldest regions of the human central nervous system

and this is coherent with the evolutionary benefits it brings.

Physiology takes into consideration the life instinct [4] [5] which corre-

sponds to the realization of a goal: the preservation of life. It needs other

instincts such as the alimentary reflex to feel hunger and continuously search

for food, and the investigatory reflex to react to novel stimuli.

In [4] [5] it is observed that an animal in confinement attempts to free

itself. This behavior is referred to as the freedom reflex and it is considered

to be of fundamental importance for the organism survival because, without

it, it would not be possible to overcome any obstacle.
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In a study that suggests that animals should be used in the field of disaster

management it is observed that animals instinctively react beforehand to the

occurrence of a disaster [11]. The key idea of this unconventional approach is

to comprehensively examine the abnormal behavior and reactions of animals

to potential hazards and then apply these observations to human disaster

response to detect natural but also man-made emergencies. It is still not

known how animals can sense a disaster but they express anxiety or fear by

hiding, flying away, making alarming sounds or exhibiting frantic behavior.

It has been observed that animals tend to flee to the top of a mountain

before and during an earthquake and dolphins moved to deeper water to

avoid hurricanes.

Among reflexes, we can find various protective responses such as with-

drawing from pain or even sneezing but also heart rate and breathing. Most

of the time, we are unaware of these happening due to their involuntary

nature but some of them can be more apparent than others [2].

The knee-jerk or stretch reflex is well-known for its widespread clinical

use [2]. It is triggered by a tap on the tendon of the knee and when the

knee flexor is stretched, some of the tension in the knee extensor dissipates.

It does so in order to oppose sudden changes in the length of skeletal mus-

cle. We can examine the flexor reflex and accompanying crossed extensor

reflex activated by a painful stimulus [2]. This behavior makes sure that

the foot is quickly removed from the harmful stimulus while also take care

of maintaining balance. Again, we see a reflex whose purpose is to protect

the organism. It is so quick that the pain is felt only after the withdrawal

response is complete and this speed is particularly important especially to

avoid more critical injuries that would be caused by a longer exposure to the

harmful source.

Other useful reflexes involve the eye and the ear to protect them from

overstimulation that could severely damage them by accident due to their

sensitivity and fragility [2]. For this reason, the pupillary reflex control,

changing the diameter of the pupil, the amount of light that can enter the
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retina. The eyeball is also protected from drying by a blink reflex and from

injuries by a quick eyelid closure reflex that is fired when an object gets really

close or even when the lashes or cornea are touched. There is also a reflex

that protects the ear from potentially damaging sounds by contracting some

of the ear muscles [2].

We can consider as protective reflexes really quick escape responses. For

example, squids when startled perform an evasive action by contracting their

mantle muscles that generates a jet of water [2]. Similarly, fish respond to

vibrations carried through the water with a reflex contraction that results in

a sudden movement in the opposite direction of the potential danger [6].

It has been observed that, in humans, some reflexes come into play since

infancy [12]. They are called survival and primitive reflexes and their role is

to facilitate the survival of the neonate. It is also shown that delays in the

development of these reflexes can expose the newborn to serious threats. For

example, the sucking reflex is fundamental for both breathing and swallowing

and, as a consequence for eating. There are also reflexes that trigger motor

reactions to prevent injuries for example when there is a sudden change in

the position of the body.

To conclude this overview on instincts and reflexes, we take into consider-

ation Valentino von Braitenberg’s works on synthetic psychology [13]. Brait-

enberg’s vehicles were originally thought experiments to understand which

principles lead to intelligence [14]. They showed that even vehicles equipped

with very simple sensor-motor connections can display complex behaviors.

For our scope, the simpler vehicles are the most relevant ones because they

allow to focus on the connection between stimuli and reaction. In particular,

by coupling the light sensors to the motors, the vehicle can exhibit behaviors

resembling attraction, avoidance, aggression, or fear that can be explained

in terms of instincts and reflexes. This work represents an interesting bridge

between biological mechanisms and robotics because it is rooted in neuro-

science and biology but the use of wheeled vehicles places it closer to robots

than animals.





Chapter 2

Autonomous and adaptive

robots

One of the main goals in robotics is to build robots that are truly au-

tonomous, that is, robots that are capable of surviving in complex environ-

ments without human intervention. In this context, adaptivity is one of the

most important characteristics a robot should have. Animals, humans and

other biological systems are naturally able to adapt to changes in themselves

or in the environment but, for robots, this is more complicated. Biology

identifies four different kinds of adaptation [14]: evolutionary adaptation,

concerning how species change in the long term to face new and unsustain-

able environmental conditions, physiological adaptation, involving physio-

logical adjustments in the individual, sensory adaptation, characterized by

adjustments in the sense organs of the individual and, lastly, adaptation by

learning.

In this chapter, we examine the relevant background for autonomous

and adaptive robots and focus in particular on evolutionary adaptation and

adaptation by learning. For this reason, we cover Evolutionary Robotics,

Online Adaptation and approaches to achieve damage recovery.

11
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2.1 Evolutionary robotics

The field of evolutionary robotics has emerged in the 1990s and has been

widely recognized since 2000 after Nolfi and Floreano published the first book

entirely on the subject [15]. Evolutionary robotics can be defined as the field

that exploits evolutionary algorithms to design and optimize robots. This

evolution can target the body/morphology of the robot [16] as well as its

brain/controller [17] [18].

2.1.1 Evolutionary computation

Algorithm designers have used evolution as a source of inspiration for

problem solving since the invention of computers [19]. The approach treats

possible solutions as individuals in a population and needs a fitness func-

tion to evaluate the quality of each individual in relation to the problem we

are facing. Finally, it needs to specify a set of selection and variation op-

erators. Just like natural evolution, the selection operators pick phenotypes

(candidate solution) for the next generation and decide which one will be the

parents based on their fitness. At a lower level, the algorithm works with

genotypes, objects that represent a possible solution and on which the vari-

ation operators, such as mutation and recombination, can act. Genotypes

can be data structures such as array of bits, array of real numbers and trees.

The history of evolutionary computations tells us that suitable combinations

of these simple data structure is enough to find good solutions.

For example, in genetic programming a computer program solution is

generated through an automatic domain-independent method. Computer

programs are often represented as trees and, starting with randomly created

solutions, the algorithm applies the Darwinian principles of natural selec-

tion, crossover, mutation, gene duplication and deletion [20]. Evolutionary

algorithms have also been applied in the design domain to find new effec-

tive antenna designs, searching and testing even many unusual structures

to find solutions that are very different from the ones proposed by human-
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designers [19]. This approach has also been used for black-box optimization

and also to design machine learning algorithms.

In summary, the key features of Evolutionary Computation are its ability

to work specifying only the solution encoding and the fitness function with

no need for explicit assumptions about the problems, its flexibility that eases

its application in combination with domain-specific methods, its robustness

towards suboptimal solutions and its capability to produce unexpected and

counter intuitive solutions [19].

2.1.2 From evolutionary computation to evolutionary

robotics

As discussed in section 2.1.1, the idea of using evolutionary algorithms

in robotics is highly justified by more than 40 years of successful applica-

tions in many scientific and technical fields where they have proven to be

able to solve hard and challenging problems, even in situations where tra-

ditional approaches often do not work, for example when noise is present.

The evolution of robots has also shown to achieve the same results [15]. In

addition it can also find simpler or even unexpected, original solutions that

designers or developers could not have thought of otherwise. This is partic-

ularly important because manual design of a robot that is both autonomous

and adaptive is very difficult [21] [15]. It is possible because Evolutionary

Robotics tackles the problem of designing robots from the embodied intel-

ligence point of view, meaning that intelligence is not determined only by

the brain of the animal or the control policy of the robot but also by all

the complex interactions between the machine and the environment. As a

consequence, the morphology of the robot, its sensors, its controller, the en-

vironment and all the interactions are studied as a whole instead of designing

each part separately and combining them together only at the end of the pro-

cess [22] [19] [21]. These components should not be divided and this becomes

even more obvious when a robot with the “right” body can achieve a task

with a simpler controller than the one evolved by a robot with the “wrong”
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body. Morphological computation states that physical characteristics of the

robot body can perform part of the computations that would otherwise be

handled by its controller [21].

Evolutionary algorithms and, as a consequence, Evolutionary Robotics

take inspiration from natural evolution. The idea is that since natural evo-

lution has led to the development of suitable lifeforms for different environ-

ments, artificial evolution can produce suitable robots for different applica-

tions [15]. Evolutionary Robotics is very different from other engineering

fields that typically depend on well-established mathematical and physical

principles because it is based on biological mechanisms, that are often ob-

scure, meaning that the underlying dynamics are not deeply understood. [19].

As shown in [21], not only evolutionary approaches but also other techniques

that use biological systems as their source of inspiration and focus on embod-

ied dynamics have proved to be successful for the development of autonomous

robots. Natural evolution took billions of years and complex mechanisms but

we can not afford to do the same and there is no need to do so because, even

though our knowledge on the intricate evolutionary mechanisms is quite lim-

ited, following and implementing the principles is more important and has

proven to be enough [15]. As a consequence, the general trend is to copy tricks

from natural evolution and, at the same time, simplify and speedup the pro-

cess exploiting the artificial as much as possible. This is justified because

natural evolution is extremely inefficient and, especially in pure real-world

application, we can not afford wasting robots and time.

Understanding evolution principles is very challenging especially because

it is not possible to directly observe the evolution of animals for long pe-

riods, therefore, the studies are limited to simple bacterial organisms and

can cover just a few decades. An interesting application of evolutionary

robotics is that it can help biologists in finding generalizations about natural

evolving systems. Modeling and simulating the evolution can be useful to

verify hypothesis and to obtain new insights about how and why some traits

evolved [22] [21]. In conclusion, Evolutionary Robotics can be seen as a sub-
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field of both engineering science and biology in the way it takes inspiration

but also contributes to these fields [22].

2.1.3 Evolution as an adaptation process

Floreano [23] shows that the evolution of robots by means of Darwinian

selection leads to the generation of complex and adaptive behaviors, which

is fundamental for the creation of increasingly autonomous robots. In Evo-

lutionary Robotics each genome describes the parameters of the controller of

the robot or of its morphology. For example, in Floreano experiments [23],

where robots are controlled by neural networks, each artificial genome en-

codes the weight configuration that determines, along with the information

provided by the environment, the behavior. The process follows a genetic

algorithm that starts with random weights, then, to emulate natural selec-

tion, keeps only the genomes with the highest fitness values for the next

generation. Genomes are also paired for recombination and modified with

a certain probability by random mutations. This can keep going for many

generations until an acceptable behavior is found. In the end, if this process

has taken place in simulation, the best genome can be employed in the real

robot. Robots were able to develop a collision-free behavior because evo-

lution exploits a characteristic of the robot body, favoring those individuals

that moved forward, where it has more sensors. Robots also limited their own

speed because sensory and motor refresh the rate at the same time and this

means that a fast navigation had higher probability to lead to collisions with

obstacles not detected in time. In conclusion, this shows that Evolutionary

Robotics is an adaptation process that is able to achieve the desired behav-

ior exploiting both the morphological and mechanical features of the robot,

taking into account how the robot interacts with the environment [24] [23].

Thanks to this approach it is possible to obtain complex behaviors from

simple solutions exploiting emergent behaviors [24].
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2.1.4 The reality gap problem

Even though Evolutionary Robotics can be implemented directly on phys-

ical robots, the evolution process is often carried out in simulations because

it could take a really long time otherwise [24] [19]. Moreover, there is a high

risk of damaging the robot especially when testing random and poorly fitting

behavior in the first generations. Human intervention is needed to change

the environment back to the original configuration but it is still difficult to

do all the experiments with the exact same conditions. For these reasons,

the strategy is to evolve the controllers in simulation and to transfer them in

the physical robot only at the end of the process. This leads to the reality

gap problem: programs that perform well in simulations could not transfer

well in the real world. This problem is accentuated in Evolutionary Robotics

because it is an adaptive process that evolves the controller and/or the mor-

phology of the robot based on the interactions with the environment and this

could lead to the exploitation of every possible simplification or inaccuracy of

the simulation. This issue can be mitigated by the use of accurate simulators,

noise or online learning but it needs careful considerations [25].

2.1.5 Evolution and learning

Evolution and learning are both forms of biological adaptation, yet they

differ in several ways [24]. On one side, evolution works on a population

of many individuals to face slow environmental changes that could affect

different generations. On the other side, learning modifies the behavior of a

single individual during its lifetime and adopts many strategies to help it to

adapt to new situations that can not be predicted at the generational level.

The idea is to combine evolutionary with learning techniques to better adapt

to quick changes that evolution could not overcome in time. This can be

achieved building an evolutionary neural network using a fixed learning rule

or it can be expanded evolving the way different rules are chosen. With only

evolutionary techniques we obtain robots that are tailored to the environment
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used for the training while the goal of this strategy is to obtain a robot

that knows how to adapt to partially unknown environments. For Eiben,

learning is a must-have feature for robots that evolve in real-time [15]. In

the robot, body and brain need to evolve together but the two could not

work well together, and learning could mitigate this. In particular, in the

infancy phase of the triangle of life the newborn robot should learn how to

optimize, through trial-and-error learning, its performance and its inherited

brain to better suit its body. Learning is also contemplated in the maturity

stage, the ability to evolve and adapt after could improve the robot obtained

after the offline optimization. In this case the robot learns/evolves while it

operates [20].

Evolutionary robotics vs. reinforcement learning

Evolutionary Robotics and Reinforcement Learning are inspired by dif-

ferent principles but they both want to find the policy that leads the agent,

acting in the environment, to the maximum reward [24]. The main difference

is that in Evolutionary Robotics only the global value is considered while Re-

inforcement Learning works also with state-action pairs. This means that in

Evolutionary Robotics all the information obtained during the life of the

individual is lost and this makes it potentially weaker than Reinforcement

Learning. At the same time, Evolutionary Robotics works better when facing

partial observability and continuous domains such as robot control where it

is difficult to define actions and states. In some cases, a convergence between

the two methods for behavior design is possible [24]. However, Reinforcement

Learning is not a good choice to automatically design the morphology of the

body of the robot.

Online learning

Evolutionary Robotics often relies on a two-step offline approach where

optimizations and evaluations only happen in the design phase which is then,

followed by the operational phase [19]. This strategy is pretty common in
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engineering but it relies on the assumption that the environment will remain

stable after deployment, or that the robot is able to deal with the changes

because it has developed a robust behavior or it is equipped with the ability

to learn. However, this is often not true because sometimes it is not possible

to know in advance in which environment the robot will be deployed or it

could change drastically over time. To solve this issue, the focus has shifted

towards online versions of Evolutionary Robotics. These techniques keep the

typical benefits of the offline counterparts while adding some unique features:

each robot is situated in the environment and the optimization should not

rely on external intervention. The robot moves around, this means that each

evaluation starts with different initial conditions and, in addition, safety, in

an unknown environment, is not guaranteed.

2.2 Online adaptation

It is clear from the issues highlighted in the previous section that, in

order to develop autonomous robots, we must first build adaptive systems

capable of continuously modifying their behavior at runtime in response to

real-time feedback [26]. One of the possible ways to achieve this is through

Online Adaptation where controllers are equipped with different mechanisms

that enable the robot to change its behavior and adapt to new and challeng-

ing situations. For example, Online Adaptation can mean simply switching

behaviors from a set of predefined ones or optimize some parameters of a

neural network online. A performance function is needed to avoid ineffective

behaviors and guide the process towards the design of an effective controller.

The final goal is to maintain or even improve the performance during the en-

tire lifetime of the robot and this never-ending nature of adaptation is what

mostly distinguishes it from online learning [26].

The authors in [26] and [27] rely on an online and purely adaptive mech-

anism with no foreknowledge nor predefined behaviors, meaning that the

robot needs to learn everything from scratch. The approach derives from
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evolutionary robotics but presents some important differences. First of all,

the focus is on the phenotype instead of the genotype and the target of the

optimization is a single individual instead of an entire population, as a con-

sequence, it is not possible to rely on crossovers but only on mutations. In

addition, the only information about the goal is provided by the fitness func-

tion that is evaluated during the entire epoch. The idea is to perturb the

best found solution in the hope that minor changes lead to the exploration

of similar and better behaviors [26].

Differently from evolutionary robotics, in [27] the focus moves from the

genotype to the phenotype and in particular on phenotypic plasticity. In bi-

ology, a genotype with this property can generate many different phenotypes

based on its development and on the environment in which it is situated.

This permits to choose the phenotype that more suits the situation, favoring

its affirmation on the evolutionary scale. As a consequence, this property is

fundamental for adaptivity and provides an organism with the ability to build

an internal model of the external world filtering only the information needed

for its survival. This work uses Boolean Networks as controllers and an online

adaptive mechanism with no mutations involved to obtain phenotypic plas-

ticity in robots. The Boolean Network is generated at the beginning and only

the couplings between the nodes and the sensors of the robot change. The

robot automatically and continuously selects the best configuration based on

the interaction with the environment and on a fitness function that acts as

a selective pressure that guides the adaptation process. This work has been

expanded in [28] to test also adaptive mechanisms that consider changing the

internal structure of the boolean network with mutations by randomly negat-

ing some truth values or randomly changing the connections between nodes.

The couplings between nodes and actuators were also affected. The robots

performed well in different tasks such as navigation with collision avoidance

and foraging. In addition, they gained insights on phenotypic plasticity show-

ing that criticality can lead to the emergence of this property and to higher

performances. These findings fuel the criticality hypothesis that states that
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critical systems are capable of balancing robustness to external perturbations

and adaptivity.

In [29] and [26] the same online adaptation mechanism is shown to be ef-

fective with a different controller, Nanowire Networks. In this case, an offline

approach would be infeasible due to the immutable nature of these networks.

The choice to use Nanowire Networks is justified by the long term goal of

building miniaturized robots that are capable of autonomously operate in un-

known environments. In the paper, the local adaptation strategy performs

a guided adaptation where the best solution found so far is perturbed to

explore similar and hopefully better configurations. One of the limitations

of this approach is that the starting configuration could be very far, in the

landscape of possible solutions, and different from a good one and this could

trap the adaptation process into local minima or require many edits. The

proposed workaround could rely, at the beginning, on a random exploration

that affects all the couplings until a good enough solution is found. Once

such a solution is found the local adaptation process begins. The strategy

proposed has been proved capable of adapting and maintaining good life-long

performances in two different tasks: the t-maze task and foraging.

2.3 Robots that deal with damages

For a robot to be truly autonomous, it must deal with damages because

they represent a concrete risk, especially when a robot is supposed to act in

a complex or natural environment [30]. As a consequence, it is fundamental

to increase robots resilience to faults because a single damage could compro-

mise the entire system, especially in isolated environment where no human

intervention is possible [31].

The ideal scenario is to create robots that can adapt like animals: robots

should be able to find a compensatory behavior for many kinds of damage

in the same way that animals can quickly adapt when injured [30].

In evolutionary robotics the self-repairing snake is an example of how it
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is possible to recover from damage [32]. The snake robot is built using shape

memory alloy as muscles and an evolutionary algorithm that is able to find

the proper sequence of muscle activation to compensate and adapt to the

damage. The muscles of the snake are made of nitinol, a smart material that

can change shape when the current passes through it. In particular, these

nitinol wires can shorten at the expense of getting thicker to conserve the

overall volume. Strings of bits encode Finite State Machines that describe the

sequence of muscle activations at each time slot that is needed to make the

robot move. Repeating patterns are very common and the genetic algorithm

works on them with selection and mutation operators to evolve new and

hopefully better solutions that enable the snake to travel longer distances.

In the experiments the most used muscles are damaged and the evolution

process is shown to be able to successfully adapt and move the robot relying

on the remaining muscles.

A clear effort towards damage recovery is provided by Bongard’s re-

search [33] [21]. Here, a four-legged robot is able to overcome unexpected

damages relying on continuous self-modeling to keep moving forward. In

particular, the robot indirectly builds a model of its own morphology relying

on an algorithm divided in three phases, each one executing a different evo-

lutionary algorithm. First, in the simulation, the robot performs an action

and records the data coming from the sensors and this information is used to

generate a set of candidate self-models that predicts the sensory-actuation

causal relationship. Then the models are used to select a new action, specif-

ically the one expected to maximize the information that can be extracted

about the way the robot interacts with the environment. This is determined

by selecting the action for which the disagreement between the predicted sen-

sory values is the highest. The action is executed on the real robot and the

models updated with the new information. These two phases are alternated

for several rounds and, in the final phase, only the most accurate model is

used to evolve the desired behavior for the robot. Thanks to this model

the robot is able to identify a damage by detecting unexpected sensor-motor
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patterns. When this happens the three phases are repeated to produce new

models to cope with the changes and produce compensatory behaviors. In

the experiments, a four-legged robot is damaged by shortening a leg and this

technique show that the robot is able to successfully detect the damage and

find new strategies to keep moving forward despite the damage.

The goal of the algorithm proposed in [30] is to obtain more robust and

autonomous robots that are able to quickly adapt to damage thanks to a

trial-and-error learning algorithm. The algorithm does not rely on a self-

diagnosis phase followed by the selection of a contingency plans among some

pre-defined ones, instead, there is an offline stage where the robot builds

a behavior-performance map. The map contains all the thousands possible

behaviors it can perform and a prediction of their performance. This map

represents the robot’s intuition on what can perform well and it is used as

previous knowledge that guides the trial-and-error algorithm. In particular,

it helps it choosing which behavior leads to better performances and in par-

ticular which is the best to compensate for the damage the robot has received,

or for the drop in the performance. The map is created via the MAP-elites

for which designers need to describe the space of possible behaviors consid-

ering only few dimensions along which behaviors vary. They need also to

define a way to compute the performance. Then, in the simulation, this

space is automatically searched to find a high-performing behavior for each

point in the space or for each behavior type and to create the map. When

the damaged robot is deployed the adaptation process starts a Bayesian op-

timization algorithm that intelligently selects a behavior from the map. This

choice tries to balance exploitation of configurations that are predicted to

perform well and exploration of those configurations where the confidence in

the performance prediction is low. Once the behavior is tested on the physi-

cal robot the map is updated and the process is repeated until a behavior for

which the performance of the damaged robot is good enough is found. This

technique has been employed on two complex robots: a hexapod robot and

a robotic arm. The hexapod robot is tested to see if it is able to cope with
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different potential damages such as a shortened leg, unpowered leg, missing

leg, modified leg and even two missing legs. The robot is able to successfully

choose those behaviors that do not rely on the damaged legs very often. The

robotic arm is tested to see if it is able to release a ball into a bin with broken

joints that block parts of the arm at different angles. Even in these scenarios

the robotic arm is able to complete the task with a good accuracy. All these

experiments show that this approach permits the robots to adapt to new

environments and also to successfully cope with damage like animals with no

need to specify a predefined strategy for all the kind of potential damage.

Another approach that does not rely on self-modeling or on any kind

of a-priori knowledge is the work of Husbands’s research group [34]. They

focus on the exploitation of complex and embodied dynamics to generate

adaptive and resilient behaviors. They believe that a robot equipped with

suitable adaptive mechanisms can achieve the desired behavior by learning

how to efficiently exploit its own embodied neuromechanical dynamics, espe-

cially chaotic ones. In particular chaos can lead to the exploration of many

possible motor patterns. They developed artificial neural networks based

on coupled oscillators to use them as controllers for robots. However, chaos

is not originated by the controller alone, the overall system contributes to

the generation of chaotic dynamics which comprehends also the body of the

robot and the way it interacts with the environment. For example, sensory

feedback has a major role in this as well. The core idea is to rely on a

mechanism called “homeostatic sensory adaptation” that makes it possible

to control the level of chaos of the system. In particular, this permits the

robot to lower the level of chaotification when the performance is high and

to switch to a higher level when the performance drops, for example because

the robot has been damaged. In addition damage changes the body of the

robots and the sensory inputs and this overall leads to more chaos that favors

the exploration of new solutions useful for finding a compensatory behavior.

The experiments involved a robotic 3-arm swimmer and also a four-legged

robot that needs to learn how to coordinate their limbs to move straight
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ahead. Both the robots were able to successfully keep moving forward after

one of the limbs was removed showing that it is possible to recover from the

damage in real time.

Due to the importance of resilience to damage and damage recovery in

the development of increasingly autonomous robots, these properties are also

investigated in robots with minimal computational capabilities that are sub-

ject to Online Adaptation. For example, the authors in [31] investigated on

how the performance of a robot controlled by a Boolean Network changes in

relation to the number of faulty sensors. The experiments involved a simple

foot-bot robot in a phototaxis task considering different types of damage:

sensors when damaged stop producing any output or start sending wrong

random values. The results show that Online Adaptation leads to a graceful

degradation of the performance because it decreases slightly with the number

of faulty sensors, showing that the robot is able to partially adapt after the

drop in performance even though some information is permanently lost and

it requires more time to improve when many sensors are missing. There are

some interesting exceptions: if the damaged sensors are not many and espe-

cially when they are contiguous the robot can even benefit from this loss and

increase its performance, probably because it permits to focus only on the

relevant information. These results show that Online Adaptation can be the

key for adaptation and achieving fault tolerance. This belief motivates fur-

ther investigations on Boolean Networks and automatic fault recovery driven

by an Online Adaptation process [18]. The previous work is expanded with

some improvements on the adaptation mechanism that tries to overcome a

fault starting from an existing controller instead of creating a new solution

from scratch. In addition, a fitness function helps identifying faults and when

the robots needs to find more effective behaviors. Moreover, the robot has

been tested not only on a phototaxis task but also in a collision avoidance

task and also with different kinds of damage. The authors not only tested

different kinds of faulty sensors but also damaged wheels reducing the max-

imum reachable speed. The results demonstrated that Online Adaptation
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can successfully recover in most cases the performance of the robot to a level

comparable to the one achieved before the damage.





Chapter 3

Robots equipped with innate

instincts and reflexes

Many studies and ideas in the robotic field take their inspiration from

nature and biology. For example, researchers have put a lot of effort in the

design of robots whose morphology resembles animals such as hexapod robots

based on insects [30] [24], robots that look like snakes [35] or birds [34]. These

ideas impact not only the body of the robot but also its controller: this is

particularly evident with Evolutionary Robotics although other bio-inspired

approaches exist [34].

As illustrated in chapter 1, animals of different species and humans pos-

sess useful innate instincts and reflexes. For many of these mechanisms, the

main function is to protect the organism from potential danger, enhancing

its chances of survival. Since innate instincts and reflexes play a fundamen-

tal role in nature, we believe that robots could also benefit from possessing

similar capabilities. Therefore, the purpose of this thesis is to explore the ad-

vantages that the integration of innate safety measures, inspired by instincts

and reflexes, can bring to robotic systems. We believe this to be particularly

useful for adaptive robots to protect them from runtime damages especially

during the exploration of different strategies, that could lead the robot into

dangerous scenarios.

27
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3.1 Proposed instincts and reflexes

In order to equip a robot with instincts and reflexes, we can not sim-

ply copy the ones that exist in nature but we can use them as a source of

inspiration to design new ones tailored specifically for a robot. Therefore,

the first step of this work is to devise some mechanisms that could help in

the prevention of some common damages that a simple wheeled robot with

sensors could sustain during the execution of a task. Some damages could

not only stop the robot from completing its current task but they could also

permanently break it and compromise future deployments of the same robot.

In this case, the only viable solution would be to replace the robot, however,

this comes with substantial costs and is almost impracticable. This is the

reason why it is so important to avoid danger as much as possible.

In the following sections, we describe the proposed instincts and reflexes.

3.1.1 Avoid falling

The purpose of the Avoid Falling mechanism is to prevent the robot from

falling off edges as well as from sliding into gaps or holes in the terrain.

We can think of this mechanism as an innate instinct that makes the robot

wary of edges while keeping a safe distance from them and avoiding any

situation where it is not possible to detect a surface or the ground below.

It is clear that this instinct is extremely important to effectively save the

robot because a wheeled robot that falls, especially from significant heights,

could be severely damaged. In addition, even if no damage occurs, the robot

could land in a position from which it can not move without external help,

for example upside-down.

For all these reasons we think that any moving robot would benefit from

the possession of this instinct. The only requirement for its implementation

is to have a means to detect edges or holes that in the most straightforward

way can be provided by common infrared ground sensors.
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3.1.2 Avoid fast crashes

The idea is that a robot equipped with the Avoid Fast Crashes mech-

anism prepares for imminent impacts by significantly slowing down when

approaching nearby walls or obstacles. This can be compared to those fast

reflexes that trigger defensive reactions. This reflex is fundamental to protect

the robot from the damage that could otherwise result from collisions with

obstacles at full speed.

This mechanism can be implemented in any robot that can correctly

detect walls and obstacles in front of it. For example, exploiting standard

proximity sensors can be enough.

We have also considered the possibility of completely avoiding an obstacle

but we choose this alternative because it is more general and suits more

tasks. For example, if the robot needs to perform a foraging task where it is

necessary to pick up an object, the object could be detected as an obstacle

and the stricter mechanism, while possibly be more efficient in protecting the

robot, it would stop the robot from reaching its goal. Instead, our mechanism

permits the robot to approach objects more cautiously, enabling it to continue

performing the task.

3.1.3 Avoid overheating motors

As the name suggests, the goal of the Avoid Overheating Motors safety

mechanism is to prevent any damage that the robot could sustain as a conse-

quence of an excessive overheating of motor components. The occurrence of

this scenario can be prevented by monitoring the robot and by choosing not

to always move at full-speed. This can be seen as an instinct that protects the

robot by telling it that it should slow down after going at maximum power

for too long. This mechanism not only keeps the robot safe from potential

damages, but it can also permit to save energy. In a robot with tempera-

ture sensors located near the wheels it could be possible to detect and react

directly to overheating.
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3.1.4 Avoid extreme temperatures

The Avoid Extreme Temperatures mechanism should lead the robot away

from areas in the environment that are exposed to extremely high or low

temperatures outside the range of intended operation, between -40 and +70

Celsius degrees. A robot that stays in these zones for too long would see

its components starting to have issues and deteriorate. Not only that, the

same mechanism can be used to keep the robot away from fire or any other

source of heat and this is crucial especially because batteries could explode.

This mechanism can be associated with a reflex reaction triggered by pain

because the robot equipped with this innate reflex would start retreating

or escaping from the current location as soon as the temperatures are not

bearable anymore.

In order to implement this reflex we need to build a system that is capable

of monitoring the temperature at the robot’s position. This can be easily

achieved even in simple robots thanks to temperature sensors.

3.1.5 Avoid excessive tilts

We have also thought of an Avoid Excessive Tilts mechanism. The idea

is to detect when the robot is dangerously tilted because when this happens

the robot risks to tip over. This could damage the robot or stop it completely

when it is not possible or desired to rely on external help to put the robot

back in the right position. This works like an instinct that lets the robot

know that certain surfaces are not safe and should not be navigated. For

example, a robot equipped with this instinct would keep its distance from

slopes or irregular terrains and lead it towards plain or safe zones.

It can be quite complex to equip a robot with this instinct because it

requires a component that is able to correctly detect when the robot tilts. In

simple robots this can be achieved by exploiting the accelerometer [36] they

are often provided with but it can be not very precise in identifying slopes

because, in a wheeled robot, some of its values can significantly vary even
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when the robot is simply turning around or bumps into something. For this

reason, it is often combined with a gyroscope.

3.1.6 Avoid humidity and water

This Avoid Humidity and Water mechanism is very similar in principle

to the Avoid Extreme Temperatures one. It is obvious how much damage

a robot, equipped with a lot of electrical components, could receive after

operating in a very humid environment or, even worse, after running into a

pond of water. This could permanently impair the robot leaving us with no

other choice than to replace it with a new one. For this reason, we can think

of this mechanism as a reflex triggered by pain that keeps the robot safe from

any situation that could get it wet.

The most basic implementation, available even for simple robots, could

rely on humidity sensors to determine dangerous zones. However, water

identification is not that straightforward.

3.2 Experimental environment

In this section we describe the environment used for this thesis. In partic-

ular, we have worked with a Thymio [37] robot operating inside the Webots

Simulator [38].

3.2.1 Thymio robot

Thymio [39] is a simple and small mobile robot created by Mobsya for

educational purposes. It is designed to help anyone discover technology and

get closer to robots and for this reason it comes with preprogrammed behav-

iors and interfaces that allow to program the robot in an intuitive way by

means of image blocks.

As illustrated in figure 3.1 the Thymio robot comes with many different

sensors and actuators.
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Figure 3.1: Thymio Specifications. Source: http://aseba.wikidot.com/

en:thymiospecifications

In the following, we provide a filtered list that contains only those com-

ponents that are relevant for our experiment:

• sensors:

– 9 infrared sensors (range approximately 10 cm):

∗ 5 proximity sensors placed in front of the robot

∗ 2 proximity sensors placed in the back of the robot

∗ 2 ground proximity sensors

– 1 three-axis accelerometer

– 1 thermometer

• actuators:

– 2 direct-current motors linked to the wheels

http://aseba.wikidot.com/en:thymiospecifications
http://aseba.wikidot.com/en:thymiospecifications
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3.2.2 Webots simulator

The Webots simulator is an open source and multi-platform desktop ap-

plication that provides a complete development environment to model, pro-

gram and simulate robots. It has been designed in 1998 by Cyberbotics Ltd.

that still maintains it and updates it with new features. It has been widely

adopted by professionals in industry, education and research [38].

We choose to work with the Webots simulator for its reliability and be-

cause it is one of the best available options to work with an accurate model

of the Thymio II robot where almost all the sensors and actuators have been

modeled and calibrated [37]. In addition, it allows to test robots in custom

3D environments with complex physics.

The main downside of working with the Webots simulator, besides the

problems linked to the reality gap, is that the migration of the code towards a

real Thymio robot is not straightforward. For this reason, we first considered

the Playground simulator that is distributed with the Thymio Suite [40], the

official set of tools to create a program for Thymio. However, this simulator

is too simple and not very precise: for example, it is possible to work only

in a 2D environment and both the accelerometer and thermometer are not

simulated. As a consequence, it is impossible to create arenas with holes or

slopes and to rely on these sensors preventing us from implementing most of

the instincts and reflexes proposed. For these reasons, the Webots simulator

better suits our needs.

To be precise, we have worked with an extension of the Thymio model

provided by the Webots simulator. We need this extension to provide the

simulated Thymio with sensing capabilities that are present on the real robot

but not in the Webots version and also to enable it to better detect and react

to danger.

The first workaround concerns the thermometer or temperature sensor

because it is not supported in Webots. We simulate this adding a GPS sensor

to Thymio and assigning temperature values to each point in the arena. In

this way it is possible to simulate how a thermometer works by mapping each
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set of coordinates returned by the GPS to a temperature value.

The second extension is related to the ground proximity sensors. These

sensors are centered and placed only on the front of the robot and this means

that when Thymio moves backwards is left completely defenseless. To avoid

this situation we extend Thymio by adding two ground proximity sensors

located towards its back. We imagined to add these sensors within a bumper

component that extends the sensing capabilities of the original Thymio, en-

abling it to properly detect dangerous edges on time when moving backwards.

For this reason, in the simulation they are placed outside the chassis of the

robot body. In addition, the same additional component is used to provide

the robot with ground proximity sensors located towards the sides, specifi-

cally in front of the wheels. This also augments the robot capabilities and

helps the robot to react before one of the wheels is already partially over the

edge.

3.2.3 Proxy

Since we are working on the Webots simulator, it is not possible to directly

use the code produced for the simulated Thymio on a real Thymio. We

mitigate this problem by making the implementation of some instincts and

reflexes reusable. For this purpose we have written the code in Python,

supported in both cases, and created a Proxy Interface containing methods

that the two Thymio robots should implement. These methods encapsulate

the way the robot gets access to its sensors and actuators.

3.3 Control system architecture

For the architecture of our control system we have decided to rely on

motor schemas, a concurrent and distributed model of computation [41, 42].

Thanks to motor schemas it is possible to build complex behaviors combin-

ing simpler ones in a cooperative way with no predefined hierarchy allowing

each behavior to contribute to the robot’s overall response. The general idea,
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shown in figure 3.2, is to adopt a modular approach that requires, for each be-

havior, to design a motor schema and the corresponding perceptual schemas

containing all the relevant information about the environment. Each motor

schema outputs an action vector that provides magnitude and orientation

to describe how the robot should move. In the end, all these vectors are

summed up together to produce a final vector that is actually used to move

the robot.

Figure 3.2: Relationship between motor schemas and perceptual schemas.

Source: Ronald C. Arkin. Behavior-Based Robotics. The MIT Press, 1998

In order to follow this idea we need to create a motor schema for each

instinct and reflex. Each defensive mechanism protects the robots from a

single potential damage, for this reason, the corresponding motor schema

considers only the sensors and the information that allows it to perceive and

discourage a single dangerous behavior telling how the robot should move to

avoid it. However, combining all of them, it is possible to keep the robot safe

from multiple kind of damage. This allows to create a module of instincts
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and reflexes that can be combined, always by means of motor schemas, with

already existing robot control policies meant to complete a certain task or

reaching a goal. In order to do this, the original robot control policy needs

to be expressed by means of motor schemas and produce an action vector.

In this way, the addition of this module augments the original behavior with

a set of safety mechanisms.

It is worth mentioning that different implementations are possible, for

example we could use an instinct or reflex to directly control the wheels of

the robot according to a set of rules. However, our approach allows to write

a more elegant and modular solution that makes it easier to add, remove

or modify a mechanism. In addition, it would also be more complicated to

inject instincts and reflexes on an already existent task-achieving behavior

while, thanks to this accurate organization, it does not require much effort.

For example, it is possible to combine the safety module with neural network

as long as it is possible to interpret its output as a polar vector.

At each step, all the action vectors are summed up together and the

resulting vector needs to be used to give commands to the wheels. If the

robot is controlled with a roto-transational model it can be used directly as

it is considering the magnitude as the desired speed v and the orientation as

the rotation angle w. However, in our case, we need a conversion from the

roto-transational model to the differential steering model that transforms the

vector with polar coordinates into velocities to assign to each wheel. In our

specific case, we use the following formulas to transform v and w into the

speeds to assign to the left wheel vl and to the right wheel vr:

vl = v · cos
(
ω +

π

4

)
vr = v · sin

(
ω +

π

4

)
These trigonometric transformations work with only positive values for v,

while w can assume any value between −π and π and, as a consequence, will

determine whether the speeds will be positive or negative. Each combination
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is possible and so the robot can go forth or back by moving straight or

rotating and also rotate in place.

3.4 Implementation of instincts and reflexes

In this section we describe the implementation details of each defensive

mechanism. We implemented all the mechanisms proposed in section 3.1,

with the exception of the Avoid Humidity and Water mechanism. None of

the mechanisms involve learning, the idea is that, since instincts and reflexes

are innate in nature, they should be ready to use and present in robots since

the beginning.

3.4.1 Avoid falling

The Avoid Falling mechanism is implemented relying only on the ground

proximity sensors of the extended Thymio described in section 3.2.2. A

threshold has been set empirically based on experimental observations and

determines the activation of the mechanism: when the values perceived by

the proximity ground sensors surpass the threshold, this means that the robot

is approaching a dangerous edge and that the safety mechanism should inter-

vene. When this happens, the motor schema produces a vector representing

a repulsive force going on the opposite direction and with magnitude equal

to the maximum possible speed. The vector will point backward (-pi angle)

if the danger is detected by the front proximity ground sensors and forward

(0 angle) if the activation is determined by the ones on the back. In all the

other cases a zero vector is returned.

Figure 3.3 shows that the control policy (in red) is not affected by the

mechanism when the robot is not in danger, as a consequence the resulting

direction vector (in blue) is equal to it. Instead, figure 3.4 shows the influence

of the Avoid Falling mechanism (in green) and how the resulting direction

vector successfully push the robot away from the border.
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Figure 3.3: Behavior of the robot when it is approaching the edge but danger

has still to be detected. The red vector representing the robot control policy

and the blue vector representing the resulting vector are the same.
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Figure 3.4: Behavior of the robot when it is approaching the edge and it is in

danger. On the top, in addition to the red vector of the robot control policy,

there is also the green vector that describes the action of the Avoid Falling

mechanism. On the bottom, it shows how the resulting direction vector in

blue pushes the robot away from the danger.
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3.4.2 Avoid fast crashes

The Avoid Fast Crashes mechanism is implemented exploiting all the

proximity sensors of Thymio. The threshold, empirically set, determines

whether or not the safety mechanism should be activated: if one of the val-

ues perceived by the proximity sensors surpass the threshold, this means that

the robot is going to hit an obstacle and it should prepare to the impact by

slowing down. For this reason, the motor schema returns a vector represent-

ing the repulsive force exerted by the obstacle on the robot. The vector will

point backward (-pi angle) if the danger is detected by the front proximity

sensors and forward (0 angle) if determined by the sensors on the back. The

magnitude equals to half the maximum speed because we do not need to

discourage the behavior completely but just decrease the speed of the robot.

In all the other cases a zero vector is returned.

Figure 3.5 illustrates how the behavior of the robot is not affected when

it is going towards an obstacle that is quite distant and does not represent a

risk. However, as shown in 3.6, when the robot is going to hit the obstacle,

the Avoid Fast Crashes mechanism takes action. As a result, we see that the

robot still hits the obstacle but at a slower speed, preventing it from taking

more severe damage.

Figure 3.5: Behavior of the robot when it is approaching an obstacle that

has yet to be detected. The red vector representing the robot control policy

and the blue vector representing the resulting vector are the same.



3.4 Implementation of instincts and reflexes 41

Figure 3.6: Behavior of the robot when it is dangerously near the obstacle.

On the top, In addition to the red vector, representing the robot control

policy, there is also the green vector that describes the action of the Avoid

Fast Crashes mechanism. On the bottom, it shows how the resulting direction

vector in blue lets the robot go forward but at a slower pace.
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3.4.3 Avoid overheating motors

In order to implement the Avoid Overheating Motors mechanism we check

the wheel velocities and count the number of steps to determine how long

the robot has moved at maximum speed without never slowing down. The

amount of time that is considered dangerous for the robot has been arbitrarily

chosen and can be changed based on the robot needs. When the robot surpass

the threshold the mechanism protects the robot by forcing it to slow down

by a certain amount of time. The time that the robot needs to cool down the

motors is also set arbitrarily and can be modified. In terms of motor schema

this works by producing, for each step of the cool down period, a vector that

goes in the opposite direction to the robot’s motion. Once enough time has

passed, it restarts returning zero vectors.

In figures 3.7 the robot control policy is not influenced by the mechanism

until the robot has passed too much time at maximum speed. As shown in

figures 3.8 to prevent the motors from overheating the mechanism makes the

robot decrease its speed until it has cooled down.

Figure 3.7: Behavior of the robot when it is going forward at maximum speed

for a duration that does not pose a danger for the motors. The red vector

representing the robot control policy and the blue vector representing the

resulting vector are the same.
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Figure 3.8: Behavior of the robot after it has moved at maximum speed for

too long. This can damage the motors and thus the robot has to slow down

for a while. On the top, in addition to the red vector representing the robot

control policy, there is also the green vector that describes the action of the

Avoid Overheating Motors mechanism. On the bottom, it shows how the

resulting direction vector in blue lets the robot go forward but at a slower

pace.
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3.4.4 Avoid extreme temperatures

The Avoid Extreme Temperatures mechanism is implemented exploit-

ing only the simulated temperature sensor or thermometer of the extended

Thymio described in section 3.2.2. The idea is to protect the robot from

going into areas where the temperatures are too high or too low, so it is

possible to set two different thresholds. When the temperature at the cur-

rent location of the robot surpass the threshold this means that the robot is

entering a very dangerous area. As a consequence, the safety mechanism is

activated and produces a vector in the opposite direction and with maximum

speed as a magnitude to push the robot away from the zone. In all the other

cases the motor schema returns a zero vector.

In figures 3.9 the safety mechanism does not have any effect on the robot

control policy as long as it navigates areas with safe temperatures. However,

as shown in figures 3.10 the Avoid Extreme Temperatures mechanism keeps

the robot away from zones with high temperatures that can cause damage

to the robot.

Figure 3.9: Behavior of the robot before reaching an area with dangerous

temperatures. The red vector representing the robot control policy and the

blue vector representing the resulting vector are the same.
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Figure 3.10: Behavior of the robot after it has reached an area with dangerous

temperatures. On the top, in addition to the red vector representing the robot

control policy, there is also the green vector that describes the action of the

Avoid Extreme Temperatures mechanism. On the bottom, it shows how the

resulting direction vector in blue pushes the robot away from the area.

3.4.5 Avoid excessive tilts

The Avoid Excessive Tilts mechanism is implemented relying exclusively

on the values measured by the Thymio accelerometer. As explained in section
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3.1.5, detecting tilts by using only an accelerometer can be tricky and other

methods and sensors could be more suited for the task. Nonetheless, this

is the only way for Thymio to gain information about tilts and it is enough

to demonstrate the usefulness of this safety mechanism. In order to detect

a tilt we need all three values returned by the 3-axis accelerometer and use

them to compute the pitch and roll angles [43]. In particular, the pitch angle

tells if the robot is tilting up or down while the roll angle tells if it is tilting

towards the left or the right. We set up a threshold based on the experiments

and if one of the two angles surpass the threshold this is an indicator that

the robot is tilting on a dangerous terrain and should avoid going forward.

We consider both angles and also a counter to discriminate strong but quick

accelerations from potential threatening tilts.

Figure 3.11 shows that the Avoid Excessive Tilts mechanism does not

modify the robot control policy when the robot is not tilting and far from

the dangerous surface, here in the simulation a ramp, that could cause the

robot to tip over. Instead, in figures 3.12 we can see how the Avoid Excessive

Tilts mechanism perceive that the robot is tilting when trying to go up the

ramp and intervene to keep the robot away from it and stopping it from

moving forward.

Figure 3.11: Behavior of the robot before reaching the ramp. The red vector

representing the robot control policy and the blue vector representing the

resulting vector are the same.
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Figure 3.12: Behavior of the robot after it has reached the ramp and is trying

to go up the ramp. On the top, in addition to the red vector representing the

robot control policy, there is also the green vector that describes the action

of the Avoid Tilts mechanism. On the bottom, it shows how the resulting

direction vector in blue pushes the robot away stopping it from going up the

ramp.
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3.5 Online adaptation with instincts and re-

flexes

To better assess and test the usefulness of these mechanisms we have

equipped them to a robot controlled by an Online Adaptation process that

follows the same methodology presented in [26], [31] and [18]. In this section,

we describe how the Online Adaptation works and how it is possible to

combine it with the set of mechanisms that we designed based on instincts

and reflexes.

3.5.1 Online adaptation process

The Online Adaptation Process relies on a simple feedforward Neural

Network and its goal is to perform a collision avoidance task.

Neural network

The network has only three layers. The first one is directly connected to

the sensory information and, therefore, to the proximity sensors that allow

the robot to detect obstacles and walls. In this layer there is a node for each

one of the proximity sensor and, at each step, the values of the sensors are

normalized and fed as inputs to the network. The second layer is a hidden

layer, here, the number of neurons is a parameter and can be tuned. Finally,

the third and last layers have only two output neurons that, typically, are

directly connected to the robot wheels.

Fitness function

The robot learns how to carry on the navigation with object avoidance

task based only on the information provided by the fitness function and

computes the performance at each step. The choice of the fitness function is

considered the key components to evolve and automatically design controllers

for robots that can adapt by expressing the task they need to achieve without
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telling how the robot should perform it [44]. The fitness function applied in

this work derives from the one used in Floreano’s experiments [17].

Φ = V
(
1−

√
∆v

)
(1− i)

Where V is the average rotation speed of the two wheels normalized between

0 and 1. We consider positive velocities as they are and pick 0 for negative

values to especially penalize when the robot chooses to move backwards and

both speeds are negative. The next parameter, ∆v, is the algebraic difference

between the signed speed values of the wheels in absolute value. Finally,

i is the maximum value among those measured by the proximity sensors

normalized in the range [0, 1].

Online adaptation

The Online Adaptation process is carried out through successive epochs

with a parameterized number of steps. At each step, all the values coming

from the proximity sensors are computed and used as inputs to feed the

Neural Network. The Network then computes the output, a polar direction

vector that is used to move the robot. In addition, the fitness function is

computed to measure the performance of the robot based on the values of

the proximity sensors and the actual wheel velocities. The performance is

updated at each step and is considered at the end of each epoch to determine

whether the current evaluation is equal to or better than the previous one. In

particular, to balance the trade-off between the exploration of new solutions

and the exploitation of the best solution found so far, we alternate each

epoch with an exploratory epoch whose goal is to search the space of possible

configurations. Every even epoch starts an exploration to search for a better

configuration, this is done by modifying the weights of the best network with

random mutations. At the end of the exploration, if a better performance is

achieved the new network is kept and a new evaluation begins. Specifically,

this comparison is done at the beginning of the following (odd) epoch during

which the best configuration is re-valuated.
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Online adaptation equipped with safety mechanisms

Following the proposed architecture, integrating the designed safety mech-

anisms into the robot controlled by the Online Adaptation process is quite

simple and straightforward and requires only minimal modifications. In or-

der to do so, we just need to add, in each step, the computation of all the

motor schemas related to the instincts and reflexes. Not only that, we also

have to consider the output of the network as a separate motor schema. In

this case the two values of the output are not used to directly control the

wheels and move the robot. We have to interpret them differently, in partic-

ular, we need to obtain a the polar vector of direction and magnitude. This

is done by considering as the direction angle the result of the multiplication

between pi and the first output value. The second output value is also used

as a multiplier for the maximum speed to determined the magnitude. Once

we have done this, we just need to sum all the vectors, convert the result-

ing vector into wheel velocities to move the robot. Finally, the computation

of the fitness function needs to be kept after the speed assignment so that

the performance can be influenced by how the safety mechanisms affect the

velocities.

3.5.2 Discussion

The integration of the innate safety mechanisms within a robot subject to

an Online Adaptation process has proven to be useful in successfully avoiding

damages. At the same time, it has also brought to light potential limitations

and issues that require further consideration and future improvements.

The Avoid Falling mechanism successfully permits the robot to survive

longer in an arena with a hole pushing it away from the cliff as soon as it

is detected by the ground sensors. At first the robot fell when proceeding

backward towards the edge because it had no way to detect it. For this

reason and to better test the mechanism we considered the Thymio extension

described in 3.2.2 that adds ground sensors behind the robot. Thanks to
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this the robot is protected both whether it is moving forward or backward.

Despite this addition there are still some cases where the mechanism fails in

saving the robot. This can happen because the robot detects an edge only

when it is extremely close to it and this can limit the mechanism that can

not remain active long enough or react in time to effectively push the robot

away. We believe this can be mitigated by using a stronger magnitude to

make sure that the safety measure prevails on other behaviors, or by making

the effect of the mechanism last longer but these alternatives require further

evaluations. Finally, a robot that is able to perceive a cliff before coming

close to the border could certainly implement a more robust mechanism.

The Avoid Fast Crashes mechanism successfully makes the robot slow

down when approaching an obstacle reducing the damage that would other-

wise be caused by hitting the obstacle at a higher speed. The action of the

Avoid Fast Crashes safety measure works correctly whether the robot is going

towards an obstacle while moving forward or backward exploiting the prox-

imity sensors located in the front and on the back of the robot. Even though

the Online Adaptation process focuses on obstacle avoidance this mechanism

is still useful to protect the robot when it is more vulnerable and more likely

to hit walls and obstacles. This can happen especially when the robot is at

the beginning of the adaptation process or during exploration phases where

it can select poorly performance behaviors.

The Avoid Overheating Motors mechanism is able to force the robot to

decrease its velocities after proceeding at full speed for too long. We believe

that this kind of slowdown can be really helpful to prevent the overheating

of the motors. However, the implementation provided here is quite simple

and limited to when the robot is moving forward.

The Avoid Extreme Temperatures mechanism shows that it can success-

fully keep the robot away from the area with high temperatures in the arena.

In particular, it prevents the robot from entering the dangerous zone as soon

as the perceived temperature surpasses the threshold. The main limitation

of our implementation is that the mechanism assumes that the robot is en-
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tering the area while facing it and moving forward. This means that the

robot is not able to correctly avoid the areas with high temperatures when it

moves backward. This is due to the fact that, with motor schema, we need

to determine the direction of the vector field generated by the source of heat

but we have no way to properly determine the orientation of the robot. In

addition, the robot could stay near the area with harmful temperatures.

The Avoid Excessive Tilts mechanism correctly prevents the robot from

moving forward when there is a risk of tilting and, consequently, of tipping

over and taking damage. In the arena used for the experiments this translates

as the mechanism stopping the robot from going up a ramp. As for the

Avoid Extreme Temperatures mechanism, this one too has problems when

the robot meets the ramp while moving backwards. The limitation is caused

by the lack of information about the orientation of the robot with respect to

the inclination that can not be inferred by the accelerometer values alone. In

addition, as already anticipated before, the accelerometer is not very accurate

for this task.

To summarize, the innate safety mechanisms have proved to be very use-

ful for saving the robot from different sources of damage. The instincts and

reflexes we have implemented are meant to protect the robot both from dan-

gers it had no knowledge about and also to mitigate certain behaviors while it

is vulnerable and adapting. The implementation and architecture proposed

have shown to be more suited to integrate those mechanisms that not only

can detect the danger but can also react differently based on which side the

robot is facing the risk. For these reasons the Avoid Falling and Avoid Fast

Crashes mechanisms that rely on different sets of proximity sensors, one in

the front and one in the backward of the robot, are more effective than the

others. In future works this could lead to try out different solutions that

limit the robot to moving forward. Despite these limitations and considering

this is the first application of a module of instincts and reflexes with Online

Adaptation we believe these results to be enough to show which advantages

the integration of these innate safety mechanisms can bring.



Conclusion

In this thesis we explored the possibility of equipping robots with innate

safety mechanisms inspired by instincts and reflexes. In nature, these mech-

anisms play a fundamental role in survival by enabling organisms to avoid

potentially dangerous situations or to react rapidly to stimuli. Starting from

this observation, we investigated whether similar concepts could be applied

to robotic systems, with particular attention to adaptive robots operating in

dynamic and partially unknown environments.

In the first part of the work we focused on the analysis of instincts and

reflexes to examine their characteristics and to highlight the importance of

these innate mechanisms in nature. Then, we reviewed the literature for

adaptive robotics to understand which properties are fundamental to build

autonomous agents focusing in particular on solutions from Evolutionary

Robotics and Online Adaptation. We observed that the ability to adapt

to changes and to deal with damages is extremely important and many ap-

proaches take inspiration from animals and nature to build adaptive and

resilient systems. In this context, especially during adaptation, robots are

more vulnerable and could benefit from safety measures for damage preven-

tion.

Taking these considerations into account, we proposed a set of instinct

and reflex inspired safety mechanisms specifically designed for a wheeled

robot. The mechanisms are meant to deal with different sources of potential

damage such as falling from edges, high-speed collisions, motor overheating,

extreme temperatures and excessive tilts. To facilitate their integration with

53
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existing robot controllers, we proposed a modular architecture based on mo-

tor schemas, enabling each mechanism to contribute independently to the

final behavior of the robot. This allowed to equip the safety mechanisms to

the robot controlled by an Online Adaptation process in an almost straight-

forward way.

The proposed approach was implemented and tested on a Thymio robot

operating in the Webots simulator to evaluate its usefulness in situations

where the robot continuously explores new behaviors. The experiments

showed that the proposed mechanisms can effectively reduce exposure to sev-

eral dangerous situations and can contribute to improve the robot’s longevity.

This is extremely useful during those phases in which the robot is particu-

larly vulnerable, such as the early stages of adaptation or exploratory epochs.

Among the implemented mechanisms, Avoid Falling and Avoid Fast Crashes

proved to be the most effective. This is due to the availability of dedicated

sensors positioned on both sides of the robot, which provide sufficient infor-

mation to determine the location of the danger and generate an appropriate

reaction. The other mechanisms also demonstrated their potential usefulness,

although their effectiveness was limited by the available sensing capabilities

and by the difficulty of accurately estimating the robot’s orientation with

respect to the source of danger.

In conclusion, this work represents a first step toward the integration

of instinct and reflex inspired safety mechanisms within adaptive robotic

systems. Although preliminary, the results suggest that this integration can

increase the resilience and autonomy of robots that operate in unpredictable

environments.
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