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Abstract

A model of NAO humanoid robot was
modified and artificial skin with touch-
sensitive taxels was added to it. Simu-
lation environment based on ROS and
Gazebo physics simulator was developed.
In this environment, a series of experi-
ments in self-exploration inspired by re-
search in developmental psychology was
conducted. The goal was to learn forward
and inverse models of robot’s body using
self touch with artificial skin as the only
source of sensory feedback. Explauto li-
brary was used for the exploration and
model learning. As little prior informa-
tion about the structure of robot’s kine-
matic chain was provided to exploration
algorithms: only number of joints used
in the experiment was known. Several
forward models, inverse models and ex-
ploration strategies available in explauto
library were tested and compared. Mean
reaching error over several goals on robot’s
body was used as an empirical measure
of the quality of learnt models. Results
of the conducted experiments show that
out of all options available in explauto,
nearest neighbor model produces smallest
mean reaching error. Results also show
that goal-based exploration strategies are
better than strategies based on motor bab-
bling. They converge faster and allow
learning of models with smaller reaching
error. Among all exploration strategies
available in explauto, fixed discretization
of observation space produced best results.
This strategy focuses exploration in re-
gions of most interest, so that amount of
new information added to the model is
maximized. Some possibilities open for
further investigation and research are dis-
cussed in the closing chapter of this work.
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Abstrakt

Upravili jsme model humanoidního robota
NAO v prostředí založeném na ROS a fy-
zickém simulátoru Gazebo tím, že jsme
přidali umělou kůži citlivou na dotek. V
tomto prostředí byla provedena série ex-
perimentů inspirovaných výzkumem vývo-
jové psychologie v oblasti zkoumání vlast-
ního těla. Cílem bylo naučit se dopředné a
inverzní modely těla robota pomocí sebe-
dotyku s umělou kůží jako jediným zdro-
jem zpětné vazby. Pro průzkum a učení
modelů byla použita knihovna explauto.
Cílem bylo využívat co nejméně informace
o struktuře kinematického řetězce robota:
byl znám pouze počet kloubů použitých v
experimentu. Bylo testováno a porovnáno
několik dopředných modelů, inverzních
modelů a průzkumných strategií dostup-
ných v knihovně explauto. Jako empirická
míra kvality naučených modelů byla po-
užita průměrná chyba dosažení několika
cílů na těle robota. Výsledky provedených
experimentů ukazují, že ze všech možností
dostupných v knihovně explauto, posky-
tuje model nejbližšího souseda (nearest
neighbor) nejmenší střední chybu dosa-
žení. Výsledky také ukazují, že průzkumné
strategie založené na dosažení cílů (goal
babbling) jsou lepší než strategie založené
na motor babbling. Konvergují rychleji a
umožňují učení modelů s menší chybou.
Ze všech výzkumných strategií, které jsou
k dispozici v knihovně explauto, bylo do-
saženo nejlepších výsledků pomocí pevné
diskretizace pozorovacího prostoru. Tato
strategie se zaměřuje na zkoumání v re-
gionech, které jsou nejzajímavější, takže
množství nových informací přidaných do
modelu je maximalizováno. V závěrečné
kapitole této práce jsou diskutovány ně-
které možnosti dalšího výzkumu.

Klíčová slova: umělá kůže, humanoidní
robot, reprezentace těla, goal babbling,
motor babbling, dopředný model,
explorace, inverzní model, vývojová
robotika, ROS, Gazebo, NAO

Překlad názvu: Efektivní
sebe-explorace a tvorba modelu těla u
humanoidního robota s umělou kůží
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Chapter 1

Introduction

Most modern robots consist of rigid links connected by joints of various
types, e.g. linear, rotational, spherical etc. Dimensions of robot's links
and limits of robot's joints are provided by the manufacturer in technical
documentation and manuals, and robot's inverse and forward kinematic
functions are available. However, there are several reasons for robots to
perform self-exploration and to build models of their bodies autonomously:

. Although it is presumed that all robots of same make and model will
have perfectly identical dimensions and hence kinematic equations, this
is not true. Imprecisions and errors can be introduced at any point
during fabrication and assembly of the robot. Dimensions of robot's
rigid links can also change during operation, for example because of
thermal expansion and contraction of materials, or because of mechanical
wear and tear. Therefore, a robot must be calibrated before it can be
put to use and periodically during its operation. One method for such
calibration involves self-exploration of the robots body.. Robot's body can undergo undesirable changes due to damage taken
from environment. In scenarios where robot must continue its operation
regardless of taken damage, it would be necessary for the robot to assess
sustained damage by means of self-exploration and change the internal
model of it's body accordingly.. Other paradigms for construction of robot's body exist, for example soft
robotics. Soft robots are inspired by living organisms. Instead of system
of rigid links, bodies of soft robots are made of compliant materials,
often actuated by pneumatics or hydraulics. Such robots do not have
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1. Introduction .....................................
�xed body morphology. Their motion is harder to model, and it would
be bene�cial for compliant robots to be able to learn the model of their
ever-changing body.

Several ways to perform self-exploration exist. One of such methods,
investigated in this work, involves covering surface of robot's body with a
layer of capacitive arti�cial skin that responds to touch.

A parallel can be drawn between a robot that knows nothing about structure
of it's body and an infant. Therefore, research in developmental psychology
can be applied to the problem of robot learning model of it's body by means
of self-exploration. Research shows that sensation of touch plays important
role in early infant developing the model of their body.
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Chapter 2

Related work

A body of research in developmental psychology studies development of
reaching behaviors and emergence of forward and inverse body models in
infants. Corbetta et al. reviewed the literature on development of reaching
behaviors in infants [7] to study the evolution of views on this problem.
Von Hofsten [29] studied quantitatively how infants 12 to 18 weeks old
approach stationary and moving objects. He analyzed relative length of
reaching paths, approach time, acceleration of movements and concluded that
reaching skill improves extensively and in predictable way during the studied
period. Focusing on reaching to own body, Ho�mann et al. observed how
infants between 3 and 21 months react to vibrotactile stimulation [17]. In
their experiments, buzzers were connected to various parts of infant bodies
and their reactions to stimulation from attached buzzers were recorded and
analyzed. They have reported developmental progression from general to
speci�c movement patterns, more so in the �rst year of infant's lifetime.

Arti�cial skin can be used in robotics for calibration of kinematic chains
represented with the standard Denavit-Hartenberg parameters, as Roncone
et al. did in [27]. In this work, I investigate di�erent approach, inspired
by developmental studies of infants. I make as few assumptions about the
structure of the robot's kinematic chain as possible. Instead of learning
parameters of the representation, I try to learn a non-parametric model of
robot's body.

Rolf in his dissertation [26] conducted an exhaustive research of goal
babbling exploration strategy. He demonstrated that goal-based exploration
in observation space is more e�ective than exploration in action space based
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2. Related work.....................................
on motor babbling. He had also substantiated the necessity to add exploratory
noise to exploration process in order to avoid singular con�gurations. He
tested his ideas in several robotic morphologies: planar arm in 1D and 2D,
humanoid robot and bionic elephant trunk in 3D. In all his experiments,
the observation space directly corresponded to the position of robot's end
e�ector in Euclidean space. In this work I have applied goal-based exploration
strategies to e�cient self-exploration of humanoid robot with arti�cial skin.
Observation space in my experiments does not directly correspond to position
in Euclidean space. Instead, it corresponds to arti�cial skin taxels activated
by robot's movements.

Experiments similar to mine were conducted by Mannella et al. in [21].
However, they conducted their experiments on a planar robot in non-physical
environment that only considered robot's kinematics. In contrast, I have
conducted experiments in 3D environment that simulated robot's physics and
geometry collisions.

Comprehensive study of intrinsically motivated exploration and active
learning of inverse body models was done by Adrien Baranes, Pierre-Yves
Oudeyer and Clément Moulin-Frier in [3], [2] and [22]. They introduce
SAGG-RIAC (Self-Adaptive Goal Generation - Robust Intelligent Adaptive
Curiosity) architecture for active learning of inverse models in redundant
spaces. The main idea is to divide goal space into regions in a way that
maximizes competence improvement for reaching those goals.

Explauto is an open source Python framework for active learning and
exploration developed in the Inria FLOWERS research team [23]. Explauto
implements numerous goal-based exploration strategies, several possibilities
for representation of forward and inverse models, and provides tools for
comparing quality of learnt models. All exploration processes and model
learning in this work are based on explauto library.
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