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Introduction
Contexte :

Robot
Action
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Perception
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Raisonnement
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Autonomie
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De l’automate . . .

• Canard de Jacques de
Vaucanson

• Véhicules de Braitenberg

. . . au robot :

• doté de capacités de
raisonnement, de décision

• doté de capacités d’adaptation
et d’autonomie

• reproduisant les capacités
sensorielles de l’Homme

• mais non limitée par elles
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Vaucanson
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Audition robotique
Objectif : analyser une scène sonore, dans un contexte robotique réaliste.
Source(s) d’intérêt

Bruit

Bruit propre

r = 2m

r = 2.5m

Localisation Extraction Reconnaissance Représentation

Source(s) d’intérêt
Bruit

Bruit propre

Réverbérations

r = 2m

r = 2.5m

Localisation

Extraction

Reconnaissance

Représentation
Extr. de

caractéristiques

Génération de l’action

→ Problématiques largement traitées en Acoustique et Traitement du Signal . . .

. . . abordée en Robotique selon deux paradigmes :

Antenne de microphones

AIST Project “Development of Humanoid Robot
Type Intelligence Booster Platform”, Japan, 2005

Audition binaurale

(Kim, Nakadai et Okuno, 2015)
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Audition robotique
Objectif : analyser une scène sonore, dans un contexte robotique réaliste.
Source(s) d’intérêt

Bruit

Bruit propre

r = 2m

r = 2.5m

Localisation Extraction Reconnaissance Représentation

Source(s) d’intérêt
Bruit

Bruit propre

Réverbérations

r = 2m

r = 2.5m

Localisation

Extraction

Reconnaissance

Représentation
Extr. de

caractéristiques

Génération de l’action

→ Problématiques largement traitées en Acoustique et Traitement du Signal . . .

. . . mais le contexte robotique interroge les travaux de ces Communautés via de nouvelles :

Contraintes géométriques Contraintes temporelles Contraintes environnementales

. . . tout en permettant de bénéficier d’une possibilité inédite : le mouvement.
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Audition robotique active
Positionnement : analyser une scène sonore, dans un contexte robotique actif réaliste.

Potentiel de l’approche active identifié depuis le début des années 2000 (Nakadai et al., 2000),
mais encore peu abordé (Lu et Cooke, 2010 ; V. Nguyen et al., 2017).

BINaural Active Audition for Humanoid Robots
(ANR/JST, 2010-2014) TWO !EARS (FP7 FET Open, 2013-2017)
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Audition robotique active
Positionnement : analyser une scène sonore, dans un contexte robotique actif réaliste.

Problématique abordée progressivement à l’occasion de deux projets internationaux

BINaural Active Audition for Humanoid Robots
(ANR/JST, 2010-2014) TWO !EARS (FP7 FET Open, 2013-2017)

. . . et dans un contexte binaural
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Question

Comment l’action est-elle susceptible de contraindre, ou d’aider, l’analyse d’une scène sonore
dans des environnements robotiques réalistes ?

Éléments de réponse :

• Prise en compte des réverbérations : étude systématique des indices binauraux

• Caractérisation des conséquences des changements de position dans l’environnement :
apprentisssage de la localisation

→ Thèse de Karim Youssef (09/2010–10/2013)

• Approche intrinsèquement active de la localisation de source : estimation en ligne de
l’azimut et distance d’une source sonore

→ Thèse d’Alban Portello (09/2010–12/2013)

• Vers des considérations attentionnelles : modulation du mouvement de la tête

→ Thèse de Benjamin Cohen-Lhyver (12/2013–09/2017)
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Comment localiser un son (en binaural) ?
Propagation (dans le plan horizontal) :

Improved sound source localization in horizontal plane for binaural robot audition

Fig. 3 Two main problems of
SSL in binaural robot audition
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a Diffraction of sound waves with multipath interference b Front-back ambiguity

the robot continuously localizes the sound source and turns
its head towards the direction of the source until the result
of SSL is 0◦, where the sound wave diffraction and multi-
path interference are minimized. The final position of the
head is regarded to correspond to the actual direction of the
sound source. To eliminate front-back ambiguity, the robot
head turns to the left, where the sound source in the front
gets closer to the right microphone and appears to move to
the right. At the same time, the sound source in the back
gets closer to the left microphone and appears to move to
the left. The result is front-back disambiguation. An HRTF
database is also used to get rid of the sound wave diffraction
with multipath interference and the problem of front-back
ambiguity. Such a database contains all the diffracted time
delays and different spectral effects caused by a robot head
with pinnae for each direction in the front and back. How-
ever, use of these two methods has certain drawbacks. Using
head movement does not work well for short words or
phrases, such as when someone calls the robot’s name,
because the robot needs enough time to complete its head
movement before the sound source ends. Using an HRTF
database is highly dependent on the system configuration
and environment. The HRTFs must therefore be remeasured
whenever either the system configuration or environment
changes. Moreover, they must be compiled in 1◦ steps for
high-resolution localization.

3.2 New time delay factor

To solve the diffraction with multipath interference prob-
lem, we first apply a simplified formula to the two paths
under the assumption that the head is spherical:

τf ront (θ) = dlr

2v

(
θ

180
π + sin

(
θ

180
π

))
, (10)

τback (θ) = dlr

2v

(
sgn(θ)π − θ

180
π + sin

(
θ

180
π

))
, (11)

where τf ront and τback are respectively the time delay for the
path around the front of the head and that for the one around
the back of the head for each sound incidence direction, and
sgn is a signum function that extracts the sign of θ ; i.e., if θ

has a negative sign, sgn(θ ) is -1. After formulas for the two
paths are derived, the time difference between them for each
sound direction is obtained using

τdiff (θ)=τback (θ) − τf ront (θ)= dlr

2v

(
sgn(θ)π − 2θ

180
π

)
,

(12)

where τdiff is 0 when θ is -90◦ or +90◦. Suppose that the
intensity of the multipath interference from τback is signifi-
cantly attenuated by the obstruction created by the contours
of the head, resulting in a filtering effect. This effect cor-
responds to that of the ILD ratios between the two micro-
phones in the head for each sound direction. We use τdiff

multiplied by the absolute logarithmic scale ILD ratios as
the factor used to compensate for the multipath interference:

τinter(f, θ) = dlr

2v

(
sgn(θ)π − 2θ

180
π

)
·
∣∣∣∣∣log

(
|Xr[f]|2
|Xl[f]|2

)∣∣∣∣∣ ,

(13)

where τinter is the compensation factor for the interference
created by the two paths. However, using the absolute log-
arithmic scale ILD ratios in (13) requires calculations for
each time frame, and this increases computational cost in
practice. Assuming that the ILD ratios represent the sine
function in the ideal condition, we can derive τinter again

(Kim, Nakadai et Okuno, 2015)

• Différence interaurale en temps (ITD)

• Différence interaurale en phase (IPD)

• Différence interaurale en amplitude (ILD)

Head Related Transfer Function (HRTF) :{
L[k] = Hl (f [k], rs , θs , ϕs) Ss [k]

R[k] = Hr (f [k], rs , θs , ϕs) Ss [k]
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Indices binauraux en robotique (1/2)
Un exemple (largement incomplet !) de ce qu’on trouve dans la littérature :

14 Chapitre 2. Contributions à l’analyse de scène sonore en Robotique

signaux binauraux gauche et droite l[n] et r[n]. Dès lors, il parait naturel d’exploiter la cor-
rélation croisée pour l’estimation de ce retard, ainsi que le rapport des énergies de ces deux
signaux, de sorte qu’on définisse respectivement ITDCC et ILD par

8
>>>><
>>>>:

ITDCC =
1

fe
arg max

m
Clr[m], avec Clr[m] =

N�m�1X

n=0

l[n + m]r[n],

ILD = 10 log10

PN�1
n=0 l[n]2

PN�1
n=0 r[n]2

.

(2.2)

Ces deux définitions sont probablement les plus utilisées dans la littérature. Elles souffrent
néanmoins de plusieurs limites : la précision du calcul de l’ITD est faible et limitée à la valeur
d’une période d’échantillonnage, et les résultats d’ITD comme d’ILD ne dépendent pas de
la fréquence. Le premier point peut être résolu en exploitant des techniques d’interpolation
et/ou de suréchantillonnage (H. D. KIM et al., 2008 ; LIU et Y. WANG, 2010). Le second point
peut être partiellement amélioré en utilisant la corrélation croisée généralisée, de sorte que

ITDGCC =
1

fe
arg max

m
GCClr[m], avec GCClr[m] = IFFT (G[k]L[k]R⇤[k]), (2.3)

où G[k] désigne une pondération fréquentielle permettant de donner plus ou moins d’im-
portance à certaines composantes spectrales des deux signaux binauraux. De nombreux
choix sont possibles ici, parmi lesquelles la pondération PhaT (pour Phase Transform) GPhaT[k]
définie par

GPhaT[k] =
1

|L[k]||R[k]| , (2.4)

ou encore les pondérations Roth (ROTH, 1971), SCoT (CARTER, NUTTALL et CABLE, 1973)
ou HT (HANNAN et THOMSON, 1973). Le résultat de cette analyse, bien que nécessitant
un passage dans le monde fréquentiel, produit néanmoins toujours un unique scalaire, et
le résultat obtenu reste indépendant de la fréquence. De toutes les pondérations possible,
PhaT est probablement la plus exploitée dans la littérature et permet, via le blanchiment des
signaux, de gommer toute différence d’amplitude préalablement au calcul de corrélation. Si
ce blanchiment permet ainsi de ne considérer que les phases des signaux perçus, il est aussi
à l’origine d’un manque évident de robustesse au bruit dans l’environnement.

La prise en compte explicite de la dépendance spectrale des signaux binauraux passe par
leur décomposition en fréquence préalablement à toute analyse. Une première approche évi-
dente consiste ainsi à déterminer les transformées de Fourier discrètes des deux signaux, et
à déterminer ainsi les indices binauraux ILDFFT[k] et IPDFFT[k], où l’IPD désigne la Diffé-
rence Interaurale en Phase, pendant fréquentiel de l’ITD. On a alors

8
<
:

IPDFFT[k] = arg(L[k]) � arg(R[k]),

ILDFFT[k] = 20 log10

|L[k]|
|R[k]| .

(2.5)

De part le nombre de points utilisés pour fenêtrer les signaux, ces deux indices s’avèrent
très fortement redondants. Il s’agit alors d’en réduire la dimension, via 2 approches naïves
néanmoins souvent exploitées. Il est possible de moyenner les indices obtenus par bandes
de fréquences successives (approche “FFT1”), ou de moyenner les spectres sur ces mêmes
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Ces deux définitions sont probablement les plus utilisées dans la littérature. Elles souffrent
néanmoins de plusieurs limites : la précision du calcul de l’ITD est faible et limitée à la valeur
d’une période d’échantillonnage, et les résultats d’ITD comme d’ILD ne dépendent pas de
la fréquence. Le premier point peut être résolu en exploitant des techniques d’interpolation
et/ou de suréchantillonnage (H. D. KIM et al., 2008 ; LIU et Y. WANG, 2010). Le second point
peut être partiellement amélioré en utilisant la corrélation croisée généralisée, de sorte que
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1
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où G[k] désigne une pondération fréquentielle permettant de donner plus ou moins d’im-
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choix sont possibles ici, parmi lesquelles la pondération PhaT (pour Phase Transform) GPhaT[k]
définie par

GPhaT[k] =
1

|L[k]||R[k]| , (2.4)

ou encore les pondérations Roth (ROTH, 1971), SCoT (CARTER, NUTTALL et CABLE, 1973)
ou HT (HANNAN et THOMSON, 1973). Le résultat de cette analyse, bien que nécessitant
un passage dans le monde fréquentiel, produit néanmoins toujours un unique scalaire, et
le résultat obtenu reste indépendant de la fréquence. De toutes les pondérations possible,
PhaT est probablement la plus exploitée dans la littérature et permet, via le blanchiment des
signaux, de gommer toute différence d’amplitude préalablement au calcul de corrélation. Si
ce blanchiment permet ainsi de ne considérer que les phases des signaux perçus, il est aussi
à l’origine d’un manque évident de robustesse au bruit dans l’environnement.

La prise en compte explicite de la dépendance spectrale des signaux binauraux passe par
leur décomposition en fréquence préalablement à toute analyse. Une première approche évi-
dente consiste ainsi à déterminer les transformées de Fourier discrètes des deux signaux, et
à déterminer ainsi les indices binauraux ILDFFT[k] et IPDFFT[k], où l’IPD désigne la Diffé-
rence Interaurale en Phase, pendant fréquentiel de l’ITD. On a alors

8
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IPDFFT[k] = arg(L[k]) � arg(R[k]),

ILDFFT[k] = 20 log10
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(2.5)

De part le nombre de points utilisés pour fenêtrer les signaux, ces deux indices s’avèrent
très fortement redondants. Il s’agit alors d’en réduire la dimension, via 2 approches naïves
néanmoins souvent exploitées. Il est possible de moyenner les indices obtenus par bandes
de fréquences successives (approche “FFT1”), ou de moyenner les spectres sur ces mêmes
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Ces deux définitions sont probablement les plus utilisées dans la littérature. Elles souffrent
néanmoins de plusieurs limites : la précision du calcul de l’ITD est faible et limitée à la valeur
d’une période d’échantillonnage, et les résultats d’ITD comme d’ILD ne dépendent pas de
la fréquence. Le premier point peut être résolu en exploitant des techniques d’interpolation
et/ou de suréchantillonnage (H. D. KIM et al., 2008 ; LIU et Y. WANG, 2010). Le second point
peut être partiellement amélioré en utilisant la corrélation croisée généralisée, de sorte que

ITDGCC =
1

fe
arg max

m
GCClr[m], avec GCClr[m] = IFFT (G[k]L[k]R⇤[k]), (2.3)

où G[k] désigne une pondération fréquentielle permettant de donner plus ou moins d’im-
portance à certaines composantes spectrales des deux signaux binauraux. De nombreux
choix sont possibles ici, parmi lesquelles la pondération PhaT (pour Phase Transform) GPhaT[k]
définie par

GPhaT[k] =
1

|L[k]||R[k]| , (2.4)

ou encore les pondérations Roth (ROTH, 1971), SCoT (CARTER, NUTTALL et CABLE, 1973)
ou HT (HANNAN et THOMSON, 1973). Le résultat de cette analyse, bien que nécessitant
un passage dans le monde fréquentiel, produit néanmoins toujours un unique scalaire, et
le résultat obtenu reste indépendant de la fréquence. De toutes les pondérations possible,
PhaT est probablement la plus exploitée dans la littérature et permet, via le blanchiment des
signaux, de gommer toute différence d’amplitude préalablement au calcul de corrélation. Si
ce blanchiment permet ainsi de ne considérer que les phases des signaux perçus, il est aussi
à l’origine d’un manque évident de robustesse au bruit dans l’environnement.

La prise en compte explicite de la dépendance spectrale des signaux binauraux passe par
leur décomposition en fréquence préalablement à toute analyse. Une première approche évi-
dente consiste ainsi à déterminer les transformées de Fourier discrètes des deux signaux, et
à déterminer ainsi les indices binauraux ILDFFT[k] et IPDFFT[k], où l’IPD désigne la Diffé-
rence Interaurale en Phase, pendant fréquentiel de l’ITD. On a alors

8
<
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IPDFFT[k] = arg(L[k]) � arg(R[k]),

ILDFFT[k] = 20 log10

|L[k]|
|R[k]| .

(2.5)

De part le nombre de points utilisés pour fenêtrer les signaux, ces deux indices s’avèrent
très fortement redondants. Il s’agit alors d’en réduire la dimension, via 2 approches naïves
néanmoins souvent exploitées. Il est possible de moyenner les indices obtenus par bandes
de fréquences successives (approche “FFT1”), ou de moyenner les spectres sur ces mêmes
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signaux binauraux gauche et droite l[n] et r[n]. Dès lors, il parait naturel d’exploiter la cor-
rélation croisée pour l’estimation de ce retard, ainsi que le rapport des énergies de ces deux
signaux, de sorte qu’on définisse respectivement ITDCC et ILD par

8
>>>><
>>>>:

ITDCC =
1

fe
arg max

m
Clr[m], avec Clr[m] =

N�m�1X

n=0

l[n + m]r[n],

ILD = 10 log10

PN�1
n=0 l[n]2

PN�1
n=0 r[n]2

.

(2.2)

Ces deux définitions sont probablement les plus utilisées dans la littérature. Elles souffrent
néanmoins de plusieurs limites : la précision du calcul de l’ITD est faible et limitée à la valeur
d’une période d’échantillonnage, et les résultats d’ITD comme d’ILD ne dépendent pas de
la fréquence. Le premier point peut être résolu en exploitant des techniques d’interpolation
et/ou de suréchantillonnage (H. D. KIM et al., 2008 ; LIU et Y. WANG, 2010). Le second point
peut être partiellement amélioré en utilisant la corrélation croisée généralisée, de sorte que

ITDGCC =
1

fe
arg max

m
GCClr[m], avec GCClr[m] = IFFT (G[k]L[k]R⇤[k]), (2.3)

où G[k] désigne une pondération fréquentielle permettant de donner plus ou moins d’im-
portance à certaines composantes spectrales des deux signaux binauraux. De nombreux
choix sont possibles ici, parmi lesquelles la pondération PhaT (pour Phase Transform) GPhaT[k]
définie par

GPhaT[k] =
1

|L[k]||R[k]| , (2.4)

ou encore les pondérations Roth (ROTH, 1971), SCoT (CARTER, NUTTALL et CABLE, 1973)
ou HT (HANNAN et THOMSON, 1973). Le résultat de cette analyse, bien que nécessitant
un passage dans le monde fréquentiel, produit néanmoins toujours un unique scalaire, et
le résultat obtenu reste indépendant de la fréquence. De toutes les pondérations possible,
PhaT est probablement la plus exploitée dans la littérature et permet, via le blanchiment des
signaux, de gommer toute différence d’amplitude préalablement au calcul de corrélation. Si
ce blanchiment permet ainsi de ne considérer que les phases des signaux perçus, il est aussi
à l’origine d’un manque évident de robustesse au bruit dans l’environnement.

La prise en compte explicite de la dépendance spectrale des signaux binauraux passe par
leur décomposition en fréquence préalablement à toute analyse. Une première approche évi-
dente consiste ainsi à déterminer les transformées de Fourier discrètes des deux signaux, et
à déterminer ainsi les indices binauraux ILDFFT[k] et IPDFFT[k], où l’IPD désigne la Diffé-
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IPDFFT[k] = arg(L[k]) � arg(R[k]),
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(2.5)

De part le nombre de points utilisés pour fenêtrer les signaux, ces deux indices s’avèrent
très fortement redondants. Il s’agit alors d’en réduire la dimension, via 2 approches naïves
néanmoins souvent exploitées. Il est possible de moyenner les indices obtenus par bandes
de fréquences successives (approche “FFT1”), ou de moyenner les spectres sur ces mêmes

14 Chapitre 2. Contributions à l’analyse de scène sonore en Robotique

signaux binauraux gauche et droite l[n] et r[n]. Dès lors, il parait naturel d’exploiter la cor-
rélation croisée pour l’estimation de ce retard, ainsi que le rapport des énergies de ces deux
signaux, de sorte qu’on définisse respectivement ITDCC et ILD par
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Ces deux définitions sont probablement les plus utilisées dans la littérature. Elles souffrent
néanmoins de plusieurs limites : la précision du calcul de l’ITD est faible et limitée à la valeur
d’une période d’échantillonnage, et les résultats d’ITD comme d’ILD ne dépendent pas de
la fréquence. Le premier point peut être résolu en exploitant des techniques d’interpolation
et/ou de suréchantillonnage (H. D. KIM et al., 2008 ; LIU et Y. WANG, 2010). Le second point
peut être partiellement amélioré en utilisant la corrélation croisée généralisée, de sorte que
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bandes préalablement au calcul des indices binauraux (approche “FFT2”). On a alors
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où l’indice i 2 [0 . . . L � 1] représente la iième bande de fréquences comprise entre kl[i] et
ku[i], avec kl[i] < ku[i], et ku[i] < kl[i + 1]. On a également
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Il est également possible d’envisager une décomposition en fréquence plus proche de celle
effectuée au sein de l’oreille interne de l’homme, à l’aide de filtres dit cochléaires reprodui-
sant la décomposition spectrale opérée au sein de la cochlée. Il s’agit ici d’exploiter des bancs
de filtres dont les caractéristiques bande-passante/fréquence centrale s’inspirent du profil
vibratoire de la membrane basilaire à l’origine du déplacement des cellules ciliées, trans-
ducteurs mécano-électrique de l’audition. Pour ce faire, il est courant d’utiliser des filtres
gammatone, de réponse impulsionnelle h(t) donnée par

h(t) = atn�1e�2⇡Bt cos(2⇡f0t + �), (2.8)

où n désigne l’ordre du filtre, f0 sa fréquence centrale et B sa bande passante. Ainsi, si L
filtres cochléaires droite et gauche sont utilisés, on dispose de 2L signaux de sortie l(i)[n] et
r(i)[n] qui permettent de déterminer les indices binauraux selon
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(2.9)

où la fonction AFE(.) (pour Auditory Front End) désigne un ensemble de traitements sup-
plémentaires possiblement appliqués aux signaux de sortie des filtres cochléaires. Il s’agit
alors, en plus de modéliser l’effet de la cochlée via sa décomposition fréquentielle, d’inclure
des modèles de transduction neuronale. Nous proposons d’évaluer dans la suite :

— l’AFE proposé par (T. MAY, S. VAN DE PAR et A. KOHLRAUSCH, 2011), consistant
en une rectification demi-onde ⇧(.), suivie d’une compression en racine-carrée, i.e.
AFE1(.) =

p
⇧(.),

— un AFE inspiré de (BERNSTEIN et TRAHIOTIS, 1996 ; FALLER et MERIMAA, 2004) et ap-
pliquant une compression d’enveloppe, une rectification demi-onde, mise au carré et
filtrage passe-base W [.] d’ordre 4 à une fréquence de coupure de 425Hz, i.e. AFE2(.) =
W [⇧(H(.)�0.8)2] avec H(.) l’enveloppe du signal obtenue en déterminant le module
du signal analytique,
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→ S’il y a consensus sur le sens (physique) des indices binauraux, il n’en est pas de même de

leur estimation.

Comment sélectionner le “bon” indice, et selon quel critère ?
→ robustesse aux réverbérations
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Indices binauraux en robotique (2/2)
Constatation : tous les indices ne sont pas égaux devant les réverbérations

→ Critère de comparaison : Lambda de Wilks ∧

∧ = 0.034
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3
)

∧ = 0.006

Indices azimutaux :

• indices en amplitude plus “robustes”

• décomposition spectrale indispensable

• cochléaire > Fourier

Indices de distance :

• mauvais comportement en anéchöıque

• corrélation spatiale plus robuste

Azimut
ITD et ILD après filtrage gammatone

Distance
Calcul du DRR

(K. Youssef, S. Argentieri et J. L. Zarader, 2012)
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Apprentissage de la localisation : approche proposée
Pour l’azimut : réseau de neurones partiellement connecté

Gammatone
filterbank

Gammatone
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Base de données (simulées) :

• 4 positions différentes du récepteur binaural
(KEMAR) dans une pièce échöıque

• 19 valeurs d’azimut, 5 valeurs de distance, pour
chaque position

• 4 valeurs différentes du RT60

• Source : parole ou bruit blanc

→ environ 9000 exemples
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Apprentissage de la localisation : résultats
. . . estimation de l’influence croisée des différents paramètres. Par exemple :

Influence de la position (RT60 = 200ms)

4.2 System evaluation
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Figure 4.10: Generalization capabilities, receiver position: azimuth and distance errorbars with training on
Position1 and Position2 and testing on all the positions separately. RT60=200ms.

more important in the distance case than in the azimuth case, and the system keeps acceptable

levels of azimuth estimation errors. It seems that the acoustical constraints in Position2 lead

to harder generalization, either when the system is tested or trained on this position. Indeed,

it is the closest to the walls, with a head orientation that implies a non-symmetry of its

relative position according to the two closest walls. But the distance estimation, relying on a

straightforward estimation of reverberant energy, only operates well on the trained position.

The current evaluations were made with a RT60 of 200ms. Similar evaluations made with other

reverberation times exhibit similar conclusions, except for the 0ms RT60 where the distance

is not well estimated on any of the positions. These tests were followed by multi-positional

trainings, where the azimuth and distance estimation systems were trained with data extracted

at all the sensor positions. Testing these systems shows the most stable results , as it seems

that a learning of the whole environment has been made with almost equivalent e�ciency on

the di↵erent receiver positions. This is despite the fact that a multi-position trained system

estimates the distance in a weaker way than on a certain position than a system trained on

this same position.

2) Influence of the reverberation time: in this case, the receiver is placed in Position1 for

training and testing but the acoustical conditions change. Training is performed with a certain

reverberation time, and testing is done with all the reverberation times separately. Figure 4.11

plots the azimuth and distance estimation errors according to the described tests using speech

signals. The plotted results show that the change of acoustical conditions highly a↵ects the
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• position de l’apprentissage importante

• certaines positions sont difficiles

Influence du RT60 (en position 1)

4.2 System evaluation
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Figure 4.11: Generalization capabilities: RT60. Azimuth and distance mean errors. Training is performed
on a reverberation time and testing on the same and the other reverberation times.

performances of the system, both in terms of azimuth and distance estimations. The lowest

errors are obtained when testing with data from the same training RT60. Estimation errors

increase with the di↵erence between the testing and training RT60’s.It is to be noted also that

a system that is trained with no reverberations has the weakest generalization abilities when

tested with reverberations in the environment.

3) Azimuth-distance mutual influencing: it has been reported that azimuth cues are

a↵ected by the source-sensor distance, as well as that the distance cues are a↵ected by the

azimuth. Indeed, some studies used the interaural cues - which are usually azimuth cues

- in distance estimation approaches. Moreover, the study made in 3.4.4 showed a certain

dependency of distance cues on azimuth. We propose to investigate these relations here. We

first perform an evaluation where the azimuth estimating NN is trained with data extracted

from a certain distance and tested with all the distances separately. This is followed by a

training on all distances and testing on each separately. Results are shown in Figure 4.12 - Up.

They show an increase of errors with the change of source distance, and a more stable azimuth

estimation with the multi-distance trained NN. As for the distance cues azimuth dependency,

the azimuths have been divided into two groups. Source positions with an azimuth between

�45� and �20� are considered “lateral”, and positions with azimuth between �25� and 0� are

considered “frontal”. Thus, and in the same sense of the previous tests, the NN is trained

consecutively on lateral and frontal positions and tested on lateral and frontal positions, and

then trained on both and tested on both separately. The results are shown in Figure 4.12 -

99

• conditions anéchöıques sans intérêt

• apprentissage multiconditionnel nécessaire
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Audition active : on ferme la boucle !

• Objectif : modèle computationnel de la perception
sonore

• Défi : prise en compte de la multimodalité et des
aspects actifs

• Approche mixte montante et descendante

Contribution :

• modulation du mouvement de la tête via des
considérations attentionnelles

• exploitation du retour moteur pour la
construction d’une représentation interne de
l’environnement

2 Final Publishable Summary

Figure 2.1: Multi-layer Two!Ears model architecture.

A first full version of this system, which is primarily based on MATLAB®, has been made
publicly available during this reporting period Years 2 and 3. The deployment system is
the interfacing of the development system with actual robot systems intended for real-time
operation. The deployment system was developed in three parallel stages: (i) A virtual
implementation connecting auditory modelling in terms of a virtual agent with virtual
acoustics and visual simulation. (ii) A Head-And-Torso-Simulator (HATS; used model:
KEMAR) endowed with cameras for stereoscopic vision, allowing rotation motion of the
dummy head to actively explore the environment. (iii) The final system is implemented
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implementation connecting auditory modelling in terms of a virtual agent with virtual
acoustics and visual simulation. (ii) A Head-And-Torso-Simulator (HATS; used model:
KEMAR) endowed with cameras for stereoscopic vision, allowing rotation motion of the
dummy head to actively explore the environment. (iii) The final system is implemented
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Figure 2.1: Multi-layer Two!Ears model architecture.

A first full version of this system, which is primarily based on MATLAB®, has been made
publicly available during this reporting period Years 2 and 3. The deployment system is
the interfacing of the development system with actual robot systems intended for real-time
operation. The deployment system was developed in three parallel stages: (i) A virtual
implementation connecting auditory modelling in terms of a virtual agent with virtual
acoustics and visual simulation. (ii) A Head-And-Torso-Simulator (HATS; used model:
KEMAR) endowed with cameras for stereoscopic vision, allowing rotation motion of the
dummy head to actively explore the environment. (iii) The final system is implemented
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Le module “Head Turning Modulation” (HTM)
Architecture du système proposé :

Audio 
classifiers

Visual  
classifiers

ca1<latexit sha1_base64="v80RM7kFpro1RVVA20TZDCJdQqY="></latexit><latexit sha1_base64="v80RM7kFpro1RVVA20TZDCJdQqY="></latexit><latexit sha1_base64="v80RM7kFpro1RVVA20TZDCJdQqY="></latexit><latexit sha1_base64="v80RM7kFpro1RVVA20TZDCJdQqY="></latexit>

caNa
<latexit sha1_base64="b84JUJjWHRSBP7O2lootAOMs1uA="></latexit><latexit sha1_base64="b84JUJjWHRSBP7O2lootAOMs1uA="></latexit><latexit sha1_base64="b84JUJjWHRSBP7O2lootAOMs1uA="></latexit><latexit sha1_base64="b84JUJjWHRSBP7O2lootAOMs1uA="></latexit>

…
…

cvNv
<latexit sha1_base64="ye0sjxaLkt5LQ1sbnVLvwFexWzc="></latexit><latexit sha1_base64="ye0sjxaLkt5LQ1sbnVLvwFexWzc="></latexit><latexit sha1_base64="ye0sjxaLkt5LQ1sbnVLvwFexWzc="></latexit><latexit sha1_base64="PRPfWYd1t2dhufU6SbsBte88zmw="></latexit><latexit sha1_base64="x502u07ULOJlhD/Wd5LrOaDMML0="></latexit><latexit sha1_base64="x502u07ULOJlhD/Wd5LrOaDMML0="></latexit><latexit sha1_base64="V9u3FQRdasqCRzDPxpgzi7k31vw="></latexit><latexit sha1_base64="ye0sjxaLkt5LQ1sbnVLvwFexWzc="></latexit><latexit sha1_base64="ye0sjxaLkt5LQ1sbnVLvwFexWzc="></latexit><latexit sha1_base64="ye0sjxaLkt5LQ1sbnVLvwFexWzc="></latexit><latexit sha1_base64="ye0sjxaLkt5LQ1sbnVLvwFexWzc="></latexit><latexit sha1_base64="ye0sjxaLkt5LQ1sbnVLvwFexWzc="></latexit><latexit sha1_base64="ye0sjxaLkt5LQ1sbnVLvwFexWzc="></latexit>

cv1<latexit sha1_base64="+Kn/IZkan8dk5yiZEy3r5zzOQr8="></latexit><latexit sha1_base64="+Kn/IZkan8dk5yiZEy3r5zzOQr8="></latexit><latexit sha1_base64="+Kn/IZkan8dk5yiZEy3r5zzOQr8="></latexit><latexit sha1_base64="+Kn/IZkan8dk5yiZEy3r5zzOQr8="></latexit>

Audio 
localization …

Visual 
localization …

✓a1<latexit sha1_base64="P7aJg6ziJdt3xNYUQDLbT9JPJSI="></latexit><latexit sha1_base64="P7aJg6ziJdt3xNYUQDLbT9JPJSI="></latexit><latexit sha1_base64="P7aJg6ziJdt3xNYUQDLbT9JPJSI="></latexit><latexit sha1_base64="P7aJg6ziJdt3xNYUQDLbT9JPJSI="></latexit>

✓aN✓
<latexit sha1_base64="GJBVwmuw2jm23u2t6S0F27VnHxI="></latexit><latexit sha1_base64="GJBVwmuw2jm23u2t6S0F27VnHxI="></latexit><latexit sha1_base64="GJBVwmuw2jm23u2t6S0F27VnHxI="></latexit><latexit sha1_base64="GJBVwmuw2jm23u2t6S0F27VnHxI="></latexit>

✓vN✓
<latexit sha1_base64="E/sYe+63DMG8AEI+V3eQTUPxzLA="></latexit><latexit sha1_base64="E/sYe+63DMG8AEI+V3eQTUPxzLA="></latexit><latexit sha1_base64="E/sYe+63DMG8AEI+V3eQTUPxzLA="></latexit><latexit sha1_base64="E/sYe+63DMG8AEI+V3eQTUPxzLA="></latexit>

✓v1<latexit sha1_base64="cFO2pTJmNKR8fosVQj3Z90myPUY="></latexit><latexit sha1_base64="cFO2pTJmNKR8fosVQj3Z90myPUY="></latexit><latexit sha1_base64="cFO2pTJmNKR8fosVQj3Z90myPUY="></latexit><latexit sha1_base64="cFO2pTJmNKR8fosVQj3Z90myPUY="></latexit>

pa1<latexit sha1_base64="AhFA2ZpO2tOJ8Wqcxdg1VosHBts="></latexit><latexit sha1_base64="AhFA2ZpO2tOJ8Wqcxdg1VosHBts="></latexit><latexit sha1_base64="AhFA2ZpO2tOJ8Wqcxdg1VosHBts="></latexit><latexit sha1_base64="AhFA2ZpO2tOJ8Wqcxdg1VosHBts="></latexit>

paNa
<latexit sha1_base64="ZNxXNLWgICWYuMWIgNxxjA107gI="></latexit><latexit sha1_base64="ZNxXNLWgICWYuMWIgNxxjA107gI="></latexit><latexit sha1_base64="ZNxXNLWgICWYuMWIgNxxjA107gI="></latexit><latexit sha1_base64="ZNxXNLWgICWYuMWIgNxxjA107gI="></latexit>

pvNv
<latexit sha1_base64="LzCcRTmkY3TZ7kGYOkw7V/HnDW8="></latexit><latexit sha1_base64="LzCcRTmkY3TZ7kGYOkw7V/HnDW8="></latexit><latexit sha1_base64="LzCcRTmkY3TZ7kGYOkw7V/HnDW8="></latexit><latexit sha1_base64="LzCcRTmkY3TZ7kGYOkw7V/HnDW8="></latexit>

pv1<latexit sha1_base64="Y/8gTlslraHTXyDUT5lywvbVI3g="></latexit><latexit sha1_base64="Y/8gTlslraHTXyDUT5lywvbVI3g="></latexit><latexit sha1_base64="Y/8gTlslraHTXyDUT5lywvbVI3g="></latexit><latexit sha1_base64="Y/8gTlslraHTXyDUT5lywvbVI3g="></latexit>

pa✓1
<latexit sha1_base64="vy8tkcJgTcvHW6WtZY9mpfRFL1s="></latexit><latexit sha1_base64="vy8tkcJgTcvHW6WtZY9mpfRFL1s="></latexit><latexit sha1_base64="vy8tkcJgTcvHW6WtZY9mpfRFL1s="></latexit><latexit sha1_base64="vy8tkcJgTcvHW6WtZY9mpfRFL1s="></latexit>

pv✓1
<latexit sha1_base64="4ilxdH5lZdmFSDy2OaxkAhE+pcg="></latexit><latexit sha1_base64="4ilxdH5lZdmFSDy2OaxkAhE+pcg="></latexit><latexit sha1_base64="4ilxdH5lZdmFSDy2OaxkAhE+pcg="></latexit><latexit sha1_base64="4ilxdH5lZdmFSDy2OaxkAhE+pcg="></latexit>

pv✓N✓
<latexit sha1_base64="1aKDg5dwfyDpWvtXC5Qo0afX6Ms="></latexit><latexit sha1_base64="1aKDg5dwfyDpWvtXC5Qo0afX6Ms="></latexit><latexit sha1_base64="1aKDg5dwfyDpWvtXC5Qo0afX6Ms="></latexit><latexit sha1_base64="1aKDg5dwfyDpWvtXC5Qo0afX6Ms="></latexit>

pa✓N✓
<latexit sha1_base64="4Cdmd9+ug7FOnT0A+RTgVinUea4="></latexit><latexit sha1_base64="4Cdmd9+ug7FOnT0A+RTgVinUea4="></latexit><latexit sha1_base64="4Cdmd9+ug7FOnT0A+RTgVinUea4="></latexit><latexit sha1_base64="4Cdmd9+ug7FOnT0A+RTgVinUea4="></latexit>

Pa
<latexit sha1_base64="iqyB7o3esP4bQ3aTIB/oXLlq3kg="></latexit><latexit sha1_base64="iqyB7o3esP4bQ3aTIB/oXLlq3kg="></latexit><latexit sha1_base64="iqyB7o3esP4bQ3aTIB/oXLlq3kg="></latexit><latexit sha1_base64="iqyB7o3esP4bQ3aTIB/oXLlq3kg="></latexit>

Pv
<latexit sha1_base64="448sF8gbL0mcEzKLG8nF7FrzkKg="></latexit><latexit sha1_base64="448sF8gbL0mcEzKLG8nF7FrzkKg="></latexit><latexit sha1_base64="448sF8gbL0mcEzKLG8nF7FrzkKg="></latexit><latexit sha1_base64="448sF8gbL0mcEzKLG8nF7FrzkKg="></latexit>

⇥v
<latexit sha1_base64="A/J2xdBpnRR5re/Ht3wGSh3YnGE="></latexit><latexit sha1_base64="A/J2xdBpnRR5re/Ht3wGSh3YnGE="></latexit><latexit sha1_base64="A/J2xdBpnRR5re/Ht3wGSh3YnGE="></latexit><latexit sha1_base64="PRPfWYd1t2dhufU6SbsBte88zmw="></latexit><latexit sha1_base64="IZxrex6pYS0KH9Mr1gAwMe745X0="></latexit><latexit sha1_base64="IZxrex6pYS0KH9Mr1gAwMe745X0="></latexit><latexit sha1_base64="WtnZsA4I2PqrKZfCR653/ykY+EU="></latexit><latexit sha1_base64="A/J2xdBpnRR5re/Ht3wGSh3YnGE="></latexit><latexit sha1_base64="A/J2xdBpnRR5re/Ht3wGSh3YnGE="></latexit><latexit sha1_base64="A/J2xdBpnRR5re/Ht3wGSh3YnGE="></latexit><latexit sha1_base64="A/J2xdBpnRR5re/Ht3wGSh3YnGE="></latexit><latexit sha1_base64="A/J2xdBpnRR5re/Ht3wGSh3YnGE="></latexit><latexit sha1_base64="A/J2xdBpnRR5re/Ht3wGSh3YnGE="></latexit>

V<latexit sha1_base64="qonRhUcXDwh1HnuJjeCxB9GfkTs="></latexit><latexit sha1_base64="qonRhUcXDwh1HnuJjeCxB9GfkTs="></latexit><latexit sha1_base64="qonRhUcXDwh1HnuJjeCxB9GfkTs="></latexit><latexit sha1_base64="qonRhUcXDwh1HnuJjeCxB9GfkTs="></latexit>

Knowledge sources
HEAD TURNING MODULATION (HTM) MODULE

MULTIMODAL FUSION & 
INFERENCE

(MFI) MODULE

bca
<latexit sha1_base64="/VY0CyKC/ZBoCpBzoKp3fkmEFQc="></latexit><latexit sha1_base64="/VY0CyKC/ZBoCpBzoKp3fkmEFQc="></latexit><latexit sha1_base64="/VY0CyKC/ZBoCpBzoKp3fkmEFQc="></latexit><latexit sha1_base64="/VY0CyKC/ZBoCpBzoKp3fkmEFQc="></latexit>

bcv
<latexit sha1_base64="nYWpqMwFcA9nLysoO3BLRne1E9I="></latexit><latexit sha1_base64="nYWpqMwFcA9nLysoO3BLRne1E9I="></latexit><latexit sha1_base64="nYWpqMwFcA9nLysoO3BLRne1E9I="></latexit><latexit sha1_base64="nYWpqMwFcA9nLysoO3BLRne1E9I="></latexit>

⌧DW
<latexit sha1_base64="db4SSva6j2L+5+k8zxN0pfrnYhk="></latexit><latexit sha1_base64="db4SSva6j2L+5+k8zxN0pfrnYhk="></latexit><latexit sha1_base64="db4SSva6j2L+5+k8zxN0pfrnYhk="></latexit><latexit sha1_base64="db4SSva6j2L+5+k8zxN0pfrnYhk="></latexit>

⌧MFI
<latexit sha1_base64="Wu+7SBoQg6NvgVhNebDvTUhgToE="></latexit><latexit sha1_base64="Wu+7SBoQg6NvgVhNebDvTUhgToE="></latexit><latexit sha1_base64="Wu+7SBoQg6NvgVhNebDvTUhgToE="></latexit><latexit sha1_base64="Wu+7SBoQg6NvgVhNebDvTUhgToE="></latexit>

DYNAMIC WEIGHTING
(DW) MODULE

ACTION DECISION

Head movement

⇥a
<latexit sha1_base64="2HfVrHNUmnGw8RBeG+bHhJIC1Wc="></latexit><latexit sha1_base64="2HfVrHNUmnGw8RBeG+bHhJIC1Wc="></latexit><latexit sha1_base64="2HfVrHNUmnGw8RBeG+bHhJIC1Wc="></latexit><latexit sha1_base64="2HfVrHNUmnGw8RBeG+bHhJIC1Wc="></latexit>

e(l)
<latexit sha1_base64="L57HD1A8UYMZXmXaH2CGNW3uOxQ="></latexit><latexit sha1_base64="L57HD1A8UYMZXmXaH2CGNW3uOxQ="></latexit><latexit sha1_base64="L57HD1A8UYMZXmXaH2CGNW3uOxQ="></latexit><latexit sha1_base64="L57HD1A8UYMZXmXaH2CGNW3uOxQ="></latexit>

W(l)
<latexit sha1_base64="Tg8sP6nuxsZLSDOJYbCofAq9lBM="></latexit><latexit sha1_base64="Tg8sP6nuxsZLSDOJYbCofAq9lBM="></latexit><latexit sha1_base64="Tg8sP6nuxsZLSDOJYbCofAq9lBM="></latexit><latexit sha1_base64="Tg8sP6nuxsZLSDOJYbCofAq9lBM="></latexit>

✓htm<latexit sha1_base64="6k8Jz9+geBUBWDDzxgbiu6XvsrI=">AAAB/nicbVBNS8NAEN3Ur1q/ouLJS7AInkoigh48FLx4rGA/oAlhs520Szcf7E7EEgL+FS8eFPHq7/Dmv3Hb5qCtDwYe780wMy9IBVdo299GZWV1bX2julnb2t7Z3TP3DzoqySSDNktEInsBVSB4DG3kKKCXSqBRIKAbjG+mfvcBpOJJfI+TFLyIDmMeckZRS7555OIIkPq5i/CIiuUjjIrCN+t2w57BWiZOSeqkRMs3v9xBwrIIYmSCKtV37BS9nErkTEBRczMFKWVjOoS+pjGNQHn57PzCOtXKwAoTqStGa6b+nshppNQkCnRnRHGkFr2p+J/XzzC88nIepxlCzOaLwkxYmFjTLKwBl8BQTDShTHJ9q8VGVFKGOrGaDsFZfHmZdM4bjt1w7i7qzesyjio5JifkjDjkkjTJLWmRNmEkJ8/klbwZT8aL8W58zFsrRjlzSP7A+PwBiEGWeA==</latexit><latexit sha1_base64="6k8Jz9+geBUBWDDzxgbiu6XvsrI=">AAAB/nicbVBNS8NAEN3Ur1q/ouLJS7AInkoigh48FLx4rGA/oAlhs520Szcf7E7EEgL+FS8eFPHq7/Dmv3Hb5qCtDwYe780wMy9IBVdo299GZWV1bX2julnb2t7Z3TP3DzoqySSDNktEInsBVSB4DG3kKKCXSqBRIKAbjG+mfvcBpOJJfI+TFLyIDmMeckZRS7555OIIkPq5i/CIiuUjjIrCN+t2w57BWiZOSeqkRMs3v9xBwrIIYmSCKtV37BS9nErkTEBRczMFKWVjOoS+pjGNQHn57PzCOtXKwAoTqStGa6b+nshppNQkCnRnRHGkFr2p+J/XzzC88nIepxlCzOaLwkxYmFjTLKwBl8BQTDShTHJ9q8VGVFKGOrGaDsFZfHmZdM4bjt1w7i7qzesyjio5JifkjDjkkjTJLWmRNmEkJ8/klbwZT8aL8W58zFsrRjlzSP7A+PwBiEGWeA==</latexit><latexit sha1_base64="6k8Jz9+geBUBWDDzxgbiu6XvsrI=">AAAB/nicbVBNS8NAEN3Ur1q/ouLJS7AInkoigh48FLx4rGA/oAlhs520Szcf7E7EEgL+FS8eFPHq7/Dmv3Hb5qCtDwYe780wMy9IBVdo299GZWV1bX2julnb2t7Z3TP3DzoqySSDNktEInsBVSB4DG3kKKCXSqBRIKAbjG+mfvcBpOJJfI+TFLyIDmMeckZRS7555OIIkPq5i/CIiuUjjIrCN+t2w57BWiZOSeqkRMs3v9xBwrIIYmSCKtV37BS9nErkTEBRczMFKWVjOoS+pjGNQHn57PzCOtXKwAoTqStGa6b+nshppNQkCnRnRHGkFr2p+J/XzzC88nIepxlCzOaLwkxYmFjTLKwBl8BQTDShTHJ9q8VGVFKGOrGaDsFZfHmZdM4bjt1w7i7qzesyjio5JifkjDjkkjTJLWmRNmEkJ8/klbwZT8aL8W58zFsrRjlzSP7A+PwBiEGWeA==</latexit><latexit sha1_base64="6k8Jz9+geBUBWDDzxgbiu6XvsrI=">AAAB/nicbVBNS8NAEN3Ur1q/ouLJS7AInkoigh48FLx4rGA/oAlhs520Szcf7E7EEgL+FS8eFPHq7/Dmv3Hb5qCtDwYe780wMy9IBVdo299GZWV1bX2julnb2t7Z3TP3DzoqySSDNktEInsBVSB4DG3kKKCXSqBRIKAbjG+mfvcBpOJJfI+TFLyIDmMeckZRS7555OIIkPq5i/CIiuUjjIrCN+t2w57BWiZOSeqkRMs3v9xBwrIIYmSCKtV37BS9nErkTEBRczMFKWVjOoS+pjGNQHn57PzCOtXKwAoTqStGa6b+nshppNQkCnRnRHGkFr2p+J/XzzC88nIepxlCzOaLwkxYmFjTLKwBl8BQTDShTHJ9q8VGVFKGOrGaDsFZfHmZdM4bjt1w7i7qzesyjio5JifkjDjkkjTJLWmRNmEkJ8/klbwZT8aL8W58zFsrRjlzSP7A+PwBiEGWeA==</latexit>

Le module MFI :

• fournit les classes audio et visuelle ĉa et ĉv

• même si les données sont manquantes et en
présence d’erreurs

Le module DW :

• s’appuie sur la notion de congruence

• décide de l’importance d’un objet
audiovisuel
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Inférence active de données audiovisuelles

Question : comment estimer la catégorie audio et visuelle d’une trame multimodale, même en
présence d’erreurs de classification et d’absence de données ?
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Inférence active de données audiovisuelles

Question : comment estimer la catégorie audio et visuelle d’une trame multimodale, même en
présence d’erreurs de classification et d’absence de données ?

→ Architecture générale du module MFI :

Multimodal  
Self-Organizing Map

Catégorie Audiovisuelle

Génération 
d’ordres moteurs

Rétroaction
motrice

Experts
audio

Experts
visuels Localisation

… …

pa
1 [t] . . . pa

Na
[t] pv

1[t] . . . p
v
Nv

[t]

✓m[t]
Pa[t] Pv[t] ✓[t]V[t]
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Inférence active de données audiovisuelles

Question : comment estimer la catégorie audio et visuelle d’une trame multimodale, même en
présence d’erreurs de classification et d’absence de données ?

→ M-SOM : 2 poids wa
i,j et wa

i,j associé au nœud i , j

P
raijrvij wa

ijwv
ij
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Inférence active de données audiovisuelles

Question : comment estimer la catégorie audio et visuelle d’une trame multimodale, même en
présence d’erreurs de classification et d’absence de données ?

→ M-SOM : si toutes les données sont disponibles

P

0.9192 
0.3225 
0.4197 
0.2603 
0.1907

0.8299 
0.1151 
0.3503 
0.4905 
0.3099

Pv[t] Pa[t]

raijrvij wa
ijwv

ij
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Inférence active de données audiovisuelles

Question : comment estimer la catégorie audio et visuelle d’une trame multimodale, même en
présence d’erreurs de classification et d’absence de données ?

→ M-SOM : si toutes les données sont disponibles

P

0.9192 
0.3225 
0.4197 
0.2603 
0.1907

0.8299 
0.1151 
0.3503 
0.4905 
0.3099

Pv[t] Pa[t]

raijrvij wa
ijwv

ij

barking
<latexit sha1_base64="+g5Rqt37RbWQD64SaABvT48Sl2c="></latexit><latexit sha1_base64="+g5Rqt37RbWQD64SaABvT48Sl2c="></latexit><latexit sha1_base64="+g5Rqt37RbWQD64SaABvT48Sl2c="></latexit><latexit sha1_base64="fOSSwqQlvOqpxWeibP1xRCOtZis="></latexit><latexit sha1_base64="9y7zQfbCNxiUw6+jQIF+olh7ENI="></latexit><latexit sha1_base64="wQgkyPdINmdqt61hlbjZi0O35x0="></latexit><latexit sha1_base64="sonwZnODeSBQ8t83bYGq9MQwko4="></latexit><latexit sha1_base64="+g5Rqt37RbWQD64SaABvT48Sl2c="></latexit><latexit sha1_base64="+g5Rqt37RbWQD64SaABvT48Sl2c="></latexit><latexit sha1_base64="+g5Rqt37RbWQD64SaABvT48Sl2c="></latexit><latexit sha1_base64="+g5Rqt37RbWQD64SaABvT48Sl2c="></latexit><latexit sha1_base64="+g5Rqt37RbWQD64SaABvT48Sl2c="></latexit><latexit sha1_base64="+g5Rqt37RbWQD64SaABvT48Sl2c="></latexit>

male
<latexit sha1_base64="FPz95ABuxIbLByCrWvXQ5Npn/FM="></latexit><latexit sha1_base64="FPz95ABuxIbLByCrWvXQ5Npn/FM="></latexit><latexit sha1_base64="FPz95ABuxIbLByCrWvXQ5Npn/FM="></latexit><latexit sha1_base64="FPz95ABuxIbLByCrWvXQ5Npn/FM="></latexit>

→ Erreur de classification en sortie de l’expert audio
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Inférence active de données audiovisuelles

Question : comment estimer la catégorie audio et visuelle d’une trame multimodale, même en
présence d’erreurs de classification et d’absence de données ?

→ M-SOM : si toutes les données sont disponibles

P

0.9192 
0.3225 
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0.2603 
0.1907

0.8299 
0.1151 
0.3503 
0.4905 
0.3099

Pv[t] Pa[t]

ravbmu = argmin
i,j

�
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�
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→ Détermination du nœud vainqueur
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Inférence active de données audiovisuelles

Question : comment estimer la catégorie audio et visuelle d’une trame multimodale, même en
présence d’erreurs de classification et d’absence de données ?

→ M-SOM : si toutes les données sont disponibles

P
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→ Estimation de la classe audiovisuelle et assimilation des données
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Inférence active de données audiovisuelles

Question : comment estimer la catégorie audio et visuelle d’une trame multimodale, même en
présence d’erreurs de classification et d’absence de données ?

→ M-SOM : si toutes les données sont disponibles
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→ Estimation de la classe audiovisuelle et assimilation des données
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Inférence active de données audiovisuelles

Question : comment estimer la catégorie audio et visuelle d’une trame multimodale, même en
présence d’erreurs de classification et d’absence de données ?

→ M-SOM : si les données visuelles sont manquantes

P
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???? 
???? 
????
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Inférence active de données audiovisuelles

Question : comment estimer la catégorie audio et visuelle d’une trame multimodale, même en
présence d’erreurs de classification et d’absence de données ?

→ M-SOM : si les données visuelles sont manquantes

P

Pa[t]

ravbmu = argmin
i,j

�
kPa[t]�wa

ijk ⇥ kPv[t]�wv
ijk

�

raijrvij wa
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ravbmu = argmin
i,j

�
kPa[t]�wa

ijk ⇥ kPv[t]�wv
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�

0.8299 
0.1151 
0.3503 
0.4905 
0.3099

→ Détermination du nœud vainqueur, sur la base de l’audio seulement
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Inférence active de données audiovisuelles

Question : comment estimer la catégorie audio et visuelle d’une trame multimodale, même en
présence d’erreurs de classification et d’absence de données ?

→ M-SOM : si les données visuelles sont manquantes

P
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→ Comme chaque nœud dispose de deux vecteurs de poids, on peut estimer la classe visuelle
manquante
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Inférence active de données audiovisuelles

Question : comment estimer la catégorie audio et visuelle d’une trame multimodale, même en
présence d’erreurs de classification et d’absence de données ?

→ M-SOM : si les données visuelles sont manquantes
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→ Pour s’assurer que l’inférence est correcte, le système peut provoquer un mouvement de
tête en direction de l’évènement
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Modulation du mouvement de la tête et résultats
→ Définition d’un ratio d’inférence q permettant d’estimer la qualité de l’inférence, et donc de
moduler le mouvement de la tête via un seuil Kq sur q

q
(
C(l)(cai , c

v
k )
)

[t] =

∑t
1 δ

miss
ik [t − 1]δall

ik [t]∑t
1 δ

miss
ik [t]

, avec δ
all/miss
ik [t] =

{
1 si ĉall/miss(oj ) = {cai , cvk},
0 sinon.

→ Taux de bonne catégorisation audiovisuelle des évènements (ε = taux d’erreurs des experts)

ε Nl MFI Robot omniscient Robot näıf

0.3

3 0.992 (0.020) 0.703 (0.042) 0.414 (0.055)
5 0.987 (0.022) 0.692 (0.017) 0.265 (0.014)
7 0.942 (0.028) 0.691 (0.014) 0.198 (0.017)
10 0.883 (0.041) 0.689 (0.011) 0.0145 (0.014)
moy 0.951 0.693 0.255

0.7

3 0.774 (0.087) 0.282 (0.030) 0.165 (0.028)
5 0.737 (0.105) 0.294 (0.014) 0.120 (0.023)
7 0.683 (0.133) 0.296 (0.016) 0.081 (0.012)
10 0.550 (0.117) 0.293 (0.016) 0.064 (0.011)
moy 0.686 0.291 0.107

La fusion active opérée par le MFI améliore d’un facteur 2 à 9 les performances d’estimation, en
particulier en présence d’experts avec de forts taux d’erreurs.
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Perception sonore active en robotique : bilan

Contributions :

• focalisées sur l’audition binaurale,

• en contexte audio réaliste,

• portent sur l’étude des caractéristiques binaurales, les méthodologies pour la localisation
et l’analyse de scène multimodale,

• et s’appuient, à des degrés divers, sur l’action du robot.
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Perception sonore active en robotique : bilan
→ Mais au final, approche traditionnelle de la perception en robotique :

Paradigme “Sense / Plan / Act”

ActuatorsSensors Interpretation Planning Motor control

sensor & world
model

tasks and goals 
in world model

kinematics model
in world model

Agent

commandssensations

Physical World
perception

• Interprétation des sensations sur la base de modèles connus a priori : loi de propagation
du son, modélisation des effets de salle, connaissance des HRTFs, etc.

• Plannification du mouvement sur la bases de relations géométriques connues a priori :
forme de l’environnement, lien position du robot / position de la source identifié, etc.

• Contrôle du mouvement effectué grâce à la connaissance préalable de la structure
mécanique du robot, des modèles d’actionneurs, etc.
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Perception en robotique

Multimodale Active Perception 

capteurs actionneurs

Perception Action

Robot (traitement du signal bas niveau et commande motrice)

Extraction de
caractéristiques

Carte
d’activité

reconnaissance

décision

Robot (calcul symbolique de haut niveau)

Chemin gauche - droite

Bottom-up 
path

Return 
path

commande

Les approches de la perception en robotique

• Perception passive

La réponse de David Marr à « qu’est-ce 
que la vision? » ne prend pas en compte 
l’utilisation du résultat de la vision (vision 
intentionnelle).

Une caractéristique de la perception 
passive est que le robot n’est pas en 
capacité de choisir comment voir une 
scène. Il est au contraire limité à ce qui 
lui arrive par les capteurs.

• Marr, D. «Vision: a computational investigation into the 
human representation and processing of visual information», 
San Francisco, W.H. FreemanEnvironnement

The visual modality does not always win in such
crossmodal tasks. For example, Shams, Kamitani and
Shimojo [10] presented subjects with a briefly flashed
visual stimulus that was accompanied by one, two or more
auditory beeps. There was a clear influence of the number
of auditory beeps on the perceived number of visual
flashes. That is, if therewere two beeps subjects frequently
reported seeing two flashes when only one was presented.
Maintaining the terminology above, this effect may be
called ‘auditory capture’.

The ‘Modality Precision’ or ‘Modality Appropriateness’
hypothesis by Welch and Warren [11] is often cited when
trying to explain which modality dominates under what
circumstances. These hypotheses state that discrepancies

are always resolved in favour of the more precise or more
appropriate modality. In spatial tasks, for example, the
visual modality usually dominates, because it is the most
precise at determining spatial information. For temporal
judgments,however,suchasthatstudiedbyShamsetal. [10]
and others (e.g. [12]), the situation is reversed and audition,
being the more appropriate modality, usually dominates
over vision. However, the terminology used, ‘modality
precision’ and ‘modality appropriateness’, is misleading
because it is not the modality itself or the stimulus that
dominates. Rather, the dominance is determined by the
estimate and how reliably it can be derived within a specific
modality from a given stimulus. Therefore, the term
‘estimate precision’ would probably be more appropriate.

Box 2. Perception–action and Bayes’theory

We perceive in order to act and our actions affect the percept of the
environment. This action–perception loop is illustrated in Figure I. To
allow interactions a reconstruction of the environment based on sensory
data has tobe formed in thebrain. It is however impossible to reconstruct
the environment ‘bottom-up’from the sensory information alone. Prior
knowledge is needed to interpret ambiguous sensory information.
Bayesian inference provides a formal way to describe such interactions
and enables one tomodel the uncertainty about theworld by combining
priorknowledge (thatmightbeunconscious)withobservational, sensory
evidence (the likelihood function) to infer the most probable interpret-
ation of the environment [57–59].

The Bayesian framework can be used to construct ‘ideal observer’
models as a standard for comparison with human performance. Bayes’
Rule says that the posterior probability pðW lIÞ is proportional to the
product of the likelihood function pðIlW Þ and prior probability
distribution pðW Þ : pðW lIÞ/pðIlW Þ £pðW Þ. All the work in the model-
ling is in specifying the likelihood functions and priors.

The integration of sensory information is mostly described in this
article as a bottom-up process. As such it can be modelled using

likelihood functions only (thereby ignoring prior distributions or
assuming that they are uniform over a wide range, disappearing at
infinity). Hence, the integration model discussed is also referred to as
Maximum Likelihood Estimation (MLE). We discuss how these models
can be extended using prior knowledge. For example, we consider
incorporating prior knowledge for disambiguation of sensory
information.

In most studies discussed the decision process is assumed to be
unbiased and ideal for the selected goal. For a complete analysis of the
task in question, however, the decision-making process has to be
considered in addition to the sensory-estimationprocess.Here, thegoal
for the task is defined using gain and loss functions [60]. Trommer-
shäuser,MaloneyandLandy [61] showed that statistical decision theory
can be used to accurately explain pointing behaviour for different loss
functions. Similarly, Triesch et al. [62] showed how the statistical
reliability of the stimuli affects the decision process. That is, a complete
model has to consider all three parts that make up Bayesian’Decision
theory: sensory estimation that includes prior knowledge together with
the decision-making process (e.g. [58,63]).

Figure I. The perception–action loop, incorporating a Bayesian framework. (See text for details.)
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ü
lt

h
o
f
f

,
2

0
0

4
)

“An agent is an active perceiver if it knows why it wishes
to sense, and then chooses what to perceive, and
determines how, when and where to achieve that
perception.”(Bajcsy, Aloimonos et Tsotsos, 2018)

• premières bases posées dans les années 90
(Chaumette, 1998)

• permet de traiter des données sensorielles bruitées,
ambigües, etc . . .

• . . . via l’exploitation de modèles, parfois complexes,

• . . . mais reste (relativement) peu générique.

Approche bayésienne :

• permet de traiter l’incomplétude des modèles,

• et prend en compte des connaissances a priori.

• Le robot ne perçoit pas, l’ingénieur le fait pour lui

• Perception et action sont toujours découplées, l’une
“commandant” l’autre

→ Action = moyen pour améliorer la perception, moyen
d’acquérir des connaissances pour réaliser une tâche.
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Le point de vue de l’agent

ActuatorsSensors Interpretation Planning Motor control

sensor & world
model

tasks and goals 
in world model

kinematics model
in world model

Agent

commandssensations

Physical World
perception

↓

Actuators
commands

Physical World

Interpretation Planning Motor control

dynamical model
in internal repr.

Agentsensorimotor
flow

perception

proprioception

Sensors

World & body 
internal

representation
tasks and goals  
in internal repr.

La perception n’est plus une capacité passive donnée a priori par l’ingénieur, mais une capacité
construite, découverte et limitée par les capacité d’action et de sensation de l’agent dans son
environnement. L’agent est alors :

• incarné : il possède un corps

• situé : il est acteur dans son environnement
Perception interactive (Bohg et al., 2017)
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La théorie des contingences sensorimotricesChapitre 1. La perception sensorimotrice 14

Figure 1.7: Schéma proposé par J.K.O’Regan. Lorsque nous percevons la souplesse
d’une éponge, nous entrons dans une interaction sensorimotrice particulère avec elle
qui consiste à y appliquer une pression et à sentir en retour nos doigts s’y enfoncer.
D’après la théorie des CSM, les propriétés de cette interaction définissent celles de notre

perception de la souplesse de l’éponge.

1.4.1.2 Reformulation du problème de la perception

Toute tentative de raccrocher la nature de nos perceptions aux propriétés physiques
et physiologiques de notre système nerveux est vouée à l’échec. Les auteurs proposent
donc de reformuler entièrement la problématique de la perception. Plutôt que de s’in-
terroger sur ce qui se passe dans le cerveau lorsque l’agent perçoit, ils se demandent ce
que fait le cerveau lorsque l’agent perçoit. Leur réponse est que le cerveau, via le corps,
entre dans une interaction particulière avec son environnement.
Afin d’illustrer ce propos, prenons comme exemple une situation proposée par J.K.O’Regan
dans [42] et illustrée figure 1.7. Lorsque nous saisissons une éponge, nous percevons sa
souplesse. Ce ressenti particulier naît de l’interaction sensorimotrice que nous entrete-
nons avec l’éponge : lorsque nous appliquons une pression sur celle-ci, nos doigts s’y
enfoncent, générant en retour une sensation tactile liée à la pression appliquée. D’après
la théorie des CSM, la perception de souplesse ainsi générée n’est pas liée à l’excitation
d’un ensemble spécifique de neurones dans notre cerveau mais aux propriétés intrinsèques
de cette interaction sensorimotrice entretenue avec l’éponge.
En cherchant à caractériser notre expérience sensible par les propriétés des interactions
que nous entretenons avec l’environnement, la théorie des CSM permet de contourner la
question, stérile selon les auteurs, du support matériel de nos perceptions.

1.4.1.3 La théorie des CSM et l’action

La modalité tactile impliquée dans l’exemple de l’éponge est la plus intuitive pour
appréhender la théorie des CSM. Par nature, elle a en effet tendance à inclure un aspect
moteur dans la génération des sensations qui lui sont associées (souplesse, rugosité, adhé-
rence...). La théorie des CSM s’applique toutefois de manière équivalente à tout type de
modalité et de perception. Il est donc important de clarifier le rôle qu’y tient l’action.
Contrairement à ce que pourrait laisser supposer l’exemple précédent, une action motrice
n’est pas nécessaire pour percevoir. Plus précisément, la théorie stipule que percevoir est
un mode d’exploration du monde fondé sur la connaissance des contingences 9 sensori-
motrices que l’agent peut entretenir avec l’environnement. Pour percevoir, cet agent doit

9. Une contingence est une relation stable liant un événement moteur à un événement sensoriel. Un
exemple simple de contingence liée au contact d’une surface rigide avec le doigt pourrait être : si je
pousse avec mon doigt, je ressens une pression plus importante sur ma peau.
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Percevoir, c’est entrer dans une interaction sensorimotrice, de
laquelle on peut extraire des contingences.

Multimodale Active Perception 

• Théorie des contingences 
sensorimotrices

Les approches de la perception en robotique

Si les invariants sensori-moteurs sont les
éléments fondamentaux de la
perception, alors tout est présent dans
le « flux sensorimoteur », et ce dernier
devient le seul élément de l’étude.

La théorie des contingences sensori-
motrice postule que nous ne disposons
pas de représentation interne du monde
mais seulement de représentations de
nos modes d’interaction avec le monde

• Approche sensorimotrice de la perception :

Actions

Sensations

Relation

Les perceptions émergent d’interactions 
sensorimotrices avec l’environnement.

Ces relations stables qui lient événement moteur / événement sensoriel deviennent les éléments
structurant de la perception.

→ tout est présent dans le flux sensorimoteur
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the other spot was the pedestal tinged with color to be
reddish, greenish, or also neutral if the chromatic contrast
was zero.
The pre-learning phase consisted of two blocks of trials

with 100 trials each. Because the test contrast of the non-
neutral spot was chosen randomly, the number of trials
with a given test contrast varied slightly.
In the learning phase the time course of the trial was

identical, but the stimuli and the observer’s task were
different. Figure 1 (bottom) shows the time course of a
trial in this phase. There were two variations (A and B) of
Experiment 1, defined by the contingency introduced in
this learning phase. In Experiment 1A, the spot appearing
on the left was always red and the spot appearing on the
right was always green, as shown in Figure 1. In
Experiment 1B, the colors were reversed, pairing left
with green and right with red, both of high chromatic
contrast (Table 1). Each spot was randomly determined to
be a circle or an oval, with 0.5 probability of each. The
task was to report whether the two spots had the same or
different shapes. This incidental task forced observers to
look at both spots on each trial and gave them experience
with the color/eye movement contingency. Observers
were instructed to make eye movements as in the pre-
learning test phase, determined by the arrow appearing at
the beginning of each trial. If both spots were circles or
both were ovals, they were instructed to press “2,” if one
spot was a circle and one an oval, they were to press “5.”
There were four blocks of trials in this stage with 100
trials each block, for a total of 400 trials. Feedback was
given after each trial to inform the observer whether the
response was correct or not.

The post-learning test phase was identical to the pre-
learning baseline phase, in order to look for differences
caused by the introduction of the sensorimotor contingency.

Data analysis

Data analysis procedures described here apply to all
experiments. Performances on the pre- and post-learning
phases were calculated in units of sensitivity change. First,
trials were separated into 4 types, based on the direction
of the initial eye movement (or tone frequency for
Experiment 3) and which spot had a zero test contrast,
creating a two by two matrix with four trial types. The
proportions of “2nd spot redder” responses (“2nd spot
bluer” for Experiment 2) were calculated for each test
contrast for each trial type. Eight Gaussian cumulative
distributions were fitted to these data for each observer,
one for each trial type in both the pre- and post-learning
phases. Two parameters, the location parameter 2 and
(inverse) slope parameter A, were extracted from each fit.
Examination of the fitted curves showed that the slopes
across conditions were very similar, so a single pooled
standard deviation was calculated for each observer as the
root mean square of the eight fitted A parameters. The
ratio 2/Apooled, referred to here as D, was calculated for
each of the trial types, pre- and post-learning. D is an
estimate of d V if the distribution of contrast effects is
Gaussian and of constant variance; see, e.g., Treisman and
Watts (1966). We have no evidence to test this assump-
tion, hence we refer to our metric as D rather than the
more conventional d V. Because the observer was respond-
ing based on the temporal order of the spots and the
analyses here were concerned with which spots are
coincident with which eye movement or tone, half of the
D values were multiplied by negative one, in order to
make all D values have a positive value for results in the
expected direction for the pairing of [left + red] and [right
+ green]. For example, if the predicted result following a
[right + red]-to-[left + neutral] saccade was 2 9 0, then the
[left + red]-to-[right + neutral] trial type had a prediction
of 2 G 0 and the D values were reversed in sign for this
second type. The four trial types showed no systematic
differences, so they were pooled for subsequent analysis.
These sign conventions were applied to the values of D

in both the pre- and post-learning phases; the signs of the
changes in D across phases were not altered. Any change
in D in the positive direction from the pre-learning phase
to the post-learning phase indicates compensation.

Results and discussion

Figure 2 shows two representative sample psychometric
functions for a single observer (AV). These come from a
single trial type: the neutral spot was on the left, and the
trial began with a leftward saccade, as shown in Figure 1

Figure 1. The time course of trials in Experiment 1A. (Top) Pre-
and post-learning phase trials. The arrow in the first panel could
point to the left or the right and is an indicator of the order of left
and right spot presentations. The observer sees a neutral spot,
then a slightly greenish spot. The observers’ task is to make a
relative color judgment of the spots (here, “greener”). (Bottom)
Learning phase trial. The observers’ task is to make a relative
shape judgment (here, “different”).
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(Blakemore et F. COOPER, 1970) (Held et Hein, 1963) (Bach-y-Rita, 1975) (Richters et Eskew, 2009)
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Question (comment formaliser tout cela ?)

Quels sont les éléments structurant le flux sensorimoteur d’un agent näıf qui permettent
d’expliquer comment émerge la notion de perception ?

Éléments de réponse :

• Estimation de la dimension de l’espace

• Structure des invariants sensorimoteurs : approche intuitive

→ Thèse d’Alban Laflaquière (09/2009–06/2013)

• Structure des invariants sensorimoteurs : approche formelle

→ Thèse de Valentin Marcel (09/2015–auj.)

Hypothèses :

• agent näıf : aucune connaissance a priori sur son corps, ses capteurs, ses actionneurs

• proprioception séparée de l’extéroception

• aucune tâche préalablement établie
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Un problème préalable : l’espace
→ Point de vue traditionnel :

x

y

z

entrées
sensorielles

sorties 
motrices

Environnement

Corps de 
l’agent

Agent

x

y

z

sensors

actuators

Contenant pré-existant dans lequel est immergé l’agent et son
environnement.

Défini sur la base d’un référentiel, au sein duquel les notions de
distance, position, etc. sont naturellement posées.

→ Point de vue incarné et sensorimoteur :Chapitre 1. La perception sensorimotrice 26

Espace géométrique extérieur Espace sensoriel

Etat sensoriel 1

Etat sensoriel 2

Etat sensoriel 3
=

Etat sensoriel 1

Variation
compensable 

Figure 1.12: Les déplacements des objets de l’environnement peuvent être compensés,
d’un point de vue sensoriel, par une action de l’agent. L’état sensoriel initial de lu robot
est donc identique à l’état sensoriel final obtenu après les déplacements de l’objet et du

robot.

une telle distinction à partir de ses expériences sensorimotrices ?
La réponse tient encore une fois à la nature particulière des caractéristiques spatiales.
Comme nous l’avons vu, l’espace est tel que le robot et les objets de l’environnement
peuvent réaliser les mêmes déplacements. Lors d’un tel déplacement conjoint, la confi-
guration relative robot/environnement reste la même. Cette propriété se traduit par un
phénomène particulier dans l’expérience sensorielle du robot : les déplacements sont com-
pensables. En d’autres termes, si l’environnement se déplace, il est possible pour l’agent
d’effectuer un mouvement équivalent tel que ses sensations se changent pas 15.
Ainsi, imaginons un robot naïf observant un objet, comme représenté figure 1.12. L’état
initial du système est associé à un état sensoriel quelconque. Si les sensations du robot
varient alors qu’il n’a émis aucune commande motrice, il peut en déduire que l’état de
l’environnement a changé. Néanmoins, il ne sait pas si ce changement est dû à un déplace-
ment de l’environnement ou à un changement d’état de ce dernier. Afin de le déterminer,
il peut essayer de compenser la variation sensorielle dont il vient de faire l’expérience.
Pour ce faire, il explore son espace moteur à la recherche d’une nouvelle configuration
de son corps permettant de retrouver l’état sensoriel initial. S’il n’en trouve aucune, il
peut conclure que le changement de l’environnement était non-spatial, comme illustré
figure 1.13. Au contraire, s’il trouve une telle configuration, il peut en déduire que l’envi-
ronnement s’était déplacé et qu’il vient lui même d’effectuer un déplacement équivalent,
comme illustré figure 1.12.

Le concept de compensabilité des déplacements a été évoqué dès la fin du 19ème
siècle par H.Poincaré dans un article intitulé "L’espace et la géométrie" [52]. A l’époque,

15. Les sensations peuvent éventuellement changer au cours du déplacement mais l’état sensoriel final
est identique à l’état sensoriel initial.
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Ensemble des propriétés partagées par l’agent et son
environnement (le flux sensorimoteur n’est pas
homogène, isotrope et 3D).

• Transformations compensables :
(Poincaré, 1887 ; Poincaré, 1902)

• Importance des objets rigides

• Notion de groupe : transformation nulle,
combinaison des transformations, etc.

• Première formalisation : (Philipona, 2008)

• Extension aux grands mouvements :
(Laflaquière, Argentieri et al., 2012)
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Et après ? Vers une structure des invariants sensorimoteurs (1/2)

L’approche précédente s’appuie exclusivement sur la variété sensorielle. Mais . . .

Sensory space
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EnvironmentSensory space

Environment

Environment
Sensory space

Environment

Environment
Sensory space

Environment

Environment

(L
a
f
l
a
q
u
iè
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. . . la “représentation” interne de x (variable spatiale qui caractérise l’interaction de l’agent dans
son environnement) dépend de la configuration ε de l’environnement.
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Et après ? Vers une structure des invariants sensorimoteurs (2/2)

Alors que si on raisonne dans l’espace des configurations motrices M, il vient :
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• m1 + m2 = x i : droites paramétrées par x i dans M ;
• ces droites constituent plus généralement des ensembles noyaux ;
• si on définit une distance entre courbes noyaux, on peut “capturer” la variable spatiale x .

Hypothèses :
• environnement suffisamment riche
• 2 ens. noyau proches ⇔ 2 config. sensorielles proches ⇔ 2 config. spatiales proches
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Résultats préliminaires
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Fig. 5. (a) 1% of the 2500 exploratory arm configurations mi . (b) Two 3D projections of 1% of the sets Mi embedded in the 4D motor space. (c) Schematic of the projected
manifold and capturing of external parameters. (d) Projection in 3D of the 2500manifolds Mi (gray points) with surfaces corresponding to translations in the working space
for different retinal orientations.

in Fig. 5(d). Nevertheless, the topology of the two manifolds
would be coherent. In other words, the manifolds generated by
the separate exploration of two different working spaces could
be patched together so as to appear as two connected pieces of
a single larger manifold. This consistency highlights the fact that

the agent is exploring a single external space, possibly in separate
patches. Likewise, the structure of the constraints imposed by
space on the agent’s sensorimotor experience could be captured
incrementally by progressively discovering the setsMi.When such
a new experience is available, the distances to the previously
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stored sets have to be estimated to extend the internal manifold
representing the agent’s external configuration.

Furthermore, it is important to remark that the internal
manifold generated in the last experiment can only be visualized
because the size of the agent’s working space is limited. It should
not be possible to represent a manifold associated with an object
configuration on the plane (two translational coordinates and
orientation angle) in 3D because of the circularity involved in
orientation. The use of a limitedworking space allows themanifold
to be strongly deformed during the projection in 3D to take the
circular dimension into account while avoiding any self-collision.
For wider working spaces, the manifold could not be visualized in
3D butwould still be explicitly described by themetrics defined on
the sets Mi. It would only be possible to visualize it locally.

Importantly, note that the technical implementation used here
(working space exploration, sampling of redundant manifolds,
metric computation, low-dimensional projection) is not the main
focus of the paper. The scope of the approach is generic, and
it can be extended to different implementations of each step of
data processing (such as using ISOMAP [56] instead of CCA, or
using a different metric on the manifolds Mi) and, of course,
to other agent/environment systems. Applying the method to
more complex systems would, however, lead to some technical
challenges that we have not addressed in this paper. The main
difficulty, as pointed out in many studies in developmental
robotics [57],would be the exploration of themotor space. Random
exploration becomes inefficient as dimensionality increases. Some
heuristics or bootstrapping reflexes thus need to be introduced to
guide the sampling of the motor space [58]. For instance, a low-
level tracking-like behavior could facilitate the sampling of the
sets Mi, whose dimensionality would be greater than 1 for more
complex robots. Note, however, that learning space is a challenge
for humans as well. Spatial reasoning remains immature until the
age of 6–10 years [59]. Evidently, so many years of sensorimotor
experience provide an enormous amount of data to lift the curse
of dimensionality. Having a robot explore its environment for an
extended period of time may thus be an inevitable cost to be paid
for the autonomous emergence of such perceptual notions.

Finally, the results highlight the fact that the proposed ap-
proach relies entirely on the properties of the raw sensorimotor
flow. In contrast, as mentioned in the introduction, most work
on body schema acquisition hypothesizes some spatial knowledge
provided a priori to the robot, through the pre-processing of sen-
sory inputs or through additional knowledge on the agents own
structure [7]. The only assumption in the present work is the hy-
pothesis that the metric on the sets Mi is topologically identical to
the metric of the agent’s external configuration. We thus believe
that any perceptive knowledge should be discovered and grounded
in sensorimotor experience. It should also be noted that some pa-
pers offer an implicit definition of body schema based on learn-
ing direct relations between motor commands and sensory inputs
[60,61]. This behaviorist approach suggests that the notion of space
is somehow irrelevant to having a robot act in the world. Although
this may be true for simple behaviors, we think that a compact in-
ternal representation of the world is required to create new com-
plex behaviors. In particular, space is such a ubiquitous component
of our perception that it must correspond to fundamental proper-
ties of our sensorimotor experience. Capturing them enables the
efficient interpretation of future sensory information.

4. Conclusion

The objective of this paper was to understand how a naive
tabula rasa agent can capture properties of the external space it is
immersed in. The question, more precisely, is: how can it discover
that such a structure exists independently of the particular objects

contained in the environment when its sensory experience is
heavily environment-dependent? Although the notion of space is
intuitively associated with visual inputs (or more generally with
exteroception), we show that considering them exclusively cannot
lead to an environment-independent notion. We thus proposed to
look for spatial properties not in the agent’s exteroceptive flow but
in the structure of its sensorimotor interactions with the world.
From the agent’s point of view, the sensorimotor laws are just
functions mapping its motor outputs to sensory inputs, and both
the properties of the external world and its own properties are
simply constraints on the shape of these functions. In particular,
the structure of the external space as suchmanifests itself through
the constraint that certain properties of these functions should not
depend on the objects present in the environment. We suggested
that the discovery of such constraints can lead the agent to discover
the structure of external space.

The method we developed allows the agent, starting with min-
imal a priori knowledge, to capture those constraints and to build
an internal representation of its external configuration in space. It
requires the agent to notice that different motor commands can
result in identical sensory inputs. This discovery reveals the exis-
tence of an underlying structure of motor sets (Mi) in the motor
space. This structure can be processed as a manifold by defining a
metric on the motor sets. Interestingly, from an external point of
view, thismanifold corresponds to themanifold of external agent’s
configurations in space. It is important to note, though, that to per-
form such an analysis, the agent does not need to assume the ex-
istence of space. Its final internal representation can simply be the
result of an effort to generate a compact and invariant encoding of
its sensorimotor interactions with the world.

Even if space was the main focus of this work, the processing
and results presented in this paper can be linked to the rich
literature on body schema acquisition and forwardmodel learning.
Indeed, the notion of space is intimately related to the agent’s
ability to move [41]. However, our approach differs from a large
part of this literature by not assuming the pre-coding of building
blocks or any processing of the sensory flow. In the line of this
paper, other works focus directly on the raw sensorimotor flow to
build a body schema and/or control a robot [23–25,62]. However
these approaches rarely address the question of space, instead
focusing on the emergence of behaviors (however, see [43]). Our
work adds to existing research by making explicit what properties
of the raw sensorimotor flow can lead an agent to perceive space.

In this paper, we have focused on capturing one property of
space: namely, the fact that the notion of space is independent of
the content of the environment. However, this single property does
not capture the whole concept of space as we mean it from our
subjective point of view. As also pinpointed by Poincaré [41], space
is felt as a container shared by both the agent and the environment.
We have the subjective experience that we and the objects around
us are immersed in the same space. Our next goal is to ground
this property in the agent’s sensorimotor experience. To do so, we
will focus on discovering the displacements that space allows both
the agent and objects around it to perform. Capturing such specific
experiences will also overcome a limitation of the present work:
the structure discovered in this paper is an internal representation
of the agent’s external configuration, but this broad notion includes
both spatial and non-spatial parameters. One can, for example,
imagine an agent similar to the one described in Section 3 but
with an additional form of motor control linked to a pupil that
adjusts the amount of light arriving on the retina. Such a non-
spatial degree of freedom would be captured without distinction
by our method, increasing the dimensionality of the internal
manifold. By searching only for displacements or, in sensorimotor
terms, transformations that both the agent and objects in the
environment can perform, it should be possible to avoid capturing
such non-spatial degrees of freedom. The final structure captured
by the agent will thus be closer to what we intuitively expect from
a notion of space.
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Fig. 5. (a) 1% of the 2500 exploratory arm configurations mi . (b) Two 3D projections of 1% of the sets Mi embedded in the 4D motor space. (c) Schematic of the projected
manifold and capturing of external parameters. (d) Projection in 3D of the 2500manifolds Mi (gray points) with surfaces corresponding to translations in the working space
for different retinal orientations.

in Fig. 5(d). Nevertheless, the topology of the two manifolds
would be coherent. In other words, the manifolds generated by
the separate exploration of two different working spaces could
be patched together so as to appear as two connected pieces of
a single larger manifold. This consistency highlights the fact that

the agent is exploring a single external space, possibly in separate
patches. Likewise, the structure of the constraints imposed by
space on the agent’s sensorimotor experience could be captured
incrementally by progressively discovering the setsMi.When such
a new experience is available, the distances to the previously
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stored sets have to be estimated to extend the internal manifold
representing the agent’s external configuration.

Furthermore, it is important to remark that the internal
manifold generated in the last experiment can only be visualized
because the size of the agent’s working space is limited. It should
not be possible to represent a manifold associated with an object
configuration on the plane (two translational coordinates and
orientation angle) in 3D because of the circularity involved in
orientation. The use of a limitedworking space allows themanifold
to be strongly deformed during the projection in 3D to take the
circular dimension into account while avoiding any self-collision.
For wider working spaces, the manifold could not be visualized in
3D butwould still be explicitly described by themetrics defined on
the sets Mi. It would only be possible to visualize it locally.

Importantly, note that the technical implementation used here
(working space exploration, sampling of redundant manifolds,
metric computation, low-dimensional projection) is not the main
focus of the paper. The scope of the approach is generic, and
it can be extended to different implementations of each step of
data processing (such as using ISOMAP [56] instead of CCA, or
using a different metric on the manifolds Mi) and, of course,
to other agent/environment systems. Applying the method to
more complex systems would, however, lead to some technical
challenges that we have not addressed in this paper. The main
difficulty, as pointed out in many studies in developmental
robotics [57],would be the exploration of themotor space. Random
exploration becomes inefficient as dimensionality increases. Some
heuristics or bootstrapping reflexes thus need to be introduced to
guide the sampling of the motor space [58]. For instance, a low-
level tracking-like behavior could facilitate the sampling of the
sets Mi, whose dimensionality would be greater than 1 for more
complex robots. Note, however, that learning space is a challenge
for humans as well. Spatial reasoning remains immature until the
age of 6–10 years [59]. Evidently, so many years of sensorimotor
experience provide an enormous amount of data to lift the curse
of dimensionality. Having a robot explore its environment for an
extended period of time may thus be an inevitable cost to be paid
for the autonomous emergence of such perceptual notions.

Finally, the results highlight the fact that the proposed ap-
proach relies entirely on the properties of the raw sensorimotor
flow. In contrast, as mentioned in the introduction, most work
on body schema acquisition hypothesizes some spatial knowledge
provided a priori to the robot, through the pre-processing of sen-
sory inputs or through additional knowledge on the agents own
structure [7]. The only assumption in the present work is the hy-
pothesis that the metric on the sets Mi is topologically identical to
the metric of the agent’s external configuration. We thus believe
that any perceptive knowledge should be discovered and grounded
in sensorimotor experience. It should also be noted that some pa-
pers offer an implicit definition of body schema based on learn-
ing direct relations between motor commands and sensory inputs
[60,61]. This behaviorist approach suggests that the notion of space
is somehow irrelevant to having a robot act in the world. Although
this may be true for simple behaviors, we think that a compact in-
ternal representation of the world is required to create new com-
plex behaviors. In particular, space is such a ubiquitous component
of our perception that it must correspond to fundamental proper-
ties of our sensorimotor experience. Capturing them enables the
efficient interpretation of future sensory information.

4. Conclusion

The objective of this paper was to understand how a naive
tabula rasa agent can capture properties of the external space it is
immersed in. The question, more precisely, is: how can it discover
that such a structure exists independently of the particular objects

contained in the environment when its sensory experience is
heavily environment-dependent? Although the notion of space is
intuitively associated with visual inputs (or more generally with
exteroception), we show that considering them exclusively cannot
lead to an environment-independent notion. We thus proposed to
look for spatial properties not in the agent’s exteroceptive flow but
in the structure of its sensorimotor interactions with the world.
From the agent’s point of view, the sensorimotor laws are just
functions mapping its motor outputs to sensory inputs, and both
the properties of the external world and its own properties are
simply constraints on the shape of these functions. In particular,
the structure of the external space as suchmanifests itself through
the constraint that certain properties of these functions should not
depend on the objects present in the environment. We suggested
that the discovery of such constraints can lead the agent to discover
the structure of external space.

The method we developed allows the agent, starting with min-
imal a priori knowledge, to capture those constraints and to build
an internal representation of its external configuration in space. It
requires the agent to notice that different motor commands can
result in identical sensory inputs. This discovery reveals the exis-
tence of an underlying structure of motor sets (Mi) in the motor
space. This structure can be processed as a manifold by defining a
metric on the motor sets. Interestingly, from an external point of
view, thismanifold corresponds to themanifold of external agent’s
configurations in space. It is important to note, though, that to per-
form such an analysis, the agent does not need to assume the ex-
istence of space. Its final internal representation can simply be the
result of an effort to generate a compact and invariant encoding of
its sensorimotor interactions with the world.

Even if space was the main focus of this work, the processing
and results presented in this paper can be linked to the rich
literature on body schema acquisition and forwardmodel learning.
Indeed, the notion of space is intimately related to the agent’s
ability to move [41]. However, our approach differs from a large
part of this literature by not assuming the pre-coding of building
blocks or any processing of the sensory flow. In the line of this
paper, other works focus directly on the raw sensorimotor flow to
build a body schema and/or control a robot [23–25,62]. However
these approaches rarely address the question of space, instead
focusing on the emergence of behaviors (however, see [43]). Our
work adds to existing research by making explicit what properties
of the raw sensorimotor flow can lead an agent to perceive space.

In this paper, we have focused on capturing one property of
space: namely, the fact that the notion of space is independent of
the content of the environment. However, this single property does
not capture the whole concept of space as we mean it from our
subjective point of view. As also pinpointed by Poincaré [41], space
is felt as a container shared by both the agent and the environment.
We have the subjective experience that we and the objects around
us are immersed in the same space. Our next goal is to ground
this property in the agent’s sensorimotor experience. To do so, we
will focus on discovering the displacements that space allows both
the agent and objects around it to perform. Capturing such specific
experiences will also overcome a limitation of the present work:
the structure discovered in this paper is an internal representation
of the agent’s external configuration, but this broad notion includes
both spatial and non-spatial parameters. One can, for example,
imagine an agent similar to the one described in Section 3 but
with an additional form of motor control linked to a pupil that
adjusts the amount of light arriving on the retina. Such a non-
spatial degree of freedom would be captured without distinction
by our method, increasing the dimensionality of the internal
manifold. By searching only for displacements or, in sensorimotor
terms, transformations that both the agent and objects in the
environment can perform, it should be possible to avoid capturing
such non-spatial degrees of freedom. The final structure captured
by the agent will thus be closer to what we intuitively expect from
a notion of space.

A. Laflaquière et al. / Robotics and Autonomous Systems 71 (2015) 49–59 55

a b

c

d

Fig. 5. (a) 1% of the 2500 exploratory arm configurations mi . (b) Two 3D projections of 1% of the sets Mi embedded in the 4D motor space. (c) Schematic of the projected
manifold and capturing of external parameters. (d) Projection in 3D of the 2500manifolds Mi (gray points) with surfaces corresponding to translations in the working space
for different retinal orientations.

in Fig. 5(d). Nevertheless, the topology of the two manifolds
would be coherent. In other words, the manifolds generated by
the separate exploration of two different working spaces could
be patched together so as to appear as two connected pieces of
a single larger manifold. This consistency highlights the fact that

the agent is exploring a single external space, possibly in separate
patches. Likewise, the structure of the constraints imposed by
space on the agent’s sensorimotor experience could be captured
incrementally by progressively discovering the setsMi.When such
a new experience is available, the distances to the previously
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stored sets have to be estimated to extend the internal manifold
representing the agent’s external configuration.

Furthermore, it is important to remark that the internal
manifold generated in the last experiment can only be visualized
because the size of the agent’s working space is limited. It should
not be possible to represent a manifold associated with an object
configuration on the plane (two translational coordinates and
orientation angle) in 3D because of the circularity involved in
orientation. The use of a limitedworking space allows themanifold
to be strongly deformed during the projection in 3D to take the
circular dimension into account while avoiding any self-collision.
For wider working spaces, the manifold could not be visualized in
3D butwould still be explicitly described by themetrics defined on
the sets Mi. It would only be possible to visualize it locally.

Importantly, note that the technical implementation used here
(working space exploration, sampling of redundant manifolds,
metric computation, low-dimensional projection) is not the main
focus of the paper. The scope of the approach is generic, and
it can be extended to different implementations of each step of
data processing (such as using ISOMAP [56] instead of CCA, or
using a different metric on the manifolds Mi) and, of course,
to other agent/environment systems. Applying the method to
more complex systems would, however, lead to some technical
challenges that we have not addressed in this paper. The main
difficulty, as pointed out in many studies in developmental
robotics [57],would be the exploration of themotor space. Random
exploration becomes inefficient as dimensionality increases. Some
heuristics or bootstrapping reflexes thus need to be introduced to
guide the sampling of the motor space [58]. For instance, a low-
level tracking-like behavior could facilitate the sampling of the
sets Mi, whose dimensionality would be greater than 1 for more
complex robots. Note, however, that learning space is a challenge
for humans as well. Spatial reasoning remains immature until the
age of 6–10 years [59]. Evidently, so many years of sensorimotor
experience provide an enormous amount of data to lift the curse
of dimensionality. Having a robot explore its environment for an
extended period of time may thus be an inevitable cost to be paid
for the autonomous emergence of such perceptual notions.

Finally, the results highlight the fact that the proposed ap-
proach relies entirely on the properties of the raw sensorimotor
flow. In contrast, as mentioned in the introduction, most work
on body schema acquisition hypothesizes some spatial knowledge
provided a priori to the robot, through the pre-processing of sen-
sory inputs or through additional knowledge on the agents own
structure [7]. The only assumption in the present work is the hy-
pothesis that the metric on the sets Mi is topologically identical to
the metric of the agent’s external configuration. We thus believe
that any perceptive knowledge should be discovered and grounded
in sensorimotor experience. It should also be noted that some pa-
pers offer an implicit definition of body schema based on learn-
ing direct relations between motor commands and sensory inputs
[60,61]. This behaviorist approach suggests that the notion of space
is somehow irrelevant to having a robot act in the world. Although
this may be true for simple behaviors, we think that a compact in-
ternal representation of the world is required to create new com-
plex behaviors. In particular, space is such a ubiquitous component
of our perception that it must correspond to fundamental proper-
ties of our sensorimotor experience. Capturing them enables the
efficient interpretation of future sensory information.

4. Conclusion

The objective of this paper was to understand how a naive
tabula rasa agent can capture properties of the external space it is
immersed in. The question, more precisely, is: how can it discover
that such a structure exists independently of the particular objects

contained in the environment when its sensory experience is
heavily environment-dependent? Although the notion of space is
intuitively associated with visual inputs (or more generally with
exteroception), we show that considering them exclusively cannot
lead to an environment-independent notion. We thus proposed to
look for spatial properties not in the agent’s exteroceptive flow but
in the structure of its sensorimotor interactions with the world.
From the agent’s point of view, the sensorimotor laws are just
functions mapping its motor outputs to sensory inputs, and both
the properties of the external world and its own properties are
simply constraints on the shape of these functions. In particular,
the structure of the external space as suchmanifests itself through
the constraint that certain properties of these functions should not
depend on the objects present in the environment. We suggested
that the discovery of such constraints can lead the agent to discover
the structure of external space.

The method we developed allows the agent, starting with min-
imal a priori knowledge, to capture those constraints and to build
an internal representation of its external configuration in space. It
requires the agent to notice that different motor commands can
result in identical sensory inputs. This discovery reveals the exis-
tence of an underlying structure of motor sets (Mi) in the motor
space. This structure can be processed as a manifold by defining a
metric on the motor sets. Interestingly, from an external point of
view, thismanifold corresponds to themanifold of external agent’s
configurations in space. It is important to note, though, that to per-
form such an analysis, the agent does not need to assume the ex-
istence of space. Its final internal representation can simply be the
result of an effort to generate a compact and invariant encoding of
its sensorimotor interactions with the world.

Even if space was the main focus of this work, the processing
and results presented in this paper can be linked to the rich
literature on body schema acquisition and forwardmodel learning.
Indeed, the notion of space is intimately related to the agent’s
ability to move [41]. However, our approach differs from a large
part of this literature by not assuming the pre-coding of building
blocks or any processing of the sensory flow. In the line of this
paper, other works focus directly on the raw sensorimotor flow to
build a body schema and/or control a robot [23–25,62]. However
these approaches rarely address the question of space, instead
focusing on the emergence of behaviors (however, see [43]). Our
work adds to existing research by making explicit what properties
of the raw sensorimotor flow can lead an agent to perceive space.

In this paper, we have focused on capturing one property of
space: namely, the fact that the notion of space is independent of
the content of the environment. However, this single property does
not capture the whole concept of space as we mean it from our
subjective point of view. As also pinpointed by Poincaré [41], space
is felt as a container shared by both the agent and the environment.
We have the subjective experience that we and the objects around
us are immersed in the same space. Our next goal is to ground
this property in the agent’s sensorimotor experience. To do so, we
will focus on discovering the displacements that space allows both
the agent and objects around it to perform. Capturing such specific
experiences will also overcome a limitation of the present work:
the structure discovered in this paper is an internal representation
of the agent’s external configuration, but this broad notion includes
both spatial and non-spatial parameters. One can, for example,
imagine an agent similar to the one described in Section 3 but
with an additional form of motor control linked to a pupil that
adjusts the amount of light arriving on the retina. Such a non-
spatial degree of freedom would be captured without distinction
by our method, increasing the dimensionality of the internal
manifold. By searching only for displacements or, in sensorimotor
terms, transformations that both the agent and objects in the
environment can perform, it should be possible to avoid capturing
such non-spatial degrees of freedom. The final structure captured
by the agent will thus be closer to what we intuitively expect from
a notion of space.
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Ça marche ! Mais . . .

• comment échantillonner les ensembles noyaux ?

• environnement supposé fixe et suffisamment informatif

• peu de formalisation mathématique : que représente-t’on ?
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Vers un formalisme sensorimoteur
Le point de vue “interne” :
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Définition d’un brique logique “égalité des sensations” → relation d’équivalence :
m1 =Ψε m2 ⇔ Ψε(m1) = Ψε(m2).

Ce qui permet la définition d’un ensemble quotient :
M/ε = {[m]ε ∈ P(M)|m ∈M}, avec [m]ε = {r ∈M|r =Ψε m}.

L’ensemble quotient M/ε est ce qui est accessible à l’agent, découvert via ses invariants
sensorimoteurs → c’est ce qui a été construit intuitivement dans (Laflaquière, O’Regan et al., 2015).
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Vers un formalisme sensorimoteur
Le point de vue “externe” : Ψε = φε ◦ f
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On introduit “l’espace des poses” X , où on peut définir une nouvelle relation d’équivalence :
x1 =φε x2 ⇔ φε(x1) = φε(x2).

Qui a son tour permet la définition d’un nouvel ensemble quotient :
X/ε = {[x ]ε ∈ P(X )|x ∈ X}, avec [x ]ε = {r ∈ X|r =φε x}.

Sous certaines hypothèses topologiques (compacité, séparabilité, etc.), on peut montrer que :
M/ε est homéomorphe à X/ε
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Deux applications à ce formalisme
Représentation de l’interaction d’un agent avec . . .
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own body, but also a topological image of the interaction with
itself.

Another comment concerns the forward sensory function
φϵ , which is only supposed surjective thanks to the restriction
of S to # (see Section II-A). Such a property clearly allows
one to capture every case an agent might encounter during
an exploration. Furthermore, regrouping all the sensor poses
leading to the same sensation allows one to discard the possi-
ble system redundancy, and to build the quotient set χ/=φϵ

of
the pose space χ through sensory invariants considerations.
While possibly targeting the same kind of applications, “active
approaches” to perception often explicitly model the structure
of such a latent space. For instance, this allows the exploita-
tion of independent variables, whose values can be modified
by predefined control laws, in order to drive the system to
an a priori targeted perception. The proposed sensorimotor
approach allows instead the agent to autonomously build its
so-called internal representation M/=% by motor exploration
and sensory invariants considerations without any a priori. So
let us now focus on the way Proposition 2 can be exploited
by an artifical agent to actually build M/=% .

III. BUILDING OF THE SENSORIMOTOR INTERNAL

REPRESENTATION OF SIMULATED AGENT

It has been demonstrated that the quotient set M/=% can be
used as an internal representation of the quotient set χ/=φϵ

. A
simulated robotic system is now introduced in the following
to illustrate: 1) how M/=% can actually be built from the
sensorimotor flow of the simulated agent and 2) how M/=%

can then be used as an equivalent representation of χ/=φϵ

by the agent. This representation is then exploited for motion
planning applications in Section IV. The description of the
proposed simulated agent is proposed in a first section. The
link between the mathematical considerations from Section II
and the proposed system will be carefully discussed in there.
Then, the simulation setup and the algorithm for the building
of M/=% by the agent is provided in a second section. Finally,
simulation results are provided in the last section.

A. Simulation Setup and Algorithm

1) Description of the Proposed Agent Setup: In the follow-
ing, the agent is made of a fixed spherical body covered with S
tactile receptive fields and a multi-DoF arm similar to the one
illustrated in Section II (see Fig. 2). Note that a cubic body
will also be introduced in Section III-C1 to evaluate the gener-
icity of the approach. The arm basis and the spherical body
are affixed, so that only the arm is able to move thanks to its
M = 6 actuators. In order to illustrate the genericity of the
approach, two different arm end-effectors will be considered.
In a first case, the end-effector is made of a single fingertip,
i.e., a pointwise tool (see Fig. 3-left). In a second case, a dou-
ble fingertip—made of two distinct pointwise fingertips rigidly
linked together—is used (see Fig. 3-right). Whatever the end-
effector, the sensation vector S will originate from the body
endowed with a tactile modality, and not from a sensor placed
at the end-effector, as hypothesized in Section II-B. But the
tactile sensation will be supposed different from 0 only when

Fig. 3. Agent setup. Left: The arm touches the spherical body endowed with
S tactile receptive fields with a single fingertip tool. Right: The arm is now
endowed a double fingertip tool.

the end-effector is in contact with the body [see (7), (8)]: in
such a case, the origin of the sensation is not relevant anymore,
and the formalization proposed in Section II still applies. Of
course, the pose space χ will be now restricted to the end-
effector pose X, under the constraint of the existence of a
contact with the agent body. In other terms, depending on the
nature of the contact with the body, the quotient set χ/=φϵ

will be different.
1) With Only One Pointwise Contact With the Body (the

One Fingertip Arm): In this case, the fingertip orienta-
tion will not have any influence on the corresponding
tactile sensation generated by the body. Consequently,
the quotient set χ/=φϵ

, regrouping all the fingertip
poses leading to the same sensation, will be entirely
described by two latent variables, and can then be
directly exploited to represent the 2-sphere body mani-
fold inside a 3-D Euclidean space.

2) With Two Rigidly Linked Simultaneous Pointwise
Contacts (the Two Fingertips Case): The fingertip pose
will be now entirely described by three parameters: a
position on the 2-sphere body and one orientation along
the axis joining the two contact points.

Let us now precisely explain how the sensation S is actually
obtained from the tactile agent body.

2) Sensation Generation: Whatever the considered agent
(with one or two fingertips), it is hypothesized that a contact
with the full end-effector is mandatory to generate a non-null
sensation vector S. For the single fingertip end-effector, let us
denote X ∈ R3 the 3-D-coordinates of a point in the Euclidean
space with respect to the arm basis frame. The ith sensory
vector component of S is then computed along

si = φi(X) =

⎧
⎨

⎩

0, if X is not on the body

exp
(

− K
∥X − Ci∥2

dbody

)
otherwise (7)

with i = 1, . . . , S. Ci denotes the center of the ith sensi-
tive field, K is a normalization constant, and dbody represents
the spherical body diameter (see Fig. 4). For the double

. . . son espace de travail
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Application à la représentation du corps

Agent simulé :
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own body, but also a topological image of the interaction with
itself.

Another comment concerns the forward sensory function
φϵ , which is only supposed surjective thanks to the restriction
of S to # (see Section II-A). Such a property clearly allows
one to capture every case an agent might encounter during
an exploration. Furthermore, regrouping all the sensor poses
leading to the same sensation allows one to discard the possi-
ble system redundancy, and to build the quotient set χ/=φϵ

of
the pose space χ through sensory invariants considerations.
While possibly targeting the same kind of applications, “active
approaches” to perception often explicitly model the structure
of such a latent space. For instance, this allows the exploita-
tion of independent variables, whose values can be modified
by predefined control laws, in order to drive the system to
an a priori targeted perception. The proposed sensorimotor
approach allows instead the agent to autonomously build its
so-called internal representation M/=% by motor exploration
and sensory invariants considerations without any a priori. So
let us now focus on the way Proposition 2 can be exploited
by an artifical agent to actually build M/=% .

III. BUILDING OF THE SENSORIMOTOR INTERNAL

REPRESENTATION OF SIMULATED AGENT

It has been demonstrated that the quotient set M/=% can be
used as an internal representation of the quotient set χ/=φϵ

. A
simulated robotic system is now introduced in the following
to illustrate: 1) how M/=% can actually be built from the
sensorimotor flow of the simulated agent and 2) how M/=%

can then be used as an equivalent representation of χ/=φϵ

by the agent. This representation is then exploited for motion
planning applications in Section IV. The description of the
proposed simulated agent is proposed in a first section. The
link between the mathematical considerations from Section II
and the proposed system will be carefully discussed in there.
Then, the simulation setup and the algorithm for the building
of M/=% by the agent is provided in a second section. Finally,
simulation results are provided in the last section.

A. Simulation Setup and Algorithm

1) Description of the Proposed Agent Setup: In the follow-
ing, the agent is made of a fixed spherical body covered with S
tactile receptive fields and a multi-DoF arm similar to the one
illustrated in Section II (see Fig. 2). Note that a cubic body
will also be introduced in Section III-C1 to evaluate the gener-
icity of the approach. The arm basis and the spherical body
are affixed, so that only the arm is able to move thanks to its
M = 6 actuators. In order to illustrate the genericity of the
approach, two different arm end-effectors will be considered.
In a first case, the end-effector is made of a single fingertip,
i.e., a pointwise tool (see Fig. 3-left). In a second case, a dou-
ble fingertip—made of two distinct pointwise fingertips rigidly
linked together—is used (see Fig. 3-right). Whatever the end-
effector, the sensation vector S will originate from the body
endowed with a tactile modality, and not from a sensor placed
at the end-effector, as hypothesized in Section II-B. But the
tactile sensation will be supposed different from 0 only when

Fig. 3. Agent setup. Left: The arm touches the spherical body endowed with
S tactile receptive fields with a single fingertip tool. Right: The arm is now
endowed a double fingertip tool.

the end-effector is in contact with the body [see (7), (8)]: in
such a case, the origin of the sensation is not relevant anymore,
and the formalization proposed in Section II still applies. Of
course, the pose space χ will be now restricted to the end-
effector pose X, under the constraint of the existence of a
contact with the agent body. In other terms, depending on the
nature of the contact with the body, the quotient set χ/=φϵ

will be different.
1) With Only One Pointwise Contact With the Body (the

One Fingertip Arm): In this case, the fingertip orienta-
tion will not have any influence on the corresponding
tactile sensation generated by the body. Consequently,
the quotient set χ/=φϵ

, regrouping all the fingertip
poses leading to the same sensation, will be entirely
described by two latent variables, and can then be
directly exploited to represent the 2-sphere body mani-
fold inside a 3-D Euclidean space.

2) With Two Rigidly Linked Simultaneous Pointwise
Contacts (the Two Fingertips Case): The fingertip pose
will be now entirely described by three parameters: a
position on the 2-sphere body and one orientation along
the axis joining the two contact points.

Let us now precisely explain how the sensation S is actually
obtained from the tactile agent body.

2) Sensation Generation: Whatever the considered agent
(with one or two fingertips), it is hypothesized that a contact
with the full end-effector is mandatory to generate a non-null
sensation vector S. For the single fingertip end-effector, let us
denote X ∈ R3 the 3-D-coordinates of a point in the Euclidean
space with respect to the arm basis frame. The ith sensory
vector component of S is then computed along

si = φi(X) =

⎧
⎨

⎩

0, if X is not on the body

exp
(

− K
∥X − Ci∥2

dbody

)
otherwise (7)

with i = 1, . . . , S. Ci denotes the center of the ith sensi-
tive field, K is a normalization constant, and dbody represents
the spherical body diameter (see Fig. 4). For the double

Paramètres :

• 6 moteurs, corps “sphérique”

• exploration motrice : marche aléatoire

• environ 106 configurations motrices

• sensation si contact (ponctuel) avec le
corps

• s de dimension 20
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Application à la représentation du corps
Construction de la représentation :

M S
<latexit sha1_base64="vySJt1uxHTniDocTjSZHddpiN44="></latexit><latexit sha1_base64="vySJt1uxHTniDocTjSZHddpiN44="></latexit><latexit sha1_base64="vySJt1uxHTniDocTjSZHddpiN44="></latexit><latexit sha1_base64="vySJt1uxHTniDocTjSZHddpiN44="></latexit>

 <latexit sha1_base64="uWckrS7WvYUfEKfVAhNKW6JEyzE="></latexit><latexit sha1_base64="uWckrS7WvYUfEKfVAhNKW6JEyzE="></latexit><latexit sha1_base64="uWckrS7WvYUfEKfVAhNKW6JEyzE="></latexit><latexit sha1_base64="uWckrS7WvYUfEKfVAhNKW6JEyzE="></latexit>

L’agent n’a accès qu’à ses commandes motrices m et sensations associées s
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Application à la représentation du corps
Construction de la représentation :

M
s1

<latexit sha1_base64="6tDb/Xe0bsEV1h8tlpqgB+ZcZ+w="></latexit><latexit sha1_base64="6tDb/Xe0bsEV1h8tlpqgB+ZcZ+w="></latexit><latexit sha1_base64="6tDb/Xe0bsEV1h8tlpqgB+ZcZ+w="></latexit><latexit sha1_base64="6tDb/Xe0bsEV1h8tlpqgB+ZcZ+w="></latexit>

s2
<latexit sha1_base64="z0Wf/8XhSGOdUvtxCfYKEVKStNw="></latexit><latexit sha1_base64="z0Wf/8XhSGOdUvtxCfYKEVKStNw="></latexit><latexit sha1_base64="z0Wf/8XhSGOdUvtxCfYKEVKStNw="></latexit><latexit sha1_base64="z0Wf/8XhSGOdUvtxCfYKEVKStNw="></latexit>

s3
<latexit sha1_base64="fxdBnCXHilvIDKs4PgvPvLokxzI="></latexit><latexit sha1_base64="fxdBnCXHilvIDKs4PgvPvLokxzI="></latexit><latexit sha1_base64="fxdBnCXHilvIDKs4PgvPvLokxzI="></latexit><latexit sha1_base64="fxdBnCXHilvIDKs4PgvPvLokxzI="></latexit>

s4
<latexit sha1_base64="SF91fLqEat2dMshzbvU/v4HU5Ys="></latexit><latexit sha1_base64="SF91fLqEat2dMshzbvU/v4HU5Ys="></latexit><latexit sha1_base64="SF91fLqEat2dMshzbvU/v4HU5Ys="></latexit><latexit sha1_base64="SF91fLqEat2dMshzbvU/v4HU5Ys="></latexit>

[m]1
<latexit sha1_base64="bmTik1i5G6BfRoRCIh/DqFj5jKw="></latexit><latexit sha1_base64="bmTik1i5G6BfRoRCIh/DqFj5jKw="></latexit><latexit sha1_base64="bmTik1i5G6BfRoRCIh/DqFj5jKw="></latexit><latexit sha1_base64="bmTik1i5G6BfRoRCIh/DqFj5jKw="></latexit>

[m]2
<latexit sha1_base64="bW2rFNbNFgj/8kBBw8o3AQ+OYNY="></latexit><latexit sha1_base64="bW2rFNbNFgj/8kBBw8o3AQ+OYNY="></latexit><latexit sha1_base64="bW2rFNbNFgj/8kBBw8o3AQ+OYNY="></latexit><latexit sha1_base64="bW2rFNbNFgj/8kBBw8o3AQ+OYNY="></latexit>

[m]3
<latexit sha1_base64="OqifIE2fGFUyMSFF+nlxPwdv5ro="></latexit><latexit sha1_base64="OqifIE2fGFUyMSFF+nlxPwdv5ro="></latexit><latexit sha1_base64="OqifIE2fGFUyMSFF+nlxPwdv5ro="></latexit><latexit sha1_base64="OqifIE2fGFUyMSFF+nlxPwdv5ro="></latexit>

[m]4
<latexit sha1_base64="tyi4SdtZA4kiH9eTsT+NBudFs4w="></latexit><latexit sha1_base64="tyi4SdtZA4kiH9eTsT+NBudFs4w="></latexit><latexit sha1_base64="tyi4SdtZA4kiH9eTsT+NBudFs4w="></latexit><latexit sha1_base64="tyi4SdtZA4kiH9eTsT+NBudFs4w="></latexit>

[m]2
<latexit sha1_base64="bW2rFNbNFgj/8kBBw8o3AQ+OYNY="></latexit><latexit sha1_base64="bW2rFNbNFgj/8kBBw8o3AQ+OYNY="></latexit><latexit sha1_base64="bW2rFNbNFgj/8kBBw8o3AQ+OYNY="></latexit><latexit sha1_base64="bW2rFNbNFgj/8kBBw8o3AQ+OYNY="></latexit>

S
<latexit sha1_base64="vySJt1uxHTniDocTjSZHddpiN44="></latexit><latexit sha1_base64="vySJt1uxHTniDocTjSZHddpiN44="></latexit><latexit sha1_base64="vySJt1uxHTniDocTjSZHddpiN44="></latexit><latexit sha1_base64="vySJt1uxHTniDocTjSZHddpiN44="></latexit>

 <latexit sha1_base64="uWckrS7WvYUfEKfVAhNKW6JEyzE="></latexit><latexit sha1_base64="uWckrS7WvYUfEKfVAhNKW6JEyzE="></latexit><latexit sha1_base64="uWckrS7WvYUfEKfVAhNKW6JEyzE="></latexit><latexit sha1_base64="uWckrS7WvYUfEKfVAhNKW6JEyzE="></latexit>

• On explore aléatoirement l’espace moteur . . . et donc l’espace sensoriel ;
• Une mesure de “similarité sensorielle” permet de regrouper les sensations ;
• On définit ainsi les classes d’équivalence motrices [m]i .
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Application à la représentation du corps
Construction de la représentation :

s1
<latexit sha1_base64="6tDb/Xe0bsEV1h8tlpqgB+ZcZ+w="></latexit><latexit sha1_base64="6tDb/Xe0bsEV1h8tlpqgB+ZcZ+w="></latexit><latexit sha1_base64="6tDb/Xe0bsEV1h8tlpqgB+ZcZ+w="></latexit><latexit sha1_base64="6tDb/Xe0bsEV1h8tlpqgB+ZcZ+w="></latexit>

s2
<latexit sha1_base64="z0Wf/8XhSGOdUvtxCfYKEVKStNw="></latexit><latexit sha1_base64="z0Wf/8XhSGOdUvtxCfYKEVKStNw="></latexit><latexit sha1_base64="z0Wf/8XhSGOdUvtxCfYKEVKStNw="></latexit><latexit sha1_base64="z0Wf/8XhSGOdUvtxCfYKEVKStNw="></latexit>

s3
<latexit sha1_base64="fxdBnCXHilvIDKs4PgvPvLokxzI="></latexit><latexit sha1_base64="fxdBnCXHilvIDKs4PgvPvLokxzI="></latexit><latexit sha1_base64="fxdBnCXHilvIDKs4PgvPvLokxzI="></latexit><latexit sha1_base64="fxdBnCXHilvIDKs4PgvPvLokxzI="></latexit>

s4
<latexit sha1_base64="SF91fLqEat2dMshzbvU/v4HU5Ys="></latexit><latexit sha1_base64="SF91fLqEat2dMshzbvU/v4HU5Ys="></latexit><latexit sha1_base64="SF91fLqEat2dMshzbvU/v4HU5Ys="></latexit><latexit sha1_base64="SF91fLqEat2dMshzbvU/v4HU5Ys="></latexit>

M

M/= 

S
<latexit sha1_base64="vySJt1uxHTniDocTjSZHddpiN44="></latexit><latexit sha1_base64="vySJt1uxHTniDocTjSZHddpiN44="></latexit><latexit sha1_base64="vySJt1uxHTniDocTjSZHddpiN44="></latexit><latexit sha1_base64="vySJt1uxHTniDocTjSZHddpiN44="></latexit>

 <latexit sha1_base64="uWckrS7WvYUfEKfVAhNKW6JEyzE="></latexit><latexit sha1_base64="uWckrS7WvYUfEKfVAhNKW6JEyzE="></latexit><latexit sha1_base64="uWckrS7WvYUfEKfVAhNKW6JEyzE="></latexit><latexit sha1_base64="uWckrS7WvYUfEKfVAhNKW6JEyzE="></latexit>

⇡ 
<latexit sha1_base64="0CAsoPJE6oAYbuQZhYbRGfFjiMg="></latexit><latexit sha1_base64="0CAsoPJE6oAYbuQZhYbRGfFjiMg="></latexit><latexit sha1_base64="0CAsoPJE6oAYbuQZhYbRGfFjiMg="></latexit><latexit sha1_base64="0CAsoPJE6oAYbuQZhYbRGfFjiMg="></latexit>

[m]2
<latexit sha1_base64="bW2rFNbNFgj/8kBBw8o3AQ+OYNY="></latexit><latexit sha1_base64="bW2rFNbNFgj/8kBBw8o3AQ+OYNY="></latexit><latexit sha1_base64="bW2rFNbNFgj/8kBBw8o3AQ+OYNY="></latexit><latexit sha1_base64="bW2rFNbNFgj/8kBBw8o3AQ+OYNY="></latexit>

[m]3
<latexit sha1_base64="OqifIE2fGFUyMSFF+nlxPwdv5ro="></latexit><latexit sha1_base64="OqifIE2fGFUyMSFF+nlxPwdv5ro="></latexit><latexit sha1_base64="OqifIE2fGFUyMSFF+nlxPwdv5ro="></latexit><latexit sha1_base64="OqifIE2fGFUyMSFF+nlxPwdv5ro="></latexit>

[m]4
<latexit sha1_base64="tyi4SdtZA4kiH9eTsT+NBudFs4w="></latexit><latexit sha1_base64="tyi4SdtZA4kiH9eTsT+NBudFs4w="></latexit><latexit sha1_base64="tyi4SdtZA4kiH9eTsT+NBudFs4w="></latexit><latexit sha1_base64="tyi4SdtZA4kiH9eTsT+NBudFs4w="></latexit>

[m]2
<latexit sha1_base64="bW2rFNbNFgj/8kBBw8o3AQ+OYNY="></latexit><latexit sha1_base64="bW2rFNbNFgj/8kBBw8o3AQ+OYNY="></latexit><latexit sha1_base64="bW2rFNbNFgj/8kBBw8o3AQ+OYNY="></latexit><latexit sha1_base64="bW2rFNbNFgj/8kBBw8o3AQ+OYNY="></latexit>

[m]1
<latexit sha1_base64="bmTik1i5G6BfRoRCIh/DqFj5jKw="></latexit><latexit sha1_base64="bmTik1i5G6BfRoRCIh/DqFj5jKw="></latexit><latexit sha1_base64="bmTik1i5G6BfRoRCIh/DqFj5jKw="></latexit><latexit sha1_base64="bmTik1i5G6BfRoRCIh/DqFj5jKw="></latexit>

Les classes d’équivalences [m]i sont en fait les éléments de l’espace quotient M/=Ψ
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Application à la représentation du corps
Construction de la représentation :

s1
<latexit sha1_base64="6tDb/Xe0bsEV1h8tlpqgB+ZcZ+w="></latexit><latexit sha1_base64="6tDb/Xe0bsEV1h8tlpqgB+ZcZ+w="></latexit><latexit sha1_base64="6tDb/Xe0bsEV1h8tlpqgB+ZcZ+w="></latexit><latexit sha1_base64="6tDb/Xe0bsEV1h8tlpqgB+ZcZ+w="></latexit>

s2
<latexit sha1_base64="z0Wf/8XhSGOdUvtxCfYKEVKStNw="></latexit><latexit sha1_base64="z0Wf/8XhSGOdUvtxCfYKEVKStNw="></latexit><latexit sha1_base64="z0Wf/8XhSGOdUvtxCfYKEVKStNw="></latexit><latexit sha1_base64="z0Wf/8XhSGOdUvtxCfYKEVKStNw="></latexit>

s3
<latexit sha1_base64="fxdBnCXHilvIDKs4PgvPvLokxzI="></latexit><latexit sha1_base64="fxdBnCXHilvIDKs4PgvPvLokxzI="></latexit><latexit sha1_base64="fxdBnCXHilvIDKs4PgvPvLokxzI="></latexit><latexit sha1_base64="fxdBnCXHilvIDKs4PgvPvLokxzI="></latexit>

s4
<latexit sha1_base64="SF91fLqEat2dMshzbvU/v4HU5Ys="></latexit><latexit sha1_base64="SF91fLqEat2dMshzbvU/v4HU5Ys="></latexit><latexit sha1_base64="SF91fLqEat2dMshzbvU/v4HU5Ys="></latexit><latexit sha1_base64="SF91fLqEat2dMshzbvU/v4HU5Ys="></latexit>

M

M/= 

S
<latexit sha1_base64="vySJt1uxHTniDocTjSZHddpiN44="></latexit><latexit sha1_base64="vySJt1uxHTniDocTjSZHddpiN44="></latexit><latexit sha1_base64="vySJt1uxHTniDocTjSZHddpiN44="></latexit><latexit sha1_base64="vySJt1uxHTniDocTjSZHddpiN44="></latexit>

 <latexit sha1_base64="uWckrS7WvYUfEKfVAhNKW6JEyzE="></latexit><latexit sha1_base64="uWckrS7WvYUfEKfVAhNKW6JEyzE="></latexit><latexit sha1_base64="uWckrS7WvYUfEKfVAhNKW6JEyzE="></latexit><latexit sha1_base64="uWckrS7WvYUfEKfVAhNKW6JEyzE="></latexit>

X/=�
<latexit sha1_base64="cJTBgcq4P+C8SMLLjkU1Qh2Vznc="></latexit><latexit sha1_base64="cJTBgcq4P+C8SMLLjkU1Qh2Vznc="></latexit><latexit sha1_base64="cJTBgcq4P+C8SMLLjkU1Qh2Vznc="></latexit><latexit sha1_base64="cJTBgcq4P+C8SMLLjkU1Qh2Vznc="></latexit>⇢ij

<latexit sha1_base64="6ifkX5mccPglhAEsIcp3lPYFqWY="></latexit><latexit sha1_base64="6ifkX5mccPglhAEsIcp3lPYFqWY="></latexit><latexit sha1_base64="6ifkX5mccPglhAEsIcp3lPYFqWY="></latexit><latexit sha1_base64="6ifkX5mccPglhAEsIcp3lPYFqWY="></latexit>

⇡ 
<latexit sha1_base64="0CAsoPJE6oAYbuQZhYbRGfFjiMg="></latexit><latexit sha1_base64="0CAsoPJE6oAYbuQZhYbRGfFjiMg="></latexit><latexit sha1_base64="0CAsoPJE6oAYbuQZhYbRGfFjiMg="></latexit><latexit sha1_base64="0CAsoPJE6oAYbuQZhYbRGfFjiMg="></latexit>

[m]2
<latexit sha1_base64="bW2rFNbNFgj/8kBBw8o3AQ+OYNY="></latexit><latexit sha1_base64="bW2rFNbNFgj/8kBBw8o3AQ+OYNY="></latexit><latexit sha1_base64="bW2rFNbNFgj/8kBBw8o3AQ+OYNY="></latexit><latexit sha1_base64="bW2rFNbNFgj/8kBBw8o3AQ+OYNY="></latexit>

[m]3
<latexit sha1_base64="OqifIE2fGFUyMSFF+nlxPwdv5ro="></latexit><latexit sha1_base64="OqifIE2fGFUyMSFF+nlxPwdv5ro="></latexit><latexit sha1_base64="OqifIE2fGFUyMSFF+nlxPwdv5ro="></latexit><latexit sha1_base64="OqifIE2fGFUyMSFF+nlxPwdv5ro="></latexit>

[m]4
<latexit sha1_base64="tyi4SdtZA4kiH9eTsT+NBudFs4w="></latexit><latexit sha1_base64="tyi4SdtZA4kiH9eTsT+NBudFs4w="></latexit><latexit sha1_base64="tyi4SdtZA4kiH9eTsT+NBudFs4w="></latexit><latexit sha1_base64="tyi4SdtZA4kiH9eTsT+NBudFs4w="></latexit>

[m]2
<latexit sha1_base64="bW2rFNbNFgj/8kBBw8o3AQ+OYNY="></latexit><latexit sha1_base64="bW2rFNbNFgj/8kBBw8o3AQ+OYNY="></latexit><latexit sha1_base64="bW2rFNbNFgj/8kBBw8o3AQ+OYNY="></latexit><latexit sha1_base64="bW2rFNbNFgj/8kBBw8o3AQ+OYNY="></latexit>

[m]1
<latexit sha1_base64="bmTik1i5G6BfRoRCIh/DqFj5jKw="></latexit><latexit sha1_base64="bmTik1i5G6BfRoRCIh/DqFj5jKw="></latexit><latexit sha1_base64="bmTik1i5G6BfRoRCIh/DqFj5jKw="></latexit><latexit sha1_base64="bmTik1i5G6BfRoRCIh/DqFj5jKw="></latexit>

• La distance quotient ρ permet d’approximer M/=Ψ sous la forme d’un graphe ;
• Ce graphe capture l’information topologique de X/=φ → visualisation via CCA.
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Application à la représentation du corps : résultats

Corps de l’agent Représentation (CCA) Comparaison

MARCEL et al.: BUILDING SENSORIMOTOR REPRESENTATION OF NAIVE AGENT’S TACTILE SPACE 147

Fig. 5. Illustration of the agent internal representation for the N target sensations in the robotic 3-D frame. (Red) isometrically-transformed internal
representation of N target sensations by the agent, (Blue) original end-effector points that led to the target sensations. From the left to the right: (a) and (d)
shaded body shape with target sensations on the surface, (b) and (e) shaded recovered body shape (continuously deformed) with represented target sensation
along the surface, and (c) and (f) arrows between transformed internal representation and real positions of target sensations on the body with tactile body
fields in light gray and inner contours in green.

Fig. 5 (top) exhibits the simulation results. Fig. 5(a) exhibits
the ground-truth icosahedral agent body shape together with
an artificial shading that has been added to enhance its spa-
tial shape. In this figure, the blue points represent the N
target end-effector positions X(i) on the body. Fig. 5(b) repre-
sents the N transformed CCA outputs with red points. The
added shading highlights a continuous deformation of the
body original shape, but the extracted representation remains
topologically similar to a sphere. Such a deformation might
originate from: 1) some projection errors by CCA, but also
mainly from 2) the distances between two motor configura-
tions which are not maintained between the two subsequent
end-effector poses. Indeed, since the forward kinematic model
f (.) is nonlinear, M/=! (and thus its approximation M̂/=! )
is only homeomorphic to χ/=φϵ

, and not isometric to it.
The blue and red points can be linked by pair as they both

represent the same target fingertip position: one by its real
position on the body (blue), and the other one by its (projected
and isometrically transformed) internal representation (red).
These links are represented by arrows in Fig. 5(c). Clearly, the
two sets of points are consistent with each other, which means
that the agent has been able to capture the body topology by
using only sensorimotor information.

b) Cubic body: In order to illustrate the generality of
the proposed approach, a second form of the agent body is
used. This time, S = 12 tactile receptive fields (two by face)
are used together to form a body with a cube shape of length
dbody = 100 mm. The normalization constant in (8) is now
set to K = 10. The body center position, together with the

number of trajectories L, the samples number V and standard
deviation σ remain unchanged, while δ has been now set to
δ = 6.10−3. All the remaining steps in Algorithm 1 are the
same, together with the CCA isometric transformation men-
tioned in the first simulation. The results are shown in Fig. 5
(bottom), which again exhibits the target points on the body
(blue) and those obtained by the construction of the internal
representation (red). As already shown with the spherical body,
it can be seen that the cubic shape has been deformed, for the
same reason as those highlighted before, but is still recog-
nizable. In other terms, the body topology has been correctly
discovered by the agent.

2) Second Case (Double Fingertips Agent): Let us now
consider the case of the agent endowed with an end-
effector made of two rigidly linked fingers. As outlined in
Section III-A1, the quotient set χ/=φϵ

will be quite differ-
ent from the one obtained in the previous section. Indeed,
according to (8), a sensation S will be generated by the body
only if the two fingertips simultaneously touch the body. Thus,
all the fingertips poses generating the same sensation S are
now entirely described by three independent parameters. This
intuition is shown as correct in the following.

In this section, the agent’s body is again made of the
same spherical body than the one described in Section III-C1,
with a distance between the two fingertips set to dfingers =
dbody = 100 mm. This time, Algorithm 1 is run with a final
CCA projection performed in a 6-D space. Consequently, the
interpretation of such a projection will be far more complex
than when working with a 3-D projection like in the first case.
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Fig. 5. Illustration of the agent internal representation for the N target sensations in the robotic 3-D frame. (Red) isometrically-transformed internal
representation of N target sensations by the agent, (Blue) original end-effector points that led to the target sensations. From the left to the right: (a) and (d)
shaded body shape with target sensations on the surface, (b) and (e) shaded recovered body shape (continuously deformed) with represented target sensation
along the surface, and (c) and (f) arrows between transformed internal representation and real positions of target sensations on the body with tactile body
fields in light gray and inner contours in green.

Fig. 5 (top) exhibits the simulation results. Fig. 5(a) exhibits
the ground-truth icosahedral agent body shape together with
an artificial shading that has been added to enhance its spa-
tial shape. In this figure, the blue points represent the N
target end-effector positions X(i) on the body. Fig. 5(b) repre-
sents the N transformed CCA outputs with red points. The
added shading highlights a continuous deformation of the
body original shape, but the extracted representation remains
topologically similar to a sphere. Such a deformation might
originate from: 1) some projection errors by CCA, but also
mainly from 2) the distances between two motor configura-
tions which are not maintained between the two subsequent
end-effector poses. Indeed, since the forward kinematic model
f (.) is nonlinear, M/=! (and thus its approximation M̂/=! )
is only homeomorphic to χ/=φϵ

, and not isometric to it.
The blue and red points can be linked by pair as they both

represent the same target fingertip position: one by its real
position on the body (blue), and the other one by its (projected
and isometrically transformed) internal representation (red).
These links are represented by arrows in Fig. 5(c). Clearly, the
two sets of points are consistent with each other, which means
that the agent has been able to capture the body topology by
using only sensorimotor information.

b) Cubic body: In order to illustrate the generality of
the proposed approach, a second form of the agent body is
used. This time, S = 12 tactile receptive fields (two by face)
are used together to form a body with a cube shape of length
dbody = 100 mm. The normalization constant in (8) is now
set to K = 10. The body center position, together with the

number of trajectories L, the samples number V and standard
deviation σ remain unchanged, while δ has been now set to
δ = 6.10−3. All the remaining steps in Algorithm 1 are the
same, together with the CCA isometric transformation men-
tioned in the first simulation. The results are shown in Fig. 5
(bottom), which again exhibits the target points on the body
(blue) and those obtained by the construction of the internal
representation (red). As already shown with the spherical body,
it can be seen that the cubic shape has been deformed, for the
same reason as those highlighted before, but is still recog-
nizable. In other terms, the body topology has been correctly
discovered by the agent.

2) Second Case (Double Fingertips Agent): Let us now
consider the case of the agent endowed with an end-
effector made of two rigidly linked fingers. As outlined in
Section III-A1, the quotient set χ/=φϵ

will be quite differ-
ent from the one obtained in the previous section. Indeed,
according to (8), a sensation S will be generated by the body
only if the two fingertips simultaneously touch the body. Thus,
all the fingertips poses generating the same sensation S are
now entirely described by three independent parameters. This
intuition is shown as correct in the following.

In this section, the agent’s body is again made of the
same spherical body than the one described in Section III-C1,
with a distance between the two fingertips set to dfingers =
dbody = 100 mm. This time, Algorithm 1 is run with a final
CCA projection performed in a 6-D space. Consequently, the
interpretation of such a projection will be far more complex
than when working with a 3-D projection like in the first case.

(Marcel, Argentieri et Gas, 2017)

→ Attention : cas “simple” car contact ponctuel. Si l’interaction est plus complexe, la
représentation l’est également (du moins dans son interprétation).. . .
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Exploitation de la représentation : interpolation motrice
Résultats :

Corps sphérique, 2 contacts : Corps cubique, 2 contacts :

(Marcel, Argentieri et Gas, 2017)

• continuité du mouvement sur le corps garantie par l’homéomorphisme (du moins, dans le
cas “continu”)

• stratégie utilisable même pour des interactions plus complexe

• stratégie utilisable pour une autre modalité que tactile : exploitation avec la vision validée
(“voir = toucher avec les yeux”) . . . sous certaines hypothèses
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Deux applications à ce formalisme
Représentation de l’interaction d’un agent avec . . .

. . . son propre corps144 IEEE TRANSACTIONS ON COGNITIVE AND DEVELOPMENTAL SYSTEMS, VOL. 9, NO. 2, JUNE 2017

own body, but also a topological image of the interaction with
itself.

Another comment concerns the forward sensory function
φϵ , which is only supposed surjective thanks to the restriction
of S to # (see Section II-A). Such a property clearly allows
one to capture every case an agent might encounter during
an exploration. Furthermore, regrouping all the sensor poses
leading to the same sensation allows one to discard the possi-
ble system redundancy, and to build the quotient set χ/=φϵ

of
the pose space χ through sensory invariants considerations.
While possibly targeting the same kind of applications, “active
approaches” to perception often explicitly model the structure
of such a latent space. For instance, this allows the exploita-
tion of independent variables, whose values can be modified
by predefined control laws, in order to drive the system to
an a priori targeted perception. The proposed sensorimotor
approach allows instead the agent to autonomously build its
so-called internal representation M/=% by motor exploration
and sensory invariants considerations without any a priori. So
let us now focus on the way Proposition 2 can be exploited
by an artifical agent to actually build M/=% .

III. BUILDING OF THE SENSORIMOTOR INTERNAL

REPRESENTATION OF SIMULATED AGENT

It has been demonstrated that the quotient set M/=% can be
used as an internal representation of the quotient set χ/=φϵ

. A
simulated robotic system is now introduced in the following
to illustrate: 1) how M/=% can actually be built from the
sensorimotor flow of the simulated agent and 2) how M/=%

can then be used as an equivalent representation of χ/=φϵ

by the agent. This representation is then exploited for motion
planning applications in Section IV. The description of the
proposed simulated agent is proposed in a first section. The
link between the mathematical considerations from Section II
and the proposed system will be carefully discussed in there.
Then, the simulation setup and the algorithm for the building
of M/=% by the agent is provided in a second section. Finally,
simulation results are provided in the last section.

A. Simulation Setup and Algorithm

1) Description of the Proposed Agent Setup: In the follow-
ing, the agent is made of a fixed spherical body covered with S
tactile receptive fields and a multi-DoF arm similar to the one
illustrated in Section II (see Fig. 2). Note that a cubic body
will also be introduced in Section III-C1 to evaluate the gener-
icity of the approach. The arm basis and the spherical body
are affixed, so that only the arm is able to move thanks to its
M = 6 actuators. In order to illustrate the genericity of the
approach, two different arm end-effectors will be considered.
In a first case, the end-effector is made of a single fingertip,
i.e., a pointwise tool (see Fig. 3-left). In a second case, a dou-
ble fingertip—made of two distinct pointwise fingertips rigidly
linked together—is used (see Fig. 3-right). Whatever the end-
effector, the sensation vector S will originate from the body
endowed with a tactile modality, and not from a sensor placed
at the end-effector, as hypothesized in Section II-B. But the
tactile sensation will be supposed different from 0 only when

Fig. 3. Agent setup. Left: The arm touches the spherical body endowed with
S tactile receptive fields with a single fingertip tool. Right: The arm is now
endowed a double fingertip tool.

the end-effector is in contact with the body [see (7), (8)]: in
such a case, the origin of the sensation is not relevant anymore,
and the formalization proposed in Section II still applies. Of
course, the pose space χ will be now restricted to the end-
effector pose X, under the constraint of the existence of a
contact with the agent body. In other terms, depending on the
nature of the contact with the body, the quotient set χ/=φϵ

will be different.
1) With Only One Pointwise Contact With the Body (the

One Fingertip Arm): In this case, the fingertip orienta-
tion will not have any influence on the corresponding
tactile sensation generated by the body. Consequently,
the quotient set χ/=φϵ

, regrouping all the fingertip
poses leading to the same sensation, will be entirely
described by two latent variables, and can then be
directly exploited to represent the 2-sphere body mani-
fold inside a 3-D Euclidean space.

2) With Two Rigidly Linked Simultaneous Pointwise
Contacts (the Two Fingertips Case): The fingertip pose
will be now entirely described by three parameters: a
position on the 2-sphere body and one orientation along
the axis joining the two contact points.

Let us now precisely explain how the sensation S is actually
obtained from the tactile agent body.

2) Sensation Generation: Whatever the considered agent
(with one or two fingertips), it is hypothesized that a contact
with the full end-effector is mandatory to generate a non-null
sensation vector S. For the single fingertip end-effector, let us
denote X ∈ R3 the 3-D-coordinates of a point in the Euclidean
space with respect to the arm basis frame. The ith sensory
vector component of S is then computed along

si = φi(X) =

⎧
⎨

⎩

0, if X is not on the body

exp
(

− K
∥X − Ci∥2

dbody

)
otherwise (7)

with i = 1, . . . , S. Ci denotes the center of the ith sensi-
tive field, K is a normalization constant, and dbody represents
the spherical body diameter (see Fig. 4). For the double

. . . son espace de travail

 

m1

m2

�⇡ ⇡
�⇡

⇡

0

0

 

m1

m2

�⇡ ⇡
�⇡

⇡

0

0

 

m1

m2

�⇡ ⇡
�⇡

⇡

0

0

 

m1

m2

�⇡ ⇡
�⇡

⇡

0

0

Vers la perception interactive (5/6) Contributions pour une approche interactive de la perception 29 / 34



Application à la représentation de l’espace de travail
Retour sur le contexte, analogue à l’illustration précédent :
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Fig. 5. (a) 1% of the 2500 exploratory arm configurations mi . (b) Two 3D projections of 1% of the sets Mi embedded in the 4D motor space. (c) Schematic of the projected
manifold and capturing of external parameters. (d) Projection in 3D of the 2500manifolds Mi (gray points) with surfaces corresponding to translations in the working space
for different retinal orientations.

in Fig. 5(d). Nevertheless, the topology of the two manifolds
would be coherent. In other words, the manifolds generated by
the separate exploration of two different working spaces could
be patched together so as to appear as two connected pieces of
a single larger manifold. This consistency highlights the fact that

the agent is exploring a single external space, possibly in separate
patches. Likewise, the structure of the constraints imposed by
space on the agent’s sensorimotor experience could be captured
incrementally by progressively discovering the setsMi.When such
a new experience is available, the distances to the previously
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stored sets have to be estimated to extend the internal manifold
representing the agent’s external configuration.

Furthermore, it is important to remark that the internal
manifold generated in the last experiment can only be visualized
because the size of the agent’s working space is limited. It should
not be possible to represent a manifold associated with an object
configuration on the plane (two translational coordinates and
orientation angle) in 3D because of the circularity involved in
orientation. The use of a limitedworking space allows themanifold
to be strongly deformed during the projection in 3D to take the
circular dimension into account while avoiding any self-collision.
For wider working spaces, the manifold could not be visualized in
3D butwould still be explicitly described by themetrics defined on
the sets Mi. It would only be possible to visualize it locally.

Importantly, note that the technical implementation used here
(working space exploration, sampling of redundant manifolds,
metric computation, low-dimensional projection) is not the main
focus of the paper. The scope of the approach is generic, and
it can be extended to different implementations of each step of
data processing (such as using ISOMAP [56] instead of CCA, or
using a different metric on the manifolds Mi) and, of course,
to other agent/environment systems. Applying the method to
more complex systems would, however, lead to some technical
challenges that we have not addressed in this paper. The main
difficulty, as pointed out in many studies in developmental
robotics [57],would be the exploration of themotor space. Random
exploration becomes inefficient as dimensionality increases. Some
heuristics or bootstrapping reflexes thus need to be introduced to
guide the sampling of the motor space [58]. For instance, a low-
level tracking-like behavior could facilitate the sampling of the
sets Mi, whose dimensionality would be greater than 1 for more
complex robots. Note, however, that learning space is a challenge
for humans as well. Spatial reasoning remains immature until the
age of 6–10 years [59]. Evidently, so many years of sensorimotor
experience provide an enormous amount of data to lift the curse
of dimensionality. Having a robot explore its environment for an
extended period of time may thus be an inevitable cost to be paid
for the autonomous emergence of such perceptual notions.

Finally, the results highlight the fact that the proposed ap-
proach relies entirely on the properties of the raw sensorimotor
flow. In contrast, as mentioned in the introduction, most work
on body schema acquisition hypothesizes some spatial knowledge
provided a priori to the robot, through the pre-processing of sen-
sory inputs or through additional knowledge on the agents own
structure [7]. The only assumption in the present work is the hy-
pothesis that the metric on the sets Mi is topologically identical to
the metric of the agent’s external configuration. We thus believe
that any perceptive knowledge should be discovered and grounded
in sensorimotor experience. It should also be noted that some pa-
pers offer an implicit definition of body schema based on learn-
ing direct relations between motor commands and sensory inputs
[60,61]. This behaviorist approach suggests that the notion of space
is somehow irrelevant to having a robot act in the world. Although
this may be true for simple behaviors, we think that a compact in-
ternal representation of the world is required to create new com-
plex behaviors. In particular, space is such a ubiquitous component
of our perception that it must correspond to fundamental proper-
ties of our sensorimotor experience. Capturing them enables the
efficient interpretation of future sensory information.

4. Conclusion

The objective of this paper was to understand how a naive
tabula rasa agent can capture properties of the external space it is
immersed in. The question, more precisely, is: how can it discover
that such a structure exists independently of the particular objects

contained in the environment when its sensory experience is
heavily environment-dependent? Although the notion of space is
intuitively associated with visual inputs (or more generally with
exteroception), we show that considering them exclusively cannot
lead to an environment-independent notion. We thus proposed to
look for spatial properties not in the agent’s exteroceptive flow but
in the structure of its sensorimotor interactions with the world.
From the agent’s point of view, the sensorimotor laws are just
functions mapping its motor outputs to sensory inputs, and both
the properties of the external world and its own properties are
simply constraints on the shape of these functions. In particular,
the structure of the external space as suchmanifests itself through
the constraint that certain properties of these functions should not
depend on the objects present in the environment. We suggested
that the discovery of such constraints can lead the agent to discover
the structure of external space.

The method we developed allows the agent, starting with min-
imal a priori knowledge, to capture those constraints and to build
an internal representation of its external configuration in space. It
requires the agent to notice that different motor commands can
result in identical sensory inputs. This discovery reveals the exis-
tence of an underlying structure of motor sets (Mi) in the motor
space. This structure can be processed as a manifold by defining a
metric on the motor sets. Interestingly, from an external point of
view, thismanifold corresponds to themanifold of external agent’s
configurations in space. It is important to note, though, that to per-
form such an analysis, the agent does not need to assume the ex-
istence of space. Its final internal representation can simply be the
result of an effort to generate a compact and invariant encoding of
its sensorimotor interactions with the world.

Even if space was the main focus of this work, the processing
and results presented in this paper can be linked to the rich
literature on body schema acquisition and forwardmodel learning.
Indeed, the notion of space is intimately related to the agent’s
ability to move [41]. However, our approach differs from a large
part of this literature by not assuming the pre-coding of building
blocks or any processing of the sensory flow. In the line of this
paper, other works focus directly on the raw sensorimotor flow to
build a body schema and/or control a robot [23–25,62]. However
these approaches rarely address the question of space, instead
focusing on the emergence of behaviors (however, see [43]). Our
work adds to existing research by making explicit what properties
of the raw sensorimotor flow can lead an agent to perceive space.

In this paper, we have focused on capturing one property of
space: namely, the fact that the notion of space is independent of
the content of the environment. However, this single property does
not capture the whole concept of space as we mean it from our
subjective point of view. As also pinpointed by Poincaré [41], space
is felt as a container shared by both the agent and the environment.
We have the subjective experience that we and the objects around
us are immersed in the same space. Our next goal is to ground
this property in the agent’s sensorimotor experience. To do so, we
will focus on discovering the displacements that space allows both
the agent and objects around it to perform. Capturing such specific
experiences will also overcome a limitation of the present work:
the structure discovered in this paper is an internal representation
of the agent’s external configuration, but this broad notion includes
both spatial and non-spatial parameters. One can, for example,
imagine an agent similar to the one described in Section 3 but
with an additional form of motor control linked to a pupil that
adjusts the amount of light arriving on the retina. Such a non-
spatial degree of freedom would be captured without distinction
by our method, increasing the dimensionality of the internal
manifold. By searching only for displacements or, in sensorimotor
terms, transformations that both the agent and objects in the
environment can perform, it should be possible to avoid capturing
such non-spatial degrees of freedom. The final structure captured
by the agent will thus be closer to what we intuitively expect from
a notion of space.
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Fig. 5. (a) 1% of the 2500 exploratory arm configurations mi . (b) Two 3D projections of 1% of the sets Mi embedded in the 4D motor space. (c) Schematic of the projected
manifold and capturing of external parameters. (d) Projection in 3D of the 2500manifolds Mi (gray points) with surfaces corresponding to translations in the working space
for different retinal orientations.

in Fig. 5(d). Nevertheless, the topology of the two manifolds
would be coherent. In other words, the manifolds generated by
the separate exploration of two different working spaces could
be patched together so as to appear as two connected pieces of
a single larger manifold. This consistency highlights the fact that

the agent is exploring a single external space, possibly in separate
patches. Likewise, the structure of the constraints imposed by
space on the agent’s sensorimotor experience could be captured
incrementally by progressively discovering the setsMi.When such
a new experience is available, the distances to the previously
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stored sets have to be estimated to extend the internal manifold
representing the agent’s external configuration.

Furthermore, it is important to remark that the internal
manifold generated in the last experiment can only be visualized
because the size of the agent’s working space is limited. It should
not be possible to represent a manifold associated with an object
configuration on the plane (two translational coordinates and
orientation angle) in 3D because of the circularity involved in
orientation. The use of a limitedworking space allows themanifold
to be strongly deformed during the projection in 3D to take the
circular dimension into account while avoiding any self-collision.
For wider working spaces, the manifold could not be visualized in
3D butwould still be explicitly described by themetrics defined on
the sets Mi. It would only be possible to visualize it locally.

Importantly, note that the technical implementation used here
(working space exploration, sampling of redundant manifolds,
metric computation, low-dimensional projection) is not the main
focus of the paper. The scope of the approach is generic, and
it can be extended to different implementations of each step of
data processing (such as using ISOMAP [56] instead of CCA, or
using a different metric on the manifolds Mi) and, of course,
to other agent/environment systems. Applying the method to
more complex systems would, however, lead to some technical
challenges that we have not addressed in this paper. The main
difficulty, as pointed out in many studies in developmental
robotics [57],would be the exploration of themotor space. Random
exploration becomes inefficient as dimensionality increases. Some
heuristics or bootstrapping reflexes thus need to be introduced to
guide the sampling of the motor space [58]. For instance, a low-
level tracking-like behavior could facilitate the sampling of the
sets Mi, whose dimensionality would be greater than 1 for more
complex robots. Note, however, that learning space is a challenge
for humans as well. Spatial reasoning remains immature until the
age of 6–10 years [59]. Evidently, so many years of sensorimotor
experience provide an enormous amount of data to lift the curse
of dimensionality. Having a robot explore its environment for an
extended period of time may thus be an inevitable cost to be paid
for the autonomous emergence of such perceptual notions.

Finally, the results highlight the fact that the proposed ap-
proach relies entirely on the properties of the raw sensorimotor
flow. In contrast, as mentioned in the introduction, most work
on body schema acquisition hypothesizes some spatial knowledge
provided a priori to the robot, through the pre-processing of sen-
sory inputs or through additional knowledge on the agents own
structure [7]. The only assumption in the present work is the hy-
pothesis that the metric on the sets Mi is topologically identical to
the metric of the agent’s external configuration. We thus believe
that any perceptive knowledge should be discovered and grounded
in sensorimotor experience. It should also be noted that some pa-
pers offer an implicit definition of body schema based on learn-
ing direct relations between motor commands and sensory inputs
[60,61]. This behaviorist approach suggests that the notion of space
is somehow irrelevant to having a robot act in the world. Although
this may be true for simple behaviors, we think that a compact in-
ternal representation of the world is required to create new com-
plex behaviors. In particular, space is such a ubiquitous component
of our perception that it must correspond to fundamental proper-
ties of our sensorimotor experience. Capturing them enables the
efficient interpretation of future sensory information.

4. Conclusion

The objective of this paper was to understand how a naive
tabula rasa agent can capture properties of the external space it is
immersed in. The question, more precisely, is: how can it discover
that such a structure exists independently of the particular objects

contained in the environment when its sensory experience is
heavily environment-dependent? Although the notion of space is
intuitively associated with visual inputs (or more generally with
exteroception), we show that considering them exclusively cannot
lead to an environment-independent notion. We thus proposed to
look for spatial properties not in the agent’s exteroceptive flow but
in the structure of its sensorimotor interactions with the world.
From the agent’s point of view, the sensorimotor laws are just
functions mapping its motor outputs to sensory inputs, and both
the properties of the external world and its own properties are
simply constraints on the shape of these functions. In particular,
the structure of the external space as suchmanifests itself through
the constraint that certain properties of these functions should not
depend on the objects present in the environment. We suggested
that the discovery of such constraints can lead the agent to discover
the structure of external space.

The method we developed allows the agent, starting with min-
imal a priori knowledge, to capture those constraints and to build
an internal representation of its external configuration in space. It
requires the agent to notice that different motor commands can
result in identical sensory inputs. This discovery reveals the exis-
tence of an underlying structure of motor sets (Mi) in the motor
space. This structure can be processed as a manifold by defining a
metric on the motor sets. Interestingly, from an external point of
view, thismanifold corresponds to themanifold of external agent’s
configurations in space. It is important to note, though, that to per-
form such an analysis, the agent does not need to assume the ex-
istence of space. Its final internal representation can simply be the
result of an effort to generate a compact and invariant encoding of
its sensorimotor interactions with the world.

Even if space was the main focus of this work, the processing
and results presented in this paper can be linked to the rich
literature on body schema acquisition and forwardmodel learning.
Indeed, the notion of space is intimately related to the agent’s
ability to move [41]. However, our approach differs from a large
part of this literature by not assuming the pre-coding of building
blocks or any processing of the sensory flow. In the line of this
paper, other works focus directly on the raw sensorimotor flow to
build a body schema and/or control a robot [23–25,62]. However
these approaches rarely address the question of space, instead
focusing on the emergence of behaviors (however, see [43]). Our
work adds to existing research by making explicit what properties
of the raw sensorimotor flow can lead an agent to perceive space.

In this paper, we have focused on capturing one property of
space: namely, the fact that the notion of space is independent of
the content of the environment. However, this single property does
not capture the whole concept of space as we mean it from our
subjective point of view. As also pinpointed by Poincaré [41], space
is felt as a container shared by both the agent and the environment.
We have the subjective experience that we and the objects around
us are immersed in the same space. Our next goal is to ground
this property in the agent’s sensorimotor experience. To do so, we
will focus on discovering the displacements that space allows both
the agent and objects around it to perform. Capturing such specific
experiences will also overcome a limitation of the present work:
the structure discovered in this paper is an internal representation
of the agent’s external configuration, but this broad notion includes
both spatial and non-spatial parameters. One can, for example,
imagine an agent similar to the one described in Section 3 but
with an additional form of motor control linked to a pupil that
adjusts the amount of light arriving on the retina. Such a non-
spatial degree of freedom would be captured without distinction
by our method, increasing the dimensionality of the internal
manifold. By searching only for displacements or, in sensorimotor
terms, transformations that both the agent and objects in the
environment can perform, it should be possible to avoid capturing
such non-spatial degrees of freedom. The final structure captured
by the agent will thus be closer to what we intuitively expect from
a notion of space.
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Fig. 5. (a) 1% of the 2500 exploratory arm configurations mi . (b) Two 3D projections of 1% of the sets Mi embedded in the 4D motor space. (c) Schematic of the projected
manifold and capturing of external parameters. (d) Projection in 3D of the 2500manifolds Mi (gray points) with surfaces corresponding to translations in the working space
for different retinal orientations.

in Fig. 5(d). Nevertheless, the topology of the two manifolds
would be coherent. In other words, the manifolds generated by
the separate exploration of two different working spaces could
be patched together so as to appear as two connected pieces of
a single larger manifold. This consistency highlights the fact that

the agent is exploring a single external space, possibly in separate
patches. Likewise, the structure of the constraints imposed by
space on the agent’s sensorimotor experience could be captured
incrementally by progressively discovering the setsMi.When such
a new experience is available, the distances to the previously
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stored sets have to be estimated to extend the internal manifold
representing the agent’s external configuration.

Furthermore, it is important to remark that the internal
manifold generated in the last experiment can only be visualized
because the size of the agent’s working space is limited. It should
not be possible to represent a manifold associated with an object
configuration on the plane (two translational coordinates and
orientation angle) in 3D because of the circularity involved in
orientation. The use of a limitedworking space allows themanifold
to be strongly deformed during the projection in 3D to take the
circular dimension into account while avoiding any self-collision.
For wider working spaces, the manifold could not be visualized in
3D butwould still be explicitly described by themetrics defined on
the sets Mi. It would only be possible to visualize it locally.

Importantly, note that the technical implementation used here
(working space exploration, sampling of redundant manifolds,
metric computation, low-dimensional projection) is not the main
focus of the paper. The scope of the approach is generic, and
it can be extended to different implementations of each step of
data processing (such as using ISOMAP [56] instead of CCA, or
using a different metric on the manifolds Mi) and, of course,
to other agent/environment systems. Applying the method to
more complex systems would, however, lead to some technical
challenges that we have not addressed in this paper. The main
difficulty, as pointed out in many studies in developmental
robotics [57],would be the exploration of themotor space. Random
exploration becomes inefficient as dimensionality increases. Some
heuristics or bootstrapping reflexes thus need to be introduced to
guide the sampling of the motor space [58]. For instance, a low-
level tracking-like behavior could facilitate the sampling of the
sets Mi, whose dimensionality would be greater than 1 for more
complex robots. Note, however, that learning space is a challenge
for humans as well. Spatial reasoning remains immature until the
age of 6–10 years [59]. Evidently, so many years of sensorimotor
experience provide an enormous amount of data to lift the curse
of dimensionality. Having a robot explore its environment for an
extended period of time may thus be an inevitable cost to be paid
for the autonomous emergence of such perceptual notions.

Finally, the results highlight the fact that the proposed ap-
proach relies entirely on the properties of the raw sensorimotor
flow. In contrast, as mentioned in the introduction, most work
on body schema acquisition hypothesizes some spatial knowledge
provided a priori to the robot, through the pre-processing of sen-
sory inputs or through additional knowledge on the agents own
structure [7]. The only assumption in the present work is the hy-
pothesis that the metric on the sets Mi is topologically identical to
the metric of the agent’s external configuration. We thus believe
that any perceptive knowledge should be discovered and grounded
in sensorimotor experience. It should also be noted that some pa-
pers offer an implicit definition of body schema based on learn-
ing direct relations between motor commands and sensory inputs
[60,61]. This behaviorist approach suggests that the notion of space
is somehow irrelevant to having a robot act in the world. Although
this may be true for simple behaviors, we think that a compact in-
ternal representation of the world is required to create new com-
plex behaviors. In particular, space is such a ubiquitous component
of our perception that it must correspond to fundamental proper-
ties of our sensorimotor experience. Capturing them enables the
efficient interpretation of future sensory information.

4. Conclusion

The objective of this paper was to understand how a naive
tabula rasa agent can capture properties of the external space it is
immersed in. The question, more precisely, is: how can it discover
that such a structure exists independently of the particular objects

contained in the environment when its sensory experience is
heavily environment-dependent? Although the notion of space is
intuitively associated with visual inputs (or more generally with
exteroception), we show that considering them exclusively cannot
lead to an environment-independent notion. We thus proposed to
look for spatial properties not in the agent’s exteroceptive flow but
in the structure of its sensorimotor interactions with the world.
From the agent’s point of view, the sensorimotor laws are just
functions mapping its motor outputs to sensory inputs, and both
the properties of the external world and its own properties are
simply constraints on the shape of these functions. In particular,
the structure of the external space as suchmanifests itself through
the constraint that certain properties of these functions should not
depend on the objects present in the environment. We suggested
that the discovery of such constraints can lead the agent to discover
the structure of external space.

The method we developed allows the agent, starting with min-
imal a priori knowledge, to capture those constraints and to build
an internal representation of its external configuration in space. It
requires the agent to notice that different motor commands can
result in identical sensory inputs. This discovery reveals the exis-
tence of an underlying structure of motor sets (Mi) in the motor
space. This structure can be processed as a manifold by defining a
metric on the motor sets. Interestingly, from an external point of
view, thismanifold corresponds to themanifold of external agent’s
configurations in space. It is important to note, though, that to per-
form such an analysis, the agent does not need to assume the ex-
istence of space. Its final internal representation can simply be the
result of an effort to generate a compact and invariant encoding of
its sensorimotor interactions with the world.

Even if space was the main focus of this work, the processing
and results presented in this paper can be linked to the rich
literature on body schema acquisition and forwardmodel learning.
Indeed, the notion of space is intimately related to the agent’s
ability to move [41]. However, our approach differs from a large
part of this literature by not assuming the pre-coding of building
blocks or any processing of the sensory flow. In the line of this
paper, other works focus directly on the raw sensorimotor flow to
build a body schema and/or control a robot [23–25,62]. However
these approaches rarely address the question of space, instead
focusing on the emergence of behaviors (however, see [43]). Our
work adds to existing research by making explicit what properties
of the raw sensorimotor flow can lead an agent to perceive space.

In this paper, we have focused on capturing one property of
space: namely, the fact that the notion of space is independent of
the content of the environment. However, this single property does
not capture the whole concept of space as we mean it from our
subjective point of view. As also pinpointed by Poincaré [41], space
is felt as a container shared by both the agent and the environment.
We have the subjective experience that we and the objects around
us are immersed in the same space. Our next goal is to ground
this property in the agent’s sensorimotor experience. To do so, we
will focus on discovering the displacements that space allows both
the agent and objects around it to perform. Capturing such specific
experiences will also overcome a limitation of the present work:
the structure discovered in this paper is an internal representation
of the agent’s external configuration, but this broad notion includes
both spatial and non-spatial parameters. One can, for example,
imagine an agent similar to the one described in Section 3 but
with an additional form of motor control linked to a pupil that
adjusts the amount of light arriving on the retina. Such a non-
spatial degree of freedom would be captured without distinction
by our method, increasing the dimensionality of the internal
manifold. By searching only for displacements or, in sensorimotor
terms, transformations that both the agent and objects in the
environment can perform, it should be possible to avoid capturing
such non-spatial degrees of freedom. The final structure captured
by the agent will thus be closer to what we intuitively expect from
a notion of space.
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• Moteur : bras à 2 degrés de liberté, de sorte que m ∈ ]− π;π]2

• Environnement : succession d’images N&B aléatoires

• Sensation : s = 1 si le niveau de gris est supérieur à 0.5, et donc s ∈ {0, 1}
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Application à la représentation de l’espace de travail
Principe :
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(B) Clusters sensorimoteurs
pour ✏
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(C) Illustration du raffine-
ment

FIGURE 3.18 – Illustration du raffinement. L’environnement délimite deux clusters sensorimoteurs, associés
aux sensations s = 0 ou s = 1. La partition motrice initiale peut alors être raffinée en deux sous ensembles,
les deux classes d’équivalence [m]0✏ et [m]1✏ respectivement.
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(C) Illustration de la sé-
quence (✏, ✏0)
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(D) Clusters sensorimo-
teurs pour (✏, ✏0)

FIGURE 3.19 – Illustration du raffinement (suite). Une nouvelle configuration ✏0 de l’environnement est pré-
sentées à l’agent, donnant lieu à de nouveaux clusters dans M, difficilement comparables à ceux obtenus
pour ✏. La prise en compte de la séquence (✏, ✏0) permet de visualiser le raffinement de la partition obtenue
avec ✏ seul.

fine accessible à l’agent. Si jamais l’état de l’environnement ne changeait plus, l’agent ne se-
rait pas capable de raffiner sa représentation qui se retrouverait alors réduite à deux points
sensorimoteurs.

Considérons maintenant que la configuration de l’environnement change de ✏ pour al-
ler en ✏0. Cette nouvelle configuration correspond à une nouvelle séparation de l’espace
de travail en deux zones blanches et noires, cf. figure 3.19a. Comme formalisé précédem-
ment, les deux partitions obtenues pour ✏ et ✏0 ne sont pas directement comparables. C’est
la prise en compte simultanée des deux configurations de l’environnement qui permet alors
de comprendre comment l’agent peut affiner sa représentation obtenue avec ✏. On peut
alors constater sur la figure 3.19d que cette séquence permet de scinder la classe d’équiva-
lence [m]0✏ (représentée en noir sur la figure 3.18b) en deux nouvelles classes d’équivalence
[m]00

E et [m]01
E (représentées et noir et gris foncé sur la figure 3.19d), avec E = {✏, ✏0}. Le

même raisonnement s’applique pour la classe d’équivalence [m]1✏ (représentée en blanc sur
la figure 3.18b) qui se fragmente en 2 sous ensembles [m]10

E et [m]11
E (représentées en gris

clair et en blanc sur la figure 3.19d). Ce raffinement de la partition motrice peut à nouveau
se représenter sous la forme d’un graphe, tel que celui représenté sur la figure 3.20. Dans
l’exemple utilisé, on peut aisément imaginer une troisième configuration de l’environne-
ment qui conduirait au fractionnement de certaines classes d’équivalence. Ainsi, de manière
itérative, il est clair que le nombre de nœuds du graphe ira en augmentant et tendra même
vers l’infini dans ce cas précis : il y aura toujours une nouvelle configuration de l’environ-
nement (i.e. une séparation en noir et blanc de l’espace de travail de l’agent) qui conduira à
un nouveau fractionnement d’une ou plusieurs classe(s) d’équivalence.

M
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FIGURE 3.20 – L’agent, en faisant l’expérience successive de deux états différents de l’environnement, est
capable fractionner successivement sa représentation motrice de son interaction avec l’environnement. Cette
opération conduit au raffinement de la représentation, au fur et à mesure de la vie de l’agent.
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FIGURE 3.21 – Illustration de la signification du raffinement le plus fin. Aux points sensorimoteurs les plus
fins correspondent un point dans l’espace des poses sensibles le plus fin. De par l’interaction ponctuelle de
l’agent avec son environnement, ces points dans l’espace des poses sensibles le plus fin sont en fait identiques
aux point 2D dans l’espace de travail de l’agent.

Pour l’instant, nous n’avons pris que le point de vue de l’agent, qui a donc été capable
d’affiner sa représentation grâce à son interaction avec deux configurations différentes de
l’environnement. Mais que capture cette représentation, en particulier dans sa version la
plus fine M/E pour cet exemple ? Si on décide d’adopter un point de externe à l’agent (c’est
à dire un point de vue qui nous dote de toutes les connaissances a priori non accessibles
à l’agent), nous savons que celui-ci est doté d’un capteur ponctuel : une pose x n’est donc
paramétrée que par les deux positions x et y de ce point dans le plan. Et comme nous savons
que deux points dans un espace Euclidien 2D peuvent toujours être séparés par une droite,
il existera toujours une configuration ✏ de l’environnement pour laquelle les sensations en
ces deux points seront distinctes. On en déduit alors que [x]E = {x} : la partition la plus fine
de l’espace de travail de l’agent est données par X/E = {{(x, y}, (x, y) 2 X}. Nous sommes
en fait dans un cas particulier où les classes d’équivalence de l’ensemble des poses sensibles
le plus fin sont exactement les points dans l’espace des poses, et donc ici les points dans
l’espace de travail. Ainsi, de part le lien d’équipotence établi entre M/E et X/E , nous pou-
vons dire qu’à chacun des points sensorimoteurs les plus fins (i.e. les classes d’équivalences
découvertes par l’agent dans M/E ) correspond un point dans l’espace des poses sensibles le
plus fin, et donc correspond également un point dans l’espace de travail. Cette constatation
est illustrée à la figure 3.21, où les trois ensembles M, M/E et X/E sont schématiquement
représentés. L’espace des poses sensibles le plus fin est représenté au centre : chacune des
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Au départ, l’agent est näıf : son espace moteur M n’est pas structuré.
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(B) Clusters sensorimoteurs
pour ✏
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(C) Illustration du raffine-
ment

FIGURE 3.18 – Illustration du raffinement. L’environnement délimite deux clusters sensorimoteurs, associés
aux sensations s = 0 ou s = 1. La partition motrice initiale peut alors être raffinée en deux sous ensembles,
les deux classes d’équivalence [m]0✏ et [m]1✏ respectivement.
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(C) Illustration de la sé-
quence (✏, ✏0)
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(D) Clusters sensorimo-
teurs pour (✏, ✏0)

FIGURE 3.19 – Illustration du raffinement (suite). Une nouvelle configuration ✏0 de l’environnement est pré-
sentées à l’agent, donnant lieu à de nouveaux clusters dans M, difficilement comparables à ceux obtenus
pour ✏. La prise en compte de la séquence (✏, ✏0) permet de visualiser le raffinement de la partition obtenue
avec ✏ seul.

fine accessible à l’agent. Si jamais l’état de l’environnement ne changeait plus, l’agent ne se-
rait pas capable de raffiner sa représentation qui se retrouverait alors réduite à deux points
sensorimoteurs.

Considérons maintenant que la configuration de l’environnement change de ✏ pour al-
ler en ✏0. Cette nouvelle configuration correspond à une nouvelle séparation de l’espace
de travail en deux zones blanches et noires, cf. figure 3.19a. Comme formalisé précédem-
ment, les deux partitions obtenues pour ✏ et ✏0 ne sont pas directement comparables. C’est
la prise en compte simultanée des deux configurations de l’environnement qui permet alors
de comprendre comment l’agent peut affiner sa représentation obtenue avec ✏. On peut
alors constater sur la figure 3.19d que cette séquence permet de scinder la classe d’équiva-
lence [m]0✏ (représentée en noir sur la figure 3.18b) en deux nouvelles classes d’équivalence
[m]00

E et [m]01
E (représentées et noir et gris foncé sur la figure 3.19d), avec E = {✏, ✏0}. Le

même raisonnement s’applique pour la classe d’équivalence [m]1✏ (représentée en blanc sur
la figure 3.18b) qui se fragmente en 2 sous ensembles [m]10

E et [m]11
E (représentées en gris

clair et en blanc sur la figure 3.19d). Ce raffinement de la partition motrice peut à nouveau
se représenter sous la forme d’un graphe, tel que celui représenté sur la figure 3.20. Dans
l’exemple utilisé, on peut aisément imaginer une troisième configuration de l’environne-
ment qui conduirait au fractionnement de certaines classes d’équivalence. Ainsi, de manière
itérative, il est clair que le nombre de nœuds du graphe ira en augmentant et tendra même
vers l’infini dans ce cas précis : il y aura toujours une nouvelle configuration de l’environ-
nement (i.e. une séparation en noir et blanc de l’espace de travail de l’agent) qui conduira à
un nouveau fractionnement d’une ou plusieurs classe(s) d’équivalence.
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FIGURE 3.20 – L’agent, en faisant l’expérience successive de deux états différents de l’environnement, est
capable fractionner successivement sa représentation motrice de son interaction avec l’environnement. Cette
opération conduit au raffinement de la représentation, au fur et à mesure de la vie de l’agent.
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FIGURE 3.21 – Illustration de la signification du raffinement le plus fin. Aux points sensorimoteurs les plus
fins correspondent un point dans l’espace des poses sensibles le plus fin. De par l’interaction ponctuelle de
l’agent avec son environnement, ces points dans l’espace des poses sensibles le plus fin sont en fait identiques
aux point 2D dans l’espace de travail de l’agent.

Pour l’instant, nous n’avons pris que le point de vue de l’agent, qui a donc été capable
d’affiner sa représentation grâce à son interaction avec deux configurations différentes de
l’environnement. Mais que capture cette représentation, en particulier dans sa version la
plus fine M/E pour cet exemple ? Si on décide d’adopter un point de externe à l’agent (c’est
à dire un point de vue qui nous dote de toutes les connaissances a priori non accessibles
à l’agent), nous savons que celui-ci est doté d’un capteur ponctuel : une pose x n’est donc
paramétrée que par les deux positions x et y de ce point dans le plan. Et comme nous savons
que deux points dans un espace Euclidien 2D peuvent toujours être séparés par une droite,
il existera toujours une configuration ✏ de l’environnement pour laquelle les sensations en
ces deux points seront distinctes. On en déduit alors que [x]E = {x} : la partition la plus fine
de l’espace de travail de l’agent est données par X/E = {{(x, y}, (x, y) 2 X}. Nous sommes
en fait dans un cas particulier où les classes d’équivalence de l’ensemble des poses sensibles
le plus fin sont exactement les points dans l’espace des poses, et donc ici les points dans
l’espace de travail. Ainsi, de part le lien d’équipotence établi entre M/E et X/E , nous pou-
vons dire qu’à chacun des points sensorimoteurs les plus fins (i.e. les classes d’équivalences
découvertes par l’agent dans M/E ) correspond un point dans l’espace des poses sensibles le
plus fin, et donc correspond également un point dans l’espace de travail. Cette constatation
est illustrée à la figure 3.21, où les trois ensembles M, M/E et X/E sont schématiquement
représentés. L’espace des poses sensibles le plus fin est représenté au centre : chacune des
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L’environnement est dans une configuration ε et sépare l’espace de travail en deux parties
distinctes (point de vue externe).
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(C) Illustration du raffine-
ment

FIGURE 3.18 – Illustration du raffinement. L’environnement délimite deux clusters sensorimoteurs, associés
aux sensations s = 0 ou s = 1. La partition motrice initiale peut alors être raffinée en deux sous ensembles,
les deux classes d’équivalence [m]0✏ et [m]1✏ respectivement.
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(C) Illustration de la sé-
quence (✏, ✏0)
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FIGURE 3.19 – Illustration du raffinement (suite). Une nouvelle configuration ✏0 de l’environnement est pré-
sentées à l’agent, donnant lieu à de nouveaux clusters dans M, difficilement comparables à ceux obtenus
pour ✏. La prise en compte de la séquence (✏, ✏0) permet de visualiser le raffinement de la partition obtenue
avec ✏ seul.

fine accessible à l’agent. Si jamais l’état de l’environnement ne changeait plus, l’agent ne se-
rait pas capable de raffiner sa représentation qui se retrouverait alors réduite à deux points
sensorimoteurs.

Considérons maintenant que la configuration de l’environnement change de ✏ pour al-
ler en ✏0. Cette nouvelle configuration correspond à une nouvelle séparation de l’espace
de travail en deux zones blanches et noires, cf. figure 3.19a. Comme formalisé précédem-
ment, les deux partitions obtenues pour ✏ et ✏0 ne sont pas directement comparables. C’est
la prise en compte simultanée des deux configurations de l’environnement qui permet alors
de comprendre comment l’agent peut affiner sa représentation obtenue avec ✏. On peut
alors constater sur la figure 3.19d que cette séquence permet de scinder la classe d’équiva-
lence [m]0✏ (représentée en noir sur la figure 3.18b) en deux nouvelles classes d’équivalence
[m]00

E et [m]01
E (représentées et noir et gris foncé sur la figure 3.19d), avec E = {✏, ✏0}. Le

même raisonnement s’applique pour la classe d’équivalence [m]1✏ (représentée en blanc sur
la figure 3.18b) qui se fragmente en 2 sous ensembles [m]10

E et [m]11
E (représentées en gris

clair et en blanc sur la figure 3.19d). Ce raffinement de la partition motrice peut à nouveau
se représenter sous la forme d’un graphe, tel que celui représenté sur la figure 3.20. Dans
l’exemple utilisé, on peut aisément imaginer une troisième configuration de l’environne-
ment qui conduirait au fractionnement de certaines classes d’équivalence. Ainsi, de manière
itérative, il est clair que le nombre de nœuds du graphe ira en augmentant et tendra même
vers l’infini dans ce cas précis : il y aura toujours une nouvelle configuration de l’environ-
nement (i.e. une séparation en noir et blanc de l’espace de travail de l’agent) qui conduira à
un nouveau fractionnement d’une ou plusieurs classe(s) d’équivalence.

M
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FIGURE 3.20 – L’agent, en faisant l’expérience successive de deux états différents de l’environnement, est
capable fractionner successivement sa représentation motrice de son interaction avec l’environnement. Cette
opération conduit au raffinement de la représentation, au fur et à mesure de la vie de l’agent.
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FIGURE 3.21 – Illustration de la signification du raffinement le plus fin. Aux points sensorimoteurs les plus
fins correspondent un point dans l’espace des poses sensibles le plus fin. De par l’interaction ponctuelle de
l’agent avec son environnement, ces points dans l’espace des poses sensibles le plus fin sont en fait identiques
aux point 2D dans l’espace de travail de l’agent.

Pour l’instant, nous n’avons pris que le point de vue de l’agent, qui a donc été capable
d’affiner sa représentation grâce à son interaction avec deux configurations différentes de
l’environnement. Mais que capture cette représentation, en particulier dans sa version la
plus fine M/E pour cet exemple ? Si on décide d’adopter un point de externe à l’agent (c’est
à dire un point de vue qui nous dote de toutes les connaissances a priori non accessibles
à l’agent), nous savons que celui-ci est doté d’un capteur ponctuel : une pose x n’est donc
paramétrée que par les deux positions x et y de ce point dans le plan. Et comme nous savons
que deux points dans un espace Euclidien 2D peuvent toujours être séparés par une droite,
il existera toujours une configuration ✏ de l’environnement pour laquelle les sensations en
ces deux points seront distinctes. On en déduit alors que [x]E = {x} : la partition la plus fine
de l’espace de travail de l’agent est données par X/E = {{(x, y}, (x, y) 2 X}. Nous sommes
en fait dans un cas particulier où les classes d’équivalence de l’ensemble des poses sensibles
le plus fin sont exactement les points dans l’espace des poses, et donc ici les points dans
l’espace de travail. Ainsi, de part le lien d’équipotence établi entre M/E et X/E , nous pou-
vons dire qu’à chacun des points sensorimoteurs les plus fins (i.e. les classes d’équivalences
découvertes par l’agent dans M/E ) correspond un point dans l’espace des poses sensibles le
plus fin, et donc correspond également un point dans l’espace de travail. Cette constatation
est illustrée à la figure 3.21, où les trois ensembles M, M/E et X/E sont schématiquement
représentés. L’espace des poses sensibles le plus fin est représenté au centre : chacune des
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Après exploration motrice, l’agent partitionne son espace moteur en 2 classes d’équivalence [m]0
ε

et [m]1
ε, associées aux sensation s = 0 ou 1.
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(B) Clusters sensorimoteurs
pour ✏
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(C) Illustration du raffine-
ment

FIGURE 3.18 – Illustration du raffinement. L’environnement délimite deux clusters sensorimoteurs, associés
aux sensations s = 0 ou s = 1. La partition motrice initiale peut alors être raffinée en deux sous ensembles,
les deux classes d’équivalence [m]0✏ et [m]1✏ respectivement.
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(C) Illustration de la sé-
quence (✏, ✏0)
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(D) Clusters sensorimo-
teurs pour (✏, ✏0)

FIGURE 3.19 – Illustration du raffinement (suite). Une nouvelle configuration ✏0 de l’environnement est pré-
sentées à l’agent, donnant lieu à de nouveaux clusters dans M, difficilement comparables à ceux obtenus
pour ✏. La prise en compte de la séquence (✏, ✏0) permet de visualiser le raffinement de la partition obtenue
avec ✏ seul.

fine accessible à l’agent. Si jamais l’état de l’environnement ne changeait plus, l’agent ne se-
rait pas capable de raffiner sa représentation qui se retrouverait alors réduite à deux points
sensorimoteurs.

Considérons maintenant que la configuration de l’environnement change de ✏ pour al-
ler en ✏0. Cette nouvelle configuration correspond à une nouvelle séparation de l’espace
de travail en deux zones blanches et noires, cf. figure 3.19a. Comme formalisé précédem-
ment, les deux partitions obtenues pour ✏ et ✏0 ne sont pas directement comparables. C’est
la prise en compte simultanée des deux configurations de l’environnement qui permet alors
de comprendre comment l’agent peut affiner sa représentation obtenue avec ✏. On peut
alors constater sur la figure 3.19d que cette séquence permet de scinder la classe d’équiva-
lence [m]0✏ (représentée en noir sur la figure 3.18b) en deux nouvelles classes d’équivalence
[m]00

E et [m]01
E (représentées et noir et gris foncé sur la figure 3.19d), avec E = {✏, ✏0}. Le

même raisonnement s’applique pour la classe d’équivalence [m]1✏ (représentée en blanc sur
la figure 3.18b) qui se fragmente en 2 sous ensembles [m]10

E et [m]11
E (représentées en gris

clair et en blanc sur la figure 3.19d). Ce raffinement de la partition motrice peut à nouveau
se représenter sous la forme d’un graphe, tel que celui représenté sur la figure 3.20. Dans
l’exemple utilisé, on peut aisément imaginer une troisième configuration de l’environne-
ment qui conduirait au fractionnement de certaines classes d’équivalence. Ainsi, de manière
itérative, il est clair que le nombre de nœuds du graphe ira en augmentant et tendra même
vers l’infini dans ce cas précis : il y aura toujours une nouvelle configuration de l’environ-
nement (i.e. une séparation en noir et blanc de l’espace de travail de l’agent) qui conduira à
un nouveau fractionnement d’une ou plusieurs classe(s) d’équivalence.
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FIGURE 3.20 – L’agent, en faisant l’expérience successive de deux états différents de l’environnement, est
capable fractionner successivement sa représentation motrice de son interaction avec l’environnement. Cette
opération conduit au raffinement de la représentation, au fur et à mesure de la vie de l’agent.
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FIGURE 3.21 – Illustration de la signification du raffinement le plus fin. Aux points sensorimoteurs les plus
fins correspondent un point dans l’espace des poses sensibles le plus fin. De par l’interaction ponctuelle de
l’agent avec son environnement, ces points dans l’espace des poses sensibles le plus fin sont en fait identiques
aux point 2D dans l’espace de travail de l’agent.

Pour l’instant, nous n’avons pris que le point de vue de l’agent, qui a donc été capable
d’affiner sa représentation grâce à son interaction avec deux configurations différentes de
l’environnement. Mais que capture cette représentation, en particulier dans sa version la
plus fine M/E pour cet exemple ? Si on décide d’adopter un point de externe à l’agent (c’est
à dire un point de vue qui nous dote de toutes les connaissances a priori non accessibles
à l’agent), nous savons que celui-ci est doté d’un capteur ponctuel : une pose x n’est donc
paramétrée que par les deux positions x et y de ce point dans le plan. Et comme nous savons
que deux points dans un espace Euclidien 2D peuvent toujours être séparés par une droite,
il existera toujours une configuration ✏ de l’environnement pour laquelle les sensations en
ces deux points seront distinctes. On en déduit alors que [x]E = {x} : la partition la plus fine
de l’espace de travail de l’agent est données par X/E = {{(x, y}, (x, y) 2 X}. Nous sommes
en fait dans un cas particulier où les classes d’équivalence de l’ensemble des poses sensibles
le plus fin sont exactement les points dans l’espace des poses, et donc ici les points dans
l’espace de travail. Ainsi, de part le lien d’équipotence établi entre M/E et X/E , nous pou-
vons dire qu’à chacun des points sensorimoteurs les plus fins (i.e. les classes d’équivalences
découvertes par l’agent dans M/E ) correspond un point dans l’espace des poses sensibles le
plus fin, et donc correspond également un point dans l’espace de travail. Cette constatation
est illustrée à la figure 3.21, où les trois ensembles M, M/E et X/E sont schématiquement
représentés. L’espace des poses sensibles le plus fin est représenté au centre : chacune des
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Application à la représentation de l’espace de travail
Principe :

Séquence 
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(C) Illustration du raffine-
ment

FIGURE 3.18 – Illustration du raffinement. L’environnement délimite deux clusters sensorimoteurs, associés
aux sensations s = 0 ou s = 1. La partition motrice initiale peut alors être raffinée en deux sous ensembles,
les deux classes d’équivalence [m]0✏ et [m]1✏ respectivement.
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(C) Illustration de la sé-
quence (✏, ✏0)
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FIGURE 3.19 – Illustration du raffinement (suite). Une nouvelle configuration ✏0 de l’environnement est pré-
sentées à l’agent, donnant lieu à de nouveaux clusters dans M, difficilement comparables à ceux obtenus
pour ✏. La prise en compte de la séquence (✏, ✏0) permet de visualiser le raffinement de la partition obtenue
avec ✏ seul.

fine accessible à l’agent. Si jamais l’état de l’environnement ne changeait plus, l’agent ne se-
rait pas capable de raffiner sa représentation qui se retrouverait alors réduite à deux points
sensorimoteurs.

Considérons maintenant que la configuration de l’environnement change de ✏ pour al-
ler en ✏0. Cette nouvelle configuration correspond à une nouvelle séparation de l’espace
de travail en deux zones blanches et noires, cf. figure 3.19a. Comme formalisé précédem-
ment, les deux partitions obtenues pour ✏ et ✏0 ne sont pas directement comparables. C’est
la prise en compte simultanée des deux configurations de l’environnement qui permet alors
de comprendre comment l’agent peut affiner sa représentation obtenue avec ✏. On peut
alors constater sur la figure 3.19d que cette séquence permet de scinder la classe d’équiva-
lence [m]0✏ (représentée en noir sur la figure 3.18b) en deux nouvelles classes d’équivalence
[m]00

E et [m]01
E (représentées et noir et gris foncé sur la figure 3.19d), avec E = {✏, ✏0}. Le

même raisonnement s’applique pour la classe d’équivalence [m]1✏ (représentée en blanc sur
la figure 3.18b) qui se fragmente en 2 sous ensembles [m]10

E et [m]11
E (représentées en gris

clair et en blanc sur la figure 3.19d). Ce raffinement de la partition motrice peut à nouveau
se représenter sous la forme d’un graphe, tel que celui représenté sur la figure 3.20. Dans
l’exemple utilisé, on peut aisément imaginer une troisième configuration de l’environne-
ment qui conduirait au fractionnement de certaines classes d’équivalence. Ainsi, de manière
itérative, il est clair que le nombre de nœuds du graphe ira en augmentant et tendra même
vers l’infini dans ce cas précis : il y aura toujours une nouvelle configuration de l’environ-
nement (i.e. une séparation en noir et blanc de l’espace de travail de l’agent) qui conduira à
un nouveau fractionnement d’une ou plusieurs classe(s) d’équivalence.

M
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FIGURE 3.20 – L’agent, en faisant l’expérience successive de deux états différents de l’environnement, est
capable fractionner successivement sa représentation motrice de son interaction avec l’environnement. Cette
opération conduit au raffinement de la représentation, au fur et à mesure de la vie de l’agent.
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FIGURE 3.21 – Illustration de la signification du raffinement le plus fin. Aux points sensorimoteurs les plus
fins correspondent un point dans l’espace des poses sensibles le plus fin. De par l’interaction ponctuelle de
l’agent avec son environnement, ces points dans l’espace des poses sensibles le plus fin sont en fait identiques
aux point 2D dans l’espace de travail de l’agent.

Pour l’instant, nous n’avons pris que le point de vue de l’agent, qui a donc été capable
d’affiner sa représentation grâce à son interaction avec deux configurations différentes de
l’environnement. Mais que capture cette représentation, en particulier dans sa version la
plus fine M/E pour cet exemple ? Si on décide d’adopter un point de externe à l’agent (c’est
à dire un point de vue qui nous dote de toutes les connaissances a priori non accessibles
à l’agent), nous savons que celui-ci est doté d’un capteur ponctuel : une pose x n’est donc
paramétrée que par les deux positions x et y de ce point dans le plan. Et comme nous savons
que deux points dans un espace Euclidien 2D peuvent toujours être séparés par une droite,
il existera toujours une configuration ✏ de l’environnement pour laquelle les sensations en
ces deux points seront distinctes. On en déduit alors que [x]E = {x} : la partition la plus fine
de l’espace de travail de l’agent est données par X/E = {{(x, y}, (x, y) 2 X}. Nous sommes
en fait dans un cas particulier où les classes d’équivalence de l’ensemble des poses sensibles
le plus fin sont exactement les points dans l’espace des poses, et donc ici les points dans
l’espace de travail. Ainsi, de part le lien d’équipotence établi entre M/E et X/E , nous pou-
vons dire qu’à chacun des points sensorimoteurs les plus fins (i.e. les classes d’équivalences
découvertes par l’agent dans M/E ) correspond un point dans l’espace des poses sensibles le
plus fin, et donc correspond également un point dans l’espace de travail. Cette constatation
est illustrée à la figure 3.21, où les trois ensembles M, M/E et X/E sont schématiquement
représentés. L’espace des poses sensibles le plus fin est représenté au centre : chacune des
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L’agent a fait l’expérience de la séquence E = {ε, ε′}, qui sépare en 4 parties l’espace de travail
(point de vue externe).
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FIGURE 3.20 – L’agent, en faisant l’expérience successive de deux états différents de l’environnement, est
capable fractionner successivement sa représentation motrice de son interaction avec l’environnement. Cette
opération conduit au raffinement de la représentation, au fur et à mesure de la vie de l’agent.
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FIGURE 3.21 – Illustration de la signification du raffinement le plus fin. Aux points sensorimoteurs les plus
fins correspondent un point dans l’espace des poses sensibles le plus fin. De par l’interaction ponctuelle de
l’agent avec son environnement, ces points dans l’espace des poses sensibles le plus fin sont en fait identiques
aux point 2D dans l’espace de travail de l’agent.

Pour l’instant, nous n’avons pris que le point de vue de l’agent, qui a donc été capable
d’affiner sa représentation grâce à son interaction avec deux configurations différentes de
l’environnement. Mais que capture cette représentation, en particulier dans sa version la
plus fine M/E pour cet exemple ? Si on décide d’adopter un point de externe à l’agent (c’est
à dire un point de vue qui nous dote de toutes les connaissances a priori non accessibles
à l’agent), nous savons que celui-ci est doté d’un capteur ponctuel : une pose x n’est donc
paramétrée que par les deux positions x et y de ce point dans le plan. Et comme nous savons
que deux points dans un espace Euclidien 2D peuvent toujours être séparés par une droite,
il existera toujours une configuration ✏ de l’environnement pour laquelle les sensations en
ces deux points seront distinctes. On en déduit alors que [x]E = {x} : la partition la plus fine
de l’espace de travail de l’agent est données par X/E = {{(x, y}, (x, y) 2 X}. Nous sommes
en fait dans un cas particulier où les classes d’équivalence de l’ensemble des poses sensibles
le plus fin sont exactement les points dans l’espace des poses, et donc ici les points dans
l’espace de travail. Ainsi, de part le lien d’équipotence établi entre M/E et X/E , nous pou-
vons dire qu’à chacun des points sensorimoteurs les plus fins (i.e. les classes d’équivalences
découvertes par l’agent dans M/E ) correspond un point dans l’espace des poses sensibles le
plus fin, et donc correspond également un point dans l’espace de travail. Cette constatation
est illustrée à la figure 3.21, où les trois ensembles M, M/E et X/E sont schématiquement
représentés. L’espace des poses sensibles le plus fin est représenté au centre : chacune des
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A cette séquence correspond en fait un raffinement de la partition motrice obtenue en ayant
interagi avec l’environnement dans sa configuration ε.
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Application à la représentation de l’espace de travail
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FIGURE 3.20 – L’agent, en faisant l’expérience successive de deux états différents de l’environnement, est
capable fractionner successivement sa représentation motrice de son interaction avec l’environnement. Cette
opération conduit au raffinement de la représentation, au fur et à mesure de la vie de l’agent.

 0

⇡

M

m1

m2

m3

m4

m5

M6

�⇡
�⇡

⇡

x1

x3

x5
x6

0

✓1

✓2M/E
<latexit sha1_base64="Qwbu4fer1orFb5GmGBLqN4+mGBc="></latexit><latexit sha1_base64="Qwbu4fer1orFb5GmGBLqN4+mGBc="></latexit><latexit sha1_base64="Qwbu4fer1orFb5GmGBLqN4+mGBc="></latexit><latexit sha1_base64="Qwbu4fer1orFb5GmGBLqN4+mGBc="></latexit>

[m1]E
<latexit sha1_base64="c7l+PPS5gdbrsolUjpAckvi4dsA="></latexit><latexit sha1_base64="c7l+PPS5gdbrsolUjpAckvi4dsA="></latexit><latexit sha1_base64="c7l+PPS5gdbrsolUjpAckvi4dsA="></latexit><latexit sha1_base64="c7l+PPS5gdbrsolUjpAckvi4dsA="></latexit>

[m3]E
<latexit sha1_base64="bBdKPsxIa+LLrDuK8wVXTbYnFCw="></latexit><latexit sha1_base64="bBdKPsxIa+LLrDuK8wVXTbYnFCw="></latexit><latexit sha1_base64="bBdKPsxIa+LLrDuK8wVXTbYnFCw="></latexit><latexit sha1_base64="bBdKPsxIa+LLrDuK8wVXTbYnFCw="></latexit>

[m5]E
<latexit sha1_base64="y234gQ/GSuky70+hJ0VlTFqcuWs="></latexit><latexit sha1_base64="y234gQ/GSuky70+hJ0VlTFqcuWs="></latexit><latexit sha1_base64="y234gQ/GSuky70+hJ0VlTFqcuWs="></latexit><latexit sha1_base64="y234gQ/GSuky70+hJ0VlTFqcuWs="></latexit>

[m6]E
<latexit sha1_base64="+2L7NCSlGookxP7AHKKF5x9LGow="></latexit><latexit sha1_base64="+2L7NCSlGookxP7AHKKF5x9LGow="></latexit><latexit sha1_base64="+2L7NCSlGookxP7AHKKF5x9LGow="></latexit><latexit sha1_base64="+2L7NCSlGookxP7AHKKF5x9LGow="></latexit>

X/E
<latexit sha1_base64="4DzE29GH8q4EbOAp6+5QQ9ZvKdw="></latexit><latexit sha1_base64="4DzE29GH8q4EbOAp6+5QQ9ZvKdw="></latexit><latexit sha1_base64="4DzE29GH8q4EbOAp6+5QQ9ZvKdw="></latexit><latexit sha1_base64="4DzE29GH8q4EbOAp6+5QQ9ZvKdw="></latexit>

FIGURE 3.21 – Illustration de la signification du raffinement le plus fin. Aux points sensorimoteurs les plus
fins correspondent un point dans l’espace des poses sensibles le plus fin. De par l’interaction ponctuelle de
l’agent avec son environnement, ces points dans l’espace des poses sensibles le plus fin sont en fait identiques
aux point 2D dans l’espace de travail de l’agent.

Pour l’instant, nous n’avons pris que le point de vue de l’agent, qui a donc été capable
d’affiner sa représentation grâce à son interaction avec deux configurations différentes de
l’environnement. Mais que capture cette représentation, en particulier dans sa version la
plus fine M/E pour cet exemple ? Si on décide d’adopter un point de externe à l’agent (c’est
à dire un point de vue qui nous dote de toutes les connaissances a priori non accessibles
à l’agent), nous savons que celui-ci est doté d’un capteur ponctuel : une pose x n’est donc
paramétrée que par les deux positions x et y de ce point dans le plan. Et comme nous savons
que deux points dans un espace Euclidien 2D peuvent toujours être séparés par une droite,
il existera toujours une configuration ✏ de l’environnement pour laquelle les sensations en
ces deux points seront distinctes. On en déduit alors que [x]E = {x} : la partition la plus fine
de l’espace de travail de l’agent est données par X/E = {{(x, y}, (x, y) 2 X}. Nous sommes
en fait dans un cas particulier où les classes d’équivalence de l’ensemble des poses sensibles
le plus fin sont exactement les points dans l’espace des poses, et donc ici les points dans
l’espace de travail. Ainsi, de part le lien d’équipotence établi entre M/E et X/E , nous pou-
vons dire qu’à chacun des points sensorimoteurs les plus fins (i.e. les classes d’équivalences
découvertes par l’agent dans M/E ) correspond un point dans l’espace des poses sensibles le
plus fin, et donc correspond également un point dans l’espace de travail. Cette constatation
est illustrée à la figure 3.21, où les trois ensembles M, M/E et X/E sont schématiquement
représentés. L’espace des poses sensibles le plus fin est représenté au centre : chacune des
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Cela se traduit, dans l’espace quotient, par un fractionnement des classes d’équivalence : des
configurations motrices indiscernables par l’expérience sensorimotrice précédente deviennent
distinctes dans la représentation courante.

La représentation M/E évolue tout au long de l’interaction de l’agent avec son environnement

Vers la perception interactive (5/6) Contributions pour une approche interactive de la perception 30 / 34



Représentation de l’espace de travail : résultats
Si on introduit une métrique statistique dans M/E (on compte simplement le nombre de fois où
les sensations sont égales), on peut alors représenter le graphe de la représentation.

On converge vers une représentation topologiquement correcte de l’espace de travail, qui est
certainement la plus fine accessible à l’agent.

Vers la perception interactive (5/6) Contributions pour une approche interactive de la perception 31 / 34



Perception sensorimotrice : bilan
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Fig. 5. (a) 1% of the 2500 exploratory arm configurations mi . (b) Two 3D projections of 1% of the sets Mi embedded in the 4D motor space. (c) Schematic of the projected
manifold and capturing of external parameters. (d) Projection in 3D of the 2500manifolds Mi (gray points) with surfaces corresponding to translations in the working space
for different retinal orientations.

in Fig. 5(d). Nevertheless, the topology of the two manifolds
would be coherent. In other words, the manifolds generated by
the separate exploration of two different working spaces could
be patched together so as to appear as two connected pieces of
a single larger manifold. This consistency highlights the fact that

the agent is exploring a single external space, possibly in separate
patches. Likewise, the structure of the constraints imposed by
space on the agent’s sensorimotor experience could be captured
incrementally by progressively discovering the setsMi.When such
a new experience is available, the distances to the previously
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stored sets have to be estimated to extend the internal manifold
representing the agent’s external configuration.

Furthermore, it is important to remark that the internal
manifold generated in the last experiment can only be visualized
because the size of the agent’s working space is limited. It should
not be possible to represent a manifold associated with an object
configuration on the plane (two translational coordinates and
orientation angle) in 3D because of the circularity involved in
orientation. The use of a limitedworking space allows themanifold
to be strongly deformed during the projection in 3D to take the
circular dimension into account while avoiding any self-collision.
For wider working spaces, the manifold could not be visualized in
3D butwould still be explicitly described by themetrics defined on
the sets Mi. It would only be possible to visualize it locally.

Importantly, note that the technical implementation used here
(working space exploration, sampling of redundant manifolds,
metric computation, low-dimensional projection) is not the main
focus of the paper. The scope of the approach is generic, and
it can be extended to different implementations of each step of
data processing (such as using ISOMAP [56] instead of CCA, or
using a different metric on the manifolds Mi) and, of course,
to other agent/environment systems. Applying the method to
more complex systems would, however, lead to some technical
challenges that we have not addressed in this paper. The main
difficulty, as pointed out in many studies in developmental
robotics [57],would be the exploration of themotor space. Random
exploration becomes inefficient as dimensionality increases. Some
heuristics or bootstrapping reflexes thus need to be introduced to
guide the sampling of the motor space [58]. For instance, a low-
level tracking-like behavior could facilitate the sampling of the
sets Mi, whose dimensionality would be greater than 1 for more
complex robots. Note, however, that learning space is a challenge
for humans as well. Spatial reasoning remains immature until the
age of 6–10 years [59]. Evidently, so many years of sensorimotor
experience provide an enormous amount of data to lift the curse
of dimensionality. Having a robot explore its environment for an
extended period of time may thus be an inevitable cost to be paid
for the autonomous emergence of such perceptual notions.

Finally, the results highlight the fact that the proposed ap-
proach relies entirely on the properties of the raw sensorimotor
flow. In contrast, as mentioned in the introduction, most work
on body schema acquisition hypothesizes some spatial knowledge
provided a priori to the robot, through the pre-processing of sen-
sory inputs or through additional knowledge on the agents own
structure [7]. The only assumption in the present work is the hy-
pothesis that the metric on the sets Mi is topologically identical to
the metric of the agent’s external configuration. We thus believe
that any perceptive knowledge should be discovered and grounded
in sensorimotor experience. It should also be noted that some pa-
pers offer an implicit definition of body schema based on learn-
ing direct relations between motor commands and sensory inputs
[60,61]. This behaviorist approach suggests that the notion of space
is somehow irrelevant to having a robot act in the world. Although
this may be true for simple behaviors, we think that a compact in-
ternal representation of the world is required to create new com-
plex behaviors. In particular, space is such a ubiquitous component
of our perception that it must correspond to fundamental proper-
ties of our sensorimotor experience. Capturing them enables the
efficient interpretation of future sensory information.

4. Conclusion

The objective of this paper was to understand how a naive
tabula rasa agent can capture properties of the external space it is
immersed in. The question, more precisely, is: how can it discover
that such a structure exists independently of the particular objects

contained in the environment when its sensory experience is
heavily environment-dependent? Although the notion of space is
intuitively associated with visual inputs (or more generally with
exteroception), we show that considering them exclusively cannot
lead to an environment-independent notion. We thus proposed to
look for spatial properties not in the agent’s exteroceptive flow but
in the structure of its sensorimotor interactions with the world.
From the agent’s point of view, the sensorimotor laws are just
functions mapping its motor outputs to sensory inputs, and both
the properties of the external world and its own properties are
simply constraints on the shape of these functions. In particular,
the structure of the external space as suchmanifests itself through
the constraint that certain properties of these functions should not
depend on the objects present in the environment. We suggested
that the discovery of such constraints can lead the agent to discover
the structure of external space.

The method we developed allows the agent, starting with min-
imal a priori knowledge, to capture those constraints and to build
an internal representation of its external configuration in space. It
requires the agent to notice that different motor commands can
result in identical sensory inputs. This discovery reveals the exis-
tence of an underlying structure of motor sets (Mi) in the motor
space. This structure can be processed as a manifold by defining a
metric on the motor sets. Interestingly, from an external point of
view, thismanifold corresponds to themanifold of external agent’s
configurations in space. It is important to note, though, that to per-
form such an analysis, the agent does not need to assume the ex-
istence of space. Its final internal representation can simply be the
result of an effort to generate a compact and invariant encoding of
its sensorimotor interactions with the world.

Even if space was the main focus of this work, the processing
and results presented in this paper can be linked to the rich
literature on body schema acquisition and forwardmodel learning.
Indeed, the notion of space is intimately related to the agent’s
ability to move [41]. However, our approach differs from a large
part of this literature by not assuming the pre-coding of building
blocks or any processing of the sensory flow. In the line of this
paper, other works focus directly on the raw sensorimotor flow to
build a body schema and/or control a robot [23–25,62]. However
these approaches rarely address the question of space, instead
focusing on the emergence of behaviors (however, see [43]). Our
work adds to existing research by making explicit what properties
of the raw sensorimotor flow can lead an agent to perceive space.

In this paper, we have focused on capturing one property of
space: namely, the fact that the notion of space is independent of
the content of the environment. However, this single property does
not capture the whole concept of space as we mean it from our
subjective point of view. As also pinpointed by Poincaré [41], space
is felt as a container shared by both the agent and the environment.
We have the subjective experience that we and the objects around
us are immersed in the same space. Our next goal is to ground
this property in the agent’s sensorimotor experience. To do so, we
will focus on discovering the displacements that space allows both
the agent and objects around it to perform. Capturing such specific
experiences will also overcome a limitation of the present work:
the structure discovered in this paper is an internal representation
of the agent’s external configuration, but this broad notion includes
both spatial and non-spatial parameters. One can, for example,
imagine an agent similar to the one described in Section 3 but
with an additional form of motor control linked to a pupil that
adjusts the amount of light arriving on the retina. Such a non-
spatial degree of freedom would be captured without distinction
by our method, increasing the dimensionality of the internal
manifold. By searching only for displacements or, in sensorimotor
terms, transformations that both the agent and objects in the
environment can perform, it should be possible to avoid capturing
such non-spatial degrees of freedom. The final structure captured
by the agent will thus be closer to what we intuitively expect from
a notion of space.

A. Laflaquière et al. / Robotics and Autonomous Systems 71 (2015) 49–59 55

a b

c

d

Fig. 5. (a) 1% of the 2500 exploratory arm configurations mi . (b) Two 3D projections of 1% of the sets Mi embedded in the 4D motor space. (c) Schematic of the projected
manifold and capturing of external parameters. (d) Projection in 3D of the 2500manifolds Mi (gray points) with surfaces corresponding to translations in the working space
for different retinal orientations.

in Fig. 5(d). Nevertheless, the topology of the two manifolds
would be coherent. In other words, the manifolds generated by
the separate exploration of two different working spaces could
be patched together so as to appear as two connected pieces of
a single larger manifold. This consistency highlights the fact that

the agent is exploring a single external space, possibly in separate
patches. Likewise, the structure of the constraints imposed by
space on the agent’s sensorimotor experience could be captured
incrementally by progressively discovering the setsMi.When such
a new experience is available, the distances to the previously
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stored sets have to be estimated to extend the internal manifold
representing the agent’s external configuration.

Furthermore, it is important to remark that the internal
manifold generated in the last experiment can only be visualized
because the size of the agent’s working space is limited. It should
not be possible to represent a manifold associated with an object
configuration on the plane (two translational coordinates and
orientation angle) in 3D because of the circularity involved in
orientation. The use of a limitedworking space allows themanifold
to be strongly deformed during the projection in 3D to take the
circular dimension into account while avoiding any self-collision.
For wider working spaces, the manifold could not be visualized in
3D butwould still be explicitly described by themetrics defined on
the sets Mi. It would only be possible to visualize it locally.

Importantly, note that the technical implementation used here
(working space exploration, sampling of redundant manifolds,
metric computation, low-dimensional projection) is not the main
focus of the paper. The scope of the approach is generic, and
it can be extended to different implementations of each step of
data processing (such as using ISOMAP [56] instead of CCA, or
using a different metric on the manifolds Mi) and, of course,
to other agent/environment systems. Applying the method to
more complex systems would, however, lead to some technical
challenges that we have not addressed in this paper. The main
difficulty, as pointed out in many studies in developmental
robotics [57],would be the exploration of themotor space. Random
exploration becomes inefficient as dimensionality increases. Some
heuristics or bootstrapping reflexes thus need to be introduced to
guide the sampling of the motor space [58]. For instance, a low-
level tracking-like behavior could facilitate the sampling of the
sets Mi, whose dimensionality would be greater than 1 for more
complex robots. Note, however, that learning space is a challenge
for humans as well. Spatial reasoning remains immature until the
age of 6–10 years [59]. Evidently, so many years of sensorimotor
experience provide an enormous amount of data to lift the curse
of dimensionality. Having a robot explore its environment for an
extended period of time may thus be an inevitable cost to be paid
for the autonomous emergence of such perceptual notions.

Finally, the results highlight the fact that the proposed ap-
proach relies entirely on the properties of the raw sensorimotor
flow. In contrast, as mentioned in the introduction, most work
on body schema acquisition hypothesizes some spatial knowledge
provided a priori to the robot, through the pre-processing of sen-
sory inputs or through additional knowledge on the agents own
structure [7]. The only assumption in the present work is the hy-
pothesis that the metric on the sets Mi is topologically identical to
the metric of the agent’s external configuration. We thus believe
that any perceptive knowledge should be discovered and grounded
in sensorimotor experience. It should also be noted that some pa-
pers offer an implicit definition of body schema based on learn-
ing direct relations between motor commands and sensory inputs
[60,61]. This behaviorist approach suggests that the notion of space
is somehow irrelevant to having a robot act in the world. Although
this may be true for simple behaviors, we think that a compact in-
ternal representation of the world is required to create new com-
plex behaviors. In particular, space is such a ubiquitous component
of our perception that it must correspond to fundamental proper-
ties of our sensorimotor experience. Capturing them enables the
efficient interpretation of future sensory information.

4. Conclusion

The objective of this paper was to understand how a naive
tabula rasa agent can capture properties of the external space it is
immersed in. The question, more precisely, is: how can it discover
that such a structure exists independently of the particular objects

contained in the environment when its sensory experience is
heavily environment-dependent? Although the notion of space is
intuitively associated with visual inputs (or more generally with
exteroception), we show that considering them exclusively cannot
lead to an environment-independent notion. We thus proposed to
look for spatial properties not in the agent’s exteroceptive flow but
in the structure of its sensorimotor interactions with the world.
From the agent’s point of view, the sensorimotor laws are just
functions mapping its motor outputs to sensory inputs, and both
the properties of the external world and its own properties are
simply constraints on the shape of these functions. In particular,
the structure of the external space as suchmanifests itself through
the constraint that certain properties of these functions should not
depend on the objects present in the environment. We suggested
that the discovery of such constraints can lead the agent to discover
the structure of external space.

The method we developed allows the agent, starting with min-
imal a priori knowledge, to capture those constraints and to build
an internal representation of its external configuration in space. It
requires the agent to notice that different motor commands can
result in identical sensory inputs. This discovery reveals the exis-
tence of an underlying structure of motor sets (Mi) in the motor
space. This structure can be processed as a manifold by defining a
metric on the motor sets. Interestingly, from an external point of
view, thismanifold corresponds to themanifold of external agent’s
configurations in space. It is important to note, though, that to per-
form such an analysis, the agent does not need to assume the ex-
istence of space. Its final internal representation can simply be the
result of an effort to generate a compact and invariant encoding of
its sensorimotor interactions with the world.

Even if space was the main focus of this work, the processing
and results presented in this paper can be linked to the rich
literature on body schema acquisition and forwardmodel learning.
Indeed, the notion of space is intimately related to the agent’s
ability to move [41]. However, our approach differs from a large
part of this literature by not assuming the pre-coding of building
blocks or any processing of the sensory flow. In the line of this
paper, other works focus directly on the raw sensorimotor flow to
build a body schema and/or control a robot [23–25,62]. However
these approaches rarely address the question of space, instead
focusing on the emergence of behaviors (however, see [43]). Our
work adds to existing research by making explicit what properties
of the raw sensorimotor flow can lead an agent to perceive space.

In this paper, we have focused on capturing one property of
space: namely, the fact that the notion of space is independent of
the content of the environment. However, this single property does
not capture the whole concept of space as we mean it from our
subjective point of view. As also pinpointed by Poincaré [41], space
is felt as a container shared by both the agent and the environment.
We have the subjective experience that we and the objects around
us are immersed in the same space. Our next goal is to ground
this property in the agent’s sensorimotor experience. To do so, we
will focus on discovering the displacements that space allows both
the agent and objects around it to perform. Capturing such specific
experiences will also overcome a limitation of the present work:
the structure discovered in this paper is an internal representation
of the agent’s external configuration, but this broad notion includes
both spatial and non-spatial parameters. One can, for example,
imagine an agent similar to the one described in Section 3 but
with an additional form of motor control linked to a pupil that
adjusts the amount of light arriving on the retina. Such a non-
spatial degree of freedom would be captured without distinction
by our method, increasing the dimensionality of the internal
manifold. By searching only for displacements or, in sensorimotor
terms, transformations that both the agent and objects in the
environment can perform, it should be possible to avoid capturing
such non-spatial degrees of freedom. The final structure captured
by the agent will thus be closer to what we intuitively expect from
a notion of space.
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Fig. 5. (a) 1% of the 2500 exploratory arm configurations mi . (b) Two 3D projections of 1% of the sets Mi embedded in the 4D motor space. (c) Schematic of the projected
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in Fig. 5(d). Nevertheless, the topology of the two manifolds
would be coherent. In other words, the manifolds generated by
the separate exploration of two different working spaces could
be patched together so as to appear as two connected pieces of
a single larger manifold. This consistency highlights the fact that

the agent is exploring a single external space, possibly in separate
patches. Likewise, the structure of the constraints imposed by
space on the agent’s sensorimotor experience could be captured
incrementally by progressively discovering the setsMi.When such
a new experience is available, the distances to the previously
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stored sets have to be estimated to extend the internal manifold
representing the agent’s external configuration.

Furthermore, it is important to remark that the internal
manifold generated in the last experiment can only be visualized
because the size of the agent’s working space is limited. It should
not be possible to represent a manifold associated with an object
configuration on the plane (two translational coordinates and
orientation angle) in 3D because of the circularity involved in
orientation. The use of a limitedworking space allows themanifold
to be strongly deformed during the projection in 3D to take the
circular dimension into account while avoiding any self-collision.
For wider working spaces, the manifold could not be visualized in
3D butwould still be explicitly described by themetrics defined on
the sets Mi. It would only be possible to visualize it locally.

Importantly, note that the technical implementation used here
(working space exploration, sampling of redundant manifolds,
metric computation, low-dimensional projection) is not the main
focus of the paper. The scope of the approach is generic, and
it can be extended to different implementations of each step of
data processing (such as using ISOMAP [56] instead of CCA, or
using a different metric on the manifolds Mi) and, of course,
to other agent/environment systems. Applying the method to
more complex systems would, however, lead to some technical
challenges that we have not addressed in this paper. The main
difficulty, as pointed out in many studies in developmental
robotics [57],would be the exploration of themotor space. Random
exploration becomes inefficient as dimensionality increases. Some
heuristics or bootstrapping reflexes thus need to be introduced to
guide the sampling of the motor space [58]. For instance, a low-
level tracking-like behavior could facilitate the sampling of the
sets Mi, whose dimensionality would be greater than 1 for more
complex robots. Note, however, that learning space is a challenge
for humans as well. Spatial reasoning remains immature until the
age of 6–10 years [59]. Evidently, so many years of sensorimotor
experience provide an enormous amount of data to lift the curse
of dimensionality. Having a robot explore its environment for an
extended period of time may thus be an inevitable cost to be paid
for the autonomous emergence of such perceptual notions.

Finally, the results highlight the fact that the proposed ap-
proach relies entirely on the properties of the raw sensorimotor
flow. In contrast, as mentioned in the introduction, most work
on body schema acquisition hypothesizes some spatial knowledge
provided a priori to the robot, through the pre-processing of sen-
sory inputs or through additional knowledge on the agents own
structure [7]. The only assumption in the present work is the hy-
pothesis that the metric on the sets Mi is topologically identical to
the metric of the agent’s external configuration. We thus believe
that any perceptive knowledge should be discovered and grounded
in sensorimotor experience. It should also be noted that some pa-
pers offer an implicit definition of body schema based on learn-
ing direct relations between motor commands and sensory inputs
[60,61]. This behaviorist approach suggests that the notion of space
is somehow irrelevant to having a robot act in the world. Although
this may be true for simple behaviors, we think that a compact in-
ternal representation of the world is required to create new com-
plex behaviors. In particular, space is such a ubiquitous component
of our perception that it must correspond to fundamental proper-
ties of our sensorimotor experience. Capturing them enables the
efficient interpretation of future sensory information.

4. Conclusion

The objective of this paper was to understand how a naive
tabula rasa agent can capture properties of the external space it is
immersed in. The question, more precisely, is: how can it discover
that such a structure exists independently of the particular objects

contained in the environment when its sensory experience is
heavily environment-dependent? Although the notion of space is
intuitively associated with visual inputs (or more generally with
exteroception), we show that considering them exclusively cannot
lead to an environment-independent notion. We thus proposed to
look for spatial properties not in the agent’s exteroceptive flow but
in the structure of its sensorimotor interactions with the world.
From the agent’s point of view, the sensorimotor laws are just
functions mapping its motor outputs to sensory inputs, and both
the properties of the external world and its own properties are
simply constraints on the shape of these functions. In particular,
the structure of the external space as suchmanifests itself through
the constraint that certain properties of these functions should not
depend on the objects present in the environment. We suggested
that the discovery of such constraints can lead the agent to discover
the structure of external space.

The method we developed allows the agent, starting with min-
imal a priori knowledge, to capture those constraints and to build
an internal representation of its external configuration in space. It
requires the agent to notice that different motor commands can
result in identical sensory inputs. This discovery reveals the exis-
tence of an underlying structure of motor sets (Mi) in the motor
space. This structure can be processed as a manifold by defining a
metric on the motor sets. Interestingly, from an external point of
view, thismanifold corresponds to themanifold of external agent’s
configurations in space. It is important to note, though, that to per-
form such an analysis, the agent does not need to assume the ex-
istence of space. Its final internal representation can simply be the
result of an effort to generate a compact and invariant encoding of
its sensorimotor interactions with the world.

Even if space was the main focus of this work, the processing
and results presented in this paper can be linked to the rich
literature on body schema acquisition and forwardmodel learning.
Indeed, the notion of space is intimately related to the agent’s
ability to move [41]. However, our approach differs from a large
part of this literature by not assuming the pre-coding of building
blocks or any processing of the sensory flow. In the line of this
paper, other works focus directly on the raw sensorimotor flow to
build a body schema and/or control a robot [23–25,62]. However
these approaches rarely address the question of space, instead
focusing on the emergence of behaviors (however, see [43]). Our
work adds to existing research by making explicit what properties
of the raw sensorimotor flow can lead an agent to perceive space.

In this paper, we have focused on capturing one property of
space: namely, the fact that the notion of space is independent of
the content of the environment. However, this single property does
not capture the whole concept of space as we mean it from our
subjective point of view. As also pinpointed by Poincaré [41], space
is felt as a container shared by both the agent and the environment.
We have the subjective experience that we and the objects around
us are immersed in the same space. Our next goal is to ground
this property in the agent’s sensorimotor experience. To do so, we
will focus on discovering the displacements that space allows both
the agent and objects around it to perform. Capturing such specific
experiences will also overcome a limitation of the present work:
the structure discovered in this paper is an internal representation
of the agent’s external configuration, but this broad notion includes
both spatial and non-spatial parameters. One can, for example,
imagine an agent similar to the one described in Section 3 but
with an additional form of motor control linked to a pupil that
adjusts the amount of light arriving on the retina. Such a non-
spatial degree of freedom would be captured without distinction
by our method, increasing the dimensionality of the internal
manifold. By searching only for displacements or, in sensorimotor
terms, transformations that both the agent and objects in the
environment can perform, it should be possible to avoid capturing
such non-spatial degrees of freedom. The final structure captured
by the agent will thus be closer to what we intuitively expect from
a notion of space.
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Fig. 5. Illustration of the agent internal representation for the N target sensations in the robotic 3-D frame. (Red) isometrically-transformed internal
representation of N target sensations by the agent, (Blue) original end-effector points that led to the target sensations. From the left to the right: (a) and (d)
shaded body shape with target sensations on the surface, (b) and (e) shaded recovered body shape (continuously deformed) with represented target sensation
along the surface, and (c) and (f) arrows between transformed internal representation and real positions of target sensations on the body with tactile body
fields in light gray and inner contours in green.

Fig. 5 (top) exhibits the simulation results. Fig. 5(a) exhibits
the ground-truth icosahedral agent body shape together with
an artificial shading that has been added to enhance its spa-
tial shape. In this figure, the blue points represent the N
target end-effector positions X(i) on the body. Fig. 5(b) repre-
sents the N transformed CCA outputs with red points. The
added shading highlights a continuous deformation of the
body original shape, but the extracted representation remains
topologically similar to a sphere. Such a deformation might
originate from: 1) some projection errors by CCA, but also
mainly from 2) the distances between two motor configura-
tions which are not maintained between the two subsequent
end-effector poses. Indeed, since the forward kinematic model
f (.) is nonlinear, M/=! (and thus its approximation M̂/=! )
is only homeomorphic to χ/=φϵ

, and not isometric to it.
The blue and red points can be linked by pair as they both

represent the same target fingertip position: one by its real
position on the body (blue), and the other one by its (projected
and isometrically transformed) internal representation (red).
These links are represented by arrows in Fig. 5(c). Clearly, the
two sets of points are consistent with each other, which means
that the agent has been able to capture the body topology by
using only sensorimotor information.

b) Cubic body: In order to illustrate the generality of
the proposed approach, a second form of the agent body is
used. This time, S = 12 tactile receptive fields (two by face)
are used together to form a body with a cube shape of length
dbody = 100 mm. The normalization constant in (8) is now
set to K = 10. The body center position, together with the

number of trajectories L, the samples number V and standard
deviation σ remain unchanged, while δ has been now set to
δ = 6.10−3. All the remaining steps in Algorithm 1 are the
same, together with the CCA isometric transformation men-
tioned in the first simulation. The results are shown in Fig. 5
(bottom), which again exhibits the target points on the body
(blue) and those obtained by the construction of the internal
representation (red). As already shown with the spherical body,
it can be seen that the cubic shape has been deformed, for the
same reason as those highlighted before, but is still recog-
nizable. In other terms, the body topology has been correctly
discovered by the agent.

2) Second Case (Double Fingertips Agent): Let us now
consider the case of the agent endowed with an end-
effector made of two rigidly linked fingers. As outlined in
Section III-A1, the quotient set χ/=φϵ

will be quite differ-
ent from the one obtained in the previous section. Indeed,
according to (8), a sensation S will be generated by the body
only if the two fingertips simultaneously touch the body. Thus,
all the fingertips poses generating the same sensation S are
now entirely described by three independent parameters. This
intuition is shown as correct in the following.

In this section, the agent’s body is again made of the
same spherical body than the one described in Section III-C1,
with a distance between the two fingertips set to dfingers =
dbody = 100 mm. This time, Algorithm 1 is run with a final
CCA projection performed in a 6-D space. Consequently, the
interpretation of such a projection will be far more complex
than when working with a 3-D projection like in the first case.
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Fig. 6. (a) One possible parameterization of the double fingertips quotient space χ /=φϵ , with ψ ∈ [−π/2,π/2] the elevation, θ ∈ [0,π ] the orientation
of the middle-point between the two fingertips in spherical coordinates, and one parameter α ∈ [0,π ] for the rotation along the radial axis. (b) After fixing
three different middle-point positions on the spherical body, trace of fingertips positions (red, green, and blue) along the rotation α with the average positions
of its middle point in dark gray. (c) Representation in three chosen dimensions in the representation space of the middle point position. (d) Representation of
the end-effector orientation α in the three remaining dimensions, with circles fitted to the points.

The resulting projection and its corresponding interpretation is
shown in Fig. 6. As already outlined, the only poses of the
end-effector in SE(3) which generate a sensation S are those
where the two fingertips are in contact with the body spherical
surface. Such a constraint gives rise to a first interpretation of
the quotient set χ/=φ as being the space of latent variables
that describes all the possible configurations of two points dis-
tant by dfingers on a sphere. This space then forms a manifold
subset of SE(3), which can be parameterized with a minimal
number of three parameters, so that χ/=φϵ

can be seen as a
three-manifold (manifold of intrinsic dimension equal to 3).
One possible interpretation of these three parameters is pro-
posed in Fig. 6(a): two angles θ and ψ can be used to define
the position of the middle-point between the two fingers, and
one additional angle α captures the radial axis orientation of
the two fingertips system. With such a parameterization, every
pose of the two contact points, distant by dfingers on the spher-
ical body and leading to the same sensation S, can then be
obtained.

Thanks to Algorithm 1, an internal (homeomorphic) rep-
resentation M̂/=( of χ/=φϵ

is obtained. Its corresponding
6-D projection is shown in Fig. 6(c) and (d), where the first
three dimensions, followed by the three next ones are repre-
sented in two 3-D points clouds plots. It is also shown in the
same figures three different (arbitrary chosen) configurations
in red, green, and blue. Each color corresponds to fixed θ and
ψ values, and to an α angle ranging from 0 to π . The corre-
sponding configurations on the real agent body are also shown
in Fig. 6(b). Importantly, they do not exactly describe a circle
on the spherical body because of the discrete approximation
captured by (12). Fig. 6(c) exhibits the first three dimensions
of the projected internal representation. It is clear that these
first three dimensions capture the middle point (joining the
two fingertips) position on a sphere with a slightly smaller
diameter than the spherical body. Indeed, close middle-points
on the body correspond to close points in this first 3-D rep-
resentation. One additional parameter needs to be considered
to fully capture the internal representation. Indeed, the three
next dimensions of the 6-D projection of the internal represen-
tation, shown in Fig. 6(d), exhibits the influence of the third
parameter α, which draws circles on a 2-sphere. Here, each

circle corresponds to a specific middle-point position in the
first three dimensions, and uniting all of them then generates
a sphere in the last three dimensions of the representation.

Again, all this effort to analyze and interpret the low-
dimensional projection are only performed here to demonstrate
that the quotient set M/=( , and its approximation M̂/=( ,
actually captures the topology of χ/=φϵ

. The agent does not
need to perform such a projection to actually use the motor
quotient set. This is illustrated in Section IV with a motion
planning application.

IV. MOTION PLANNING IN THE SENSORIMOTOR

INTERNAL REPRESENTATION SPACE

The previous section was devoted to the building of a sen-
sorimotor internal representation of the body agent. But why
would the agent build such a map? From the authors point
of view, this map is the first step toward the ability to plan
a movement of the agent arm on the body. This section is
mainly concerned with this kind of application, with the idea
that one can infer the successive, never explored, motor com-
mands to be applied so as to reach a given target sensation.
This target sensation will be provided a priori, i.e., without
any insight on an external goal, purpose or motivation of the
agent. Such a problem is out of the scope of this paper and
is a field of research on its own [20], [21]. From the math-
ematical proofs in Section II, the continuity property of the
homeomorphism between the motor and pose quotient sets
is exploited to interpolate successive motor commands toward
the sensor pose corresponding to the target sensation. The pro-
posed algorithm allowing such an interpolation is described in
a first section. On this basis, the two representations shown in
Section III-C2 are used in the second section to generate suc-
cessive, continuous motor orders from one initial sensor pose
to the targeted one.

A. Motor Interpolation Algorithm

1) First Step (Toward a Path in the Motor Quotient Set
M/=( ): The overall objective of the proposed sensorimotor
motion planning approach is to find a motor strategy, which
will allow the agent the reach a given target sensation through

Contributions :

• ancrées au sein d’un paradigme sensorimoteur bas-niveau ;

• visent à comprendre la structure des invariants senorimoteurs ;

• reprise des travaux de Philipona sur l’estimation de la dimension de l’espace ;

• vers un formalisme (topologique) de l’expérience sensorimotrice ;

• applications à la découverte du corps et de l’espace opérationnel d’un agent . . .

• . . . de type ”bras” seulement.
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• l’audition binaurale ne peut plus être
qu’active

• exploiter uniquement 2 microphones reste
un challenge

• qui veut un système audio robotique
efficace doit exploiter des antennes de
microphones

• approche fondamentale et bas niveau . . .

• . . . dont la robustesse aux conditions
expérimentales réalistes doit être
(é)prouvée,

• et généralisée à des systèmes capables de
déplacements “absolus” dans
l’environnement

Et pourquoi ne pas rapprocher ces 2 champs de recherche ?
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Tout cela est avant tout un travail d’équipe !

Questions ?

Vers la perception interactive (6/6) Conclusion 34 / 34


	(1/6) Introduction
	(2/6) Audition robotique: contexte et positionnement
	(3/6) Contributions à l'analyse binaurale active de scène sonore
	Comment localiser un son ?
	Étude systématique des indices binauraux
	Apprentissage de la localisation
	Inférence multimodale active
	Bilan

	(4/6) Approche sensorimotrice de la perception : contexte et positionnement
	(5/6) Contributions pour une approche interactive de la perception
	Un problème préalable : l'espace
	Extraire une structure des invariants sensorimoteurs
	Bilan

	(6/6) Conclusion

