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Introduction

� Robot programming by demonstration

Statistical extraction of the task constraints

� Gaussian Mixture Model (GMM)

� Gaussian Mixture Regression (GMR)

� Handling of multiple constraints

Teaching through a scaffolding process

� Observational learning

� Kinesthetic teaching

Handling of perturbations

� Use of a dynamical system

Integrating social cues to the probabilistic framework

� Gaze direction

� Vocal intonation

Further work
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“What-to-imitate”

“How-to-imitate”
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Compact encoding of a skill
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Gaussian Mixture Model (GMM) N (�; �) to encode P(t; x )
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Statistical extraction of task constraints
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Gaussian Mixture Regression (GMR) to retrieve P(xjt)
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Calinon, S., Guenter, F. and Billard, A. (2007) "On Learning ,

Representing and Generalizing a Task in a Humanoid Robot". I EEE Trans.

on Systems, Man and Cybernetics, Part B, 37(2).



Handling of multiple constraints
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Computation at each time step of the joint probability (probability of two

events in conjunction) by considering the constraints as independent:

t

x
1



Example of application
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Dataset (task space):

� 3D Cartesian trajectories f x1; x2; x3g of the right hand relative to

the different objects (cylinder and cube)

) f x(1)
1 ; x(1)

2 ; x(1)
3 g and f x(2)

1 ; x(2)
2 ; x(2)

3 g

Calinon, S. and Billard, A. (2007) "What is the Teacher's Rol e in Robot

Programming by Demonstration?". Interaction studies, 8(3 ).



Constraints relative to the cylinder x(1)
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Constraints relative to the cube x(2)
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Reproduction in different situations
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By combining smoothly the different constraints through GMR, the skill can

be gradually generalized and reproduced in new situations:
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Use of different modalities to demonstrate a skill
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Observational learning Kinesthetic teaching
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First observation of the skill through motion sensors (16 joint angles

projected in a latent space of 5 dimensions):



First reproduction attempt
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First reproduction attempt where the robot fails at reproducing the skill due

to correspondence problems :



Second demonstration
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Second demonstration through kinesthetic teaching (the user moves the

two arms while the robot moves the head):



Second reproduction attempt
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Second reproduction attempt by generalizing over the two

demonstrations through GMM/GMR:
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Third demonstration by providing appropriate scaffolds with respect to

the second reproduction attempt:
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Final reproduction where the robot produces a stable gesture to lift the

cube:



Advantages of using multimodalities
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Motion sensors (observational learning)

� Control of a high number of DOFs

� Natural motion

� Free execution of the skill

Motor encoders (scaffolding)

� Progressive re�nement of the skill

� Opportunity to see and feel the solutions to

the correspondence problem

� Social interaction

) The teaching process shares similarities with a human-human

interaction, where the pedagogical skills of the user contribute

to the transfer of the skill.
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Robustness to external perturbations through the use of a dynamical

system by learning P(x; _x; •x) through the GMM/GMR representation.

) Possibility to handle perturbations during the reproduction of

the skill.

Hersch, M., Guenter, F., Calinon, S. and Billard, A. (2008) " Dynamical

System Modulation for Robot Learning via Kinesthetic Demon strations".

IEEE Transactions on Robotics (In press).



Handling of perturbations
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� Use of a dynamics model to encode the motion by representing

P(x; _x) in a GMM.

� Combination with a trajectory model used as an attractor.
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The dynamical system allows the user to provide only partial

demonstrations during the scaffolding process.
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Example of the incremental learning of P(xA ; xB ) and retrieval of x̂B

through GMR by estimating P(xB jxA ).

First partial demonstration xA Second partial demonstration xB
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Example of the incremental learning of P(xA ; xB ) and retrieval of x̂B

through GMR by estimating P(xB jxA ).

Retrieval of P(xB jxA ) through GMR

) Partial scaffolding without the need to follow temporally the

demonstrated trajectories.
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Integrating social cues to the statistical framework
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Integrating information from gaze direction
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� Extracting the probability to bring the attention of the robot to a

speci�c object.

� Tracking of head orientation through X-Sens motion sensors.
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Integrating information from gaze direction
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Alternative: Use of the WearCam

(developed at LASA within the

TACT European project).



Integrating information from vocal intonation
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TRAINING

� Use of Hidden Markov Models (HMMs) to encode the vocal trace

(pitch and energy encoded with 3 states).

� Small user speci�c dataset (10 utterances per model).
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Integrating information from vocal intonation
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RECOGNITION



In�uence on the learning process
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Learning collaborative tasks
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Handling of tasks requiring speci�c forces with a human coll aborator

(Robot@CWE, JRL-CNRS/AIST).
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Use of the probabilistic model for self-exploration of new solutions through

Reinforcement Learning (RL) .

) Possibility to extend the skill to a broader context.
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Guenter, F., Hersch, M., Calinon, S. and Billard, A. (2007)

"Reinforcement Learning for Imitating Constrained Reachi ng Movements".

Advanced Robotics, 21(13).
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� Probabilistic approach in robot programming by demonstration to

extract incrementally the constraints of a task in a continuous

form and to reproduce a generalization of the learned skill in new

situations, with the capability of handling dynamical perturbations.

� Importance of taking into account the user's pedagogical skills in

the machine learning process, by using different modalities to

convey the demonstrations (observational learning and

kinesthetic teaching ), by providing a �exible scaffolding

process , and by designing human-robot interactive scenarios

mimicking the human process of teaching.

� Socially driven statistical learning framework to reduce the

complexity of the skill transfer process, by integrating social cues in

the framework as priors to disambiguate automatically the role of

the different variables/objects characterizing the task.
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Source codes and videos available on:

http://lasa.epfl.ch/
http://www.calinon.ch/
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