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Objectives 

Haptic  interfaces,  natural  language  and  gestures  have  traditionally  been  used  to 
interact  with  robots.  However,  in  last  years,  new  modalities  of  interaction  have 
emerged,  like EMG and EEG  interfaces. The current scenario  is one of transition from 
the  industrial workplace  towards  increasing  interaction with  the human operator  in 
other  scenarios. This means  that  interaction with humans  is expanding  from a mere 
exchange  of  information  (in  teleoperation  tasks)  and  service  robotics  to  a  close 
interaction  involving  physical  and  cognitive  modalities.  It  is  in  this  context  where 
multimodal interfaces combining different kind of interaction modalities play a crucial 
role. Multimodal  interfaces  increase  usability  (the weaknesses  of  one modality  are 
offset by the strengths of another) and they have implications for accessibility (a well‐
designed  multimodal  application  can  be  used  by  people  with  a  wide  variety  of 
impairments). 

This workshop will provide an overview of  the most  recent advances about human‐
robot multimodal  interfaces  and  it will  explore  new  directions  in  the  field, with  a 
particular  focus  on  interfaces  for  disabled  people.  The workshop will  form  an  ideal 
environment for the emerging community to meet and exchange ideas.  

 

Organizers 

José M. Azorín (IEEE Member) 
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Universidad Miguel Hernández de Elche 
Avda. de la Universidad, s/n 
03202 Elche, Alicante, Spain 
jm.azorin@umh.es 
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Bioengineering Group 
Instituto de Automática Industrial, CSIC 
Ctra. Campo Real, km. 0,200 
28500 Arganda del Rey, Madrid, Spain 
jlpons@iai.csic.es 
 
 

Homepage 

http://nbio.umh.es/vr2/eventos/icra2010/home.html 
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Program 

9.00 ‐ 9.15: Introduction: Multimodal Human‐Robot Interfaces. José M. Azorín, José L. 
Pons (Organizers of the workshop).  

PART I: TECHNOLOGIES 

9.15  ‐ 9.55: From haptic human‐human  to human‐robot  interaction  ‐ challenges and 
selected results. Angelika Peer (Institute of Automatic Control Engineering, Muenchen, 
Germany). 

9.55 ‐ 10.30: Modular haptic device for bimanual virtual manipulation. Ignacio Galiana 
(Politechnical University of Madrid, Madrid, Spain) 

10.30 ‐ 10.50: Coffee Break 

10.50  ‐ 11.25: Graphical and semantic  interaction by means of gestures. Alícia Casals 
(Universidad Politécnica de Cataluña, Barcelona, Spain). 

11.25  ‐ 11.55: Haptic  and ocular human‐robot  interface.  José M. Azorín  (Biomedical 
Neuroengineering Group, Universidad Miguel Hernández de Elche, Elche, Spain). 

11.55  ‐  12.30:  From  Rehabilitation  robots  to  Neuroprosthetics  and  neurobototics. 
Issues  pending  in  BMI  Systems  (José  L.  Pons,  Bioengineering  Group,  Instituto  de 
Automática Industrial, CSIC, Arganda del Rey, Madrid, Spain).  

12.30 ‐ 14.00: Lunch Time 

PART II: APPLICATIONS 

14.00  ‐  14.30:  Robotic  wheelchair  controlled  by  a multimodal  interface  (Teodiano 
Freire‐Bastos, Departamento de Engenharia Elétrica, Universidade Federal do Espírito 
Santo, Vitoria, Brazil). 

14.30  ‐  15.00:  Multimodal  HMI  interface  in  Neuroborotic  management  of  Tremor 
(Eduardo  Rocon  de  Lima,  Bioengineering  Group,  Instituto  de  Automática  Industrial, 
CSIC, Arganda del Rey, Madrid, Spain) 

15.00 ‐ 15.30: A BNCI‐driven rehabilitation of gait  in stroke patients (Juan C. Moreno, 
Bioengineering  Group,  Instituto  de  Automática  Industrial,  CSIC,  Arganda  del  Rey, 
Madrid, Spain). 

15.30 ‐ 15.50: Coffee Break + Poster Exhibition 

PART III: POSTER PRESENTATION 

15.50 ‐ 17.30: Short presentations of the participants: 
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1.  An  Ontology‐based  Multimodal  Communication  System  for  Human‐Robot 
Interaction  in  Socially Assistive Domains. Ross Mead,  Jerry B. Weinberg,  and Maja  J 
Mataric  (University  of  Southern  California,  Southern  Illinois  University  Edwardsville, 
USA).  

2. Exploring Multimodal  Interfaces For Underwater  Intervention Systems. J. C. Garcia, 
P. J. Sanz, Member, R. Marin, and O. Belmonte (Universitat Jaume I, Spain) 

3.  Enhancing  Collaborative  Human‐Robot  Interaction  Through  Physiological‐Signal 
Based Communication. Susana Zoghbi, Chris Parker, Elizabeth Croft and H.F. Machiel 
Van der Loos (University of British Columbia, Canada). 

4. Towards an Enabling Multimodal Interface for an Assistive Robot, Martin F. Stoelen, 
Alberto Jardon, Fabio Bonsignorio, Juan G. Victores, Concha Monje and Carlos Balaguer 
(Universidad Carlos III de Madrid, Spain). 

5. Humanoid  robot skill acquisition  through balance  interaction between human and 
humanoid  robot.  Jan  Babič,  Erhan  Oztop  (Jožef  Stefan  Institute,  Slovenia,  ATR 
Computational Neuroscience Laboratories, Japan). 

6.  Robot  Reinforcement  Learning  using  EEG‐based  reward  signals.  I.  Iturrate,  L. 
Montesano and J. Minguez (Universidad de Zaragoza, Spain). 

7.  Temporal  gesture  recognition  for  human‐robot  interaction, Markos  Sigalas, Haris 
Baltzakis  and  Panos  Trahanias  (Foundation  for  Research  and  Technology  ‐  Hellas, 
Heraklion, University of Crete, Greece). 

8.  BCIs  and Mobile  Robots  for  Neurological  Rehabilitation.  practical  applications  of 
remote control. Luigi Criveller, Emanuele Menegatti, Franco Piccione, Stefano Silvoni 
(Università degli Studi di Padova, I.R.C.C.S. San Camillo Venice, Italy). 

9.  Safe Human‐Robot  Interaction  based  on  a Hierarchy  of  Bounding  Volumes.  Juan 
Antonio Corrales, Fernando Torres, Francisco Andrés Candelas (University of Alicante, 
Spain). 

10.  Hand  Gesture  Recognition  for  Human  Robot  Interaction  in  Uncontrolled 
Environments,  Jong  Lee‐Ferng,  Javier  Ruiz‐del‐Solar,  Mauricio  Correa,  Rodrigo 
Verschae (Universidad de Chile, Chile). 

11.  Vision‐based  gesture  recognition  interface  for  a  social  robot.  J.P.  Bandera,  A. 
Bandera, L. Molina‐Tanco, J.A. Rodríguez (University of Málaga, Spain). 
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From Haptic Human-Human to Human-Robot Interaction -
Challengesand Selected Results

Angelika Peer, Zheng Wang, Jens Hölldampf, and Martin Buss
Institute of Automatic Control Engineering

Technische Universität München
D-80290 M̈unchen, Germany

Angelika.Peer@tum.de, wang@tum.de, jens.hoelldampf@tum.de, mb@tum.de

Abstract— Adding physicality to virtual environments is con-
sidered a prerequisite to achieve natural interaction behavior
of the user and can be achieved by usage of appropriately
designed and controlled haptic devices, as well as by im-
plementation of sophisticated haptic rendering algorithms.
While in the past a variety of haptic rendering algorithms
for the interaction with passive environments were developed,
the interaction with active environments like the physical
interaction with a virtual character is rarely investigated. Such
kind of physical interactions pose a number of new challenges
compared to the interaction with passive environments as the
human expects to interact with a character that shows human-
like behavior, i.e. it is able to estimate human intentions,
to communicate intentions, and to adapt its behavior to its
partner. On this account, algorithms for intention recognition,
interactive path planning, and adaptation are needed when
implementing such interactive characters. In this paper two
different approaches for the synthesis of interactive behavior
are reviewed, an engineering-driven and an experimental-
driven approach. Following the experimental-driven approach
haptically interacting partners are synthesized following a
three step procedure record-replay-recreate. To demonstrate
the validity of this approach it is applied to two prototypical
application scenarios, handshaking and dancing.

Index Terms— haptic human-robot interaction, physical
human-robot interaction, haptic rendering

I. I NTRODUCTION

While today’s virtual environments are able to provide
high quality visual and auditory feedback, most of them
still lack physicality, the state or quality of being physical
and follow physical principles: People can penetrate into
walls, objects, and characters, lift objects without feeling
their weight, stroke objects without feeling their texture and
socially interact with characters, without feeling forces when
being in physical contact.

Since virtual environments are used for simulation, train-
ing, rehearsal, and virtual gatherings, they should provoke
natural interaction behavior of the user to attain their ex-
pected effect. Physicality is considered one of the main
prerequisites to achieve this. Thus, high-quality haptic feed-
back is desired, which calls for appropriately designed and
controlled haptic devices, as well as a sophisticated haptic
rendering algorithms.

In the past years a variety of haptic interfaces have
been developed and presented in literature, see [1], [2] for
an overview. Systems either provide kinesthetic or tactile

feedback and are ceiling, floor, desktop, or body-grounded.
Most devices, however, have been designed and optimized
for a specific application only. Thus, several devices would
be necessary to cover the various types of interactions
required when realizing immersive virtual environments.

When bringing physicality to virtual environments high-
quality haptic rendering algorithms are needed. Haptic ren-
dering has been a very active field of research and a variety
of algorithms for interaction with passive environments
have been developed in the past. This includes geometric
rendering algorithms for single point contact with polygonal
[3], [4], parametric [5], and implicit surfaces [6] or volumet-
ric objects. Advanced versions also consider point interac-
tion with deformable objects, line interaction or interaction
between polygons. Recently, also direct haptic rendering
from measurements has been studied intensively [7]. Beside
rendering algorithms for kinesthetic feedback also a number
of texture rendering algorithms exist, see [8], [9]. Interested
readers please refer to [10] for a comprehensive overview
of state-of-the-art haptic rendering algorithms.

While all the aforementioned rendering algorithms assume
interactions with passive environments only, rendering of
active environments has been rarely studied in literature.
Simulation of actuated systems or virtual characters that hap-
tically interact with the human user are typical examples for
such active environments. In literature only a few examples
for such systems exist, e.g. [11], where an actuated car door
is rendered.

We aim for rendering a virtual, interactive character
like a handshaking or dancing partner. Compared to haptic
rendering of passive environments and the rendering of
actuated systems, rendering of a virtual character that can
physically interact with humans poses a variety of new
challenges, because the human expects to interact with a
character that shows human-like behavior, i.e. it is able to
estimate human intentions, to communicate intentions, and
to adapt its behavior to its partner. Since human intention
(the way how the human desires to carry out the task) is
hidden in the human mind, it must be inferred by analyzing
measured force and motion data. When analyzing this data,
however, we have to call into attention that the human can
change his behavior by either changing his execution plan
or by adapting his mechanical impedance. Both, execution
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plan and mechanical impedance can significantly vary over
time and thus lead to changes in the force and motion
data. Intelligent intention recognition algorithms, however,
need to be able to distinguish between these two cases,
because only then, the behavior of the virtual character
can be adapted as desired by either changing the desired
path or the implemented compliance provided by the haptic
interface. Taking into account these challenges arising when
rendering physical interactions with interactive characters,
it is clear that this requires modules that are not necessary
when rendering passive environments or actuated systems,
namely modules for intention recognition, interactive path
planning, and adaptation.

First approaches in this direction can be found in the
field of physical human-robot interaction where a robot is
supposed to assist the human operator while jointly perform-
ing a joint transporting or social interaction task. Starting
from purely passive followers as presented in [12], control
schemes with varying impedance parameters [13], [14] and
controllers that introduce additional virtual constraints [15]
were developed, leading finally to active robot partners
that can estimate human intention [16]–[18] and based on
these estimations change their interaction behavior by taking
different roles [19].

In the following section we will present our approach to
realize a haptically interacting partner, while Sections III and
IV exemplarily demonstrate this approach for two prototyp-
ical physical interaction tasks, handshaking and dancing.

II. A PPROACHES TO SYNTHESIZE INTERACTIVE

BEHAVIOR

When synthesizing interactive behavior, two completely
different approaches can be adopted: an engineering-
driven and an experimentally-driven approach. A typical
engineering-driven approach implements control strategies
which are e.g. based on heuristics, optimality criteria or
stability criteria. One of the drawbacks of such an approach
is that it does not necessarily guarantee that the resulting
interaction patterns are human-like which complicates the
recognition of the virtual partner’s intention, the building of
its mental model and thus prediction of its action. Beside
this, also natural communication of ones own intentions can
be affected by the usage of this approach as the artificial
virtual partner often lacks the ability to understand and
interpret them.

These limitations can be overcome by an experimentally-
driven approach which aims at i) recording data during
human-human interaction and using this data to replay
[20] and synthesize interactive behavior [21], [22], or ii)
by recording and studying human-human interaction and
transferring knowledge gained from the analysis of this data
to human-robot interaction as recently explored in [18],
[23]–[28].

In the EU project Immersence1, we adopt the
experimentally-driven approach to synthesize interactive

1www.immersence.info

behavior following a three step procedure record-replay-
recreate. In the recording phase force and motion signals
resulting from physical interaction of two humans are
recorded. In the second step, this data is simply replayed
by using a haptic interface. Since, a pure replay lacks
the ability to adapt to the human partner and thus natural
interaction behavior cannot be achieved [20], a third
phase, the recreation phase is introduced which aims at
synthesizing real interactive behavior. The following two
sections will demonstrate this approach for two prototypical
application scenarios, handshaking and dancing.

III. A PPLICATION SCENARIO: HANDSHAKING

In [21] we studied handshaking with a virtual, visually
and haptically rendered character, see Fig. 1. So far, only
few authors investigated handshaking: In [29] the first tele-
handshake using a simple one degree-of-freedom (DOF)
device was created while [30] generated handshake anima-
tions from a vision system. Remarkably, only few people
viewed handshaking from a force/motion interaction aspect:
in [31] the authors took the oscillation synchronization
approach to realize human-robot handshaking and in [32]
the authors focused on the approaching and shaking motions
of a handshaking robot.

Fig. 1. Handshaking with a virtual interactive character

In the following sections we will review our approach
to synthesize an interactive handshaking partner following
the three-step procedure record-replay-recreate delineated
above.

A. Record

In the recording phase in total a number of 900 human-
human handshakes of 24 male college students were per-
formed and position and force data was recorded during
interaction, see Fig. 2. To measure the interaction force
special data gloves [33] were used while position was
recorded by an optical tracking system. No instructions how
to perform the handshakes were given to achieve natural
interaction behavior.

B. Replay

In the replay phase trajectories recorded during human-
human handshakes were replayed by the haptic interface
ViSHaRD10 [34]. To improve naturalness of interaction, a
compliant controller was additionally used to imitate human
arm stiffness, see Fig. 3. If the human performs similarly
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Fig. 2. Recording of human-human handshakes
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Fig. 3. Replay of human-human handshakes using a position-based
admittance controller with time varying parameters

at each handshake, the same desired trajectory leads to
similar force profiles for each handshake and hence provides
the human a similar handshaking experience compared to
the human-human case where the reference trajectory was
recorded. Thus, provided that human participants are good
repetitors, this replay strategy leads to natural handshakes.
However, it has a fundamental limitation for realizing full
interactive handshakes as it lacks the ability to alter the
reference trajectory, therefore the robot can only playback
motions as predefined, with the human input applied on
top of it. This is clearly different from human-human
handshaking, where the arms can provide compliance during
interaction, while in the human mind different strategies can
be selected about whether to adapt to the partner or not.
On this account, an advanced more interactive handshaking
controller has been developed.

C. Recreate

To synthesize an interactive behavior of the virtual hand-
shaking character we propose a double-layered control
scheme consisting of a low-level and a high-level con-
troller, see Fig. 4. The low-level controller (LLC) imple-
ments position-based admittance control and the high-level
controller (HLC) updates the admittance parameters and
adapts the reference trajectory depending on the actual esti-
mated human intention. Interactive behavior is consequently
achieved by three modules, the intention estimation module,
the adaptation law, and the trajectory planning algorithm.

Using measured force and position data an online pa-
rameter estimator identifies human behavior parameters,

Admittance
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d _
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Law

Intention

Recognition

Virtual PartnerHLC

_

LLC

Fig. 4. Recreation of human-human handshakes using an HMM-based
handshaking controller

abstracts them into symbols and feeds them into an Hidden-
Markov-Model(HMM)-based intention recognition module
which outputs an estimate of the current human intention.
Two HMMs are defined for the estimator relecting the two
opposite rolesactive and passive. Active indicates that the
human is trying to lead the handshake, while passive means
the human is following the lead of the robot. Depending on
the estimated intention the robot is programmed to take op-
posite roles to the human partner by generating appropriate
reference trajectories and altering the displayed compliance
according to the implemented adaptation law. Experiments
showed that the roles active and passive are not fixed for
the whole interaction, but that partners switch between
them several times. Using the aforementioned approach the
number of switching events between the states active and
passive can be easily modified by changing the thresholds
of the discrete HMM. In doing so, a more or less dominant
interaction partner can be realized. Interested readers are
referred to [21] for a detailed description of the implemented
algorithms and achieved results.

IV. A PPLICATION SCENARIO: DANCING

In [35] we studied dancing as haptic interaction scenario,
see Fig. 5. Like handshaking, dancing requires a physical
coupling between partners, but differs from handshaking as
i) dominance is by definition distributed unequally between
partners, ii) the basic form of dancing steps is predefined,
and iii) dancing figures represent cyclical movements.

Several studies concerning the analysis of human be-
havior while dancing are known from literature. In [36]
the sensimotory coordination is examined while dancers
were performing small-scale tango steps. In [37] the haptic
coordination between dancers with PHANToMs is investi-
gated. Finally, [38], [39] built a female dancing robot which
follows the male and tries to estimate the next dancing step
and adapts the step size on demand [40]. Our aim was to
implement a haptic enabled male dancer that imitates the
behavior of a real human partner. In contrast to female
dancers which require the ability to understand intentions,
male dancers need the ability to communicate intentions and
to adapt to their partner’s behavior.

9



Fig. 5. Dancing with a virtual interactive character

In order to achieve this, again the three step approach
record-replay-recreate was adopted as illustrated in the fol-
lowing subsections.

A. Record

In the recording phase semi-professional dancing couples
were recorded using a motion-capture system, see Fig. 6. As
dance the discofox has been chosen as it allows to have only
two interaction points. In order to measure the interaction
force, special adapters were constructed which connect two
handles over a 6 DOF force-torque sensor and consequently
allow dancing-like hand postures.

Fig. 6. Recording of dancing couples

B. Replay

In the replay phase the recorded motion data was replayed
on a mobile robotic platform [41] equipped with two robotic
arms [42]. The mobile platform was position controlled and
the robotic arms were programmed to follow the measured
positions of left and right hand recorded during human-
human interaction. Adopting this approach leads to a fully
dominant male dancer, which does not estimate human
intentions and thus cannot adapt to the female partner.

C. Recreate

To recreate the behavior of an interactive dancing partner
we implemented the vector field approach of Okada et

al. [43]. It allows to synthesize a nonlinear system dynamics
based on a given trajectory

x[k + 1] = x[k] + f(x[k]) (1)

while reducing the amount of data points needed for a typical
dancing scenario.

Thus, only a few hundred parameters need to be stored,
which results in a tremendous reduction of memory re-
quirements. A further advantage is that dancing steps are
parametrized and thus can easily be transformed in size and
shape. This attribute will be utilized in the recreation phase
described below.
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Fig. 7. Replay of human-human dancing trajectories using a trajectory
generator

Switching between different dancing steps is achieved by
using different dynamic subsystems for each dancing step.
This can be simply realized by adding an input signalu to
the nonlinear system dynamics

x[k + 1] = x[k] + g(u[k],x[k]). (2)

After segmenting the recorded trajectory and introducing
different levels of the input signal, synthesis can be easily
performed by applying the appropriate signal level. When
switching between dancing steps they are smoothly faded
into each other by means of the attracting vector fields.

Since replay of generated trajectories results into partners
which lack the ability to estimate human intentions and to
adapt to their partner, the recreation phase was used to im-
plement an interactive virtual partner which estimates human
intention from measured interaction forces, see Fig. 8, and
adapts the step size depending on them by applying the
following transformation

y[k] = a[k]x[k] + d[k] (3)

to x[k] in (2). For a detailed description of the implemented
algorithms and achieved results please refer to [35].

trajectory

generator
trajectory

controller

mass

female
haptic

interface

virtual male

adaptation

x

xt

xd

fvm

ff

Fig. 8. Recreation of human-human dancing trajectories using an adaptive
trajectory generator
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V. CONCLUSIONS

Today’s virtual environments often lack physicality al-
though it is considered a prerequisite to achieve natural
user behavior. Adding physicality to virtual environments
requires high-quality haptic interfaces, but also advanced
haptic rendering techniques that are able to render realistic
haptic interactions. While in the past a variety of haptic ren-
dering algorithms for the interaction with passive environ-
ments were developed, interaction with active environments
like the physical interaction with a virtual character are still
rarely studied. Such physical interactions were shown to
pose a number of new challenges compared to the rendering
of passive environments as the human expects to interact
with a character that shows human-like behavior, i.e. it
should be able to estimate human intentions, to communicate
intentions, and to adapt its behavior to its partner. On this ac-
count, algorithms for intention recognition, interactive path
planning, and adaptation are needed when implementing
haptic interaction partners.

Two principal approaches to synthesize interactive be-
havior were reviewed: an engineering-driven approach and
an experimental-driven approach. While the engineering-
driven approach clearly lacks the ability to realize human-
like interaction behavior, this can be achieved when fol-
lowing an experimental-driven approach which uses human-
human interaction as a reference. In the presented work
we followed the experimental-driven approach and adopted
a three-step procedure implementing a record, replay, and
recreate phase to realize a haptic interaction partner. Finally,
to demonstrate the validity of the introduced approach two
prototypical application scenarios, handshaking and dancing,
were introduced.
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Abstract—In this article, the mechanical and electronic design 

of a Multifinger haptic interface is described. This interface can 
be used for bimanual manipulation of virtual scenarios. Due to 
the complexity of the system, we have decided to design a 
modular device.  The basic element is the haptic interface for one 
finger, and both the electronic and the mechanical design are 
independent for each module. A distributed architecture has 
been developed so as to be able to simulate virtual manipulation 
scenarios by using more than one haptic devices for bimanual or 
collaborative tasks. The designed haptic interfaces is called 
MasterFinger-2 (MF-2). The user inserts his thumb and index 
fingers to manipulate virtual objects. An application calculates 
the force exerted to the objects, and these forces are reflected to 
the user by the haptic device. Some examples of bimanual 
manipulation of virtual scenarios are shown in this article. 
 

Index Terms— Bimanual, haptic, multifinger, virtual 
manipulation, advanced manipulation.  
 

I. INTRODUCTION 

 Haptic devices provide the user with force and tactile 
information during manipulation or exploration of virtual 
environments [1]. Devices that feedback tactile and force 
sensation to the user, have been used in teleoperation, design 
of virtual reality environments, educational training and so 
on[2]. 

 
 
 

 A great advancement has been done in the manipulation of 
virtual objects with only one contact point that simulates 
palpation or exploration of a virtual object surface. However, 
at least two contact points per hand are required in advanced 
manipulation tasks for grasping and properly handling objects 
[3]. Relevant examples of this advanced manipulation can be 
found in telerobotics [4] and surgical applications [5][6][7]. 
 
 In this paper, a haptic device interface called MasterFinger-
2 (MF-2) is presented. A setup for bimanual and cooperative 
tasks is also described. The setup consists of two MF-2 
devices that allow users to manipulate the virtual environment 
by using his index and thumb fingers of both hands. The 
resulting workspace of this system is explained. It is also 
described the distributed architecture that has been designed 
for haptic scenarios development and some examples of 
bimanual virtual manipulation are described. 

II. HAPTIC DEVICE DESCRIPTION 
 

The designed haptic interface can be managed by the user 
by inserting his index and thumb fingers in two adjustable 
thimbles that have been designed for that purpose, more 
details about this thimble can be found at [10]. These 
thimbles are connected to a mechanical structure with seven 
actuators, three actuators per finger plus and additional 
actuator that allows rotating all the mechanical structure on a 
vertical axis. The mechanical design has been conceived with 
the purpose of facilitating object manipulation, in particular, 
for grasping objects. This mechanism is based on a modular 
configuration in which each finger has its own mechanical 
structure and electronic components. Figure 1 shows the 
haptic device developed which is called MasterFinger-2 
[8][9]. 

A. Mechanical Design  
 

The two-finger haptic device has 7 actuators and 13 
Degree of Freedom (DoF) in total. Each finger has its own 
mechanical structure with 6 DoF, the firsts 3 of them actuated 
and the last 3 only measured. This configuration allows any 
position and orientation for the fingers into the device 
workspace. The three actuators are located close to the base 
device in a serial-parallel configuration. It allows reflecting 

Modular Haptic Device for Bimanual  
Virtual Manipulation  

  

Fig.1. MasterFinger-2 is made up of two modules. Thumb and index fingers 
are inserted into a thimble respectively. 
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forces in any direction with a small inertia. Actuators are 
linked to a five-bar mechanical structure which is connected 
to a gimble with 3 rotational DoF. Finally, the last gimble 
rotation axis is linked to the thimble.  

Thimble position is calculated from the encoders included 
in the actuators, orientation is obtained from three absolute 
encoders, which are placed in the gimbal rotational axis. The 
three rotational axis of the gimbal intersect at the user’s 
fingertip. This geometrical configuration avoids torque 
reflection, meaning that only forces are reflected to the user’s 
finger. The thimble and the gimbal are shown in Fig. 1. 

 The thimble has been designed so that it can be adjusted 
to any user finger by adjusting some screws. Each thimble 
incorporates four contact sensors. These contact sensors are 
used to estimate the force exerted by the user during the 
virtual object manipulation. This information contains some 
inaccuracy since contact sensors only detect normal forces. 
Tangential forces are estimated by contact sensors located in 
the sizes of the fingers, details about the contact sensor 
configuration can be found at [10]. 

 

B. Controller 
 
MasterFinger-2 has a modular and scalable design. The 
hardware needed to control one of these devices is based on 
three different electronic boards: 
 
− Acquisition system board which serves as an interface 
between the controller and the mechanical parts and sensors. 
This board not only acts as a bridge between the encoders and 
the control board but also translates the analog signals into 
digital data. 
- Power electronic board to feed the motors and measure the 
current. 
− A Virtex-5 FPGA (ML-505 Board) that has the low level 
control of the system programmed on the PowerPC. 

 
The signals and measurements used for controlling the system 
are mainly the position of the fingertips and the current of the 
motors. Every motor has an encoder in order to determine its 
angular position. The end position and orientation of each 
finger can then be calculated. Current of the motors is low in 
order to control direction and the amount of force exerted over the 
fingers. 
This controller also computes gravity pre-compensation and 
includes an antiwindup subsystem as a safety measurement for 
human users. 
The PowerPC runs at the low level controller under a VxWorks 
real time operating system to assure a constant frequency rate. 
Only kinematics and Jacobian calculus have been moved to the 
Scenario Server due to high computational cost. 
 

C. Distributed Architecture for Haptic Scenarios 
Development 

 
MasterFinger-2 is based on a distributed control 

architecture this architecture allows the user to use as many 
MasterFingers and Graphic servers as he might need to 
interact with virtual objects. The designed architecture is 
described in Fig.3. It consists of four different components: 
the haptic interface (MF-2), the control module of the haptic 
device, the scenario server, and the graphic server. 
 The mechanical structure and the control module have been 
described in the previous section, we will now briefly describe 
the other two components of the designed architecture: The 
Scenario Server and the Graphic Server. 

C.1   Scenario Server 
 

The Scenario Server is responsible for the interaction 
between every object in the virtual scenario and the virtual 

  

 
Fig.2. Bimanual configuration and resulting workspace. 
 

 

 
Fig.3. Distributed architecture scheme for haptic scenarios development .
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user’s hand. 
The Scenario Server integrates all the data given by the 

devices and provides the information needed to the Graphic 
Simulators and to the devices. Different modules compose 
this server: an interface with the MasterFinger, an interface 
with the Graphic Communication Server and the Simulation 
Engine. 

Fingertips have been modeled as spheres inside the 
collision detector module. Diameter of these spheres is 2cm. 
This length represents the average size of the distal phalanx 
in a real finger. Spheres are used due to its simplicity to be 
computed for collision processes. The Simulation Engine also 
has one module that evaluates if the user is grasping an 
object with one or two hands or if he is just colliding with it. 

 
C.2   Graphic Simulator 
  

The Graphic Simulator is used to show the virtual scenario; 
this simulator receives the position and orientation of all the 
objects in the scenario and shows them on a screen. The 
Graphic Simulator that we designed is an OpenGL application 
running on Windows operative system that needs a XML 
document with all the objects listed.  The object’s list includes 
information related to object size, initial position and 
orientation, its color, the number of segment for its 
representation and the object transparency rate. When running 
it receives position data of the objects and of the user (The 
hand model representation for the MF-2 only needs the 
position and orientation of the index and thumb finger 
MasterFinger-2 is mainly used for grasping applications) in 
the scenario at a frequency rate of 50 Hz; this rate is enough 
so as to see objects move fluently.  

The simulator can be running on different computers at 
once; this is an important functionality for collaborative 
scenarios where more than one user needs to see the virtual 
scenario from his remote location. 

The graphic simulator has two modes of operation. One of 
them uses a wired view of the objects so the user can see 
through them in the scenario and the fingers are represented 
as two points that represent the fingertip. The second one 
uses a solid representation of the objects and a hand model. 
This last mode of view is much more realistic but less useful 
when performing difficult tasks because solid objects occult 
part of the scenario implying that the user has to change the 
point of view all the time.   

 

D. Communications between Different subsystems of the 
Distributed Architecture 
 
 Communications between different subsystems is based on 
UDP protocol so that users can add as many devices as needed 
only by attaching them to an Ethernet port. All the information 
exchanged by the devices is filtered at MAC level so that the 
Scenario Server is more robust when using an internet 
connection. However, common robotics protocols do not 
provide complete solutions for teleoperation through Internet, 

there are many applications that require the “Haptic Loupe” 
to be in the same segment of a LAN and requires low time 
delay. A novel BTP protocol [11] has been designed to 
improve performance of bilateral flow tasks for real-time 
robot teleoperation, it can be easily integrated into 
sophisticated control algorithms making systems more 
reliable. BTP is an end-to-end congestion protocol whose 
main objective is to minimize the round trip tie (RTT) while 
maximizing the transmission frequency. To achieve this, it 
performs a network congestion control by means of avoiding 
congestion signals (Timeouts and packet losses). 

 

E. Examples of virtual manipulation 
 

As was stated before, at least two points of contact per hand 
are needed to carry out object manipulation and grasping. 
Some experiments where the user interacted with virtual 
scenarios were developed with the bimanual mechanical 
disposition shown in Fig.4.a. 
 
1) Bimanual Box Manipulation 
 
 Design of haptic interfaces for precise bimanual 
manipulation should take into account how weight simulations 
is implemented when manipulation switches between one and 
two hands. The importance of this is apparent in tasks where 
the user requires to apply vertical forces to penetrate a surface 
with a tool or splice a fragile object using one and/or two 
hands.Accurate perception of simulated weight should allow 
the user to execute the task with high precision [12]. 
 As a first approach to the bimanual problem, a weight 
discrimination scenario was developped. The scenario consists 
of a box that can be lifted using one or both hands by a user as 
shown in Fig.10.a. The goal of this task is to lift one box with 
one hand, and then lift again another box using both hands 
(with a different weight) and decide wether it felt heavier or 
lighter. Results of this experiment were that similar weight 
discrimination performance between unimanual and bimanual 
lifting can be observed with real and virtual weights generated 
by MF-2. The bimanually lifted virtual weights tended to feel 
lighter than unimanually lifted weights. However, the effect 
was not as prominent as that observed using real weights; 
more details of this experiment can be found at [12]. 
  
2) Bimanual or Cooperative Manipulation of a Cylindrical 
Object. 
 
 In this experiment the scenario consists on a cylinder that 
has a sphere that can roll inside as shown in Fig10.b and 
Fig.2. The goal of this experiment is trying to equilibrate the 
sphere in the middle of the cylinder. To achieve this goal, 
there are two possible scenarios: the first one is carried out by 
just one person by using both hands and the second one is 
performed by two people (each user using his preferable 
hand).  
  The interest of the cooperative scenario is by means of 
knowing what the other user (which can be placed in a 
different room) is intending to do and try to coordinate 
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movements with no more communication between them than 
just forces and visual information to achive a common goal. 
  

 
During this experiment it was seen that MasterFinger-2 
interface can be used for a wide range of cooperative and 
bimanual tasks due to its considerably large workspace. 
 
 

III. CONCLUSION 
 Most of the haptic devices in market provide the user with 
just a contact point to do virtual manipulation tasks. The 
designed haptic device provides the user with two points of 
contact per hand, this permits a wider variety of manipulating 
object’s tasks and grasping simulations. 
 In this article, a modular design in which each finger has its 
own mechanical structrure, its own processing signals 
hardware and controllers. All the information asociated to 
each finger is transmitted via Ethernet to an application called 
Scenario Server that calculates the interaction forces while the 
user is interacting with the virtual environment.   
 Simulation of virtual manipulation scenarios requires real 
time operative systems that guarantee the stablished execution 
in processes like kinematic calculus, collisions detection that 
should be calculated at a frequency rate close to 200 Hz. 
 The combination of all the described hardware and software 
permits bimanual grasping of a virtual object and other kind of 
advanced manipulation tasks. 
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Fig. 4. Examples of advanced virtual manipulation: bimanual grasping of a box (a) left and right hands are used by the user; and cooperative manipulation 
of a cylinder (b) where two users are using their right hand. 
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Abstract—Human-Machine interfaces constitute a key factor 
to guarantee the effective use of technological equipment. In 
the field of image guided surgery and surgical robots, the 
availability of an adequate interaction means determines the 
suitability or not of a given technological aid. This work 
focuses on the problems surgeons find in planning and 
executing a robot assisted intervention. Analyzing the potential 
of computer graphics, together with the surgeons needs during, 
first, the planning and later on the development of a surgical 
intervention, the specifications and the implementation of an 
interface is described. In the design of this interface, main 
attention has been put on the gesture and attention capabilities 
surgeons can devote to the interface.  

I. INTRODUCTION 
 

raphical interfaces are very common in different fields 
of Human-Machine interaction, being the medical field 
an area in which they have a significant relevance. 

Graphical information can complement the semantic 
contents of control orders, especially when dealing with 
robotic systems. Free hand interfaces are of special interest 
in the surgical field since surgeons have their hands busy 
with instruments and the gloves they wear constitute an 
additional inconvenience to deal with classical interfaces. 
Most interfaces require physical contact and mechanical 
interaction through a master device. They, together with 
those interfaces that use gloves for gesture recognition are 
unacceptable in the surgical environment.  

Free hand operation is usually related to interaction 
systems relying on oral interfaces. However, although voice 
communication can be very useful in some application 
areas, it can result inefficient in others due to its limited 
semantics, when restricted to a short vocabulary or reduced 
set of commands. These limitations affect even more in 
robot assisted orthopedic surgery, where stronger interaction 
requirements appear. This kind of surgery can take 
advantage of systems operating with virtual fixtures (VF), 
which constitute computer tools that alleviate surgeons from 
the pressure they suffer in some interventions and to 
facilitate their work. VF are useful, either to protect critical 
areas or to assist surgeons in trajectory guidance. VF have to 
be defined by the surgeon a priori, or even on-line, if the 
interface offers this facility.   
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 Referring to oral communication, although its use in MIS 
has proved to have some limitations due to the sensitiveness 
to the speaker’s emotions, some efforts have been done to 
make oral recognition independent of stress, fatigue or other 
causes of voice modulation. In [1] some robustness is 
achieved using a high dimensional acoustic feature space. 
Nevertheless, referring to surgical robots, only simple 
operations have been reported, as camera guidance in 
laparoscopic surgery, using oral orders. In [2] a study is 
done on pros and cons of current interfaces and their 
suitability in surgery, considering not only the need, or not, 
of the surgeon hands to interact, but also the attention the 
interface requires from the user. Among existing interface 
techniques, gestures constitute an alternative means to 
communicate with a machine in a natural and intuitive way. 
A multimodal system is described in [3] combining oral 
local communication to guide the camera with simple 
qualitative orders; a mobile interface that offers a Graphic 
User Interface (GUI) that can even be controlled remotely; 
and finally a remote interface conceived for an experienced 
surgeon that can assist the local physician. The possibility of 
focusing the attention to speech only when required is 
tackled in [4], based on eye contact and contextual speech 
recognition. In [5] the free hand concept is tackled 
considering the needs to be solved using gestures: gesture 
detection, action generation and the association between 
gestures and actions.  

To cope with the limitations of the above mentioned 
interfaces, and focusing on the needs encountered in robot 
assisted surgery, mainly orthopedics, a gesture based 
interface system has been developed. This interface 
combines two modalities: one semantic, based on the use of 
menus, and a second one graphic, which complements the 
former by improving its capabilities and efficiency by 
reducing the time required to define the actions and orders 
to be given.  

The developed system is oriented to the control of tools 
such as: grippers, scissors, holders, catheters… which are 
controlled by electromechanical or robotic systems, 
providing a means to operate with more ergonomic control 
capabilities. Thus, the main goal of the interface is reducing 
tiredness and stress to surgeons and at the same time 
increase patient’s safety. 

II. TYPOLOGY OF COMMANDS WITH GRAPHIC SUPPORT 
Some simple orders can be given operating “free-hand”, 

by means of oral communication (voice recognition), but 
they can become useless to perform guidance tasks in which 
the orders necessary for the control of the system have a 
much wider pass band than that achievable using oral 
commands. Furthermore, oral communication would 
become very noisy under these conditions. Other devices 
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can complement oral information, but for complex orders no 
good enough solutions are commonly found. 

Alternatively, gesture based orders are very efficient and 
intuitive to the user. Gesture, as voice, also constitutes a 
natural language. Gesture commands can either rely on a 
mechanical support such as joysticks, 6D devices or so, or 
operate “hands free”. In this case, either inertial sensors or 
those relying on magnetic or optical sensors are considered 
[6, 7]. However, in spite of their good performances they 
have some drawbacks as they demand sometimes 
uncomfortable postures from the user, mainly if the task to 
be carried out takes place around complex geometries. 

In order to deal with such limitations, a graphical 
complement allows the user to rotate, move, approach or 
move away the visualized working space, or generate and 
edit surfaces within this workspace.  

The former actions are oriented to have the best point of 
view available at any moment, while the latter is aimed to 
generate virtual fixtures that behave as protection surfaces 
or as guiding surfaces to help in instrument guidance.  

The most common 3D graphical interfaces which allow 
the user to move the controlled element in X,Y and Z 
directions and to rotate them over these three axes, fig. 1, 
are used without much difficulties by users of CAD systems. 
However, they become extremely tough to users less 
accustomed to such computer systems. Moreover, the 
enormous versatility of these interfaces usually brings such 
users to desperation, when he or she sees something rotating 
undesirably, or when due to bad luck an object rotates 
erroneously, or if by mistake a rotation is produced in two 
consecutive axes. In these situations, in most interfaces, 
there is no way to return to the “stable” initial position 
without an enormous effort that takes much time and 
requires high attention. All these factors produce 
unacceptable situations that surgeons cannot admit during 
an intervention. 
 

Fig. 1   Usual 3D commands in CAD environments 
 

III. 3D GRAPHIC COMMANDMENT SYSTEM WITH IMPOSED 
CONSTRAINTS TO FACILITATE THEIR OPERABILITY 

After a common work together, engineers and surgeons, a 
graphical interface has been established which is highly 
simplified compared to those used by CAD designers. The 
interface provides an easy interaction with a much reduced 
menu than those commonly used. This menu, based on flip 
flop operating icons, type activated/deactivated, consists of 
two independent blocks, which are independently activated.  

They are: 
 

-  Visualization block (change of the observation point) 
-  Commands block, for the generation and edition of 

constraints 
 

These constraints are oriented to define or modify the 
limitations of the working space during the robotized 
actuation of the surgical instruments, with two main goals; 
to guarantee patient safety and at the same time reduce the 
stress that surgeons suffer when operating close to critical 
zones. Fig. 2 shows the interface designed in common 
agreement with the medical team. It has been conceived to 
be operated by means of gestures. 

This gesture based interaction relies on a stereoscopic 
vision system developed within the research team, [6] that 
locates the operator hand in front of the screen, emulating a 
mouse.  Besides its location, the system models the hand in 
such a way that it can determine two different states: open-
hand or closed-hand. These two states emulate the mouse 
click, as well as the double click, with the close-open-close 
hand, at speeds that can be adjusted to each user.  

The developed system allows the user moving any element 
in space and visualizes the sticking point (when closing the 
hand). This action is indicated with a yellow point (picking 
point). If the picked element has available a constraint in 
one degree of freedom (for instance a rotation over a point) 
these constraints are visualized with a blue point. Therefore, 
with the yellow points-blue points code, the selected object 
can be moved, either in the free space or leaning on a point 
or an edge. 

To improve the efficiency of the vision system (gesture 
based mouse) and be able to lock the cursor movement at 
the user’s will, a pedal is used that activates the vision when 
pressed and deactivates it when released.  

In what refers to computer facilities, the interface offers 
the user the possibility of generating any kind of constraints. 
Thus, the software tools allow the user to generate lines 
(straight or curves) that can be used as trajectories, the user 
can convert or generate surfaces (flat or curved) and by 
aggregation of surfaces the user can configure three-
dimensional limits, which bound the working space that 
contains the robot end-effector.  

 

 
 
Fig. 2 Menu used in the graphic interface 
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IV.  REDUCED SET OF COMMANDS FOR INTERACTIVE 

SURFACE GENERATION 
The accessible working spaces that a surgeon generates 

are composed of elemental surfaces that can be further 
composed together so as to generate the desired volume. 
Later on, they can be modified at the surgeon’s will. This 
task, operating in normal conditions in 3D CAD 
environments, takes some learning time; a too long and 
tough process for non specialized users. The large range of 
possibilities these systems offer carry with them the need of 
spending great learning and training efforts that most of 
health professionals are not prone to undertake. 
 For these reasons, the interface designed has been 
conceived to be very simple and intuitive, allowing the user 
to generate all the characteristic restrictions usually needed 
in orthopedic surgery. The criterion that has been followed 
to generate such constrained spaces is to provide tools to 
configure them from surfaces, being these surfaces 
generated from generatrix lines. 

Under these premises, if it is necessary to define a simple 
trajectory corresponding to a cut, the surgeon has to trace a 
trajectory over a 3D model (MR, …) fig. 3a. This trajectory, 
using n reference points will generate n-1 segments, 
calculated trigonometrically from a space dimension R2, the 
composition of which will give us a spline line.  
 
 

 
Once the trajectory is described, the surgeon can convert 

that line to a plan π, when dealing with straight lines or a 
surface otherwise, Fig. 3b. That conversion is provided by 
equally increasing the same coordinate value of the n points 
of an existing line (duplicating it), and composing the m 
segments between them.  
 
 

The generation of a surface that contains a line constitutes 
an undetermined problem, and consequently, it is necessary 
to define additional conditions, such as determining a 
passing point in space or defining an orientation from which 
a growing process starts. In order to simplify this operation, 
the developed system presupposes that this surface has to be 
formed perpendicular to the visualization plan. This 
simplification is possible since it has been observed that 
surgeons place the vision plan in a position frontal to the cut 
to be done. This assumption is also extended to the election 
of the semi plan defined by the generatrix line, since usually 
the direction of the cut to be performed is from outside to 
inside the screen and any observation has indicated that it 
happens in the opposite direction. Anyway, this automatic 
assignation of an orientation in the 3D space is equivalent to 
an assignation by default, since the user can correct this 
initial orientation by “picking” the generated plan by any 
point external to the generatrix line (then appearing a yellow 
point as indicator). This point can also be moved in space. 

These corrections are equivalent to a reconfiguration of 
this plan in the 3D space according to its new orientation, 
using a single-axis rotational matrix and its movement 
configuration and composition.  
 

 
 
 

 

Therefore, this semi surface generation is assisted by the 
designed interactive interface, since it minimizes the number 
of actions to perform, which are tedious and even 
unacceptable by qualified personal staff, which do not 
belong to the world of geometry and informatics. Once the 
semi surface has been traced, the surgeon can convert this 
constraint to a bilateral constrain, by clicking the duplication 
function and positioning it, if necessary the new surface, 
which is parallel to the previous one, fig. 3c. 
 Usually, this visual protector of the cut to be done, is also 
complemented with a new surface, the depth limit. A final 
click action over the “grouping” function, forms an 
“allowed” work space. 
 In this way, and through a successive aggregation of 
limiting surfaces, it is possible to configure a restricted work 
space that impedes the access of the surgical instrument to 
the protected parts, when a robot is controlled in 
comanipulation mode. 
 

 
 
Fig. 3 a) Frontal view of a line with some passing points  
 

 
 
Fig. 3 b)  View of the image with a line that has grown down to the X,Y 

axis to become a surface. 

     BtAX 

dczbyax 

20



 
 

 

  
 
Fig. 3 c) Bilateral constrain generated by plane duplication 
 

V. APPLICATION TO THE GENERATION OF VIRTUAL 
FIXTURES IN ORTHOPEDIC SURGERY 

This interface has been evaluated in the implementation 
of different operations in the laboratory, using animal skulls, 
Fig. 4, having achieved very precise cuts, Fig. 5.   

 
Fig. 4 Test bed for experimentation 

 
Fig. 5 Detail of a cut operation 
 

In maxillofacial surgery, bone reconstruction in oncology 
is a good candidate intervention type that can benefit from 
this interactive assistance. The procedure consists in 
extracting a piece of the tibia bone to graft it in the affected 
jaw. In this case, the formation of a cut line can be done in a 
much precise way. Using the same defined pattern, both in 
the tibia where the bone tissues are extracted and in the jaw 
where they are grafted, the extracted tissue can be adjusted 
to the shape and size of the volume of the affected jaw, and 
thus, the graft fits better.  

These VF can be, as well, of utility as a safety protection 
over critical elements as can be the facial nerve. For such 
applications the benefit of VF is mainly the reduction of 
stress that the surgeon suffers when approaching such 
elements, and indirectly, gaining in patient’s safety and 
efficiency. 

 

VI. EVALUATION OF ACCEPTABILITY 
The evaluation of the interface by different professional 

staff has provided some inputs to estimate its operability and 
acceptability. A significant parameter evaluated has been the 
time spent in the definition of a cutting restriction defined 
over a plan, as shown in fig. 6, programmed in a previous 
planning phase. Two issues are evaluated; first, the 
difficulties each operator founds in converting the described 
plan or surface into a bilateral space, that is, a corridor 
comprised between two surfaces, and second, in defining a 
bounding surface that limits the depth of the cut to be 
performed. With the commands available in the interface, 
shown in fig. 1, managed from gestures, the operation times 
obtained from different users are shown in fig. 7. It can be 
clearly observed that the learning factor, for task 
implementation (not the commands), does not represent a 
dramatic time reduction. Thus, it can be seen as an index of 
the simplicity in its use.  

 

 
Fig. 6 Anatomic image with a restriction plan inserted 
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Fig. 7.  Time spent in successive test trials by four different users 

VII. CONCLUSION 
From the conviction that the interface is a critical part of 

robot and computer assisted systems, this work has focused 
on the needs of a particular kind of robotic or teleoperated 
(or comanipulated) systems. The interface has considered a 
limited number of actions to be performed with the hand and 
has designed an interface that facilitates an ergonomic 
operation. Placing and orienting adequately the elements to 
be visualized and the movements to be carried out by the 
surgeon it is possible to avoid too large turns or rotations, 
thus improving ergonomics. In what refers to the required 
user’s attention, and thanks to the reduced number of 
remaining actions, the identification of the minimum 
number of icons and their type, oriented to this application 
field, the interaction becomes friendly, intuitive and easy to 
learn. 
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Haptic and Ocular Human-Robot Interface

Andrés Úbeda, Eduardo Iáñez, Carlos Pérez and José M. Azorı́n

Abstract— These paper provides a brief description of a
multimodal interface for robot controlling. The man-machine
multimodal interface is based on the fusion of visual control,
through electrooculography, and haptic control, using a desktop
device operated with the hand. The paper describes several
control strategies to move a Fanuc robot with the multimodal
interface and some applications are proposed in order to test
the improvement in human-robot communication.

I. INTRODUCTION

Recent technological advances are opening new human-
machine interaction ways. They allow an intuitive interaction
and remove any physical or technical limitation of the
user, providing a more accessible machine control. In this
sense, multimodal interfaces let people improve their ways
of communication with external devices such as computers
or robots.

Multimodality consists of using different ways of human
communication: voice, eyes, gesture or movement, in order
to perform a more natural man-machine communication.
A multimodal interface is the device which mixes these
different ways of communication to achieve the objectives
of multimodality. A typical example of multimodality is a
personal computer, where the use of the mouse and the
keyboard is combined. Nevertheless, there are many other
ways of integrating man-machine communication devices,
for example using pens, sounds, gestures, tactile screens,
voice recognition or even eye recognition [1]-[5].

This paper describes a multimodal human-robot interface
that uses haptic and ocular information. The electrooculog-
raphy technique is used to detect the eyes motion. A desktop
haptic device is used to provide force feedback. Both devices
can be used to control the robot: a Fanuc LR Mate 200iB.
This kind of interfaces are usually used separately in other
works related to man-machine communication.

Haptic interfaces are based on recognizing objects through
touch by transmitting forces, vibrations or movements to the
user. These devices increase the interaction between the user
and the machine by perceiving virtual objects or receiving
feedback forces from the user actions. This technology is
used on many fields such as surgery training or spare time
activities like videogames augmenting the feelings perceived
by the user [4], [6].

This work has been supported by the Ministerio de Ciencia e Innovacion
of the Spanish Government through project DPI2008-06875-C03-03.

Andrés Úbeda, Eduardo Iáñez, Carlos Pérez and José M.
Azorı́n are with Virtual Reality and Robotics Lab, Indus-
trial Systems of Engineering, University Miguel Hernández,
Elche, Spain, aubeda@umh.es, eianez@umh.es,
carlos.perez@umh.es, jm.azorin@umh.es

Ocular interfaces consists of obtaining the eye gaze or di-
rection in order to perform all sort of tasks. These devices are
usually easy to use for people with some disability, but also
improve the natural communication with the environment.
This devices can be used in many man-machine interfaces
[7]-[10].

The remainder of these paper is organized as follows.
In section II the multimodal interface is described. Section
III explains different strategies for multimodal controlling.
The applications proposed are shown in section IV. Finally,
section V contains some conclusions.

II. HUMAN-ROBOT MULTIMODAL INTERFACE

The architecture of the multimodal interface is shown in
Fig.1. It consists of an ocular interface and a haptic interface.
Both interfaces are connected to a computer where the
control strategies are implemented. The multimodal interface
is used to control a 6 DOF arm robot (right) which is able
to perform a wide range of applications.

A software application to integrate both interfaces has
been developed in C++ language. It has been separated
in two threads, see Fig.2. One thread (thread 1) performs
the communication with the acquisition card that captures
the electrooculographic signals. The other thread (thread 2)
controls the haptic and graphic contexts, executes the control
strategies and controls the robot movement.

The electrooculographic signal is captured at a frequency
of 50Hz per channel. That signal is analyzed and processed
in blocks of 50 samples per channel, so the analysis and
processing frequency will be 1Hz. The haptic device owns
an independent loop with a frequency of 1000Hz. This loop
controls the force feedback in the device.

A. Ocular Interface

The ocular interface uses electrooculography (EOG) to
detect the movement of the eyes. Next, the ocular interface
is briefly described. See [9], [10] for more information.

EOG is based on the fact that the eye acts as an electrical
dipole between the positive potential of the cornea and the
negative potential of the retina. Thus, in normal conditions,
the retina has a bioelectrical negative potential related to the
cornea. For this reason, the rotations of the ocular globe
cause changes in the direction of the vector corresponding
to this electric dipole, Fig.3. The recording of these changes
requires placing some small electrodes on the skin around
the eyes, Fig.3. The EOG value varies from 50 to 3500
V with a frequency range of about DC-100Hz between the
cornea and the Bruch membrane located at the rear of the
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Fig. 1. Multimodal Interface (left): Haptic Interface (Phantom Omni of Sensable), Control Device (PC), Graphic Interface and EOG Interface (Nicolet
Viking IV D). Robot environment (right): Fanuc LR Mate 200iB

Fig. 2. Multimodal interface threads. EOG interface is managed by the
thread 1; haptic interface, graphic interface, control strategies and robot
communication are managed by the thread 2.

Fig. 3. Ocular dipole (right part). Position of the electrodes on the face
(left part). 1: ground electrode, 2 and 3 for horizontal movement, 4 and 5
for vertical.

eye. Its behavior is practically linear for gaze angles of
±50°horizontal and ±30°vertical.

The ocular interface uses the Nicolet Viking IV D device
and a National Instruments (NI) card to obtain the EOG
signals with a sample frequency of 50 Hz in a computer.

In order to generate the device command, the human
must perform a fast movement of the eyes in the desired
direction and he/she must later return his/her eyes to the
center position. The algorithm to obtain the device command

from the eye movement is shown in Fig.4. The phases of this
algorithm are the next:

1) The EOG signals are acquired from the NI card.
2) The moving average is calculated to eliminate the noise

and to obtain a cleaner signal.
3) The derivative is calculated to detect the change in the

eyes direction. If the person looks toward one direction,
the signal abruptly changes. This fast change followed
by a slow fall is detectable by the derivative, generating
a high value (positive and negative) in the moment that
happens.

4) A threshold is used to distinguish the detection of the
eyes movement from noise and/or the signal obtained
when there is not eyes movement. This threshold can
be different for horizontal and vertical movements and
it depends of the human.

5) The maximums and minimums are searched in or-
der to know the direction of the eyes movement. In
the control strategy developed, the max/min/max or
min/max/min sequences are searched.

6) Finally, the direction of the gaze is obtained.
Electrodes impedances must be lower than 50kΩ to assure

the quality of the signals. In the tests, the impedances were
about 30kΩ for positive electrodes and about 20kΩ for
negative ones.

The decision algorithm is executed for each channel. The
result will be -1, 0 or 1 that corresponds to left, nothing or
right (down, nothing or up) respectively.

The interface analyzes and processes the eye movements,
while the haptic device button is pressed. Thus the user
can move the eyes freely when he/she wants to generate a
command and the interface comfort is increased.

The accuracy of the algorithm depends on the election
of the thresholds of the signal. As it has been mentioned,
there are two channels: vertical and horizontal. For both
channels, two threshold values are chosen (max and min)
which eliminate all the signal between them and prevent the
algorithm from getting wrong positives. It has been proved
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Fig. 4. EOG-processing algorithm to obtain the robot arm command
from the eye movement (left) and evolution of the EOG signal during the
processing algorithm (right).

that the value of these numbers is different depending on
the user. Therefore, a training must be performed before
working with the interface for every user. This training
includes a series of predefined movements of the eye that
allow obtaining the proper threshold for each channel.

The series of training movements consists of looking at
each direction twice in the same order and waiting two
seconds between each movement. If the algorithm does not
work properly, in other words, the direction is not detected,
all the information is saved in an spreadsheet where the
data can be represented and the right threshold can be easily
changed.

B. Haptic Interface

The haptic interface is the Phantom Omni Device from
SensAble, that has 6 degrees of freedom and force feedback
in 3 degrees of freedom. This means the user will be able
of moving the robot arm in any three dimensional direction.
The device can be easily controlled by holding the pen and
moving it to the desired direction.

The OpenHaptics toolkit from SensAble has been used for
the software development. The control strategies will get the
position and orientation from the haptic device and then they
will control the force feedback.

III. CONTROL STRATEGIES
Ten control strategies have been developed. They can be

grouped into three control philosophies: Non Simultaneous
Control (4 strategies developed), Shared Control (3 strategies
developed) and Sensorial Fusion (3 strategies developed).
Next, the control strategies are explained.

A. Non Simultaneous Control Strategies

In Non Simultaneous Control Strategies each interface
controls a robot feature (or robot environment feature) non-
simultaneously.

• Non Simultaneous Control Strategy 1:
In this control strategy, first the user gets closer to
an object using the EOG interface and then, the user
touches that object using the haptic interface.
The distance between the robot end effector and objects
is evaluated in each iteration. The strategy estimates if
they are near or far according to preset parameters. If
the robot end effector is far from objects, it is controlled
by the EOG interface. In this case the haptic interface
will automatically be moved like the robot end effector.
When the robot end effector is near from an object, it
is controlled by the haptic interface.

• Non Simultaneous Control Strategy 2:
In this control strategy, the robot is controlled by the
haptic interface and the EOG interface controls the
environment camera.
The user can move, rotate and zoom the environment
camera. That changes affect to the workspace of the
haptic device, e.g., if the zoom tool of the environment
camera is used to get closer to an object, the user will
see bigger the object and the graphic scene and, in the
same way, the workspace of the haptic scene will be
reduced.

• Non Simultaneous Control Strategy 3:
In this control strategy, the 2 DOF tasks are controlled
by the EOG interface and the 6 DOF tasks are controlled
by the haptic interface. Thus the user can realize tasks
in a plane without fixing the others DOF of the haptic
device.
In this strategy the user selects the interface that will
control the robot end effector. In the same way like the
first control strategy, when the robot is controlled by the
EOG interface, the haptic interface will automatically be
moved like the robot end effector.
When the EOG interface is selected, the user can choose
the plane where the robot end effector will be moved
between a list of preset planes (XY, YZ, XZ, ...)

• Non Simultaneous Control Strategy 4:
In this control strategy, first the user defines the EOG
movement plane using the haptic interface. Then, the
EOG interface controls the movement of the robot end
effector in that plane.
Like the previous strategies, when the robot is controlled
by the EOG interface, the haptic interface will automat-
ically be moved like the robot end effector.

B. Shared Control Strategies

In the Shared Control Strategies each interface controls si-
multaneously a different robot feature. The following strate-
gies have been developed:

• Shared Control Strategy 1:
In this control strategy the haptic interface controls
the velocity of the robot end effector while the EOG
interface controls the direction of the robot end effector.
The further the haptic device end effector is from the
center of its workspace (horizontally), the higher speed
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Fig. 5. Sensorial Fusion Strategy 1. Right & Up: Diagonal movement.
Left & Down: Diagonal movement. Right & Left: Nothing. Right & Right:
Right movement

is gotten. If the user moves right, speed is scaled ten
times.

• Shared Control Strategy 2:
In this control strategy the EOG interface controls the
movement of the robot end effector in a plane while
the haptic device receives the force feedback of that
movements. In other words, haptic interface does not
generate control actions.
The haptic device will automatically be moved like the
robot end effector. If the robot end effector touches an
object, it will stop. At this moment, the haptic interface
will be blocked.
In this state, the EOG interface can only carry out
control actions that move the robot end effector away
from the object surface.

• Shared Control Strategy 3:
In this control strategy the EOG interface controls the
movement of the robot end effector in a plane. This
plane is defined by the haptic interface.
The haptic device will automatically be moved like the
robot end effector. The plane is defined with the last 3
DOF of the haptic device.

C. Sensorial Fusion Strategies

Finally, in the Sensorial Fusion Strategies the information
of both interfaces is merged providing a unique control
action. Three sensorial fusion control strategies have been
developed:

• Sensorial Fusion Strategy 1:
Both interfaces control the movement of the robot end
effector in a plane.
The user has four control actions for both interfaces:
up, down, left an right.
The haptic interface is going to behave like the EOG
interface. The user must perform a movement with the
haptic device from an initial position to a position on
left, right, up or down and then return to the initial
position. This action will be the new control action of
the haptic device.
Thus the user can send two control actions at the same
time, e.g. if the EOG interface send up and the haptic
interface send right simultaneously, the result will be a
diagonal movement, see Fig. 5.

• Sensorial Fusion Strategy 2:

Fig. 6. Sensorial Fusion Strategy 3. The haptic device controls de direction
of the movement. EOG controls speed on each direction

Fig. 7. Example of circuit panel (left). Robot environment (right)

Both interfaces control the movement of the robot end
effector in a plane.
The EOG interface controls the direction of the move-
ment, while the haptic device controls the movement
itself. This way, the robot end effector is moved by the
haptic interface, but along the direction given by the
EOG interface, which acts as a supervisor.

• Sensorial Fusion Strategy 3:
Both interfaces control the movement of the robot end
effector in a plane.
The haptic device controls the movement, while the
EOG interface controls the speed in each direction.
The movement can be totally controlled by the haptic
interface, but user is able to freely speed up or down
the end effector of the robot. The combination of each
control action is described in Fig. 6.

IV. APPLICATIONS

Once the different strategies are defined, several applica-
tions can be proposed. Some applications aimed at motor
disabled users have been tested in previous works, see [11],
[12]. But there are also applications that improve the clas-
sical human-robot interaction by combining these different
interfaces. As an example, a panel has been designed to test
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Fig. 8. Speed evolution in each attempt

the speed of the combination of the haptic and ocular device
(see Fig. 7).

In this application, the user controls the end effector of
the robot, which holds a marker to draw a trajectory in a
previously designed panel. The objective is to pass through
each goal (a total of five) and get the maximum score in as
little time as possible. EOG controls the direction and the
haptic device controls speed.

A protocol was designed to evaluate properly the results.
5 users tested the application and each one drew up to 4
paths. For each one, the speed was measured. This speed
can be calculated as the score divided by the time spent on
each path. Each goal has a value of 10 points if the marker
passes through the center. If not, the score decreases from
10 to 0 in the left and right end side.

As it can be seen in Fig. 8, speed increases in each attempt.
Notice that User 3 was out of the study because he/she was
extremely tired and the results were not conclusive. For the
rest of the users, it can be seen that the system has a period
of training and the users get used to it throughout time.

V. CONCLUSIONS

This paper has described a multimodal interface based
on electrooculography and haptics. Several control strategies
have been developed in order to exploit the advantages of
multimodality for human-robot interaction. The haptic and
ocular multimodality may be useful to improve this inter-
action. For this purpose, one application with the robot has
been shown. In this test, it is proved that the communication
with external devices, such as robots, enhances substantially
with the combination of both devices and some training.
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[9] E. Iáñez, J. M. Azorı́n, R. Morales and E. Férnandez,
“Electrooculography-based Human Interface for Robot Controlling,”
Proceedings of the 13th Annual Conference of the International
Functional Electrical Stimulation Society (IFESS), Freiburg,
Germany, vol. 53, sup. 1, pp. 305-307, Sep. 2008
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Abstract—This work presents the development of a robotic 
wheelchair which offers the user (adult or children) with 
flexibility of either supervised or fully automatic unsupervised 
navigation. It offers the user with multiple command options to 
provide support for people with different levels of disabilities. 
User may command the chair based on eye blinks recorded 
using electromyographic signals (EMG), eye movements using 
videooculogram, head movements using accelerometer or video 
camera, and using electroencephalogram (EEG signals). The 
wheelchair also is equipped with a communication system that 
allows the user to communicate with people in the close 
proximity. The user is provided with an easy to use and flexible 
Graphical User Interface (GUI) on a Personal Digital Assistant 
(PDA) that allows the users to communicate the commands, 
needs or emotions.  
 

I. INTRODUCTION 

ISABLED people often lack mobility and subsequently 
face several hardships. Powered wheelchairs help these 
patients overcome some these limitations and provide 

for them with some level of mobility and freedom. While 
extremely useful, the wheelchairs require the user to have 
intact manipulation ability to use a joystick to command the 
wheelchair. Unfortunately, number of disabled people do not 
have the manipulation ability to control a joystick or similar 
mechanical device and are unable to use such a wheelchair 
[1].  

If such low mobility is due to Amyotrophic Lateral 
Sclerosis (ALS), the patient would have lost communication 
capabilities. In this case, the patient is locked in his own 
body, with low quality of life. Frustration, anxiety and 
depression are common for these patients [2]. 

Robotic systems can improve the personal autonomy of 
disabled people through the development of some devices 
that allow displacement and communication of those 
patients. Robotic wheelchair can be used for mobility by 
people who are unable to manipulate the controllers. These 
can be equipped with sensors to detect obstacles, and such a 
wheelchair can follow a predefined path or allow the user a 
free path. Such systems can obtain commands based on 
biological signals generated by the wheelchair user, such as 
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eye blinks, eye movements, head movements and brain 
signals (this last one is necessary for patient with ALS [3]).  

If the patient is able to maintain good head posture and 
controlled head movements, an accelerometer attached to his 
head or a video camera installed onboard the wheelchair can 
capture the head movements and use it to command the 
wheelchair or for the purpose of communication. However if 
the patient does not have head movements but can control 
his eye blinks (Electromyographic signal – EMG), these 
signals can be used. 

People with ALS who are unable to blink eyes may use 
eye movements (captured with a video camera – video-
oculography). Another option is the use of 
Electroencephalographic signals (EEG). Generally EEG is 
acquired non-invasively [4-6], though embedded EEG based 
systems have recently been proposed. 

In the past, different groups around the world have 
worked on providing a modality to help the patients. 
Unfortunately, each of the solutions are stand-alone and not 
integrated together to provide one common platform that can 
provide the user with a choice of modalities for commanding 
the robotic wheelchair. While each of the modalities are 
useful, without such integration, each of these are able to 
support only a small group of patients and do not provide the 
user with the desired flexibility and reliability.   

This paper reports the development of a robotic 
wheelchair that integrates the different modalities and 
provides the user with flexibility to choose from a number of 
command options. The robotic wheelchair can be 
commanded using eye blinks, eye movements, head 
movements and brain signals. The wheelchair has onboard a 
Human Machine Interface (HMI) integration system that 
provides the intelligence to the chair. The system identifies 
the different commands and communicates these to a PDA 
that identifies the user movement command. This interface 
also provides means for the user to communicate with other 
people.  

The wheelchair also has an autonomous mode, where the 
user does not have to provide a series of commands. In this 
mode, the user identifies the destination and the wheelchair 
identifies the best and safe path to reach the destination 
while avoiding the obstacles. 

This work is structured as follows: Section 2 presents the 
Human-Machine Interface. Section 3 presents details of the 
acquisition system and processing system. Section 4 deals 
with experiments carried out and, finally, Section 5 presents 
conclusions of this work. 

II. HUMAN-MACHINE INTERFACE  

Fig. 1 shows the structure of the general purpose Human-
Machine Interface that has been developed and installed 
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onboard the robotic wheelchair. This consists of an 
acquisition system that includes amplification, filtering, 
digitization, recording and processing of different biological 
signals. The signal is recorded on the onboard computer 
which in real-time classifies these signals and interfaces with 
the PDA to generate command signals to the wheelchair, 
feedback signals for the user (Fig. 1), and performs 
automatic symbols scanning with the PDA. These symbols 
are associated to movements (arrows or places) or 
communication (characters and iconic symbols representing 
needs or feelings). After a valid command has been 
identified, a movement command is sent to the wheelchair or 
an acoustic signal is generated for the audio speakers 
onboard the wheelchair.  

 

 
Fig. 1. Structure of the Human-Machine Interface developed. 

III. ACQUISITION AND PROCESSING SYSTEM 

The system being reported in this paper is a non-invasive 
system. It determine eye blinks based on surface 
electromyogram (sEMG) of the associated muscles. This 
requires placement of surface electrodes on the temporal 
muscles around the eyes. The eye movements are 
determined based on video data acquired through a small 
video camera attached to purpose built easy to wear system 
resembling commonly worn spectacles (videooculography). 
For obtaining the head movements, two modalities have 
been provided in this system. An accelerometer attached to 
the head using a cap is one modality and a video camera 
installed in front of the wheelchair user is the second 
modality. EEG signals are acquired using a pair of surface 
electrodes placed on the visual cortex (occipital region).  

 

A.  Commanding the Robotic Wheelchair by Eye Blinks 

To command the robotic wheelchair using eye blinks, 
two channel EMG signals are captured through electrodes 
located on temporal muscles (Fig. 2). One channel is used 
for the right eye muscle and the other for the left eye muscle. 

The signals shown in Fig. 2 are the differential signal 
between both channels, using a reference at the ear lobe. 
 

Fig. 2. EMG Acquisition (eye blinks). 
 

To detect the eye blink signal, a simple threshold based 
algorithm was used. The threshold is determined from the 
sample data, being 35% of the maximum of the EMG signal. 
Eye blink is detected with peaks above 35% of the 
maximum peak because this avoids false detection [8]. 

The next step in confirming the eye-blink is based on the 
duration. The algorithm developed is based on the angular 
variation of each sample point of the data. The tangent to the 
left and to the right of the signal peak derivate is computed. 
In case of the tangent value is smaller than an empirically 
determined threshold value (0.0025 was used for our 
experiments), this is considered the beginning or the end of 
the valid signal. 

After identifying the eye blinks signals as detailed above, 
supervised Artificial Neural Network (ANN) was used to 
recognize the eye blink and ignore the noise. As the first 
step, the data was downsampled to 20 samples/ second. This 
was then normalized to improve the speed of convergence of 
the ANN. 

252 test signals were obtained (84 eye blinks of the left 
eye, 84 of the right eye and 84 randomic noise). Several 
supervised ANN algorithms were evaluated, and Resilient 
Backpropagation algorithm, with 4 neurons in the hidden 
layer and 3 neurons in the output layer was selected based on 
its performance. With this algorithm, the accuracy for the 
test data was 99.6% in the cases. Fig. 3 shows the robotic 
wheelchair commanded by eye blinks. 

 
Fig. 3. Robotic wheelchair commanded by eye blinks. 

 

B. Robotic Wheelchair Commanded by Head Movements 

Two options have been provided for enabling the user to 
give head movement commands. One option uses an 
accelerometer type inclination sensor attached to a cap (or 
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other device attached to the head). The 
video based and uses a video camera mount
wheelchair and trained towards the head. 

• Using an accelerometer 

 
A two axis accelerometer has been 
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measure head movements. Moving the hea
right or to the left, commands the robotic 
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Fig. 4. Inclination sensor based on accelerometer 
devices. 
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From the point projections on the image, the different 
angles of the head movements can be obtained: rotation 
about axis Z, rotation about axis Y and rotation about axis X, 
given, respectively, by  

 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 

C. Robotic Wheelchair Commanded by Eye Movements 

 
 

To command the robotic wheelchair by eye movements, 
a webcam attached to a purpose built commonly used 
spectacle shaped support has been used. Fig. 9 shows the 
Human-Machine Interface used to track the eye movements. 

 

 
Fig. 9. Human-Machine Interface used to track eye movements. 

 
To obtain the eye movement, the ocular globe has to be 

first identified. The first step requires identifying a threshold 
to distinguish the iris from other parts of the face. However, 
this technique can be influenced by the presence of the 
eyebrow and eyelash. To overcome this shortcoming, a 
Hough Circular Random Transform and a Canny filter have 
been applied to the image. The next step is to define a region 
of interest around the eye to allow tracking the eye 
movements. Due to illumination variations, a Kalman filter 
is used to reduce the error in the calculus of the eye center. 
This way, a robust system is obtained allowing determining 

the eye position and tracking it. To select a symbol in the 
PDA, the wheelchair user must gaze the eye to the symbol 
desired. For instance, to command the robotic wheelchair to 
go ahead, the user must gaze his eye to the arrow indicating 
go ahead movement. Thus, after some seconds, the PDA will 
send a control signal to the computer onboard the wheelchair 
in order to start the movement desired. Fig. 10 shows the 
steps necessaries to detect and track the eye movements, and 
Fig. 11 shows the system adapted to the wheelchair. 

 
 

 
Fig. 10. Steps necessaries to detect and track the eye movements. 

 
 

 
Fig. 11. Robotic wheelchair commanded by eye movements. 

D. Robotic Wheelchair Commanded by Brain Signals 

 
To command the robotic wheelchair by brain signals, it is 

necessary to put a pair of electrodes on the occipital cortex 
(visual region), position O1 and O2, according to Standard 
International 10-20 (Fig. 12). 

 
Fig. 12. Standard international 10-20 to locate electrodes. 
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The brain patterns used are suppression and activation of 
alpha rhythm, which are related to concentration and visual 
excitation (which is more intense to open eyes), and visual 
relaxation (which is more evident to closed eyes) [7]. 

Fig. 13 shows the electrode location on the occipital 
cortex and the brain signals generated when the wheelchair 
user has visual excitation (suppression of alpha rhythm) or 
visual relaxation (activation of alpha rhythm). 

 

 
Fig. 13. EEG acquisition on the occipital region. 

 
The signal acquisition system is composed of a 

conditioning board, where signals are amplified, filtered and 
digitized. Filtering is necessary to extract the CC level and 
attenuate the 60 Hz noise and other artifacts (from muscles, 
heart beats and electrode movements). A bandpass filter 
from 8 to 13 Hz is used to obtain the alpha rhythm. 

To identify the command from the EEG signal, the signal 
variance (VAR) has been used. This has the advantage of 
giving a measure of the signal intensity and density while 
being suitable for near real-time application and is given by 
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, 
where N is number of samples of the EEG signal, xk is the k-
th simple of the signal and μ is the simple average, given by 
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. 
In Fig. 13 a signal that contains the patterns of activation 

and suppression is shown. This is generated by the 
wheelchair user by opening the eyes to generate suppression, 
and by closing the eyes, to generate activation. It can be 
observed from this figure that the signal variation is very 
significant. It can also be observed from Fig. 13 that the 
signal variance changes significantly. 

Signal classification has been performed using a 
threshold technique. Only if the variance is greater than the 
higher thresholds, the signal is considered to be a command. 
If the signal is between the two thresholds, the signal is 
considered in a dead zone, and if lower than the lower 
threshold, it is discarded. These two thresholds are 
determined during training.  

Fig. 14 shows the robotic wheelchair commanded by 
brain signals. Besides the biosignals based human computer 
interface for commanding the chair, this wheelchair is 
equipped with multiple sensors to ensure the safety of the 
user. An encoders determines its location; ultrasonic sensors 
are for obstacle avoidance and magnetic sensors detect 
metallic tracks (in case the wheelchair is operating as an 
auto-guided vehicle). A set of speakers are provided to help 
the user communicate using pre-recorded voice. 

Kinematics and dynamic models based control 
architecture has been used to control the wheelchair 
movement [10], [11] (Fig. 15). The kinematics controller 
receives the reference signals associated to movement 
commands, and generates linear and angular velocities, that 
are transmitted to the dynamic controller. This controller 
then generates another pair of linear and angular velocities, 
which are transmitted to the low level controller (PID 
controller) onboard the wheelchair. This low level controller 
is responsible for controlling the linear and angular 
velocities of the wheelchair. 

The dynamic controller was designed based on the 
nominal wheelchair dynamic, which represents the medium 
estimate dynamic of the wheelchair. 

The kinematics controller manages the changes needed 
to the wheelchair orientation and its linear and angular 
velocities. On the other hand, the dynamics controller 
improves the wheelchair navigation, generating smooth 
movements.  
 

 
Fig. 15. Control system of the robotic wheelchair. 

IV. AUTO-GUIDED NAVIGATION 

 
The robotic wheelchair also provides an auto-guided 

option to the user for indoor environment. This maybe 

 
Fig. 14. Robotic wheelchair commanded by brain signals. ���������	
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appropriate for a highly dependent user, or a user who may 
desire this option to go to some specific locations. It is also a 
desired option for indoor environment when navigating the 
doors may not be easy for some of the users. 

For this option, metal tape on the floor is provided to 
define the navigation path. Magnetic sensors are installed on 
the wheel chair and these detect the metallic tracks. In the 
auto-guided option, the pathway for the wheelchair along the 
metallic strips from the current location to the desired 
location is determined by the computer. RFID (Radio 
Frequency Identification) targets are also installed in suitable 
locations such as the door to monitor the wheelchair for 
controlling the speed. It also provides acoustic feedback to 
the user for location awareness. Fig. 16 shows the magnetic 
sensors and the RFID reader installed onboard the 
wheelchair.  

 
 
 
 

 
 
 
 
Fig. 16. Details of the magnetic sensor (left), its location on the wheelchair, 
the RFID reader and the metallic tracks. 

V. NAVIGATION USING LASER SENSOR 

Athough we have used metalic stripes along the way and 
using magnetic sensors to detect them in order to allow the 
wheelchair to navigate through narrow ways, we also have 
used laser sensor for navigation through SLAM 
(Simultaneous Localization and Mapping Algorithm) [12, 
13]. The problem is how to drive the wheelchair to 
successfully cross a door without using reactive behavior. 
No map is previously loaded neither. The solution using 
SLAM allows simultaneously build a map of the 
environment while the door is detected and the wheelchair  
robot tries to reach it. Fig. 17 shows the laser sensor onboard 
the wheelchair, and Fig. 18 shows the general system 
architecture used in this work.  

The SLAM is implemented by an EKF (Extended Kalman 
Filter) algorithm which estimates both: the wheelchair’s 
position and the environmental features parameters. The 
door is considered as part of the SLAM system state. Once 
the door is detected, a path is generated between the 
wheelchair and the door. The path is then time constrained 
and an adaptive trajectory controller drives the wheelchair to 
the door.  The controller receives the wheelchair’s pose 
estimation within the environment (Fig. 20). 

The door is detected by an adaptive cluster algorithm, 
based on laser histogram measurements. The parameters that 
define a door are the coordinates of its middle point at the 
SLAM reference system. Lines and corners surrounding the 
door are features used to recognize the door. The laser 
sensor acquires 181 measurements from 0 to 180º.  

The path planning algorithm used is based on variation of 
the Frontier Points Method. This method finds empty spaces 
at the limits of the range sensor measurements and directs 
the motion of the robotic wheelchair to these spaces. The 
nodes generated by this algorithm are obtained by an angle 
windowed search of the frontier point associated to the laser 
range. Fig. 19 shows the determination of the frontier points. 
A path is generated joining the nodes by a spline. It is 
dynamically maintained and updated during the wheelchair’s 
driving. This situation helps in avoiding collisions, 
generating a safety zone along each node of the path. This 
ensures that the path does not have obstacles. 

The SLAM system state is composed by the wheelchair’s 
pose estimation, the parameters of the middle point of the 
door and the parameters of the corners (concave and convex 
of the environment) and lines (associated with lines). The 
algorithm starts when a door is detected.  

 
Fig. 17. Laser sensor installed onboard the robotic wheelchair. 

 
 
 
 

VI. COMMUNICATION SYSTEM 

 
 
 
 

Fig. 18. General architecture system. 

 
 
 
 
 
 
 
 
 

Fig. 19. Nodes generated through the frontier points method. 

Fig. 20. Adaptive trajectory controller to drive the wheelchair to the door. 
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VI. COMMUNICATION SYSTEM 

The PDA onboard the wheelchair provides the graphical 
user interface (GUI) with icons for movement commands 
(arrows or icons of places) and communication symbols 
(characters and icons expressing needs or feelings), Fig. 17. 
These are organized in a hierarchical fashion, and scanned 
serially. The user can make a selection at the temporal 
location when the desired symbol is scanned. A suitable pre-
recorded acoustic emission is produced according to the 
symbol, word or sentence selected.  

 

 

 
Fig. 17. Different options of communication (symbols representing needs or 
feelings, or characters) and movement (arrows of movement or symbols 
representing places) present on the PDA. 

VII. CONCLUSIONS 

 
A multi-option robotic wheelchair is presented in this 

paper. This wheelchair can be commanded by eye blinks, 
eye movements, head movements and brain signals. It also 
provides for autonomous control option. The chair has a user 
friendly GUI using which the wheelchair user can issue 
movement commands to the wheelchair, or use the onboard 
communication system to communicate with people in the 
proximity. The GUI uses easy to recognize icons organized 
in a hierarchical fashion to help the user express emotions 
and feelings or select characters to compose words or 
sentences. A set of pre-recorded acoustic signals and a 
speaker are provided for this purpose. 

The wheelchair can navigate in an autonomous style by 
taking the user from the current location to the desired 
location, or in an auto-guided style by following metallic 

tracks. RFID is used to determine the location. This is also 
used to provide location awareness to the user. 

The wheelchair uses a kinematics and dynamics 
controller to minimize navigation error and perform smooth 
movements.  

Several experiments were conducted with this robotic 
wheelchair, with the subjects using the different command 
options. The wheelchair was evaluated by healthy and severe 
disabled people (adult and children). The next step is to 
extend the brain signals option using EEG based motor 
mapping. This option would allow the user to command the 
chair with the intent of the movement of the left and right 
hand. Preliminary experiments have been conducted using 
Power Spectral Density (PSD) and Adaptive Autoregressive 
(AAR) parameters as feature inputs to a classifier based on 
Support Vector Machine (SVM). Results indicate the 
command identification accuracy to be 98%.  
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Abstract— Graphical User Interfaces play a very important 
role in the context of Underwater Intervention Systems. 
Classical solutions, specially concerning Remotely Operated 
Vehicles, frequently require users with an advanced technical 
level for controlling the system. In addition, continuous human 
feedback in the robot control loop is normally needed, thus 
generating a significant stress and fatigue to the pilot. 

This paper shows work in progress towards a new 
multimodal user interface within the context of autonomous 
underwater robot intervention systems. We aim at providing 
an intuitive user interface that can greatly improve the non-
expert user’s performance and reduce the fatigue that 
operators normally experiment with classical solutions. For 
this, we widely adopt advanced interaction systems such as 
haptic devices, projectors, Head-Mounted Display and more. 
 

Keywords— Graphical User Interface (GUI), Autonomous 
Underwater Vehicle for Intervention (I-AUV), multimodal 
interface, simulator. 

I. INTRODUCTION 
URRENTLY Remotely Operated Vehicles (ROVs) are 
commercially available to develop all kind of 

intervention missions. These systems are underwater robots 
tethered to a mother ship and controlled from onboard that 
ship. Here the control is assumed by an expert user, called 
the ROV pilot, by means of a special Graphical User 
Interface (GUI) with specific interaction devices like a 
joystick, etc. The main drawback in this kind of systems, 
apart from the necessary expertise degree of pilots, concerns 
the cognitive fatigue inherent to master-slave control 
architectures [1]. 

On the other hand, the best underwater robotics labs 
around the world are recently working for the next 
technology step, trying to reach new levels of autonomy far 
beyond those present in current ROVs. These technologies 
have lead to Autonomous Underwater Vehicles for 
Intervention (I-AUVs), which represent a new concept of 
undersea robots that are not tethered to a mother ship. In 
fact, the history about I-AUVs is very recent, and only a few 
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laboratories around the world are currently trying to develop 
this kind of systems [2].  

One of the most well-known research projects devoted to 
develop an I-AUV is SAUVIM [3]. Along its life, this 
project has implemented a GUI combining all kind of sensor 
data inside a common simulation environment. Their GUI 
uses its own programming language and allows for high 
level interaction of the user and the underwater robot in text 
mode. In addition, virtual reality (VR) is available within the 
GUI, thus showing the evolution of the complete system 
along the intervention mission, and assisting the user in the 
high-level control. This very complete interface has shown 
to be very suitable for users with an advanced previous 
expertise, but might be too complex for a new user without 
technical knowledge.  

Our research group is working on this kind of underwater 
intervention systems in general, and more concretely in 
specific multimodal interfaces that allow an intuitive use by 
non-expert users. In fact, because of the impossibility to 
implement a complete I-AUV autonomy level with available 
technology, we design a two steps strategy [4], guaranteeing 
the “intelligence” in the system performance including the 
user in the control loop when strictly necessary, but not in a 
continuous way like in ROV’s. Thus, in a first step, our I-
AUV is programmed at the surface, and then navigates 
through the underwater Region of Interest (RoI) and collects 
data under the control of their own internal computer 
system. After ending this first step, the I-AUV returns to the 
surface (or to an underwater docking station) where its data 
can be retrieved. A 3D image mosaic is constructed, and by 
using a specific GUI, including virtual and augmented 
reality, a non-expert user is able to identify the target object 
and to select the suitable intervention task to carry out 
during the second step. Then, during this second step, the I-
AUV navigates again to the RoI and runs the target 
localization and the intervention modules onboard. Our I-
AUV system concept, currently under construction in Spain 
(i.e. RAUVI’s Spanish Coordinated Project), can be 
observed in Figure 1, where the vehicle, developed in the 
University of Girona (Spain) and the arm, under 
responsibility of Univerisity Jaume I (Spain), that is an 
adaptation of the “arm 5E” from CSIP Company (UK) must 
be assembled in the next months. Moreover, it is noticeable 
that just now we are starting out the coordination of a 
European Project named TRIDENT within the same context 
but with a bit more challenging long term objectives. 

Thus, this paper shows our ongoing research on 
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multimodal user interfaces for enabling the aforementioned 
kind of underwater intervention missions, initially focused 
on recovery object tasks. We aim to provide an intuitive user 
friendly interface improving the non-expert user’s 
performance and reducing the inherent fatigue within 
traditional ROV interaction ways. Section II describes our 
recent efforts for building such an interface, including our 
ongoing work on immersive underwater simulation, 
facilities for target identification and task specification, and 
recent progress in grasp simulation. Section III clarifies the 
main drawbacks and advantages of our solutions when 
compared with the state of the art technologies, and also 
discusses the results obtained so far and the long list of 
challenges that need to be addressed. Finally, Section IV 
concludes this paper. 

 

 
 

 
Fig. 1. The I-AUV envisioned concept currently under construction within 

the RAUVI’s Spanish Coordinated Project. 

II.  TOWARDS A NEW MULTIMODAL INTERFACE 
The whole mission specification system is composed of 

three modules: a GUI for object identification and task 
specification, a grasp simulation and specification 
environment, and the I-AUV Simulator. After target 
identification and specifying the intervention task, all the 
information is displayed into another 3D environment where 
the task can be simulated and the human operator can either 
approve it or specify another strategy by means of some 
facilities addressed within the interface. Finally, another 
environment is used for simulating and supervising the 
overall intervention mission. The ongoing work on these 
three modules is detailed in the following. 

A. GUI for target identification and task specification. 
Two main tasks must be solved in the underwater 

intervention context: the target identification and the 
specification of the suitable intervention to carry out over 
the target. Initially, a GUI is used for specifying the task to 
perform. Once the desired task has been selected, the GUI 
provides facilities for detecting interesting objects and 
identifying the target.  

We are currently trying to expand the facilities available 
through the GUI for enabling a more intuitive level of 
interaction. In this way, the developed GUI (Figure 2) tends 
to be user-friendly with few requirements from the user side. 
Some examples of the intervention tasks to specify could be 
hooking a cable, pressing a button, etc. Currently we are 

focused on a specific task related with object recovery, 
where a suitable grasp has to be performed in order to 
manipulate in a reliable manner the target object. 

 

 
Fig. 2. An example of GUI screenshot: the object detection process 

 
Looking for easy-to-use interaction ways, the GUI assists 
the user adapting its interface depending on the task to 
perform. Once the user has loaded the input image (i.e. first 
step in the process) and selected the intervention task, the 
user identifies the object and selects the target. For that, the 
GUI provides methods for object characterization and also 
for assisting in the grasping determination problem. The 
planned grasp will be later used in the grasping simulator 
and finally, in the real system. The general process can be 
observed in Figure 3. Due to the pour visibility conditions in 
the underwater environment and so, in the input image, the 
user could have problems to identify correctly the target. 
Low-level details about the different interaction ways 
currently available within thee GUI under development can 
be found elsewhere [5].  

 

 
Fig. 3.  Main steps through the GUI under development during the object 

characterization process. 
 
The underwater scenario provides a hostile and very 

changing environment, including poor visibility conditions, 
streams and so on. So, the initial input compiled during the 
survey mission will be always different to the final 
conditions arising during the intervention mission. Thus, a 
predictive interface ensuring realistic task simulation is more 
than convenient before the robot be able to carry out the 
intervention defined by the user in the GUI. 
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B. Grasp simulation and specification. 
Our most recent work is focused on an intuitive grasp 

simulation and supervision system that allows the user to 
visually check and validate the candidate grasps or to 
intuitively refine them in case they are not suitable. The 
grasping simulator will get data from the XML file 
generated by the previous object detection and task 
specification GUI. This data will include candidate grasping 
points and other target object properties that will be 
displayed in the simulator following augmented reality 
techniques (e.g. grip opening, joint angles, planned contact 
points, etc.). 

The user’s hand will be covered by a data glove with a 
tracking system that will allow replicating the human hand 
motion in the simulated environment. This will be used for 
specifying the required elements of a grasp (e.g. the hand 
configuration, grip opening, etc.), and also for indicating 
predefined actions through specific gestures (see Figure 4). 

 

 
Fig. 4. Detail of the P5 data glove during a simple test: “grasp a virtual 

cube”. 
 

Our research team has a long experience in robotic 
grasping using the knowledge-based approach [6]. This 
approach defines a set of hand preshapes, also called hand 
postures or prehensile patterns, which are hand 
configurations that are useful for a grasp on a particular 
shape and for a given task. Several hand preshapes 
taxonomies have been developed in robotics, being the one 
proposed by Cutkosky [7] the most widely accepted. Since 
the publication of the Cutkosky’s taxonomy, several 
researchers in the robotics community have adopted the 
grasp preshapes as a method for efficient and practical grasp 
planning in contrast to contact-based techniques. 

One of our recent contributions in the field of robotic 
grasping is the concept of ideal hand task-oriented hand 
preshapes [8], which are a set of hand preshapes defined for 
an ideal hand and extended with task-oriented features. The 
ideal hand is an imaginary hand able to perform all the 
human hand movements. Our approach is to plan or define 
grasps by means of ideal preshapes, and then define hand 
adaptors as a method for the instantiation of the ideal 
preshapes on real robotic hands. The main advantage of this 
approach is that the same grasp specification can be used for 

different hands, just by defining a suitable mapping between 
the ideal hand and the real one. This concept is illustrated in 
Figure 6, which shows three different ideal preshapes and 
their mapping to a robotic Barrett Hand. 

We plan to adopt this approach for the grasp specification 
and execution in the context of our grasp simulator. The 
human operator will specify a grasp using its own hand 
covered with a data glove. The finger joint angles captured 
by the data glove tracking system will be passed to a 
standard classifier (e.g. like in [9]) that will select the ideal 
hand preshape that best suites the human hand posture. The 
grasp will be specified by the ideal hand preshape and the 
part of the object where it is applied. For its execution by a 
robotic hand, the corresponding hand adaptor will transform 
the ideal preshape into a real posture depending on the 
robotic hand. The grasp will be finally simulated with the 
real robotic system as shown in Figure 5. 

1) Low level details for the grasp simulator. 
In order to develop the grasping simulation, some of the 

most common and used game and physics engine software, 
have been explored. A game engine is a software system 
designed for the creation and development of video games. 
The core functionality typically provided by a game engine 
includes a rendering engine for 2D/3D graphics, a physics 
engine or collision detection and response, and so on. On the 
other hand, a physics engine is used to model the behaviors 
of objects in space, using variables such as mass, velocity, 
friction, and wind resistance. It can simulate and predict 
effects under different conditions that would approximate 
what happens in real life or in a fantasy world. They are also 
used to create dynamic simulations without having to know 
anything about physics. 

 

 
Fig. 5.  GUI integrating the Barrett Hand 3D-model simulator 

 
Despite both software platforms seems to be similar, a 

very important difference exists between them. The physics 
engine uses the Physics Processing Unit (PPU), which is a 
dedicated microprocessor designed to handle the 
calculations of physics, (e.g. rigid and soft body dynamics, 
collision detection or fracturing of objects). Using this 
dedicated microprocessor the CPU is off-loaded of high 
time-consuming tasks.  
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a) Cylindrical 

 
b) Hook  

c) One finger 
Fig. 6. Three different ideal preshapes and their mapping to a Barrett Hand 

 
In this way, the software compared is the jMonkeyEngine 

[10] (JAVA game engine) and PhysX [11] (physic engine). 
jME is a high performance scene graph based graphics API 
and is completely open source under the BSD license. A 
complete feature list can be found in [12]. On the other 
hand, PhysX is a proprietary solution of NVIDIA, but its 
binary SDK distribution is free under the End User License 
Agreement (EULA). A complete feature list can be found in 
[13]. 

The main difference between both engines is the platform 
compatibility and PC performance. Whereas jME is 
available for PCs (Windows, Linux and MacOS), PhysX is 
available for PCs (Windows and Linux) and all the actual 
videogames platforms (PS3, Xbox360, Wii). This justifies 
the number of more than 150 title games using PhysX 
technology. In PC performance terms, the use of a NVIDIA 
graphic card compatible with PhysX increases the general 
PC performance. Of course, with a SLI [14] schema with 
one dedicated graphic card, PhysX would deliver up to twice 
the PC performance (in frames per second). We should 
notice that PCs with an ATI graphic card would not get all 
the advantages of this technology, due to PhysX is a 
proprietary solution of NVIDIA, although they could still 
run the program. 

Thus, in our first approach developing the grasping 
simulator, we are considering the NVIDIA physics engine. 
Besides the advantages explained before, we will try to take 
profit of the latest NVIDIA graphic card features, even 
using its 3D Vision technology [15]. This technology 
enables 3D vision over every single application, and only 
needs a 3dReady LCD monitor and a NVIDA GeForce 3D 
Vision glasses.  

C. I-AUV Simulator. 
Previous research in this context has been developed in 

our Laboratory since 2008, starting with the cooperation 
with the University of Bologna, Italy, in order to implement 
a complete simulator [4]. This simulator includes a complete 
I-AUV 3D model, and emulates the physics of both the 
underwater environment and the robotic system. Currently, 
we are improving the user interaction capabilities by using a 
Head Mounted Display with an accelerometer, enabling to 

control the virtual cameras by means of the human head’s 
movements. Further development could also include data 
gloves for gesture recognition, as can be observed in Figure 
7. 

 
Fig. 7. The initial simulator under development. 

 
On the other hand, another I-AUV simulator is being 

developed at our laboratory, as observed in Figure 8. Its 
main features are the distributed and collaborative 
properties, as well as the use of advanced Virtual Reality 
(VR) devices. Low-level details can be found elsewhere 
[16]. This simulator uses a distributed and collaborative 
system, which enables to combine remote data coming from 
different PCs that can be placed in different locations. Thus, 
different users can work in cooperation with this kind of 
interface achieving simultaneously task specification 
missions/simulations that can be observed by different users 
in real time.  

 
Fig. 8. The I-AUV is teleoperated by the user by means of special VR 
hardware, including immersive 3D vision and a virtual joystick controlled 
with data gloves. 

In particular, this kind of cooperative interface opens new 
capabilities for personal training, enabling the possibility of 
sharing the VR interface among several remote experts and 
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non expert’s users. In this way, researchers on different 
disciplines can focus on the simulation aspects that are most 
interesting for their research, either if they are not physically 
present in the ship. 

However, this cooperative VR interface has a serious 
drawback: the high costs underlying the specific hardware 
resources included in such a system.  

III. DISCUSSION 
After exploring different possibilities of interfaces 

including all kind of VR devices, simulators and the 
potential of cooperative work, it is clear that significant 
benefits can be achieved. Probably one of the main 
advantages is what concerns the user training. In fact, the 
interaction by means of more intuitive and user friendly 
interfaces would allow reducing the pilot training period. In 
particular, the use of the developed VR technology, 
including distributed, collaborative and multimodal 
components, allows the user to interact in a very realistic 
way with the intervention scenario, promoting prediction 
actions. In addition, it allows appreciating the nature of the 
problems in case the simulation of the mission plan fails. 

The most important difference between our approach and 
other existing solutions is that we put a special emphasis on 
the use of advanced technologies and functionalities making 
easier the human robot interaction for non-expert users.  

For instance, the SAUVIM’s GUI integrates several 
modules into one single interface, so the overall user 
interface provides a very powerful and flexible solution for 
monitoring the state of the robot during the mission, and 
provides advanced mechanisms for the low-level control. 
However, the interface has been designed for expert users 
that require an advanced technical background, including 
very specific and intensive training periods. 

In contrast, our GUI is being developed focusing basically 
on the user experience. In fact, the GUI is divided in three 
different applications: the object identification & task 
specification GUI, the grasping simulator and the general I-
AUV simulator. All of them make use of advanced devices 
for human-computer interaction (e.g. data gloves, Head-
mounted Displays, etc.) and enabling an immersive 3D 
environment where interaction is more satisfactory for the 
end-user. 

However, this project is still in a preliminary stage and 
needs further research for a complete validation. So, in the 
work developed so far, we have analyzed several human-
computer interaction devices that could potentially improve 
the way humans currently interact with underwater robotic 
systems. We have explored and implemented different 
possibilities that have to be carefully analyzed, having into 
account the end-user’s requirements and preferences, before 
its final implementation. Therefore, future lines will mainly 
focus on a thorough analysis of the different options and the 
selection and complete implementation of the most suitable 
solution. 

IV. CONCLUSIONS AND FUTURE LINES 
This work has presented the first steps towards the 

development of a user-friendly GUI for autonomous 
underwater intervention missions. We are considering an 
interface composed of three different applications for object 
detection and task specification, task simulation, and for the 
overall supervision of the mission. We claim that the use of 
new graphics technology and VR devices can greatly 
increase the overall immersive sensation of the user in the 
virtual world, thus facilitating its interaction with the robotic 
system even with little technical knowledge. Therefore, our 
explored solutions combine different interaction devices 
such as data gloves for the grasp specification and Head-
mounted Displays for immersive visualization. 

Our long-term objective is to reach new levels of human-
robot interaction in the context of autonomous underwater 
intervention missions, thus improving the user’s satisfaction 
and performance while using the system. 
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Humanoid robot skill acquisition through balance interaction between
human and humanoid robot

Jan Babǐc and Erhan Oztop

Abstract— Humanoid robots are intrinsically unstable mech-
anisms. To achieve a desirable full-body skill of the humanoid
robots we propose a framework where we use the human
demonstrators real-time action to control the humanoid robot
and to sequentially build an appropriate mapping between
the human and the humanoid robot. This approach requires
the state of the humanoid-robot balance to be transfered to
the human as the feedback information. Two example skills
obtained by the proposed framework are described.

I. INTRODUCTION

Human ability to imitate skills and tasks demonstrated
by other humans is an important method of learning. If
the robots were able to imitate human motions in the same
fashion, acquisition of complex robot skills would become
very straightforward. One could simply transfer the motion
of a human demonstrator to a humanoid robot using a
type of real-time motion capture system but due to the
different dynamical properties of the humanoid robot and
the human, the success of this approach largely depends on
the ad-hoc mapping implemented by the researcher [1]. As
the humanoid robots are intrinsically unstable mechanisms,
such mapping would have to be a sort of full-body balance
algorithm which would modify the desired motion of the
human demonstrator to ensure the postural stability of the
robot. Needless to say, the design of such algorithms is a
very demanding task.

Here we propose an alternative approach where we use
the human demonstrators real-time action to control the
humanoid robot and to consecutively build an appropriate
mapping between the human and the humanoid robot. This
approach can be seen as a closed loop system where the
demonstrator actively controls the humanoid robot motion in
real time with the requirement that the robot stays balanced.
This setup requires the state of the humanoid-robot balance
to be transferred to the human as the feedback information.
We implemented two different types of feedback.

The proposed closed-loop approach exploits the human
capability of learning to use novel tools in order to obtain a
motor controller for complex motor tasks [2], [3]. The robot
that is controlled by the demonstrator can be considered as a
tool such as a car or a computer mouse when one uses it for
the first time. The construction of the motor controller is a
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Fig. 1. (A) Human demonstrator controls the robot in closed loop and
producesthe desired trajectories for the target task. (B) These signals
are used to synthesize a controller for the robot to perform this task
autonomously.

two phase process. In the first phase a human demonstrator
performs the desired task on the humanoid robot. In the
second phase the obtained motions are acquired through
machine learning to yield an independent motor controller.
The two phases are shown on Fig. 1.

Herewith we present two example skills that were obtained
by the described framework.

II. FULL-BODY REACHING

The proposed approach can be considered as a closed
loop approach where the human demonstrator is actively
included in the main control loop as shown on Fig. 2. The
motion of the human demonstrator was acquired by the
contact-less motion capture system. The joint angles of the
demonstrator were fed forward to the humanoid robot in real-
time. In effect, the human acted as an adaptive component
of the control system. During such control, a partial state of
the robot needs to be fed back to the human subject. For
statically balanced reaching skill, the feedback we used was
the rendering of the position of the robot’s centre of mass
superimposed on the support polygon of the robot which
was presented to the demonstrator by means of a graphical
display. During the experiment the demonstrator did not see
the humanoid robot.

The demonstrator’s task was to keep the center of mass
of the humanoid robot within the support polygon while
performing the reaching movements as directed by the exper-
imenter. With a short practice session the demonstrator was
able to move his body and limbs with the constraint that
the robot’s center of mass was within the support polygon.
Hence the robot was statically stable when the demonstrator
generated motions were either imitated by the robot in real-
time or played back later on the robot. The robot used in the
study was Fujitsu HOAP-II small humanoid robot.

The motion of the humanoid robot was constrained to the
two dimensions; only the vertical axis and the axis normal
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Fig. 2. Closed-loop control of the humanoid robot. Motion of the human is
transfered to the robot while the robot’s stability is presented to the human
by a visual feedback.

to the trunk were considered. The light wiggly curve on
Fig. 3 shows the robot end-effector position data which
was generated by the demonstrator. One can imagine the
humanoid robot from its left side standing with the tips of
the feet at the centre of the coordinate frame and reaching
out outwards with its right hand gliding over the curve. The
long straight segment of the curve connects the beginning
and the end of the reaching motion.

For each data point of the obtained end-effector trajectory,
the robot joint angles were recorded. Assuming rows of the
humanoid robot end-effector positionX is formed by the
data points taken from the obtained end-effector trajectory
and the robot joint anglesQ is formed by the corresponding
joint angles we get a non-linear relation of the form

Q = Γ(X) W. (1)

By performing a non-linear data fit and solving forW we
can afterwards make prediction with

qpred = Γ(xdes) W (2)

where qpred is a vector of the predicted joint angles and
xdes is a vector of the desired end-effector position. Using
the prediction we can afterwards ask the humanoid robot to
reach out for a desired position without falling over.

For non-linear data fitting the recorded positionsX are
mapped into an N dimensional space using the Gaussian
basis functions given by

ϕi(x) = e
x−µi

σ2 (3)

whereµi andσ2 are open parameters to be determined. Each
row of X in converted into anN dimensional vector forming
a data matrix

Z = Γ(X) =











ϕ1(x1) ϕ2(x1) . . . ϕN(x1)
ϕ1(x2) ϕ2(x2) . . . ϕN(x2)

...
...

. . .
...

ϕ1(xm) ϕ2(xm) . . . ϕN(xm)











. (4)

Assuming we have a linear relation between the rows ofZ
andQ, we can solve (2) forW in the sense of the minimum
least squares by

W = X+ Q (5)

Fig. 3. The obtained end-effector trajectory generated by the demonstrator
(light wiggly curve) with the desired end-effector trajectory that was used
as the input for the joint angle prediction and the generated end-effector
trajectory obtained by playing back the predicted joint angle trajectories on
the humanoid robot.

whereX+ represents the pseudo-inverse ofX. The residual
error is given by

tr
(

(XW −Q) (XW −Q)T )

. (6)

In effect, this establishes a non-linear data fit; given a desired
end-effector positionx, the joint angles that would achieve
this position are given by

qpred =
(

ϕ1(xdes) ϕ2(xdes) . . . ϕN(xdes)
)

W. (7)

The open parameters areN as the number of basis func-
tions which implicitly determinesµi and the varianceσ2.
They were determined using cross-validation. We prepared
a Cartesian desired trajectory that was not a part of the
recording data set and converted it into a joint trajectory
with the current set values of(N,σ2). The joint trajectory
was simulated on a kinematical model of the humanoid robot
producing an end-effector trajectory. The deviation of the
resultant trajectory from the desired trajectory was used as
a measure to choose the values of the open parameters.

Fig. 3 shows the desired end-effector trajectory and the
generated end-effector trajectory obtained by playing back
the predicted joint angle trajectories on the humanoid robot.
The light wiggly curve on Fig. 3 represents the end-effector
trajectory that was generated by the human demonstrator
in the first phase and subsequently used to determine the
mappingW between the joint angles and the end-effector
position.

The reaching skill of the humanoid robot we obtained
was statically stable which means that the robot’s centre
of mass was inside the robot’s support polygon. However,
when the robot was asked to track a trajectory at speeds
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Fig. 4. The stability of the humanoid robot when the circular trajectory
shown in Figure 3 is played back at different speeds. When the robot moved
fast, the dynamics effects are no longer negligible as underlined by the ditch
below 0 at around 4 seconds in the lower plot.

significantly higher than the speed of the demonstrator, the
dynamics played a non-negligible effect. This can be seen
from Fig. 4 where the upper plot shows the stability when
the circular trajectory tracking was performed at 1/10Hz.
When the motion was performed at twice speed, the robot
became unstable as shown in the lower panel of Fig. 4. The
robot could still track the desired trajectory without falling
over, but just barely.

A sequence of video frames representing the statically
stable autonomous trajectory tracking obtained with our
method is shown on Fig. 5.

Fig. 5. Video frames representing the statically stable reaching motion of
the humanoid robot obtained with the proposed approach.

III. IN-PLACE STEPPING

In this section, we present our preliminary work on per-
forming a statically stable in-place stepping of the humanoid
robot. In-place stepping is a task that requires an even stricter
balance control than the reaching experiment described in the
previous section. In order for the humanoid robot to lift one
of its feet during the statically stable in-place stepping, the
robot’s centre of mass needs to be shifted to the opposite leg
before the lifting action occurs. As the robot’s centre of mass
is relatively high and the foot is relatively small, it is crucial
that the position of the centre of mass of the robot can be
precisely controlled. For humans, to maintain the postural
stability is a very intuitive task. If one perturbs the posture
of a human, he/she can easily and without any concious
effort move the body to counteract the posture perturbations
and to stay in a balanced posture. The main principle of
our approach is to use this natural capability of humans to
maintain the postural stability of the humanoid robots. In
order to do so, we designed and manufactured an inclining
parallel platform on which a human demonstrator is standing
during the closed-loop motion transfer (Fig. 6).

Instead of using visual information for the robot’s stability
as previously explained in the reaching experiment, the state
of the humanoid robot’s postural stability is feed-back to the
human demonstrator by the inclining parallel platform. When
the humanoid robot is statically stable, the platform stays in
a horizontal position. On the contrary, when the centre of
mass of the robot leaves its support polygon and therefore
becomes statically unstable, the platform moves in a way that
puts the human demonstrator standing on the platform in an
unstable state that is directly comparable to the instability of
the humanoid robot. The human demonstrator is forced to
correct his/her balance by moving the body. Consecutively,

Fig. 6. Inclining parallel platform that can rotate around all three axes.
The diameter of the platform is 0.7mand is able to carry an adult human.
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Fig. 7. The human demonstrator and Fujitsu Hoap-3 humanoid robotare
shown during the in-place stepping experiment. The video frame on the left
side shows the human demonstrator performing in-place stepping on the
inclining parallel platform. The right side frame shows the humanoid robot
during the one foot posture.

as the motion of the human demonstrator is fed-forward to
the humanoid robot in real-time, the humanoid robot gets
back to the stable posture together with the demonstrator.
Using some practice, human demonstrators easily learned
how to perform in-place stepping on the humanoid robot. The
obtained trajectories can afterwards be used to autonomously
control the in-place stepping of the humanoid robot. Our
future plans are to extend this approach and use it for
acquiring walking of the humanoid robots. Fig. 7 shows
the human demonstrator and Fujitsu Hoap-3 humanoid robot
during the in-place stepping experiment.

IV. CONCLUSIONS

A goal of imitation of motion from demonstration is to
remove the burden of robot programming from the experts
by letting non-experts to teach robots. The most basic method
to transfer a certain motion from a demonstrator to a robot
would be to directly copy the motor commands of the
demonstrator to the robot [4] This approach proved to be very
efficient for certain open-loop tasks. However, this simple
approach is generally not possible to implement. Either the

motor commands may not be available to the robot or the
differences between the demonstrator’s body and the robot
are so big that a direct transfer of motor commands is not
possible. One way of solving this problem is to modify
the motor commands produced by the demonstrator with
a sort of a local controller. The situation in our approach
is different because the correct motor commands for the
robot are produced by the human demonstrator. For this
convenience, the price one has to pay is the necessity of
training to control the robot to achieve the desired action.
Basically, instead of expert robot programming our method
relies on human visuo-motor learning ability to produce
the appropriate motor commands on the robot, which can
be played back later or used to obtain controllers through
machine learning methods as in our case of reaching.

The main result of our study is the establishment of
the methods to synthesize the robot motion using human
visuo-motor learning. To demonstrate the effectiveness of the
proposed approach, statically stable reaching and in-place
stepping was implemented on a humanoid robot using the
introduced paradigm.
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carrying out the in-place experiment.

REFERENCES

[1] S. Schaal, Is imitation learning the route to humanoid robots?,Trends
in Cognitive Science, vol. 3, 1999, pp 233-242.

[2] E. Oztop, L.-H. Lin, M. Kawato, G. Cheng, ”Dexterous Skills Transfer
by Extending Human Body Schema to a Robotic Hand”,in IEEE-RAS
International Conference on Humanoid Robots, Genova, Italy, 2006.

[3] G. Goldenberg, S. Hagmann, Tool use and mechanical problem solving
in apraxia,Neuropsychology, vol. 36, 1998, pp 581-589

[4] C.G. Atkeson, J.G. Hale, F.E. Pollick, M. Riley, S. Kotosaka, S.
Schaal, T. Shibata, G. Tevatia, A. Ude, S. Vijayakumar, M. Kawato,
Using Humanoid Robots to Study Human Behavior,IEEE Intelligent
Systems. vol. 15, 2000, pp 45-56.

53



Robot Reinforcement Learning using EEG-based reward signals

I. Iturrate, L. Montesano, J. Minguez

Abstract— Recent works suggest that several human cognitive
processes elicited during the observation and monitoring of
tasks developed by others could be used for robot task learning.
These works have demonstrated that human brain activity
can be used as a reward signal to teach a simulated robot
how to perform a given task in very controlled situations. The
open question is whether this activity is potentially usable in a
real robot context. This paper gives evidence that: (a) a brain
discriminative response is also elicited during the observation
of a correct/incorrect operation of a real robot, (b) this response
is consistent along different subjects, (c) it is possible to learn
a classifier that provides online categorization with enough
accuracy (between 85-90%) to implement simple reinforcement
learning algorithms based on these signals. Experimental results
have been obtained with 3 subjects observing the operation
of a 5 dof robotic arm performing correct/incorrect reaching
tasks, while an EEG system recorded their brain activity.
The presence of these brain patterns during the observation
of real robot operation opens the possibility to use human
brain activity for developing learning robots able to adapt
themselves to the task and user’s preferences based on the
implicit judgment of the task made by the human.

I. INTRODUCTION

Robot learning has recently emerged as a paradigm where
robots acquire new skills during operation, and improve
their performance with experience. One of the most com-
mon frameworks is reinforcement learning methods (RL)
[1], which have been successfully applied to learn motor
behaviors and motion primitives among many other skills [2].
RL methods are based on an optimization process to compute
a policy that maximizes the long-term reward while acting
in the environment. This is done through an iterative process
where the robot executes a sequence of actions, receives
the corresponding reward signal and uses it to improve the
current estimate of the policy.

The reward signal encodes the degree of accomplishment
of the executed action. In practice, the engineer has to define
this reward and, in some situations, build an ad-hoc system
(e.g. a tracking system) to compute it or supervise the task
to manually provide it. There are two shortcomings with this
approach. The first one is that the programmer has to define
the reward signal and devise a way to measure it, what can
be challenging when the evaluation of the robot operation
is subjective or when dealing with very complex systems.
The second one is that the skills learned by the robot are
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the result of the programmer’s experience, while in human-
centered robotics the programmer is not the final user. Under
this last condition, the operation of the robot needs to adapt
its operation to the user preferences and not to engineer’s
ones.

An alternative approach to achieve this end user adaptation
is to use brain activity to capture the final-user perception
of the robot operation and compute the reward based on this
activity. The advantage of this new concept is: (a) the defini-
tion of the correct/incorrect operation is provided directly by
the human understanding of the task. Furthermore, it occurs
in a transparent manner even in complex systems where
it would be difficult to model the reward; (b) the system
exploits the activation of the areas related to monitoring
and error processing and, therefore, is in theory scalable
and applicable to a variety of different robot tasks; and (c)
this robot learning concept captures task subjective aspects
that depend on each user, which is a firm step towards
the individualized operation (human-centered robotics). The
work in [3] demonstrated that human brain activity can be
used as a reward signal to teach a simulated robot how to
perform a given task in very controlled situations. However,
the open question is whether this framework is potentially
usable in a real robot context, that is, if the error mechanisms
of the brain are also elicited by observing a real robot
operation. This paper addresses this crucial question for the
applicability of this type of techniques within the field of
robotics.

Based on an experiment with a real robot, this paper
provides evidence that: (a) the brain areas that play a
role in detection and monitoring of errors also play a role
when observing the operation of a real robot; (b) a brain
discriminative response is elicited during the observation of
a correct/incorrect operation of a real robot, (c) this response
is consistent along different subjects, (d) it is possible to
learn a classifier that provides online categorization with
enough accuracy to implement simple reinforcement learning
algorithms based on these signals.

The remainder of the paper is organized as follows.
Next section discusses related work from neurophsysio-
psychology, brain-computer interfaces and robotics. In Sec-
tion III, we describe the experiment that allow us to record
the EEG data. Section IV analyzes the data from a neuro-
physiologyical perspective to evaluate the presence of error-
related brain responses. Section V and Section VI present
the signal processing and machine learning algorithms used
to classify the signal and the results obtained from the exper-
iment dataset. Section VII demonstrates the applicability of
these results to a real robot learning task. In Section VIII, we
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draw the conclusions and comment on future developments.

II. RELATED WORK

This paper studies the applicability of human cognitive
processes related to the error monitoring to robot learning.
This study has three main axes. The first one is to address
the neurophysiological and cognitive mechanisms underlying
the human detection and monitoring of errors. The second
one is the application of these principles within a brain-
computer interface framework, which integrates online signal
processing and machine learning for the detection of these
brain processes. The third one is to show the applicability
of this error recognition for a robot reinforcement learning
task. We next discuss related work on each of these three
axes.

Roughly speaking, there are two types of brain electrical
activity. The Event-Related Potentials (ERP) are signals that
are elicited by means of an internal or external event, while
the rest of the activity is usually referred to spontaneous
rhythms. In cognitive neuroscience and neuropsychology, it
is well known the usage of the ERP to study the underlying
mechanisms of the human error processing, sometimes re-
ferred to Error-related Potentials (ErrPs) [4]. This is because
the observation/execution of an incorrect action for the user is
the event that triggers a particular activity or potential, which
codifies the cognitive error information when the human is
expecting a given outcome or performance.

Different ErrPs have been described, for instance, when a
subject performs a choice reaction task under time pressure
and realizes that he has committed an error [5] (response
ErrPs); when the subject perceives an error committed by
another person (observation ErrPs) [6]; when the subject
delivers an order and the machine executes another one [4]
(interaction ErrP); and recently when the subject perceived an
error committed by a simulated robot [3]. These error-related
processes involve the activation of a specific area of the brain,
called anterior cingulate cortex (ACC), Brodmann areas1

24, 32 and 33. Evidence for the role of the ACC as been
involved in the error detection process comes from consistent
observations of error potentials uniquely generated within
the ACC upon error occurrences [8]. One of the objectives
of this paper is to give evidence that the observation of the
operation of a real robot involves the activation of the ACC
during the error pontentials associated to the robot erroneous
operations.

The next objective is to build a real-time system to
measure, identify and use this error information, usually
known as Brain-Computer Interface (BCI). These systems
acquire the brain activity and convert it into external actions
or signals that can be used to perform several tasks. Usually,
the signal is recorded with a non-invasive method called
electroencephalography (EEG), which uses several sensors
placed on the scalp. EEG-based BCIs have succesfully been
used in communication tasks such as a speller [9], to move

1The brain cortex can be divided in areas or regions defined according to
its cytoarchitecture (the neurons’ organization in the cortex). These zones
are called Brodmann Areas (BA) [7], and are numerated from 1 to 52.

an arm prosthesis [10], or to drive a robotic wheelchair [11],
[12]. The key of the success of these systems is to determine
the appropriate neurophysiological response that can be
identified and used to achieve a particular goal. The nature
of the EEG measurements (noise, artifacts, poor spatial
resolution, inter-subject variation) makes this a difficult task
for most of the brain processes and requires the use of signal
processing and machine learning algorithms. In the context
of this paper several works have shown that it is possible
to perform automatic single trial classification of several of
the error-related potentials mentioned above [4], [13]. In this
paper, the second objective is to show that it is possible to
learn a classifier that provides online categorization of the
errors potentials elicited during the observation of the robot
with enough accuracy (i.e. it is feasible to build a BCI that
discriminates online the robot operation).

Finally, the last relevant aspect of this work is the appli-
cation of these potentials to develop adaptive systems. Up to
our knowledge, there are only two works that have addressed
this problem and both of them did it in simulation. The
work in [14] designed a two-actions scenario where a cursor
moved right or left towards a target. Interaction potentials
were detected online and used to modify the probability of
each action. In particular, the probability of an action was
increased (decreased) when a correct (wrong) action was
detected. In [3], the authors proposed the use of online error-
related potentials as a reward signal for a Q-learning RL
algoritm. The setup of this experiment is somehow more
interesting for robotics, since the human was observing a
simulated robot arm performing a discrete number of actions.
Their results suggest that there may be information within
the EEG measurements to differentiate more subtle aspects
such as the laterality and degree of errors. Unfortunately,
as the authors pointed out, their analysis was limited due
to the presence of artifacts that hinder the evaluation of the
activation areas involved in the process and limited the tem-
poral window that could be used for automatic classification.
This paper makes a step forward and shows that this type of
activity is also present when observing a real robot and that
can be automatically detected and used in a reinforcement
learning context.

III. PROTOCOL AND DESIGN OF THE EXPERIMENT

This section describes the design of the main experiment
of the paper. The objective is to collect the EEG to deter-
mine: (a) if a specific brain potential is elicited during the
observation of a correct/incorrect operation of a real robot,
and if this response is consistent among different subjects2;
and (b) if it is possible to learn a classifier that provides
online categorization with enough accuracy, to evaluate the
feasibility of a online brain-computer interface.

In the experiment, it was used a Katana300 robot arm with
5 degrees of freedom. The instrumentation used to record

2Notice that the objective here is not to characterize the Event-Related
Potential as it is usually performed Neuropsychology, but to provide
evidence that the potential exists and that is consistent for all the participants
of the study.
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(a)

(b)
Fig. 1. (a) General view of the set up. The subject observes the robotic
arm motion while the EEG system records the brain activity. (b) The robot
arm performs consecutive reaching tasks to five predefined positions, which
are colored in green (correct position), yellow (small incorrect position),
and red (large incorrect position).

the EEG brain activity was a gTec system (an EEG cap,
32 electrodes, and a gUSBamp amplifier). The location of
the electrodes was selected following previous ErrP studies
[15], [3] at FP1, FP2, F7, F8, F3, F4, T7, T8, C3, C4, P7,
P8, P3, P4, O1, O2, AF3, AF4, FC5, FC6, FC1, FC2, CP5,
CP6, CP1, CP2, Fz, FCz, Cz, CPz, Pz and Oz (according to
the international 10/20 system). The ground electrode was
positioned on the forehead (position FPz) and the reference
electrode was placed on the right earlobe. The EEG was
amplified, digitized with a sampling frequency of 256 Hz,
and power-line notch-filtered and bandpass-filtered between
0.5 and 10 Hz. As usually done in this type of recordings,
a Common Average Reference (CAR) Filter was applied
to remove any offset component detected on the signal.
The signal recording and processing and the synchronization
between the robot arm and the EEG were developed under
BCI2000 platform [16].

The general setting of the experiment was a user observing
the operation of a robot arm while the EEG was recorded

(Figure 1a). The robot continuously operated by developing
reaching tasks to five predefined positions (Figure 1b). The
participants were instructed to judge the robot motion as
follows: (a) a motion towards the center was a correct
operation, (b) a motion towards the locations placed just
on the side (left or right) of the center was small operation
error, and (c) a motion towards the furthest locations from
the center (left or right) was a large operation error. The
reaching positions were marked with colors to facilitate
the participants the identification of the operations, where
green was the correct movement, yellow the small operation
errors, and red the large operation errors. Notice that this
experimental design includes different functional operations
(error-correct), different degrees of error (small-large), and
different laterality of error (left-right).

Three male, right-handed, 24-aged persons selected from
the research team participated in the experiments. The par-
ticipants were informed about the experiment. Furthermore,
they were instructed to avoid as much as possible any
muscular movement (artifacts) to avoid the contamination
of the EEG. One subtle but important artifact to avoid,
as mentioned in previous works [3], was the lateral eye
movement. This is because this artifact is very prominent
in the EEG of frontal and fronto-central areas, and could
lead to erroneous conclusions about the laterality of the
EEG potentials. The protocol was adapted to minimize the
motion of the eyes by placing the robot arm far enough
from the subject (4 meters), so that the participants did not
need to significantly move their eyes to observe the final
position of the robot. Notice that, although there is literature
related to the automatic filtering of these artifacts [17], at this
stage of the research is always better to avoid its occurrence
(rather than to rely in filtering techniques that could eliminate
important aspects of the brain potential).

Fig. 2. Temporal diagram of a sequence of robot actions.

For each participant, an experiment consisted of 10 trials
of 5 sequences each, where each sequence was composed
by 10 random reaching actions carried out by the robot
arm. A total number of 500 operations were executed. Each
sequence was designed as follows (Figure 2): firstly there
was a 6 seconds countdown with auditory signals associated
(to inform the subject that the sequence was starting) and
then ten random actions were executed by the robot. The
reaching action lasted 1.5 seconds (the effective motion
was between 0.8 and 1.1 seconds). The returning to the
initial position was 4 seconds (the effective motion was
between 0.8 and 1.1 seconds) providing the participants
some time to relax between robot motions. The total time
of the experiment was 51 minutes plus approximately 5
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minutes of breaks distributed between trials (depending on
the user). The experiment was designed in such a way that
the 500 operations were equally distributed as 100 times per
possible action. Then, 100 brain responses of each action
were recorded, which is the typical amount of samples used
in ERP literature to have a good signal to noise ratio using
grand averages techniques to study the responses [17].

IV. NEURO-PHYSIOLOGYICAL ANALYSIS

After recording the EEG data, the first step is to character-
ize the brain response as a possible ERP. The analysis was
developed as follows. Firstly, the averaged ERP potentials
were constructed, which are simply the averaged sum of the
individual responses for each condition at each electrode (to
improve the signal-to-noise ratio and, as a consequence, filter
background noise and occasional artifacts). The averaged
ERP were computed for the three participants for three
different cases: (i) error versus correct responses, (ii) left
versus right errors and (iii) small versus large errors. Next,
a statistical analysis (ANalysis Of Variance, ANOVA test)
was performed for all the ERPs of the three cases, with a
significance level of 95% (p < 0.05). Finally, in order to
speculate about the brain areas involved in the generation
of the potentials, an EEG Source Localization technique
was used. Concretely, we used sLORETA [18]. This type
of techniques estimates the neural generators within the
brain given the EEG at the surface of the scalp. Figure 3
shows the results of the averaged ERPs and the statistical
analysis in the Cz electrode (usually selected to display error-
related potentials), and the result of the source localization
technique.

The first observation is that the averaged ERPs result-
ing from the robot operation correct/incorrect are different,
which implies that in mean, there are different brain pro-
cesses involved. Secondly, the difference of the ERP average
correct and incorrect reflects a large negativity around 400
milliseconds with great statistical difference. This result
agrees with the previous works that describe a negativity
around this timing in error observation tasks [4]. Thirdly,
the shape of the response in Cz elicited in the incorrect
operations is similar to the response of other protocols
that involve the human monitoring of errors, concretely the
interaction errors (see [4] for some examples): they have a
sharp positive potential at around 0.3 seconds, followed by a
wide prominent negativity around 0.4 second. Fourthly, the
main active areas at the time of the prominent negativity of
the difference signal (error minus correct response average)
were Brodmann 6, 24 and 31 (Figure 3). These areas are in
the close neighborhood of the ACC, which is the brain area
involved in the error processing. Furthermore, this finding
agrees with several results that obtained the same areas in
the most prominent negativity in reaction, observation and
interaction errors [5], [6], [4]. Their hypothesis is that these
associative areas (somatosensory association cortex) could
be related to the fact that the subject becomes aware of the
error. All these results push forward the hypothesis that a
discriminative (correct/incorrect) Event-Related Potential is

Fig. 4. General classification scheme. The measured EEG signal undergoes
a set of different filters before feeding the classifier. Four different types
of features were used to train the classifier: raw signal, derivative of the
signal, cummulative energy or the M components obtained from ICA. Two
different classifiers were compared, one based on Boosting and the other
one using Support Vector Machines.

elicited during the human monitoring of the robot operation,
which belongs to the family of error-related potentials.

Finally, another interesting result is the ANOVA test
between small and large errors. As opposed to the other
ANOVA comparisons, where the statistical difference was
mostly focused on the 300ms-800ms, this ANOVA showed
that the statistical difference was mainly in the 800-900ms
time range. This could be due to the fact that the movement is
not instantaneous. Thus, the user starts understanding the fact
that an error occurred almost at the start of the movement
because of the initial turn of the robot to reach the error
positions. However, the differences in small and large errors
were only present almost at the end of the movement, which
occured between 800-900ms.

V. CLASSIFICATION OF EEG ACTIVITY

The previous section shows that there exists a discrimina-
tive (correct/incorrect) response in the human brain elicited
during the observation of the robot operation. The next
objective is to develop a single trial classification of these
processes to use it as feedback, for instance, for robot
learning or robot supervision. The main difficulty here is
that, despite on average the different conditions of the
ERPs look very different, single EEG measurements are
very noisy and this classification becomes challenging. This
section describes the techniques used to obtain an automatic
classification.

Let xt ∈ RN denote the EEG signal at time t where N
is the number of EEG channels recorded. For a given robot
motion, the EEG signal is a sequence of measurements x1:T

over a fixed window. During the analysis of the signal, the
ANOVA test was used to evaluate the statistical difference
among the different conditions. The results of this analysis
were used to reduce the temporal window [1..T ] for clas-
sification to those intervals where the ANOVA test found
significant differences.

The classification process is composed of two different
phases as illustrated in Figure 4. The first one is the com-
putation of the features that will be used by the classifier.
Recall from previous section that, during acquisition, the
EEG signal has already been processed to remove the offset
(CAR-filter) and to keep those frequencies relevant to the
ERP (0.5-10Hz). Previous studies have shown that, for ERPs,
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Source Localization

Fig. 3. Average waveforms (top), ANOVA analysis (middle) and Source Localization at 400ms (bottom) averaged over all the participants in channel
Cz. The average waveforms clearly indicate that an ERP was elicited. A baseline of 200 ms before the movement started is also shown. The robot motion
occured between the 0-1500 ms. For the ANOVA figure, the vertical axis correspond to the p-values at each instant of time for the same time window as
before. The horizontal red line shows the p-value of 0.05. The source localization shows the activity of the brain. The figure is better understood in color
where yellow areas indicates those areas with high activity.

the frequency domain does not contain enough information
to perform the classification [19]. Therefore, we focus on
the analysis of temporal features that have been used in the
literature as well as some designed from our own analysis
of the signal. In all cases, the features are computed from
a 64Hz subsampled version of the signal to reduce the
computational cost (we have experimentally verified that this
subsampling does not affect the classification accuracy). The
following characteristics were computed:
• RAW signal: In this case, the feature vector is the con-

catenation of all the xt with t within the window defined
by the ANOVA analysis of the signal.
• First derivative: The ERPs are usually described by their

number of components and their value (positive or nega-
tive). The derivative is a natural way to obtain a description

of the (positive and negative) modes of the signal. The
discrete derivative vector is computed as ẋt = xt+1−xt

∆T
over the same window as the RAW signal. The classifier
receives as feature vector the concatenation of all the
derivatives.
• Cumulative energy of the signal: In the grand averages,

a characteristic of the error ERPs is that the error signal
has more energy than the correct responses. We explore
this idea by approximating the cumulative energy of the
signal over the temporal window of channel i, where eit =∑t

j=1 |xij |2, ∀t ∈ [0..T ]. The vector et = (e1t...eNt)T

contains the cumulative energy of each channel at time t.
As in the previous cases, the window is set according to
the ANOVA results and the concatenation of all et is used
as the feature vector for the classifier.
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• The Independent Components: Independent Component
Analysis [20] (ICA) is a spatial-filtering technique whose
aim is to retrieve unobserved signals (the so-called Com-
ponents) from observed mixtures (in our case, N chan-
nels), using the mutual independence among signals as
a fundamental initial assumption. The use of ICA is
motivated by the fact that the different conditions may
trigger different types of brain activity that can be tracked
independently. We used the Maximum Likelihood method
[20], to compute M Independent Components from the
EEG measurements without any subsampling. The method
also carried out a dimensionality reduction with Principal
Component Analysis (PCA). The resulting demixing matrix
transforms the original signal xt to a yt ∈ RM . Finally,
we performed an ANOVA test on each component so
as to verify the existence of components with statistical
difference among the different conditions. In addition to
this, the ANOVA test also allowed us to fix the temporal
window as we have done with the other types of features.
The previous features were used to train and compare the

performance of two different state-of-the-art classifiers used
in the ERPs literature:
• AdaBoost: A meta-classifier that combines several weak

classifiers and iteratively assings weights to them [21]. As
weak classifier, we chose the Functional Decision Tree [22]
due to the multi-variate nature of the EEG data. Functional
trees allow to use linear combinations of attributes. This
combination of boosting and functional decision trees was
successfully used in the past for classifying ERPs [3].
• Support Vector Machines: The main idea of this family

of classifiers is to search for the maximum hyperplane
separation of classes in a self-constructed kernel space,
obtained applying a non-linear function (usually called
kernel) to the initial feature space [23]. As the previous
classifier, this one was succesfully used in the past for
classifying ERPs [13]. Among all the possible versions of
SVM, we used the ν-SVM classifier with a radial basis
function kernel.

VI. CLASSIFICATION RESULTS

This section presents the classification results obtained
with the dataset acquired according to the protocol described
in Section III, and a comparison of the four different types
of features and the two classifiers described in Section V.
For a fair comparison, we tried to tune the parameters of
each classifier and feature. However, the best performance
was obtained in all cases with very similar parameters. The
configuration for each classifier was:
• AdaBoost: we used the Weka implementation [24]. The

number of iterations for the Functional Tree classifier
and the boosting was 10 and 3, respectively.

• SVM: we used the libSVM implementation [25]. The
ν parameter was set to 0.5 and the γ parameter of the
radial basis function was set to 1

]features .
The EEG time window (common for all the participants)
was [0.3...0.9] seconds for the RAW, derivative and energy

features, resulting in a total of 1248, 1216 and 1248 features
per robot operation, respectively. For the ICA features, the
best results were obtained with 3 independent components. In
this case, the time window provided by the ANOVA analysis
of the components varied from one participant to another,
being the final number of features between 50 and 70. In
order to minimize the overfitting effect, we used a ten-fold
cross-validation strategy to train the classifier. Artifacts were
not removed prior to the classification so as to have more
realistic data.

There were two classification tasks: error versus correct
responses, and a five-class task (left-large error, left-small
error, correct, right-small error, right-large error). For the first
task the data is strongly unbalanced (we have four times
more errors than correct responses). Thus, we duplicated the
correct responses to balance the dataset, having a total of
400 errors versus 400 correct responses. For the five-class
case, the dataset was balanced and contains 100 examples
per case.

We discuss first the results for the two-class case (error
versus correct responses). Table I shows the average for
all the participants of the recognition performance for each
class, feature and classifier. The results illustrate that both
classifiers achieved good classification rates (always > 75%),
where the AdaBoost always had better performances (always
> 80%). The best features were raw data for both the
AdaBoost classifier and for the SVM (both > 90%). In the
latter case, the derivative features were better for the correct
class and worse for the error one. The results show that ICA
was unable to separate very discriminative components. On
the other hand, the results using only 3 components point out
that that the actual dimensionality of the data can be reduced
through PCA without compromising much of the efficiency.

TABLE II
SUBJECT AVERAGE CLASSIFIER-FEATURES ACCURACIES COMPARISON:

5 CLASSES

RAW Derivative Energy ICA
AdaBoost 46.27% 38.73% 26.00% 33.53%
SVM 51.07% 42.20% 26.33% 29.73%

The average classification results for all the participants in
the five-class case are shown in Table II (average of correct
detection over all the classes for each pair of feature and
classifier). The best combination is the SVM with raw data
followed by AdaBoost with raw data too. As in the previous
case, the other features provided systematically worse results.
The best classification rate is on average 51.07%.

The performance of the classifier for the five-class case,
despite being better than chance, degrades significantly with
respect to the two-class one. However, let us discuss the
confusion matrix for each participant (see Tables III, IV, and
V for the SVM classifier3). We have labeled the different
classes described in Section III as follows: left-2 (large left
error), left-1 (small left error), correct, right-1 (small right

3The conclusion is also valid for the AdaBoost classifier.
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TABLE I
SUBJECT AVERAGE OF CLASSIFIER-FEATURES ACCURACIES: ERROR VS CORRECT

RAW Derivative Energy ICA
Error Correct Error Correct Error Correct Error Correct

AdaBoost 91.42% 100.00% 90.58% 100.00% 80.00% 98.00% 85.58% 100.00%
SVM 89.25% 95.08% 87.25% 96.33% 76.50% 88.58% 76.50% 84.17%

error) and right-2 (large right error). The matrices show that
misclassifications tend to group by blocks, that is, right errors
tend to be confused among them and left errors among them.
This fact reinforces the idea that the error signal may have
some laterality component as pointed out in previous works.
The same effect appears between large and small errors.
Although in this case the differences are smaller and vary
a bit more among participants, one can verify that small
errors tend to be misclassified more with small errors of
different side than with large ones. For example, right-2 is
misclassified more often as left-2 than as left-1 for every
participant.

TABLE III
PARTICIPANT 1: SVM CLASSIFIER ACCURACY WITH FIVE CLASSES

Left-2 Left-1 Correct Right-1 Right-2
Left-2 42% 21% 7% 12% 18%
Left-1 22% 47% 7% 13% 11%
Correct 5% 1% 86% 4% 4%
Right-1 10% 12% 10% 46% 22%
Right-2 13% 11% 5% 26% 45%

TABLE IV
PARTICIPANT 2: SVM CLASSIFIER ACCURACY WITH FIVE CLASSES

Left-2 Left-1 Correct Right-1 Right-2
Left-2 37% 21% 8% 14% 20%
Left-1 19% 47% 6% 19% 9%
Correct 6% 6% 77% 5% 6%
Right-1 10% 20% 12% 41% 17%
Right-2 16% 13% 12% 19% 40%

TABLE V
PARTICIPANT 3: SVM CLASSIFIER ACCURACY WITH FIVE CLASSES

Left-2 Left-1 Correct Right-1 Right-2
Left-2 45% 19% 4% 14% 18%
Left-1 20% 42% 5% 22% 11%
Correct 3% 2% 85% 5% 5%
Right-1 15% 18% 4% 45% 18%
Right-2 18% 8% 7% 26% 41%

Finally, we have studied the number of trials needed for
good classification performance. This is important for real
applications, since the EEG data acquisition is a consuming
and tiring process. The analysis was performed selecting sets
as follows: using the first (in time) 10% of the data as train
set and the 90% of the last (in time) data as the test set
was labeled as 10%-90%. We performed this comparison
for the two classification tasks, for the cases 10%-90%, 20%-
80%, 30%-70%, 40%-60%, 50%-50%, 60%-40%, 70%-30%,

(a)

(b)

Fig. 5. Detection rates with different percentages of data of train and test
sets. (a) two-class and (b) five-class tasks.

80%-20% and 90%-10%. Figure 5 shows the recognition
rate for each class averaged over the three participants using
the SVM classifier. The results show that for the two-class
problem, the recognition rate reached a stable value with
60 examples (around 35 minutes of data collection). On the
five-class task, the behavior is different and it seems that
100 examples is not enough and that we could improve the
results using more data.

Summarizing, we have shown that it is possible to dis-
tinguish between error and correct robot operations with a
high accuracy (over 90%). For the five-class problem, the
performance is not as good, but the confusion matrix has a
structure that can be used to obtain laterality and magnitude
information. Among all the features, raw data provided con-
sistently the best results. The differences between AdaBoost
and SVM were not large and depended on the particular
task. In the case of the data set, for error detection a data
collection of 30 minutes with 60 examples is required to
have a classification rate > 90%.

VII. APPLICATION TO Q-LEARNING

Finally, we have implemented a simple Q-learning algo-
rithm [1] similar to the one presented in [3] to provide a
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Fig. 6. Q-Learning applied to participant 1 (right), 2 (middle) and 3 (left).

proof of concept of the whole system. For this study, we
used the learned SVM classifier for the two class problem
(error/correct) to classify online the brain activity during Q-
learning. We used the same time window as in the previous
section, 0.3-0.9 seconds, and RAW features. The rewards
were computed from the classification results as follows: a
response classified as error was a -1 reward, and a response
classified as correct was a +1 reward. The system started with
null Q-function values. Actions were selected according to
the ε-greedy policy with decreasing ε and learning rate. The
Q-learning algorithm was run up to 100 robot actions.

For the problem at hand, we simply have five different
values for each of the possible actions. The Q-values for
each participant are shown on Figure 6. The results show
how the best action was always the movement towards the
center, whereas the other actions gradually decrease in utility.

VIII. CONCLUSIONS AND FUTURE WORK

In this paper, we have demonstrated the existence of a
brain response during the observation of a real robot action.
The results show that the brain areas involved in this brain
activity are those related with prior work on human error
processing. The nature of this response, together with the
ability to classify single-trial EEG measurements, opens the
door to develop robot learning algorithms that use brain
activity directly as reward signals.

Our future work focuses on better classification algorithms
for the laterality and magnitude of the error. This information
may play an important role to implement RL algorithms in
more complex settings such as continuous domains and more
degrees of freedom. Furthermore, we also plan to explore the
detection of errors on a continuous EEG signal to incorporate
this on more complex robot actions.
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����"�n������ 4�_#���L!!V�

-�1�.�).����������������������������������#��������� �� ¡¢£¤¥¦§*�������	����������"���������������# k���̈l�l-���������	���	����	©��# k�MM̈_��46�����	��������������������������"�������	�����# �k�-������+����������	�����-+�# LV46�����������	�������©������# 24��

73



� �
�� ������	�
������������������������������������������������������������� ����������������!�����!������������������������������������������������������"�#�����������$������������������������������������������%������������������������������������%�������������������������%���%!���������&��������!����������������%� ��"����������������� ����%����������������'�������������(� ����������%�������������!�����%� ��������"���������(� ����������������������������������!��������������������������%����)*+������,�������������������%!�%�-������!�������%���������������������!����������������� �����%�������������"���������������!�����%� ����������������������%����!�������������%�����������������������������%����������������������������������%��!!������"�.�����%�������������������� ����������%��������������������������%�������%"�/�����$��������������������������%��������������("� 012034567894063�8:;3<56=64�>?@ABCD@>E?�>F�GADEH>?I�HEBA�C?J�HEBA�K>JAFLBACJ�>?�BEGE@>DF�GADCMFA�EN�@OA�GA?AN>@F�EN�DEHG>?>?I�@OA�LBAD>F>E?�C?J�@OA�BALAC@CG>P>@Q�EN�BEGE@F�K>@O�@OA�>?@APP>IA?DA�C?J�@OA�JAR@AB>@Q�EN�OMHC?F1�4O>F�DEELABC@>E?�GA@KAA?�OMHC?F�C?J�BEGE@F�>F�HC>?PQ�CLLP>AJ�>?�FABS>DA�BEGE@>DF�CLLP>DC@>E?F�TUV�GM@�>@�>F�FDCBDAPQ�MFAJ�>?�>?JMF@B>AF1�0?�>?JMF@B>CP�A?S>BE?HA?@FW�BEGE@>D�HC?>LMPC@EBF�CBA�MFMCPPQ�>FEPC@AJ�>?�NA?DAJ�KEBXFLCDAF�KOABA�OMHC?F�JE�?E@�A?@AB�>?�EBJAB�@E�CSE>J�DEPP>F>E?F�TYV1�4OABANEBAW�>?JMF@B>CP�@CFXF�DC??E@�GA?AN>@�NBEH�@OA�OMHC?<BEGE@�DEELABC@>E?1�0?�EBJAB�@E�ESABDEHA�@O>F�P>H>@C@>E?W�@OA�DMBBA?@�LCLAB�JASAPELF�C�?AK�OMHC?<BEGE@�>?@ABCD@>E?�FQF@AH�KO>DO�CSE>JF�@OA�B>FX�EN�DEPP>F>E?�GQ�@BCDX>?I�LBAD>FAPQ�?E@�E?PQ�BEGE@>D�HC?>LMPC@EBF�GM@�CPFE�OMHC?�ELABC@EBF�KOE�DEPPCGEBC@A�>?�@OA�@CFX1�4O>F�OMHC?<BEGE@�>?@ABCD@>E?�FQF@AH�>F�DEHLEFAJ�EN�@KE�HC>?�DEHLE?A?@FZ�C�OMHC?�@BCDX>?I��:C?MFDB>L@�BADA>SAJ�:CBDO�[W�Y\U\1�4O>F�KEBX�KCF�FMLLEB@AJ�>?�LCB@�GQ�@OA�]LC?>FO�:>?>F@BQ�EN�̂JMDC@>E?�M?JAB�IBC?@�;_Y\\̀<Uàb�C?J�GQ�@OA�]LC?>FO�:>?>F@BQ�EN�]D>A?DA�C?J�0??ESC@>E?�M?JAB�BAFACBDO�LBEcAD@F�7_0Y\\̀<\dYYY�e7AF>I?W�0HLPAHA?@C@>E?�C?J� R̂LAB>HA?@C@>E?�EN�0?@APP>IA?@�:C?>LMPC@>E?�]DA?CB>EF�NEB�;M@EHC@>D�;FFAHGPQf7>FCFFAHGPQ�;LLP>DC@>E?Fg�C?J�7_0Y\\b<\Yda[�e0?@APP>IA?@�:C?>LMPC@>E?�@OBEMIO�hCL@>D�_ABDAL@>E?�C?J�i>FMCP�]ABSE>?I�GQ�8F>?I�C?J�;B@>DMPC@AJ�]@BMD@MBA�F>@MC@AJ�ESAB�C�5EGE@>D�:C?>LMPC@EBg1�j1�;1�9EBBCPAF�>F�K>@O�@OA�_OQF>DFW�]QF@AHF�̂?I>?AAB>?I�C?J�]>I?CP�4OAEBQ�7ALCB@HA?@W�8?>SABF>@Q�EN�;P>DC?@AW�]LC>?�eLOE?AZ�kla<md̀<m\m<amUn�NCRZ�kla<md̀<m\m<[̀\n�A<HC>PZ�cDEBBCPAFoMC1AFg1��p1�4EBBAF�>F�K>@O�@OA�_OQF>DFW�]QF@AHF�̂?I>?AAB>?I�C?J�]>I?CP�4OAEBQ�7ALCB@HA?@W�8?>SABF>@Q�EN�;P>DC?@AW�]LC>?�eA<HC>PZ�NAB?C?JE1@EBBAFoMC1AFg1��p1�;1�9C?JAPCF�>F�K>@O�@OA�_OQF>DFW�]QF@AHF�̂?I>?AAB>?I�C?J�]>I?CP�4OAEBQ� 7ALCB@HA?@W� 8?>SABF>@Q� EN� ;P>DC?@AW� ]LC>?� eA<HC>PZ�NBC?D>FDE1DC?JAPCFoMC1AFg1��
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��������������(@�GURÈVTBODEaVTbcD(������QZ.X/(�Q]��6�78 �̂�4���������(�_��<���������
���_��>��!������(�=1����
��������������
���������
�������
��������������
�������
���������
���������(@�AdddEV̀TBOD�eSKfgH��dBhD(������P�.P/(�������X'�Y(�Q]��6P78 ��,
�
��
���9��:��,���(�=4�
�'�����X̂�����������
����
�������	��������
���	��
��
������������3�������(@����iVKjDEAdddkJMFEABCgVBTCSKBTWEUKBlgVgBjgEKBEABCgWWShgBCEJKLKCOETBHEMNOCgfO(�,��)���(�QZ(�����Q]Z'Q�Q��6Z78,��:
�����0'�
��
���(�:��_���0'2�
�������
���1��_��̂���_����(�="���������������������������������
����
���������(@�FDEABCgWWShDEJKLKCDEMNOCD(������X�.�/(������P'��Y(�QX��6]781���
0��(�=9����9���'��(@�6#�����7��1�
��
������?�	���?[[����
���
0��������6�785��2�3���(�=&�����
��	�
�'��
����������������������
�����������
������
�
��'��
��-
��
��������@(����iVKjDEmSVCnTWEJgTWSCNEGBBnTWEABCgVBTCSKBTWEMNfbKOSnf(��YYZ(�������P'�YZ��6Y78%�������(�=%�������������4�
�'����� ��
�����������(@�6#�����7��1�
��
������?�	���?[[������������������6�78"��5������(�JgTWoCSfgEjKWWSOSKBEHgCgjCSKB(�5�������(��
��2�
������(�QP��6��78_��<����	�������
���̂��>��5�����(�agKfgCVSjECKKWOElKVEjKfbnCgVEhVTbcSjO(�5�������(��
��2�
������(�QX��

 Q � Z � � �Q�QX
�

$����������
�����������
���������2���������.p/ �2��������>������
������	�������������
�����������
�����������	��	�
������������������������	��	��
�'����������
�����

79



�� �
��������	�
�������������������������������������������������������������������������������������������������������������������� �������������������� ��������!�����"��"������""����������������#���$�������������������������������������������������������������"�������������%����������������&'!�(������������������������)���������������������$���*��������������������������������+���������������������������������������������������*������������ ����������������������"!�,�������������������������)������������ ����������������#������������������$��������$����������������-������*������� ������#"�������"����� �������������������������������.�����/��&� �/�����!�(��������������������������������������������������������������������������0�1 ��2����������$���$���$�������������������+������������� ��������������������������������������!�����������3��"��$���������� ����������������""��������� �� ���2�����*������ ��������4�"���������&�"�"���������������� �����"�����������!��56789:;8�<�
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�[����n ��� ������������������#�%�����j#�v��%��� ���%������� ��#����c�#�]�%��\������Z4:+o.4;/+6O5-;9./+�5r+L2/T-500+o6��*�+eYYf��?=@@GB�CC�	=@�F�	=G�
85



Vision-based gesture recognition interface for a social robot

J.P. Bandera, A. Bandera, L. Molina-Tanco and J.A. Rodrı́guez

Abstract— Social robots are designed to cooperate with peo-
ple in their everyday activities. Thus, they should be able
to adapt to uncontrolled environments, learn new tasks and
become engaging companions for people to interact with. While
other sensory inputs are also very important, in order to provide
the social robot with the ability to interact with people using
natural and intuitive channels, it may be interesting to consider
the design and development of vision-based perceptual modules.
In this sense, stereo vision systems appear as an useful option
as they can provide 3D information, and can be mounted on
the head of a social robot. On the other hand, stereo vision-
based interfaces have to deal with limited resolution and frame
rate, occlusions, noisy images and depth ambiguity. This paper
describes the main aspects of a stereo vision-based gesture
recognition and learning interface designed to be integrated
in a social robot. This system captures, recognizes and learns
upper-body social gestures at human interaction rates.

I. INTRODUCTION

Robots have been massively used in industrial environ-
ments for the last fifty years. Industrial robots are designed
to perform repetitive, predictable tasks that may be danger-
ous, disengaging or boring for human workers. These tasks
are performed in controlled environments, where human
presence is limited and controlled, if allowed [1]. These
characteristics of both performed tasks and environmental
conditions allow to provide industrial robots with a complete
a priori knowledge database. Industrial robots are repro-
grammed only if the task they are performing changes. On
the other hand, these robots have to be aware only of a
constrained set of environmental parameters that are directly
related with programmed task. Thus, perceptual systems
mounted on industrial robots are usually simple, practical
and task-oriented.

While their usefulness is evident, industrial robots are
strongly limited. More than thirty five years ago, a new gen-
eration of robots began to appear [2]. These robots would no
more be considered useful tools. They are instead designed
to cooperate with people in everyday activities. These robots
should be able to work in uncontrolled environments and
become engaging companions for people to interact with. It
will not be possible to predict all possible situations they
will have to face, thus these robots should also be provided
with the capability to adapt to new situations, tasks and
human companions. While motor capabilities were usually
the main specification for industrial robot, for these new
robots perception becomes a key element.
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Robots that have to interact with people in everyday
environments may benefit from sharing certain perceptual
and motor human abilities. This idea influenced the use of
the term humanoid robot to name these agents, and moved
robotic researchers to address complex, engaging objectives
such as bipedal walking, multi-fingered manipulators or
stereo-based vision systems. Despite important contributions
in these fields, the idea of a robot that resembles people
in perceptual, motor and knowledge capabilities is still a
long term objective. In fact, in the last decade the more
generic term social robot has been introduced to define this
new generation of robots. Social robots are agents designed
to cooperate with people in everyday tasks. They may be
humanoid or not, but in any case they have to be social.
Following previous works [3][4], in this paper the definition
given in [5] for social robot is adopted: robots that work in
social environments, and that are able to perceive, interact
with and learn from other individuals, being these individuals
people or other social agents.

In order to become useful companions, social robots
should use natural and intuitive interaction and perception
channels. Speech recognition [4] and tactile sensors [6] are
important features for a social robot. But vision represents
the sensory input that usually provides more information
to people. Face expression, hand movements and social
gestures are key elements in social interactions [4][5]. Some
interaction processes (e.g. those involving crowded or noisy
environments) may even rely only on vision to achieve com-
munication. It is desirable for a social robot, then, to include
a vision-based interface. When dealing with the design of
such a system two important questions have to be answered:
(i) how to capture visual data from the environment; and
(ii) how to process these data in order to provide on-line
response to the human user.

While other options may be possible, stereo-vision sys-
tems are the most common solution to capture visual data
[7]. These systems can be easily mounted on the head of
a robot, and they provide 3D information. Besides, they
are more similar to human eyes than other solutions, and
thus they may find less difficulties in adapting to everyday
environments, that are designed to be perceived by people.
Stereo vision systems also present drawbacks that have to be
considered: they have limited resolution, field of view and
frame rate, they are very sensitive to occlusions, and they
have to deal with noisy images and depth ambiguity [7][8].

Capturing images is just the first step in the perceptual
process. It is necessary to extract only relevant information
from the huge amount of visual input data if on-line response
is required. Biological entities filter perceived information
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by attention [9]. Social robots focus also attention only in
certain relevant features of the environment. Thus, Breazeal
[4] considers controlled scenarios in which only certain
defined objects are detected and tracked. Hecht et al. [8]
label different body parts and track them using particle filters.
While their particular implementation may vary, attentional
mechanisms are present in all perceptual components pro-
posed for social robots [10][11][12][13].

According to the given definition, social robots are not
only aware of their surroundings, but they are also able
to learn from, recognize and communicate with other indi-
viduals. Robots that could learn from its observations and
experiences, and from human teachers, would be able to
adapt to new situations and perform new tasks, or improve
already known ones. While other strategies are possible,
robot learning by imitation (RLbI) represents a powerful,
natural and intuitive mechanism to teach social robots new
tasks [10]. In RLbI scenarios, a person can teach a robot
by simply demonstrating the task that the robot has to
perform. There are many issues that have to be addressed
regarding RLbI. It is desirable to avoid invasiveness and
controlled environments, the robot should count with return
channels that can provide on-line feedback for the human
teacher, it may be required to research methods for sharing
attention [4], etc. One of the main of these issues is the
translation from human to robot activities. This problem
is more important as the differences from human to robot
bodies grow [5]. Despite all these issues, the important
advantages of RLbI systems over other learning methods
[10] have moved many researchers in the last decade to
address the objective of providing social robots with RLbI
architectures [10][11][4][12][13]. These architectures will
allow social robots to perceive, recognize, learn and imitate
behaviours exhibited by human companions.

In this paper, a new RLbI architecture is proposed that
provides a social robot with the ability to learn and imitate
upper-body social gestures. This architecture, that is the
main topic of the first author’s Thesis [5], uses an interface
based on a pair of stereo cameras, and a model-based
perception component to capture human movements from
input image data. Perceived human motion is segmented
into discrete gestures and represented using features, that
are subsequently employed to recognize and learn gestures.
Finally, imitation is achieved by using a translation module
that combines different strategies. The rest of the paper is
organized as follows: Section II describes the proposed RLbI
system. Section III details the different components that
conforms the architecture. Section IV presents the results of
the experiments performed to test the system, while section V
discusses several key topics related with the system. Finally,
section VI concludes the paper and defines future research
lines.

II. SYSTEM OVERVIEW

There have been many proposals of RLbI architec-
tures in the last decade, due to the increasing interest in
autonomous agents, humanoid robots and social robotics

[10][11][4][12][13]. These architectures differ in their ob-
jectives, considered perceptual inputs, number of modules,
levels of abstraction or structure. However, it has been
possible to identify some key components that are common
to these architectures. It is in the elements inside each
of these components, and the relations that are established
between these elements, where the differences between RLbI
architectures lie. A brief description of these components,
that are deeply explained in [14], is given below:

• Input. This component includes all the sensory inputs
that are available for the architecture. While visual input
is necessary to achieve imitation in RLbI scenarios,
some authors propose the use of additional perceptual
channels, such as auditive or proprioceptive -own state-
perception.

• Perception. The perception component contains all
modules that are used to extract useful information from
available perceptual channels.

• Knowledge. The knowledge component represents the
memory of the social robot. This component contains all
elements that are used to store information units, both
learnt or preprogrammed. It also includes elements used
to process these data.

• Learning. Social robots work in everyday environments
where it is not possible to predict all possible situations
they may face. Thus, social robots are provided with
some learning mechanisms that allow them to adapt
and learn from these new situations. The learning com-
ponent is a key component of a RLbI architecture. It
mainly affects the knowledge component, adding new
items to the knowledge database, but also modifying
already stored items or deleting old ones.

• Motion generation. RLbI requires the social robot
to be able to imitate behaviours. Imitation involves
translating the perceived or learnt motion to the robot,
and generating a sequence of motion commands. The
motion generation component contains all elements that
are responsible of generating a motion output in the
robot.

• Output. Motion commands are received by this com-
ponent of the RLbI architecture, that uses the abilities
of the social robot to execute them.

In this paper a novel architecture based on these com-
ponents is proposed. This architecture captures, recognizes
and learns upper-body human gestures, and it is depicted
in Fig. 1. It is influenced by previous approaches, but it
also incorporates new elements. Thus, as many previous
RLbI architectures [10][11][12], it is divided into two main
parts, one regarding perception, and the other action. It also
includes a filtering process in the perceptual component.
Finally, it relies on a database of known gestures to conform
the core of the knowledge component [4][10][11], as Fig. 1
depicts.

As commented above, the proposed architecture also
presents important differences respect to most previous pro-
posals. Thus, many of these proposals appeal for a unified
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Fig. 1. Proposed RLbI architecture.

representation of perception and action in the robot motion
space [10][11], following the idea that such a representation
is present in biological entities [15]. But biological observers
perform imitation and social learning from demonstrators of
the same species [9], or who are perceived as belonging to the
same species. Small children may find difficulties in learning
from imitation when the demonstrator is a machine [15].
It may be reasonable to suppose that the opposite situation
will find similar difficulties. Using the robot motion space to
represent perceived human motion constraints the perceptual
capabilities of the robot due to its motor limitations, as
the robot will not recognize gestures it can not imitate. In
this paper the idea of ’using a human model to perceive
human movements’ is proposed as an alternative to previous
approaches. It has the additional advantage that translation
-or retargeting- modules are executed only if imitation is
required.

The explicit presence of a retargeting module is another
contribution of the proposed architecture. It is considered
here that human and robot may be very different, and thus
translating motion from human to robot may become a
complex issue, that requires a careful design. Finally, it is
important to emphasize that the proposed RLbI architecture
has been designed not as a theoretical framework, but as a
system to be mounted in a real social robot. Thus, experi-
ments have been performed in real RLbI scenarios, in which
limited perception, uncontrolled environments and untrained
users are present.

III. COMPONENTS

The different components of the proposed RLbI architec-
ture have been implemented as detailed below.

A. Input and Perception

The input component for the proposed architecture is
composed by a pair of stereo cameras. These cameras take
colour images and disparity maps from the environment.
They will be typically mounted on the head of a social robot,
and in any case their baseline is set close to average human
eye-to-eye distance. This configuration allows the stereo
cameras to capture upper-body human motion at standard
social interaction distances, that usually vary from 1.5 to 2
meters [5].

Captured images are processed in the perception compo-
nent (Fig. 2), that extracts human pose from them. It can
be seen in Fig. 2 that the first step of this process is to
locate a human face that is close enough to the cameras.
The ’feature detection’ module performs this operation as
detailed in [5]. Once the face is detected, the motion of the
person begins to be captured. Face 3D position is employed
to extract human silhouettes from disparity maps [17], while
hands are detected as skin color regions in certain parts of
the silhouette. As depicted in Fig. 2, once the 3D positions
of the face and hands have been detected, these body parts
are tracked on-line by the tracking element depicted in Fig.
1, that also implements the ’inhibition of return’ mechanism
[16].

Disparity silhouettes and tracked 3D positions of head and
hands are the features used to estimate upper-body pose. A
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Fig. 2. Flow diagram of the perception component.

model-based human motion capture (HMC) algorithm is em-
ployed that firstly estimates torso flexion and rotation angles
from disparity silhouettes, using anthropometric relations
[17]. Once torso has been posed, the proposed algorithm uses
an analytic method based on inverse kinematics to obtain
valid arm poses from the 3D positions of the hands [18]. See
[5] for a complete description of the whole HMC system.

B. Knowledge

The knowledge component of the proposed RLbI architec-
ture contains the gestures the social robot has already learnt.
But before perceived motion can be compared against stored
gestures, it has to be segmented into discrete gestures. In this
paper this segmentation is based on dynamic time thresholds
[5]. Perceived discrete gestures are composed by sets of
3D trajectories followed by different body parts. In order to
achieve on-line recognition, these trajectories are translated
to a more efficient and compact representation. In this paper
a novel gesture representation is proposed that considers
two different types of features to characterize each gesture:
global features and local features. Global features are defined
against an external reference and thus they are more robust
against noise and outliers. The global features used in the
proposed system are simple absolute and relative motion
amplitudes. Local features, on the other hand, are based
on differential measures and are superior in discriminating
fine details of the trajectory [19]. The proposed architecture
uses sequences of dominant points as local features for
each trajectory. These dominant points are extracted from
the adaptive curvature functions associated to the perceived
trajectories, as detailed in [20].

Once gestures have been represented as sets of local and
global features, they are compared against the gestures stored
in the knowledge database of the social robot. This process is
deeply explained in [20], and can be summarized as follows:
Local features are compared using the Dynamic Time Warp-
ing (DTW) algorithm. Then, the resulting local distances are

reinforced by a global similarity value, obtained by applying
analytic relations to the global features of compared gestures.
Thus, both local and global features are considered to obtain
the final distances, expressed as confidence values [5]. These
values indicate the degree of similarity between each gesture
in the knowledge database and the perceived gesture. They
will be further used in the learning component to decide
whether the gesture is recognized or not.

As Fig. 1 depicts, the whole representation and recognition
processes are performed in the human motion space. Thus,
even social robots which body is very different to the human
body will be able to correctly perceive, understand and learn
human gestures when using the proposed architecture.

The last element of this component is the retargeting
module. This module translates the resulting motion to the
robot motion space if imitation is required. The translation
process considers both end-effector positions and joint angle
values in a combined strategy, that tends to preserve the
former for location movements, and the latter for configured
movements [21][5]. As Fig. 1 depicts, the retargeting process
does not need to be executed if the robot is not going to
imitate the perceived motion.

C. Learning

The learning component of the proposed RLbI architecture
uses the confidence values, obtained in the recognition stage,
to add new gestures to the repertoire of the robot. The
dataflow of this component is depicted in Fig. 3. It can
be seen that learning is based on a double threshold. The
first threshold Ω allows to directly recognize gestures that
are very similar to a stored one (i.e. the biggest obtained
confidence value Ci1 is over Ω). Recognized gestures do not
modify the knowledge database. On the other hand, as Fig. 3
shows, the second threshold ω is relative. Gestures that do not
satisfy this second threshold are candidates to be included in
the repertoire as new gestures. Human supervision is required
when adding new gestures to the database. Besides, the first
experiments involving this algorithm showed that the first
steps in the learning process were critical, thus the amount
of human supervision was incremented in this stage of the
process (Fig. 3).

D. Motion generation and Output

The retargeted motion is not directly sent to the motors of
the robot. A virtual model of the robot is used before to check
that the resulting poses are valid. The robot model adopts
desired poses using the same algorithms employed in the
perception component to pose the human model. Once valid
poses have been obtained for the robot, they are sent to its
motor system, thus it is able to physically imitate perceived
or recognized gestures.

IV. EXPERIMENTAL RESULTS

The different components of the proposed RLbI archi-
tecture were individually tested before integrating them in
the complete system. The setup and results of these prior
experiments are briefly commented below:
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Fig. 3. Flow diagram of the learning component.

• The HMC system conformed by the input and per-
ception components was quantitatively tested in a set
of experiments, in which a certain human motion was
perceived using both the proposed vision-based HMC
system and a Codamotion CX1 HMC system from
Charnwood Dynamics Ltd., based on active markers.
The latter was used to obtain a reliable ground-truth [5].
Stereo images for the proposed system were captured
using a STH-DCSG-VAR-C stereo pair provided by
Videre Design. Extensive tests were conducted, in which
the positions of the real markers used by the Codamo-
tion CX1 system were compared against the positions
of virtual markers, located on the virtual human model
used by the proposed vision-based HMC system. Table
I depicts obtained errors [5].

TABLE I
TRACKING ERRORS AVERAGED OVER 5300 FRAMES.

Marker Left Shoulder Left Elbow Left Hand
Mean Error (cm) 5.74 12.53 11.51

Standard Deviation (cm) 3.13 6.06 6.55
Marker Right Shoulder Right Elbow Right Hand

Mean Error (cm) 6.72 12.41 11.47
Standard Deviation (cm) 5.01 6.94 7.63

Marker Left Head Abdomen Right Head
Mean Error (cm) 7.03 7.76 6.51

Standard Deviation (cm) 5.41 1.18 5.13

• Perceived motion is segmented into discrete gestures in
the knowledge component. Then, this component firstly
represents gestures in an efficient way and then uses
these representations to match perceived and stored ges-
tures. In order to independently test the representation
and recognition modules, it was decided to use reliable
motion data provided by the Codamotion CX1 system to
fed the knowledge component. Extraction of features as
dominant points of the adaptive curvature functions was

compared against other representation methods, such
as PCA, CSS or extraction of dominant points from
fixed curvatures. The proposed method outperformed
these approaches, as detailed in [20]. As commented
above, distances between local features have been com-
puted using DTW. This algorithm was compared against
different dynamic programming techniques [20]. The
results of these comparisons showed that DTW offered
better recognition rates, and it was also more robust
against outliers and noise.
The combined retargeting strategy was also tested for
both location and configured movements [21]. The re-
sults of these tests showed that it was able to adequately
adapt to each particular situation. They were also useful
to detect some undesired limitations in the robot arm
motion, that will be corrected in further implementa-
tions [21].

• Finally, the learning algorithm based on double thresh-
old was firstly tested over gestures captured using
the Codamotion CX1 system. Obtained results were
adequate, and emphasize the importance of human
supervision in the first steps of the learning process.

After these experiments, the complete RLbI architecture
was integrated and tested in real human-robot interaction
scenarios. These scenarios involved dynamic, uncontrolled
environments, untrained users, limited perception and on-line
response. Unfortunately NOMADA, the social robot that is
being developed in our research group [5], is not yet finished.
However, prior versions of its perceptual system and one of
its arms are available. A complete virtual model of this robot
is also available. Thus, in the experiments of the complete
system, stereo images are captured using the same cameras
detailed before. The available arm of the robot imitates the
movements of the human right arm. The retargeting module
and the motion generation component, on the other hand,
use the virtual model of the complete robot to check validity
of imitated upper-body pose considering real joint limits and
collisions.

Experiments use a dataset consisting of 53 upper-body
gestures performed by six different people. For each of these
gestures, the motion of the left and right hands is recorded
at an average sampling rate of 15 Hz. The average amount
of samples per gesture is 103.5. The gestures in the dataset
are different executions of 8 upper-body gestures, that are
commonly found in social interaction scenarios. The people
who perform the previously detailed gestures stand in front
of the vision-based system at a distance from 1.30 to 1.80
meters. No specific clothes are used to perform the experi-
ments. Tests are performed in real indoor environments, that
change dynamically. Thus, lighting changes, people walking
around during experiments or environment variations (i.e.
chairs or objects moved from one place to another) occur
during the execution of the gestures. Two sets of experiments
are conducted. In the latter the robot has no prior knowledge
about performed gestures. The results of these experiments
show that the robot is correctly able to recognize, imitate
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and learn upper-body human gestures in these scenarios [5].

V. DISCUSSION

After experiments conducted in real RLbI scenarios, it is
clear that the main limitation of the proposed system lies in
its perceptual capabilities. On-line response imposes the use
of a limited resolution. Thus, it is currently not possible to
capture face expressions or detailed finger movements. But
even although higher resolutions may be possible, limited
field of view, noisy images and, specially, disparity errors
drastically affect the quality of perceived motion [8]. Average
errors listed in Table I are in the range of the pixel errors
associated to the stereo cameras. Significantly, these errors
are higher as the tracked item approach image borders, due to
lens distortion, the pin-hole model used for the cameras and
the perspective effects. As discussed in [5], it may be very
difficult to improve HMC results by modifying the perceptual
component, that behaves correctly if perceived data are
accurate. It is in the input component where modifications
may be more useful. Thus, the use of better cameras or
lenses, but also the inclusion of additional sensory inputs,
different from vision (e.g. speech, laser range finders, etc.),
should be considered in order to improve the perceptual
capabilities of the social robot.

Definitions for social robot [3][4][5] include agents that
may be very different from people, thus it is important to
consider RLbI architectures in which these differences are
explicitly considered. As detailed above, one of the main
contributions of the proposed system is the execution of the
gesture representation, recognition and learning processes in
the human motion space, while the retargeting module only
translates motion to the robot body if imitation is required.
Experimental results show that this architecture, that makes
perception independent from the particular motor abilities of
the robot, is able to efficiently produce adequate results [5].
While it may be argued that RLbI is simply not possible
in agents that are not able to imitate perceived motion to a
certain degree, in the proposed architecture a more practical
approach is followed, that provides a social robot with the
ability to capture human motion as accurately as possible,
regardless its physical body.

VI. CONCLUSIONS AND FUTURE WORKS

The main contribution of this paper is a vision-base gesture
recognition interface that can be integrated in a social robot.
This interface works on-line, it is non-invasive and can
be used in uncontrolled environments, and by untrained
users. Conducted tests show that upper-body gestures can
be efficiently perceived, recognized and learnt using the
proposed architecture. Limitations detected in the stereo
vision system suggest that future work should mainly focus
on increasing the perceptual capabilities of the social robot,
most probably using multimodal interfaces. More precisely,
speech recognition should be incorporated to the robot as it
is a key element in most social interactions. Other sensory
inputs such as laser range finders or infrared sensors should
also be considered. Finally, the complete RLbI architecture

will be integrated in a more complex system, that will include
higher level decision layers [5].
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