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Abstract. This project aims at evaluating the possible advantages of introducing a mobile 

robot  as a physical input/output device in a system  of Brain Computer Interface (BCI). In the 
proposed system, the actions triggered by the subject’s brain activity results in the motions of a 
physical device in the real world (i.e. the robot), and not only in a modification of a graphical 
interface. In this early experiment, the robot is just a physical duplicate of the virtual cursor on 
the screen. The robot just replicates the virtual cursor's movements step by step. The first step 
was to investigate whether the use of the robot and the feedback provided by the robot’s on-
board camera can lead to an higher engagement of the subjects in the task of controlling the 
BCI.. 
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1. Introduction 
Brain-computer interfaces (BCIs) are systems that allow users to translate in real-time the 

electrical activity of the brain in commands to control devices. As reported by literature, these 
systems do not rely on muscular activity and can therefore provide communication and control 
for those who are severely paralyzed (locked-in) due to injury or disease [Kübler, 2005]. The 
BCI is a promising technology both for rehabilitation and for interaction of patients with the 
surrounding environment. In this project, we investigate the interaction patient-environment 
through robotic devices. 

Even if in the last years, the scientific community has been working on new solutions to 
exploit the BCI advantages, there are only few examples of applications in which robots are 
driven by BCI to help patient in their daily life. Rao et al. at University of Washington are 
working on interface between BCI and a humanoid robot in order to locate and manipulate 
object [Bell, 2008]. The ASPICE Project of Santa Lucia Fundation in Rome, Italy controlled  
an AIBO robot of Sony though a BCI interface [Cincotti 2006]. Fraunhofer-Gesellschaft 
Institute developed a BCI wheelchair integration [Nijholt, 2008]. Others applications about 
BCI and robot integrations were made by Geng et al. with BCI controlling simulated mobile 
robot [Geng, 2007] and by Vanacker et al. with Assisted Brain-Actuated Wheelchair Drive 
[Vanacker, 2007]. Indeed, the control via a BCI system of a robotic wheelchair is one of the 
hot topics in this community [Vanacker, 2007][Iturrate, 2009][Geng, 2007], and advances in 
Information Technology may give new hopes to patients who are recovering from different 
types of neurological diseases and injuries that are often highly disabling.  

The short term goal of our project is to investigating if the use of a physical interface (i.e. 
the robot) improve the performance of the human-computer system in the BCI system. We 
want to investigate if the feedback given to the user inside the BCI system can lead to an 
higher engagement of the subjects in the task and/or a better quality of the recorded EEG 
signals used to control the robot motion.  
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The long term goal is to give severely paralyzed patients a sort of telepresence connecting 
them to the perception of a remote robot and making them controlling it through BCI. We 
regard at the telepresence concept as an extension of the user’s sensorial functions in daily life. 
A BCI-controlled robotic device, equipped with a on-board camera, may be an example of the 
visual channel extension, even if the visual field is reduced or different compared with the 
human vision. In this case,  

Our pilot study presented in this paper was aimed to investigate whether a different type of 
feedback to the user could be successfully used with a P300-based BCI system [Piccione, 
2008] [Piccione, 2006], providing to the subject a robot-related point of view by means of an 
on-board camera vision. Two types of experiments were carried out, in healthy subjects, to 
evaluate the feedback: first, BCI training with the classical cursor feedback, and second BCI 
training with the robot on-board camera feedback. BCI-skill performances were measured to 
assess the latter feedback type effectiveness. 
 

 
Fig. 1. (Top) An image taken by the omnidirectional camera mounted on the robot. (Middle) The mobile 

robot used in this experiments. (Bottom) A close-up view of the omnidirectional wheels enabling an 
holonomic motion of the robot.  

2. Robot description 
This project was developed using an holonomic robot. In robotics, a mobile robot is said to 

be an holonomic robot if it can move to any position in the plane without the need of a 
previous rotation or manoeuvring. Our robot has an hexagonal structure and three omni-
directional wheels. The holonomic nature of the robot is very important in this work in order 
to replicate the motion and the appearance of our brain-computer interface and to simplify the 
robot control by the subject because he/she does not need to control the  rotation of the robot. 
The robo is mounting on board a PC104 mini-computer. The CPU is a Pentium III with 700 
MHz of clock speed with 128 MB of RAM and the mass storage volume used is a 4GB 
Compact Flash. The operating system is Linux with 2.6.18 kernel. The robot is also fit with a 
frame-grabber for video acquisition, an audio board with microphone, and WiFi connectivity. 
The robot has an omnidirectional camera with an hyperbolic mirror, used both for the visual 
channel extension and for the feedback to the user. The image of the omnidirectional camera 
mounted on top of the robot was transmitted in streaming over the wireless network via TCP-
IP  to the computer in front of the subject, where the BCI is running. 
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Fig.2. A Brain Computer Interface (BCI) system controlling a mobile robot.  

3. Robot and BCI integration 
Interaction between robot and BCI is based on client-server system with TCP-IP protocol. The 
computer running the BCI software acts as the server and the robot acts as a client. After every 
BCI stimulus, the  BCI system process the brain signals and converts them into a command. 
This command is sent to the robot. The robot moves by wheel odometry information only. The 
position of the robot is estimated integrating the odometry reading overtime. Once the action 
is done, the robot will respond to the server with a message codifying the result of the action. 
In this way there is a one-to-one mapping between robot and BCI, i.e. every movement of the 
robot corresponds to a movement of the cursor on the screen. We created an ad-hoc protocol to 
exchange data between BCI and robot. The server sends a data string of 5 bytes and the client 
answers with one byte. The communication is implemented via TCP-IP sockets. The 
connection between BCI and robot is done thought Virtual Private Network (VPN). VPN uses 
authentication and encryption systems to guarantee that data will not intercepted or changed 
by non-authorized users. In this way, very high security levels for patient and for the robot are 
guaranteed. 
 

4. Experiments 

 
We performed a first test to compare the performance of the BCI system when the user is 
controlling the BCI using only the virtual cursor on the screen and when the user is controlling 
the BCi using the mobile robot in the real world. In the next sections we present the two 
paradigms of stimulation and the early results we observed. Unfortunately, at time of writing 
we did not have the opportunity to test the system (especially the one using the robot) on a 
significant number of subjects. Therefore, no statistical conclusions can be drawn, but only 
weak indications. 
 
4.1.   Virtual cursor on the GUI: Experiment 1 
 
Paradigm and protocol 

The visual interface was presented on a computer screen. Participants were asked to control 
the movement of a cursor (blue ball) from the centre of the monitor to one out of four 
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peripheral goal-icons representing a generic need (i.e. “ I would like an apple”, “I would like 
to play foot-ball”). The initial distance between the cursor and the goal-icon was of four 
discrete steps. 

 
 
 
  
 
 
 
 
 
 

Figure 3: Representation of a trial during Experiment 1. (a) The cursor, the 
goal-icons and the four arrows; (b) the flashed arrow; (c) the movement of 
the cursor after P300 recognition. 

 
Four arrows (i.e., upward, rightward, downward, and leftward) were randomly flashed in 

peripheral positions of the monitor (Figure 3a). Each arrow indicated one out of four possible 
directions concerning the movement of the cursor. Participants had to pay attention to the 
arrow indicating the direction of the goal-icon (i.e. target arrow; probability of 
occurrence: .25) and to ignore the arrows indicating the wrong directions (i.e. distracting 
arrows: overall probability of occurrence .75). Participants had to move the cursor along only 
one direction, according to the goal-icon specified by the examiner, until the icon was reached. 
Each trial consisted of the flashing of an arrow for 150 ms (Figure 3b), followed by data 
processing necessary for P300 recognition, and by the generation of feedback concerning the 
movement of the cursor (Figure 3c). The time interval between two flashed arrows (inter-trial 
interval: ITI) was 2.5s, in order to achieve optimal on-line data processing. A session was 
defined as the complete sequence of trials sufficient to reach the goal-icon (range: 13÷92 
trials). 

We hypothesized that every target arrow should elicit the P300 wave. Every time the P300 
was detected during the trial, the cursor moved on the graphical interface according to the 
direction of the flashed arrow.  
 
4.2  Real robot: Experiment 2 
 

This experiment is aimed to evaluate the possible advantages of a BCI system in which the 
actions triggered by the subject brain activity results in the motions of a physical device in the 
real world (i.e. the mobile robot), and not only in a modification of a graphical interface. In 
this experiment, the robot is just a physical realization of the virtual cursor on the screen. It 
just replicates the virtual cursor's movements step by step. With this realization, we want 
investigate whether the robot use and its on-board camera feedback can lead to an higher 
engagement of the subjects in the task. This might result in a better quality of the EEG signals, 
and consequently in a better BCI-performance. 
 

In this experiment the robot was connected to the BCI in a wireless local network. During 
Experiment 1, the delay between the BCI command and the motion of the cursor on the screen 
was virtually zero; while, during Experiment 2, the robot needs some time to execute the 
command to reach the desired position (in this experiments, the delay introduced by the 
wireless network was assumed to be zero). Therefore, the time interval between the two 
stimuli was set at 4.0s to allow the robot to complete the issued command. 

The robot moved of 10 cm each time it received a command from the BCI. Since the robot 
was holonomic, it could move in the four directions without rotation (north, south east and 
west) replicating the motion of the cursor in the graphical interface used during Experiment 1. 
The robot was positioned in the middle of a 3m x 3m square room (ring). Physical goal-
objects were also positioned in the room according to the goal-icon used in the virtual 
interface during Experiment 1, see Fig. 4. In this experiment, the physical goal-objects were a 

 (a)   (b) (c) 
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ball (North), a plastic apple (West), a plastic banana (Est), and a table (South). 
As we said, the image of the omnidirectional camera mounted on top of the robot was 

transmitted in streaming over the wireless network to the computer in front of the subject, 
where the BCI is running. The feedback for the subject is no longer the motion of the cursor, 
but the changes in the image (grabbed by the robot) displayed on the screen. Again, the four 
arrows are randomly flashing and now they correspond of the four possible directions of 
motion. Once the subject paid attention to one out of four arrows to reach one of the goal-
objects, the feedback is given by the fact that the goal-object gets bigger and bigger in the 
image every time the subject issue the correct command though the BCI. The end of a session 
was determined by the reaching of one out of four goal-objects in ring. 

 
 
 
 
 
 
 
 
 
 
 

Figure 4: representation of a trial during Experiment 2. (a) The central position of 
the robot, the goal-objects and the four arrows; (b) the flashed arrow; (c) the 
movement of the robot after P300 recognition. 

 
 
4.3  BCI Data acquisition  

 
Registration electrodes were placed according to the international 10-20 system at Fz, Cz, 

Pz and Oz; the Electrooculogram (EOG) was recorded from a pair of electrodes below and 
laterally to the right eye; all electrodes were referenced to the left earlobe. The five channels 
were amplified, band-pass filtered between 0.15 Hz and 30 Hz, and digitized (with a 16-bit 
resolution) at 200 Hz sampling rate. Every ERP epoch, synchronized with the stimulus, began 
500 ms before the stimulus onset, up to 1000 ms after stimulus trigger signal (tot. 1500 ms). 
Thus, after each stimulus (trial) presentation the system recorded a matrix of 300 samples per 
5 channels, available for on-line and off-line data processing. 
 
4.4  Participants 
 

A group of 5 healthy subjects were trained with a four choices visual P300-based BCI 
system, characterized by the classical cursor feedback (i.e. Experiment 1, without robot 
connection). While only one healthy subject was trained with the robot on-board camera 
feedback (i.e. Experiment 2); during this experiment the robotic device was directly controlled 
by the BCI. The study was approved by the Ethical Committee of the San Camillo Hospital. 
Informed consent was obtained according to the Declaration of Helsinki. Table 1 represent 
demographic data of the participants. 

 

Demographic data 5 healthy subjects 
(Exp.1) 

1 healthy subject 
(Exp.2) 

Age (years) 4114 25 
Gender (m/f) 3/2 1/0

 
Table 1: means  standard deviations of demographic data. 

 
For Experiment 1, each participant performed eight learning sessions (LS) in the first day, 

and sixteen testing sessions (TS) spread over the following 11 days (i.e.: first day 8LS → 
second day 4TS → two days interval → fifth day 4TS → two days interval → eighth day 4TS 

 (a)   (b) (c) 
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→ two days interval → eleventh day 4TS). 
The learning sessions were characterized by an “ideal feedback”, provided to the 

participant by a correct movement of the cursor: every time the target arrow flashed, the cursor 
made one step toward the goal-icon. In contrast, during the testing sessions the cursor moved 
on the screen only as a response to a brain wave classified as P300. 

For Experiment 2, the participant performed 8 learning sessions, and 16 testing sessions, 
spread over the following 11 days, all alike Experiment 1. 
 
4.5 Data analysis 

A modified version of the classification algorithm reported in a previous study [Piccione, 
2006] was used to test the BCI system. Before each testing day, a classifier (adapted ad 
personam) was trained with a three-step procedure: Independent Component Analysis (ICA) 
decomposition [Makeig, 1997], features extraction, and Support Vector Machine (SVM) 
classification [Thulasidas, 2006]. All ERP epochs, with at least one channel’s activity greater 
than 100μV (including EOG), were excluded from each training set, while all available ERPs 
epochs were analysed for each testing set. During on-line operations, the classification 
procedure was applied to every single sweep synchronised with the stimulus, while the output 
of the SVM classifier was converted to a binary value (1: P300 detected; 0: P300 absent) to 
control the discrete movements of the cursor (Experiment 1) or the movements of the robot 
(Experiment 2). 

To define a complementary performance index, we grouped all testing sessions in two 
class: “successfully completed sessions” and “unsuccessful sessions”. The first were 
characterised by the reaching of the goal-icon (Experiment 1) or the goal-object (Experiment 
2). This implied that at least four epochs related to the target direction were correctly classified. 
Conversely, in an “unsuccessful session” the cursor reached a non goal-icon (Experiment 1), 
or the robot reached a non goal-object. We also defined the “training period” as the number of 
stimuli received by the participants before reaching the first successful session (i.e., n. of 
stimuli needed to reach the first time a goal-icon or a goal-object), who refers to the whole 
system which comprised both the participant and the classifier. 

5. Results 
 

Participants BCI-skills of Experiments 1 and 2 was described by the indexes showed in 
Table 2: classification performance (accuracy %), transfer bit rate (bit/min), percentage of 
successfully sessions, “training period” (Training Number of Stimuli, TNS), and the 
classification performance trend among all 16 testing sessions. A further index was evaluated 
to monitor the influence of on-line artifacts on participants’ performance: the percentage of the 
target epochs with at least one channel’s activity greater than 100μV, and classified as true 
positives, with respect to all target epochs. 

A modified T-test for small samples was used to compare BCI-skills performance of the 
two experiments [9]. 
 

BCI-skill 
5 healthy 
subjects 
(Exp. 1) 

1 healthy 
subject 
(Exp. 2) 

Classification accuracy (performance %) 81.14.2 77.1 
Transfer bit rate (bit/min) 7.182.39 9.30 
Percentage of sessions successfully completed (%) 92.511.2 93.8 
Training Number of Stimuli (TNS) 18364 145 
Performance trend (%/session) 0.300.26 -0.54* 
Artefact index (%) 1.01.9 1.2 

 
Table 2: BCI-skill measures related to the Experiment 1 and 2; a modified T-test 
[Crawford, 1998] was applied to compare the measures of Experiment 2 (1 
healthy subject) with the measures of Experiment 1 (5 healthy subjects control 
group);* p<.05 (“Performance trend”: t = -2.95; p = .042). 
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Figure 5: classification accuracy (%) of the 5 healthy subjects who 
performed Experiment 1, and classification accuracy (%) of one 
subject who performed Experiment 2. 

 
 

6. Conclusion 
 

As we said above, the number of tests we performed is too small for any conclusion 
statistically sound. However, evaluating the results of the Experiment 2, we found 
performance comparable to those of Experiment 1, except for the trend in classification 
accuracy (see Table 2). In particular, the classification accuracy, the percentage of successful 
sessions and the transfer bit rate reached during tests with the on-board camera feedback 
encourage further evaluations of the robot as an interface for the BCI system. 

This type of technology, opportunely revised and adjusted, could lead to a real extension of 
the user’s sensorial functions in daily life environment; this type of application could be useful 
for subjects affected by severe motor disability, allowing and increasing the interactions with 
the social environment. 
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