ISSN 0005-1144
ATKAFF 52(1), 20-30(2011)

Adrijan BoZinovski, Stanko Tonkovié, Velimir ISgum, Liljana BoZinovska

Robot Control Using Anticipatory Brain Potentials

UDK 004.896:612.82

IFAC 5.9.2

Original scientific paper

Recently Biomedical Engineering showed advances in using brain potentials for control of physical devices, in
particular, robots. This paper is focused on controlling robots using anticipatory brain potentials. An oscillatory
brain potential generated in the CNV Flip-Flop Paradigm is used to trigger sequence of robot behaviors. Experimen-
tal illustration is given in which two robotic arms, driven by a brain expectancy potential oscillation, cooperatively
solve the well known problem of Towers of Hanoi.
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Upravljanje robotom pomocu anticipacijskih potencijala mozga. U posljednje vrijeme je u podruéju
biomedicinskog inZenjerstva postignut napredak u koristenju potencijala mozga za upravljanje fizickim napravama,
posebice robotima. U radu je opisana mogucénost upravljanja robotima pomocu anticipacijskih potencijala mozga.
Oscilacijski potencijal mozga generiran u CNV (Contingent Negative Variation) flip-flop paradigmi se koristi za
okidanje slijeda ponasanja robota. U radu je prikazana eksperimentalna ilustracija rjeSavanja dobro poznatog prob-
lema Hanojskih tornjeva pomocu dvije robotske ruke upravljane mozdanim potencijalom ocekivanja.

Kljucne rijeci: upravljanje zasnovano na EEG-u, taksonomija potencijala mozga, anticipacijski potencijali mozga,

CNV flip-flop paradigma, rjeSenje problema Hanojskih tornjeva pomocu dva robota, adaptivno

sucelje

1 INTRODUCTION

Brain potentials have been of scientific interest since the
discovery of the Electroencephalogram (EEG) [1]. Vari-
ous derivatives of EEG have been studied, including fre-
quency bands (e. g. alpha waves) and event related poten-
tials (e.g. anticipatory potentials). Recently, interest has
been expressed towards using brain signals to control var-
ious physical devices, such as home appliances, prosthe-
ses, and, in particular, robots. The control loop includes:
a human subject, a brain signals capturing device, a spe-
cific brain signal recognition software, a robot interface, a
robot, and a feedback (usually visual) to the subject. The
first report on robot control robot using an EEG signal was
given in 1988 [2, 3]. Since then, various brain signals, var-
ious types of robots, as well as control tasks, were used
in EEG-based robot control. Later in the text, in a sepa-
rate chapter, a short review of various efforts in the field is
given.

The work presented here describes utilization of antic-
ipatory brain potentials to control two robotic arms. The
Contingent Negative Variation potential (CNV) is consid-
ered. A CNV Flip-Flop Paradigm is used to guide two
robot arms to cooperatively execute the Towers of Hanoi

20

task with three disks, referred to as the TOH(3) task. The
objective of this research is to verify the hypothesis that a
subject can generate an oscillatory expectancy process in
the brain long enough to guide seven behaviors with two
robot arms in order to solve the posed problem.

This paper is organized in 8 chapters. After this short
introduction, a taxonomy of brain potentials is described,
pointing out the place of anticipatory brain potentials
among other brain potentials. Chapter 3 briefly describes
the CNV Flip-Flop experimental paradigm. Chapter 4 de-
scribes the experimental setup of the presented research,
including signal processing and robot control. Chapter
5 describes the considered TOH(3) task. Chapter 6 de-
scribes the experimental investigation, its methods and re-
sults. Chapter 7 is a discussion chapter, and it discusses
the terminology in the field, as well as the related litera-
ture. Chapter 8 is the conclusion.

2 ANTICIPATORY BRAIN POTENTIALS

A taxonomy of brain potentials which includes antici-
patory brain potentials was introduced in 1992 [4]. Ac-
cording to it, brain potentials are divided into spontaneous
and event related. Event related potentials are divided into
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post-event (evoked), and pre-event (anticipatory). Evoked
potentials are divided into exogenous (reflexive) and en-
dogenous (cognitive). An example of a reflexive potential
is the Visual Evoked Potential (VEP) and an example of a
cognitive potential is the P300. Anticipatory brain poten-
tials are divided into preparatory (showing readiness for a
willing action), an example being the Bereitschaftspoten-
tial — BP [5], and expectatory (showing expectation of an
event), an example being the CNV potential [6].

3 THE CNV FLIP-FLOP PARADIGM

A CNV potential appears in a so-called CNV paradigm
[6]. In essence, it is a Reaction Time paradigm, in which
EEG is recorded. The subject is presented with two stim-
uli: S1, which is short in duration and serves as a warning
signal, that a next, S2, will follow, which is longer and
needs to be interrupted by the user (usually by pressing
a button). The user is instructed to press the button (i.e.
stop S2) as quickly as possible, having been told that the
subject’s reaction time is measured. After averaging the
EEG over several trials, a specific ramp-like shape forms
between S1 and S2, which is the CNV potential. Several
modifications of the original CNV paradigm have been
proposed, and the CNV potential itself has been exten-
sively studied [7]. An example of a CNV paradigm modi-
fication is the probability-driven appearance of S2 [8]. The
modification of the original CNV paradigm used in this
work consists in adding a feedback loop to the paradigm
[4]. The flow chart of the paradigm, which is named the
CNV Flip-Flop Paradigm [9, 10, 11], is shown in Fig. 1.
As shown in Fig. 1, the feedback is introduced by monitor-
ing the appearance and disappearance of the CNV potential
and using that information to turn the imperative stimulus
(S2) OFF and ON.

yes ")0'57 no
‘ trials? end

no

stat ~ S1—S2

start

S2 more

trials?
yes
yes more no

trials? end

Figure 1. The CNV Flip-Flop Paradigm.

The recognition of CNV appearance would yield
switching OFF the S2 stimulus, which would result in the
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lack of a need for the subject to react. This would even-
tually lead to a decline of his/her expectancy, and thus a
decay of the CNV potential. The computer would recog-
nize this and consequently turn ON the S2 stimulus again,
which would in turn make the subject Owner to expect and
react again, thus redeveloping his/her CNV potential, and
SO on.

The experiment would go on as long as there were trials
available. While the subject’s reaction is usually measured
by him/her pressing a button, it has been shown that the
CNV Flip-Flop Paradigm does not necessarily need a press
button part [12]. The CNV potential is generated by an
expectancy process and this means that the paradigm truly
bypasses a motor organ.

We would note that the CNV Flip-Flop Paradigm is an
interactive and adaptive interface paradigm. Both actors,
the brain and the computer, mutually influence the be-
haviors of one another. The brain adapts its expectancy
state and the computer adapts its response to the brain ex-
pectancy state, by turning the S2 signal (buzzer) ON and
OFF.

4 EXPERIMENTAL SETUP

The CNV Flip-Flop paradignm is a direct bioelectric
control paradigm which controls a sound generating de-
vice, namely a buzzer. In the current research, a robotic
arm was added [13], and then two robotic arms, as de-
scribed here. Thus, presently in the research, a brain
expectatory process controls three physical devices: one
buzzer and two robots. The experimental setup of this
multi-device control using a brain potential is shown in
Fig. 2.

The experimental setup is designed to show evidence of
an oscillation of the expectation mental state in the brain.
EEG is recorded and initially preprocessed for artifacts.
The signal processing part first extracts the Event Related
Potential (ERP), and then recognizes whether the brain en-
tered the expectation state (ERP is CNV) or is not in an
expectation state (ERP is not a CNV).

During the software development phase, both the pro-
grammer role and the subject role can be performed by the
same person. The programmer/experimenter need not be
present during the exploitation phase of the program. Dur-
ing the development phase he/she can observe the exper-
iment and intervene by manually rejecting flawed experi-
ment trials, if necessary.

In this experimental setup, two mental states trigger the
three devices. The appearance of the expectation state
(ERP has shaped into a CNV) activates a behavior of
Robotl and then (in the next trial) turns the Buzzer OFF.
The dissapearance of the expectation state (ERP has lost
the CNV shape) activates a behavior of Robot2 and (in the
next trial) turns the Buzzer ON.
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Figure 2. Experimental setup: Multi-device control using
EEG signals.

4.1 Biosignal processing

After preprocessing (applying a low-pass filter with
30Hz cut-off frequency and dealing with artifacts) the sig-
nal processing parthas two tasks: to extract the relevant
ERP and to recognize the appearance and disappearance
of CNV.

In the CNV Flip Flop paradigm, extracting relevant ERP
is a problem of extracting a time varying potential. Since
the paradigm itself requires that the obtained signal oscil-
late between a CNV and a no-CNV pattern, a classical av-
eraging technique is not suitable. Therefore, an incremen-
tal (adaptive) filter was used, defined as

ERP(0) = 0 (1
ERP(t) = pERP(t — 1) + gEEG(t) )

where both EEG(t) and ERP(t) are sequences containing
700 samples taken within 7 seconds of recording time, # (¢
=1,2,...,n=700) is the experimental trial, and p and ¢
are weighting parameters, satisfying p + g = 1.

The next step in signal processing is the recognition
whether the obtained ERP forms into a CNV shape or loses
its CNV shape. Since the expected CNV is a ramp-like sig-
nal, the pattern recognition software looks for parameters
of that ramp. The parameters that are computed are the
slope of the regression angle and the amplitude of the ERP
just before S2. The ERP baseline is computed as the mean
value from the 100 samples of the ERP signal from the be-
ginning of the trial until the appearance of the S1 stimulus.
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In the research presented here only the amplitude differ-
ence was used for the signal recognition part. Using pro-
gramming pseudocode notation, the appearance of CNV is
computed as

brain state = “no expectation”;
if for three trials in a row
300 100
average (erp(t)) —average (erp (t))>threshold
t=295 t=1
then ERP is a CNV
brain state = “expectation”
activate Robotl behavior;

For the decay of CNYV, the following routine is used

brain state = “expectation”;
if for two trials in a row
300 100
average (erp(t))—average (erp(t))<threshold
t=295 t=1
then ERP is not a CNV
brain state = “no expectation”
activate Robot2 behavior;

In the current research the threshold was set to be 5 pV.
Note that in the above pseudocode the problem of false
positives is addressed by the need of the ERP to be above
the CNV recognition threshold three trials in a row, in or-
der for the ERP to be recognized as a CNV. Conversely,
the ERP needs to be below the CNV threshold two trials in
a row, for the disappearance of the CNV to be recognized.
In normal subjects, the CNV Flip-Flop paradigm generates
an oscillation of the CNV amplitude. The CNV Flip-Flop
oscillatory curve is a cognitive (expectancy) wave used as
a triggering process for a sequence of robot behaviors.

4.2 Control of two robots

The device control architecture we used is shown in Fig.
3. Robotl is activated by a CNV appearance event and
Robot2 is activated by a CNV disappearance event. Both
robots have predefined behaviors. Behavior-based robotics
[14] is used, which is currently a widely used approach
in robot control. Robots and their behaviors are triggered
by a brain state recognition system, which recognizes the
existence and non-existence of the brain expectancy state
represented by the CNV potential.

5 THE TASK CONSIDERED

The brain expectancy wave control task that was con-
sidered is sketched in Fig. 4 and can be defined as: Given
two robotic arms each with at least 5 degrees of freedom,
perform a robotic solution of the TOH(3) task driven by
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Figure 3. The behavior-based control architecture.
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Figure 4. The considered task: the Towers of Hanoi prob-
lem to be solved by two robotic arms controlled by an ex-
pectancy oscillatory process in the brain.

the expectancy brain wave which is generated by the CNV
Flip-Flop paradigm.

The Towers of Hanoi task is a benchmark problem in
the literature of Artificial Intelligence and Algorithm The-
ory. Given a set of disks with different diameters, a tower
is defined as a disk stack in which a smaller disk is always
above a larger one. Three spots are given — A, B, and C. If
the initial tower is in spot A, the task is to move it to spot
C, using a “buffer” spot B. It is known that to move a tower
of d disks, 2¢-1 movements of the individual disks are re-
quired. If the height of a particular disk is denoted with a
number between 1 and 3 (height 1 being the bottom), the
sequence can be represented as A3toC1, A2toB1, Cl1toB2,
AltoCl1, B2toAl, B1toC2, A1toC3.

Once the problem is decomposed into a sequence of
robot behaviors, the CNV Flip-Flop Paradigm generates
an oscillatory process that will drive two sequences of be-
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haviors. Robot1 behaviors are activated whenever the ERP
shapes into a CNV, while Robot2 behaviors are activated
whenever the ERP loses its CN'V shape.

6 EXPERIMENTAL INVESTIGATION

The research hypothesis for the experimental investiga-
tion is that healthy subjects will be able to carry out the
oscillatory expectancy process in the brain long enough to
solve the TOH(3) problem. The assumption is that it would
take less than 100 trials. The subject should produce the
appearance of the CNV four times and the disappearance
of the CNV three times. It is assumed that the TOH(3)
task gives enough achievement motivation for completing
the task.

The experimental setup consists of an EEG-event recog-
nition part and a robot behavior execution part. The event
recognition part recognizes the appearance/disappearance
of the brain state of expectation, while the behavior execu-
tion part activates the controlled devices.

6.1 Materials and Methods

The two controlled robotic arms and the Towers of
Hanoi disk set are shown in Fig. 5. Each robot is con-
trolled by a servo controller connected to the computer by
a USBtoCOM cable.

Figure 5. Experimental setup, two robotic arms and the
TOH(3) disk set.

The subject is sitting and observing his/her progress to-
wards the solution of the TOH(3) task, which gives a moti-
vation for achievement. The EEG electrodes are placed on
Cz and mastoid, while the forehead is the ground. A per-
sonal computer receives the signals and processes them. A
four-channel biopotential amplifier receives the biosignal
information from the subject. A USB cable connects the
biopotential amplifier to the computer.

Figure 6 shows the design of the screen. The rightmost
part of the screen is used for control of the experiment,
including subject data and the name of the file where the
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experiment is stored. The screen in Fig. 6 shows six chan-
nels, out of which the first four are acquisition channels
and the last two are mathematically computed channels.
The first channel is the EEG acquisition channel, the sec-
ond is the EMG acquisition channel from the arm pressing
the button, the third is the EOG acquisition channel, and
the fourth is the press-button signal acquisition channel.
The sixth channel computes the event related potential ex-
tracted in the observed trial. The fifth channel displays the
signal showing activation of a robot behavior.
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Figure 6. An experimental trial with recognized CNV ap-
pearance and activated Robotl behavior.

Figure 6 shows an example of an experimental trial. A
trial consists of seven seconds of signal acquisition, after
which there is a 7-14 seconds inter-trial interval (the dura-
tion of the inter-trial is obtained randomly). At second 1,
a vertical bar appears on the screen, representing S1. The
vertical bar at second 3 represents the appearance of S2,
if that signal is present. The reaction time of the subject is
shown with the third vertical bar, if a reaction from the sub-
ject is present. The press-button signal in all its duration is
shown in Channel 4, if the subject presses the button. If
the CNV pattern is recognized at the time of S2, a signal
for robot activation is sent, as shown on Channel 5. Thus,
a robot is activated by the expectation of S2, before the
actual press button motor movement, which takes place a
reaction time later. Since the last component of the CNV
is a readiness potential, a robot is activated by an intent to
move.

Figure 7 shows an experiment trial where the CNV
shape is lost, and the CNV recognition system activates
a Robot2 behavior. In Fig. 7, there is no S2 generated and
there is no press button. Robot2 is activated solely by the
recognition of the brain state of non-expectation, with no
physical movement at all.

Figures 6 and 7 emphasize two crucial features of the
CNV Flip-Flop Paradigm: 1) when the CNV appears, a
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device is activated by the expectation state and the state of
intention to move; if the paradigm does not include a press
button [12], only the expectation state activates a device.
2) when the CNV decays, a device is activated upon the
recognition of a non-expectation state. In both cases, a de-
vice is controlled by an EEG-only event, with no physical
movement.
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Figure 7. An experimental trial in which ERP between first
and the third second just lost a CNV shape so a Robot2
behavior is activated.

6.2 Results

The series of experiments described here is the proof-of-
the-concept experimental illustration. A three-disk Towers
of Hanoi problem requires seven behaviors to complete the
task, which means that, in order for the CNV Flip-Flop
Paradigm to complete the task, 4 appearances of the CNV
pattern need to occur (and thus 4 movements of Robotl),
and 3 disappearances (and thus 3 movements of Robot2).
Each experiment lasts up to 100 trials at most; this number
being less if the task is completed successfully before that.
Table 1 gives summary of 12 experiments for the proof-of-
the concept purpose. Each experiment on Table 1 is carried
out on a separate subject.

In Table 1, the numbered columns in bold indicate the
experiment identification. Under the section “Trial order
number”, the numbers indicate the trial number in which
the corresponding EEG event and robot behavior (listed in
the leftmost column) occurred. For example, in Experi-
ment 1 the expectation state of the brain was recognized
as emerged in trial 9, which was then recognized as lost in
trial 15, then the CNV reappeared in trial 22, and so on.
Robot behaviors followed the corresponding EEG events.
The TOH(3) task was completed in 57 trials. In average,
over 12 subjects, the TOH(3) task was completed in 60 tri-
als.

AUTOMATIKA 52(2011) 1, 20-30



Robot Control Using Anticipatory Brain Potentials

A. Bozinovski, S. Tonkovi¢, V. ISgum, L. BoZinovska

Table 1. Results of series of experiments controlling two robots by an oscillatory expectancy wave in the brain

Experiment
1 [ 2 [ 3 [ 4 [ 5 [ 6 [ 7 [ 8 [ 9 [ 10 [ 11 [ 12 [ Average
EEG event— Robot#Behavior# Trial order number
CNV1— RobotlBehaviorl (A to C) 9 |19 | 15|10 ]| 6 6 | 11 | 31| 7 18 | 17 | 18 14
No CNV1— Robot2Behaviorl (AtoB) | 15 | 25 [ 24 | 18 | 22 | 12 | 13 [ 36 | 21 | 22 | 31 | 22 22
CNV2— RobotlBehavior2 (C to B) 22 | 41 | 29 | 29 | 25 | 21 | 21 | 44 | 25| 33 | 36 | 35 30
No CNV2— Robot2Behavior2 (AtoC) | 31 | 45 | 48 | 40 | 35 | 32 | 24 | 50 | 41 | 40 | 42 | 42 40
CNV3— RobotlBehavior3 (B to A) 381160 |50 |52 (38 36|30 |55 |47 |46 | 46 | 45 45
No CNV3— Robot2Behavior3 (BtoC) | 43 | 64 | 71 | 56 | 51 | 53 | 34 | 62 | 53 | 51 | 50 | 49 53
CNV4— Robotl1Behavior4 (A to C) 57 | 69 | 75 | 76 | 54 | 56 | 39 | 71 | 57 | 59 | 53 | 60 60

7 DISCUSSION: TERMINOLOGY AND RELATED
WORK

This chapter discusses topics related to the research in
the area of EEG-based control of robots. The terminology
in the field is discussed first, after which a short review of
other works is given.

7.1 Terminology in the field of EEG based robot con-
trol

Initial terminology used in EEG-based control of robots
[3, 4] used terms “direct bioelectric communication using
brain waves”, “brain waves bioelectric control” and “brain
wave control of a robot”. The term “direct bioelectric con-
trol” was also used [15]. The considered EEG-based con-
trol task was a non-invasive real-time start/stop control of
a mobile robot executing a default behavior of following a
trajectory drawn on the floor.

Later, the term Brain-Computer Interface (BCI) was
used for EEG-based robot control for both invasive control
of a (manipulative) robot [16] and non-invasive control of
a (mobile) robot [17]. In this discussion, the focus will first
be on the term Brain-Computer Interface.

The term Brain-Computer Interface (BCI) was intro-
duced by Vidal in 1973 [18], as the name of the project
he worked on. He pointed out that the ultimate goal of
human-machine communication is to provide a direct link
between the mental processes of a human and the capa-
bilities of a computer. The following quote describes the
scope of his BCI project:

“The Brain-Computer Interface system is geared to the
use of both the spontaneous EEG and specific evoked
responses triggered by time dependent (visual) sensory
stimulations under various conditions. In addition, other
biosignals that are of interest for interfacing the physiolog-
ical man and the machine are to be included later in the
project.

Eye movements, muscle potentials, galvanic skin re-
flex, and heart rate are ready examples which hold promise
for particular applications. Acoustic and somato-sensory
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evoked responses also need to be evaluated since the latter,
in particular, affords less variability than the visual evoked
responses. Of special interest also is the contingent neg-
ative variation (CNV), a slow negative baseline shift of
the EEG signal that relates to expectation, attention, and
arousal.”

As can be seen, BCI was originally defined as an inclu-
sive research. Vidal’s challenge was object control using
biosignals such as EEG, EOG, and CNV, among others.

In 1977 [19], Vidal achieved control of a graphical ob-
ject on a computer screen using EEG signals. Other early
responses to his challenges are: the 1988 control of text
on a computer screen using the EEG P300 potential [20],
the 1988 robot control using the EEG alpha rhythm [2, 3],
and the 1989 robot control using EOG signals [21]. A re-
port on both EEG and EOG robot control was also given in
1990 [15]. In 1991, the mu rhythm was used for computer
screen cursor control [22] and in 1992 the CNV potential
was used for computer buzzer control [4].

Contemporarily there are different understandings of
the scope of BCI. Three among them are possibly the most
influent: a year 2000 definition that a BCI is a communi-
cation system that does not depend on the brain’s normal
output pathways of peripheral nerves and muscles [23], a
year 2002 definition that BCI technology gives to its users
communication and control channels that do not depend
on the brain’s normal output channels of peripheral nerves
and muscles [24], and a year 2008 definition that BCI mon-
itors the users’ brain activity and translates their intentions
into actions without using activity of any muscle or pe-
ripheral nerve [25]. It should be noted that the first of the
three definitions mentioned above is a definition proposed
by the first international meeting on BCI, in 1999. Later
definitions have slightly different views towards BCI; there
are contemporary understandings that BCI is a direct brain
control of devices [26], which is basically proposed in the
early days of EEG based control of robots [2]. In regards
to the undergoing work presented in this paper, its scope
is defined as extracting meaningful information from EEG
for control of external devices, robots in particular.
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In regards to the BCI terminology, in this work it is un-
derstood that the following inclusion relation holds: BRI
C BMI C BCI, where BMI is Brain-Machine Interface
and BRI is Brain-Robot Interface. BCI includes control of
objects on the computer screen as well as virtual devices,
BMI includes control of physical devices (such as TV sets
and house doors), and BRI narrows down to robots. The
boundaries are fuzzy, and control of some devices (e.g.
wheelchairs) might be considered either a BRI or BMI.

The control of any device is achieved by a mental state
which produces a particular EEG manifestation Some ex-
amples of mental states (and their EEG manifestations)
are: relaxation (alpha rhythm), alertness and computa-
tion (beta rthythm), reflexive reaction (evoked potentials),
recognition (P300), expectation (CNV), and imagination
of a voluntary movement, among others. All of the men-
tioned brain states can produce EEG patterns that can be
used in the activation of a physical device.

7.2 Related work

In this section, a brief list of literature related to the
work presented in this paper is given.

In this research, a cognitive brain wave is considered,
which is a manifestation of an oscillatory expectancy
process in the brain generated by the CNV Flip-Flop
Paradigm. The first comprehensive report on this type of
CNV paradigm is given in 1992 [4] and its first considera-
tion as a BCI paradigm is given in 2005 [9, 10]. The work
most related to this research is the work of Millan’s group
in Switzerland, which started reporting on use of anticipa-
tory brain potentials in 2008 [27, 28, 29]. Other related
work is [30].

Here, some 20th century work on EEG-based control
will also be mentioned. The problem of how to extract a
brain hemisphere related biosignal was considered in 1984
[31] and the alpha rhythm was proposed as a possible rep-
resentation of a mental task. More elaboration on mental
tasks approach was given in 1990 [32]. In 1992 a visual
evoked potential (VEP) was used to control letters on a
computer screen [33]. In 1993 the mu rhythm in combina-
tion with a press button was used as a BCI paradigm [34].
The alpha rhythm was again used as a mind switch in 1997
[35, 36]. An invasive approach, recording signals inside
the brain, rather than on the scalp, was introduced in 1999
[37]. In 2000 the asynchronous brain control was empha-
sized [38].

At the turn of the century, in 2000, a report of the first
international meeting on BCI technology appeared [23].
It advanced the way of thinking about BCI: “BCI opera-
tion depends on interaction of two adaptive controllers, the
user’s brain, which produces the activity measured by the
BCI system, and the system itself, which translates that ac-
tivity into specific commands”. It is worth noting that the
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CNV Flip-Flop Paradigm is indeed a system that imple-
mented this adaptive interaction (game) approach between
the user’s brain and the adaptive BCI system.

Progress in the area flourished in the 21% century. Motor
imagery based EEG control was improved [39]. In 2001 a
mobile robot control was reported using a combination of
EEG and EMG [40]. In 2004 a mobile robot control was
reported based on EEG only [17]. Research continued with
motor imagery, VEP based and other types of signals [41].
A combination of functional magnetic resonance imaging
(fMRI) and EEG was used in 2006 [42]. A popular robot
pet such as SONY AIBO was used in 2007 [43]. In 2008
the error related potential from the brain was used [44, 45].
Wheelchair navigation was improved [46]. A new tech-
nology, the near infrared spectroscopy (NIRS) was also
used [47]. A combined method, EEG/NIRS, was demon-
strated by Honda, while controlling a humanoid robot [48].
In 2010 some findings suggested that spontaneous, rather
than intentionally generated, brain signals should be used
[49]. Recently, interest has been shown towards the mod-
ulation of brain rhythms [50], as well as eye movement
related potentials [51].

As a short conclusion of this chapter, the work presented
here is a unique research direction inside the EEG-based
control of physical devices, particularly robots. It uses a
cognitive (expectancy) oscillatory wave generated in the
human brain to control several coordinated devices. The
process is manifested by changing of shape of the CNV
signal.

8 CONCLUSION

An adaptive EEG-based brain-robot interaction is pre-
sented, in which a cognitive expectancy wave generated
by the CNV Flip-Flop Paradigm drives two robotic arms
to cooperatively solve a problem. Proof of the concept
is given by experimental investigation in which the two
robotic arms successfully solve the well known TOH(3)
problem. The experimental investigation confirmed the
initial hypothesis that the TOH(3) task gives enough mo-
tivation for a healthy subject to generate and maintain an
expectancy oscillatory wave in her/his brain until the task
is completed.

ACKNOWLEDGMENT

Relevant to this special issue of Automatika, the authors
would like to point out that the first paper on robot control
using an EEG signal was published in the proceedings of a
conference held in Zagreb, in 1988. A member of the team
that achieved that result was a student of professor Santi¢.

AUTOMATIKA 52(2011) 1, 20-30



Robot Control Using Anticipatory Brain Potentials

A. Bozinovski, S. Tonkovi¢, V. ISgum, L. BoZinovska

References

[1]

(2]

(3]

[10]

(11]

H. Berger, Uber das Elektrenkephalogramm des
Menschen, Arch. Psychiat. Nervenkr. vol 87, pp. 527-
570, 1929

S. Bozinovski, L. Bozinovska, M. Setakov, Mobile
robot control using alpha wave from the human brain
(In Croatian) Proc. Symp. JUREMA, ,p. 247- 249,
Zagreb , 1988

S. Bozinovski, M. Sestakov, L. Bozinovska Using
EEG Alpha Rhythm to Control a Mobile Robot, In G.
Harris, C. Walker (eds.) Proc 10th Annual Conf. of
the IEEE Engineering in Medicine and Biology So-
ciety, Track 17: Biorobotics, Vol 3, pp. 1515-1516,
New Orleans, 1988

L. Bozinovska, S. Bozinovski, G. Stojanov, Elec-
troexpectogram: Experimental Design and Algo-
rithms, Proc. IEEE International Biomedical Engi-
neering Days, pp. 58-60, Istanbul, 1992

H. Kornuber, L. Deecke, Hirnpotentialainderungen
bei Willkiirbewegungen und passiven Bewegungen
des Menschen: Bereitschaftspotential und reaferente
Potentiale, Pfliigers Arch. 284, pp.1-17, 1965

G. Walter, R. Cooper, V. Aldridge, W. McCallum,
Contingent Negative Variation: An Electric Sign of
Sensory-Motor Association and Expectancy in The
Human Brain, Nature, 1964

J. Tecce, L. Cattanach, Contingent Negative Vari-
ation (CNV), in E. Niedermeyer and F. Lopes da
Silva (eds.) Electroencephalography: Basic Princi-
ples, Clinical Applications and Related Fields (3™
ed.) Williams and Wilkins, pp. 887-910, 1993

L. Bozinovska, V. Isgum, B. Barac. Electrophysio-
logical and phenomenological evidence of the expec-
tation process in the reaction time measurements. Yu-
goslavian Physiologica and Pharmacologica Acta, p.
21-22, 1985,

A. Bozinovski, CNV Flip-flop as a Brain-Computer
Interface Paradigm, Proc. 7th Conf. of the Croatian
Association of Medical Informatics, pp. 149-154, Ri-
jeka, 2005

A. Bozinovski, L. Bozinovska, S. Tonkovic. A cog-
nitive wave from a human brain in a brain-computer
interface paradigm. Proc. 10th International Confer-
ence on Cognitive and Neural Systems, Boston, 2006

A. Bozinovski, L. BozZinovska, S. Tonkovié¢, A CNV
Anticipatory Potential Related Brain-Computer In-
terface, Proc. 11th International Conf. on Cognitive
and Neural Systems, p. 4, Boston, 2007

AUTOMATIKA 52(2011) 1, 20-30

[12]

(13]

(14]

(15]

[16]

(17]

(18]

(19]

(20]

(21]

(22]

(23]

A. Bozinovski, S. Tonkovic, V. Isgum, R. Magjare-
vic, L. Bozinovska. Electrophysiology of expectancy
process: Processing the CNV potential. Proc. 5" In-
ternational Conference on Informatics and Informa-
tion Technology, p. 129-137, Bitola, 2007,

A. BoZinovski, L. BoZinovska , Anticipatory Brain
Potentials in a Brain-Robot Interface Paradigm, Proc.
4™ International IEEE EMBS Conf. on Neural Engi-
neering, pp. 451-454, Antalya, 2009

R. Arkin, Behavior-Based Robotics, The MIT Press,
1998

S. Bozinovski, Mobile Robot Trajectory Control:
From Fixed Rails to Direct Bioelectric Control, in O.
Kaynak (Ed.) Proc IEEE International Workshop on
Intelligent Motion Control, vol 2, pp. 463-467, Istan-
bul, 1990

J. Carmena, M. Lebedev, R. Crist, J. Odoberty, D.
Santucci, D. Dimitrov, P. Patil, C. Henriquez, M.
Nicolelis. Learning to control a brain-machine inter-
face for reaching and grasping by primates. PLoS Bi-
ology, 1:193-208, 2003

J. del R. Millan, F. Renkens, J. Mourifio, W. Gerstner.
Non-invasive brain-actuated control of a mobile robot
by human EEG. IEEE Transactions on Biomedical
Engineering, 51: 1026-1033, 2004

J. Vidal, Toward Direct Brain-Computer Communi-
cation, Annual Review of Biophysics and Bioengi-
neering, pp. 157-180, 1973

J. Vidal, Real-time detection of brain events in EEG
Proceedings of the IEEE 65: 633-641, 1977.

L. Farwell, E. Donchin, Talking off the top of your
head: a mental prosthesis utilizing event-related po-
tentials, Electroencephalography and Clinical Neuro-
physiology 70: 510-523, 1988

S. Bozinovski, M. Setakov, G. Stojanov, L. Bozi-
novska. Bioelectric control of mobile robots. (In
Macedonian) Proc. 6 Yugoslavian Symposium on
Applied Robotics and Flexible Manufacturing, p.
237-242, Novi Sad, 1989,

J. Wolpaw, D. McFarland, G. Neat, C. Forneris,
An EEG-based brain-computer interface for cursor
control, Electroencephalography and Clinical Neuro-
physiology, vol. 78, no. 3, pp. 252-259, March 1991

J. Wolpaw, N. Birbaumer, W. Heetderks, D. McFar-
land, H. Peckham, G. Schalk, E. Donchin, L. Qua-
trano, C. Robinson, T. Vaugham. Brain-computer in-
terface technology: A review of the first international

27



Robot Control Using Anticipatory Brain Potentials

A. Bozinovski, S. Tonkovi¢, V. ISgum, L. BoZinovska

[24]

[25]

[26]

[27]

(28]

[29]

(30]

[31]

[32]

[33]

[34]

28

meeting, IEEE Transactions on Rehabilitation Engi-
neering 8(2):164-173, 2000

J. Wolpaw, N. Birbaumer, D. McFarland, G.
Pfurtsheller. T. Vaughan. Brain-computer interfaces
for communication and control. Clinical Neurophys-
iology 113(6): 7676-791, 2002

J. del R. Millan, P. Ferrez, F. Galan, E. Lew,
R. Chavarriaga. Non-invasive brain-machine interac-
tion. International Journal of Pattern Recognition and
Artificial Intelligence 22(5) 959-972, 2008

C. Bell, P. Shenoy, R. Chalodhorn, R. Rao. Control of
a humanoid robot by a noninvasive brain-computer
interface in humans. Journal of Neural Engineering
5: 214-220, 2008

G. Garipelli, R. Chavarriaga, and J. d. R. Millan,
Recognition of anticipatory behavior from human
EEG, in 4th Intl. Brain-Computer Interface Work-
shop and Training Course, pp. 128—-133,2008,

G. Garipelli, R. Chavarriaga, J. del R. Millan, An-
ticipation Based Brain-Computer Interfacing (aBCI),
Proceedings of the 4th International IEEE EMBS
Conference on Neural Engineering, p. 459-462, An-
talya, Turkey, 2009,

G. Garipelli, R, Chavarriaga, J. del Millan. Fast
recognition of anticipation related potentials. IEEE
Transactions on Biomedical Engineering, 56: 1257-
1260, 2009

H. Kadim. Modelling of Anticipatory Behaviour for
Self-Control and Adaptability with Applications to
Autonomous Systems Proc. IEEE ECSIS Sympo-
sium on Bio-inspired, Learning, and Intelligent Sys-
tems for Security, p. 91-94,2007,

M. Osaka. Peak alpha frequency of EEG during a
mental task. Task difficulty and hemispheric differ-
ences. Psychophysiology 21: 1001-105, 1984

Z. Keirn, J. Aunon. Man-machine communication
through brain-wave processing. IEEE Engineering in
Medicine and biology magazine, p. 55-57, March
1990.

E. Sutter. The brain response interface: communi-
cation through visually induced electrical brain re-
sponses. Journal of Microcomputer Applications, 15:
31-45, 1992

G. Pfurtscheller, D. Flotzinger, J. Kalcher. Brain-
computer interfaces — a new communication device
for handicapped person. Journal of Microcomputer
Applications 16: 293-299, 1993

[35]

(36]

(37]

(38]

(39]

[40]

[41]

[42]

[43]

[44]

[45]

A. Craig, L. Kirkup, P. Mclsaak, A. Searle, The Mind
as a Reliable Switch: Challenges of Rapidly Control-
ling Devices Without Prior Learning, in S. Howard,
J. Hammond., G. Lindgaard (eds.) Human Computer
Interaction, Chapman and Hall, pp. 4-10, 1997

A. Searle. Electrode performance and signal pro-
cessing strategies for discrimination of EEG alpha
waves: Implementations for environmental control
by unconstrained subjects without training. PhD.
Thesis, Department of Applied Physics and Technol-
ogy, Sydney, 2000

J. K. Chapin., K. A. Moxon., R. S. Markowitz, M. A.
L. Nicolelis., Real-Time Control of a Robot Arm Us-
ing Simultaneously Recorded Neurons in the Motor
Cortex, Nature Neuroscience., vol. 2, pp. 664-670,
1999.

S. Mason, G. Birch, A Brain-Controlled Switch for
Asynchronous Control Applications, IEEE Trans.
Biomedical Engineering 47 (10), pp. 1297-1307,
2000

G. Pfurtsheller, C. Neuper. Motor imagery and di-
rect brain-computer communication. Proc. IEEE, 89:
112-1134, 2001

W. Amai, J. Fahrenholtz, C. Leger, Hands-free opera-
tion of a small mobile robot, Autonomous Robots 11,
pp- 69-76, 2001

Y. Wang, R. Wang, B. Hong, X. Gao, S. Gao. A
practical VEP-based brain-computer interface. IEEE
Trans. Neural Systems and Rehabilitation Engineer-
ing 14(2) 234-239, 2006

S. Choi, M. Lee, Y. Wang, B. Hong. Estimation of
optimal location of EEG reference electrode for mo-
tor imagery based BCI using fMRI. Proc 28 Int. IEEE
EMBS Conference, 2006

A. Cherubini, G. Oriolo, F. Macri, F. Aloise, F. Ba-
biloni, F. Cincotti, D. Matia. Development of a mul-
timode navigation system for an assistive robotics
project. Proc. IEEE Conf. on Robotics and Automa-
tion, Roma, 10-14, 2007

P. Ferrez, J. del R. Millan. Error related EEG poten-
tials generated during simulated brain-computer in-
teraction. IEEE Trans. Biomedical Engineering, 55:
923-929, 2008

P. Ferrez, J. Del R. Millan. Simultaneous real-time
detection of motor imagery and error-related poten-
tials for improved BCI accuracy. 4" International
Brain-computer interface workshop, 2008

AUTOMATIKA 52(2011) 1, 20-30



Robot Control Using Anticipatory Brain Potentials

A. Bozinovski, S. Tonkovi¢, V. ISgum, L. BoZinovska

[46] 1. Iturate, J. Antelis, A. Kubler, J. Minguez. A non-
invasive brain-actuated wheelchair based on a P300
neurophysiological protocol and automated naviga-
tion. IEEE Transactions on Robotics 25(3):614-627,
2009

[47] K. Sagara, K. Kido, K. Ozawa. Portable single chan-
nel NIRS based BMI system for motor disabilities’
communication tools. Engineering in Medicine and
Biology 2009

[48] D. Cummings. Recent advances in brain-wave tech-
nology. Science, July 1, 2009

[49] E. Coffey, A-M. Brouwer, E. Wilshut, J. van Erp.
Brain-machine interface in space: Using spontaneous
rather than intentionally generated brain signals. Acta
Astronautica 67(1-2) 1-11, 2010

[50] Y. Wang, X. Gao, B. Hong, S. Gao. Practical design
of brain-computer interfaces based on the modulation
of EEG rhythms. In B. Grainmann, G. Pfurtsheller
(eds.) Invasive and Non-Invasive Brain-Computer In-
terfaces, Springer Verlag, 2010

[51] T.Ito, T. Shinji, H. Sumiya, M. Baba, Eye movement-
related EEG potential pattern recognition for real-
time BMI. Proc. SICE Annual Conference, p. 1055-
1059, 2010

Adrijan BoZinovski received his B.Sc. degree in
2002 from the Electrotechnical Faculty, Univer-
sity "St. Cyril and Methodius" in Skopje, Mace-
donia, and his M.Sc. and Ph.D. degrees in 2007
and 2010 respectively, both from the Faculty of
Electrical Engineering and Computing, Univer-
sity of Zagreb, Croatia. He has worked as a
. teaching assistant at the Institute of Physiology
it of the Medical Faculty in Skopje from 2005 to
“ 2007. From 2007 to 2010 he has worked as As-
sistant Lecturer at the School of Computer Science and Information Tech-
nology at University American College Skopje, where he has been elected
Assistant Professor in 2010. His area of interest include anticipatory brain
potentials, bioelectrical control of devices, signal processing, robotics, ar-
tificial intelligence, and cognition processes, and he has published about
a dozen papers related to these subjects at various international confer-
ences. He is a member of IEEE.

AUTOMATIKA 52(2011) 1, 20-30

Stanko Tonkovi¢ is a full Professor with perma-
nent title, University of Zagreb, Faculty of Elec-
trical Engineering and Computing, Zagreb, Croa-
tia. More than forty years of teaching experience
in the fields of electronic measurements and in-
strumentation and biomedical engineering. With
educational, scientific and professional activities

he has excelled at most in biomedical engineering
;‘ and technology, electronic measurements and in-
\ strumentation. He has been the head of a number

of scientific and technological projects, as well
as projects for industry. He is author/co-author of more than 150 scien-
tific papers in journals or conference proceedings. Dean of the Faculty
of Electrical Engineering and Computing, 1994-1998. President of Croa-
tian Academy of Engineering, 2009 — 2013. President of the Croatian
Medical and Biological Engineering Society, 2000-2009. Membership:
IEEE-Senior Member, IFMBE, EMBS, EAMBES, IFAC, Croatian Med-
ical and Biological Engineering Society, Croatian Society for Medical
Informatics, Croatian Metrology Society.

Velimir ISgum received B.Sc. degree in 1971,
M.Sc. degree in 1978 and Ph.D. degree in 1983
at the Faculty of Electrical Engineering, Univer-
sity of Zagreb. Since 1974 he has been employed
at the Department of Neurology, University Hos-
pital Rebro, Zagreb where he currently holds po-
, sition as a head of the Laboratory for cogni-
tive and experimental neurophysiology. He cur-
rently teaches at postgraduate study at the Fac-
¢ ulty of Electrical Engineering and Computing,

the School of Medicine, and the interdisciplinary
scientific doctoral study Language and Cognitive Neuroscience, all at the
University of Zagreb. He conducted several national and international sci-
entific projects. He is a member of CROMBES (past president of Clinical
engineering section), Croatian Society for Medical Informatics, Interna-
tional Society of Intraoperative Neurophysiology, and Croatian Society
for EEG and Clinical Neurophysiology.

Liljana BoZinovska received M.D. degree from
Medical School of the University of Cyril and
- Methodius University in Skopje, Macedonia. She
. received MSc and PhD degree from the same uni-
versity, where she had her residency in Neurol-
ogy. She started teaching and research at the
same School where in the period 1997-99 was
a Vice Dean, and the Chair of the Cathedra for
Physiology in the period 1992-94 and 2002-2006.
Her teaching and research interest includes Neu-
roscience, Brain-Computer Interface, Cell Phys-
iology, and Engineered Physiology. Among published papers her most
significant works are achievement of pioneering results of controlling
robots using EEG signals (1988) and using EOG signals (1989). Cur-
rently she is Associate Professor at the South Carolina State University,
where she has developed Medical Physiology and Neuroscience Labora-
tory. She teaches Medical Physiology and Brain Science. She is a Pres-
ident of the Macedonian Society for Physiology, and member of the Eu-
ropean Brain and Behaviour Society, and the South Carolina Academy of
Science.

>

29



Robot Control Using Anticipatory Brain Potentials

A. Bozinovski, S. Tonkovi¢, V. ISgum, L. BoZinovska

30

AUTHORS’ ADDRESSES

Adrijan Bozinovski

School of Computer Science and Information
Technology

University American College Skopje

Skopje, Macedonia

email: bozinovski@uacs.edu.mk

Stanko Tonkovi¢

Department of Electronic Systems and Information
Processing

Faculty of Electrical Engineering and Computing
Zagreb, Croatia

email: stanko.tonkovic@fer.hr

Velimir ISgum

Department of Neurology

University Hospital Center Zagreb

Zagreb, Croatia

email: velimir.isgum @kbc-zagreb.hr

Liljana BoZinovska

Department of Biological and Physical Sciences
South Carolina State University

Orangeburg, SC, USA

email: lbozinov@scsu.edu

Received: 2010-09-15
Accepted: 2011-03-28

AUTOMATIKA 52(2011) 1, 20-30



