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This  work  presents  a  brain–computer  interface  (BCI)  used  to operate  a robotic  wheelchair.  The  experi-
ments  were  performed  on  15  subjects  (13 of  them  healthy).  The  BCI  is  based  on steady-state  visual-evoked
potentials  (SSVEP)  and  the  stimuli  flickering  are  performed  at high  frequency  (37,  38,  39 and  40  Hz).  This
high  frequency  stimulation  scheme  can  reduce  or  even  eliminate  visual  fatigue,  allowing  the  user  to
achieve  a stable  performance  for long  term BCI  operation.  The  BCI  system  uses  power-spectral  density
analysis  associated  to three  bipolar  electroencephalographic  channels.  As  the  results  show,  2 subjects
rain–computer interface (BCI)
teady-state visual-evoked potentials
SSVEP)
obotic wheelchair
lectroencephalogram (EEG)

were reported  as  SSVEP-BCI  illiterates  (not  able  to use the  BCI),  and,  consequently,  13  subjects  (12  of
them  healthy)  could  navigate  the  wheelchair  in a  room  with  obstacles  arranged  in four  distinct  configu-
rations.  Volunteers  expressed  neither  discomfort  nor  fatigue  due  to  flickering  stimulation.  A  transmission
rate  of up  to  72.5  bits/min  was  obtained,  with  an  average  of 44.6  bits/min  in  four  trials.  These  results  show
that  people  could  effectively  navigate  a robotic  wheelchair  using  a  SSVEP-based  BCI  with  high  frequency
flickering  stimulation.
. Introduction

A  brain–computer interface (BCI) is a system that allows an
ndividual to command a device, such as a wheelchair [1], a web
avigator [2], a speller [3] or writing with a robot [4] using only
rain signals and without any muscle movements [5]. Generally,
his brain activity is detected in the electroencephalographic (EEG)
ignals, which are registered with electrodes placed directly on the
urface of the scalp.

It is well known that a BCI system can control a mobile robot
nd/or a robotic wheelchair using BCI paradigms, such as men-
al tasks [6–8], motor imagery [9,10] or P300 potentials [11–14].

pecifically, Leeb et al. were the first to show that a quadriplegic
ubject could control a wheelchair using motor imagery inside
n avatar-populated virtual street [10]. Millán et al.  used the
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imagination of a left hand movement, word associations, arith-
metic operations and relaxation. Those mental commands were
associated with the three steering functions of the wheelchair: turn
left, turn right and move forward [8]. A P300 BCI was proposed
by Rebsamen et al. which allows the user to select a destination
item on a menu and then drive the wheelchair to the correspond-
ing target following a pre-defined path [14]. Another BCI driving
a wheelchair using P300 and navigation algorithm based on laser
sensor information was  proposed by Iturrate et al. [13]. On  the
other hand, a wheelchair was  commanded using electrooculogra-
phy (EOG) [15], surface electromyography (sEMG) [16] and both
EOG/sEMG [17–19]. Furthermore, a BCI can be inserted into hybrid
or multimodal systems, using EEG and/or other biomedical signals
for commanding a wheelchair [20,21].

A BCI must classify the ongoing brain activity constantly for con-
trolling a wheelchair, i.e., the BCI should be able to detect if the user
intentionally decides to perform some specific tasks or does not
generate any command. This is called a self-paced or asynchronous
BCI [22].
A BCI to control robotic systems can also be based on steady-
state visual-evoked potentials (SSVEP). A SSVEP is a resonance
phenomenon arising mainly in the visual cortex when a person
is focusing the visual attention on a light source flickering with a

d.
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ulus during a lapse of 20 s (all stimuli were flickering), beginning
with the top stimulus and switching to the next one in clockwise
direction (i.e., top, right, bottom, left). Thus, the trial was finished
156 P.F. Diez et al. / Medical Enginee

requency above 4 Hz [23]. In EEG signals the SSVEPs are periodic
ignals, with a stationary distinct spectrum showing characteristic
SVEP peaks, stable over time [24].

Visual evoked based BCI systems (such as SSVEP or P300) can
e used by most users with relatively little training, in contrast
o other BCI systems that do not rely on SSVEP or P300 signals
25–27]. Moreover, SSVEP-BCI systems tend to outperform other
CIs in terms of information transfer rates [27]. SSVEP signals are
riggered by external stimuli, which are more robust and easier
o control than internally generated signals (such as sensorimotor
hythms) [24].

According to [23], a SSVEP can be elicited in three ranges of
requency, namely, low (4–12 Hz), medium (12–30 Hz) and high
requency range (>30 Hz). In general, SSVEP in low frequency
ange has larger amplitude responses than in the medium and
igh ranges. Moreover, the larger the amplitude of the SSVEP, the
asier its detection is. The weakest SSVEP is found in the high fre-
uency range. This is perhaps the main reason why high-frequency
SVEP-based BCIs are not broadly used. However, low and medium
requency stimulation interfere with the alpha rhythm, conse-
uently, near the spontaneous EEG alpha peak the SSVEP detection

s difficult [24]. Moreover, low and medium frequency stimula-
ion could cause epileptic seizures as well [28]. On the other hand,
igh frequency stimulation has the advantage of greatly decreasing
isual fatigue, caused by flickering, so that these stimuli can be used
n order to develop a more comfortable SSVEP-based BCI [29–33].
owever, this statement was not reliably confirmed to present day.

There are few studies about wheelchair navigation using a
SVEP-based BCI. For example, three non-impaired subjects com-
anded a simulated wheelchair using a finite state machine

ontrolled by a SSVEP-based BCI [34]. In the research presented
y Mandel et al., eight healthy subjects (non-handicapped) com-
anded a wheelchair using a SSVEP-based BCI, requiring ten
inutes of preparation [35]. Finally, in some previous work devel-

ped by one of co-authors of this paper, a robotic wheelchair was
ommanded by six healthy subjects with SSVEP extracted with a
tatistic test and classified with a rule-based classifier [1]. However,
one of these three projects used high-frequency stimulation.

Recently, two high frequency SSVEP-based BCIs were presented
n which none of the volunteers controlled a wheelchair [33,36].
n the first one, a miniature robot was moved on fixed positions in

 maze; whereas in the second one an object was moved on the
creen through a maze. Nevertheless, commanding a wheelchair
emains to be quite a different task, since the user is seated on the
obile object.
In this paper, the operation of a real robotic wheelchair using

n asynchronous high-frequency SSVEP-based BCI is reported. The
mplemented system was evaluated with both healthy and peo-
le with disabilities, commanding the wheelchair through different
cenarios.

. Materials

The robotic wheelchair used in this research was  developed
n the Federal University of Espirito Santo (UFES), Brazil, and is
hown in Fig. 1. It was developed starting from a modified commer-
ial motorized wheelchair. A dual channel digital motor controller,
odel AX3500, from RoboteQ Inc. (www.roboteq.com), is responsi-

le for controlling the velocity of the two driven wheels. A compact
nd low-power mini-computer (EPIA, with a 1 GHz processor and
GB of RAM) performs all functions, such as EEG processing, com-

unication with the AX3500 board, algorithms execution, etc.
A 12′′ tactile LCD screen was attached to the robotic wheelchair

tructure and the stimuli system was fitted on the sides of that
creen. The flickering frequencies were 37 Hz (top), 38 Hz (right),
 Physics 35 (2013) 1155– 1164

39 Hz (bottom) and 40 Hz (left). The stimuli temporization is pre-
cisely controlled using a FPGA Xilinx 3E on a Nexys board (Digilent
Inc.). Each stimulus is composed of a 2.5 cm × 2.5 cm square box,
illuminated by high efficiency green Light-Emitting Diodes (LEDs).
The stimulation frequencies were chosen according to resonance
phenomena on 40 Hz [37] and 1 Hz separation between stimuli was
wider than minimal requirement of 0.2 Hz [38].1

The wheelchair velocities were empirically chosen in order to
generate safe movements that would not endanger the subject
seated on it (high speeds were avoided). On the other hand, low
speeds could lead subjects to lose their motivation in using the BCI,
since they could consider it slow, boring or tedious. Having these
two points in mind, the wheelchair velocities were held constant
at 20 cm/s for advancing and 14◦/s for turning.

Three bipolar EEG channels were recorded (Ch1: O1-F3; Ch2:
OZ-FZ; Ch3: O2-F4) using a BrainNet BNT-36 signal acquisition
equipment, whose analog filter was  set for 3–100 Hz band, and the
signals were digitalized at 240 Hz. This configuration (three bipolar
EEG channels, filters bandwidth and sampling frequency) was the
most similar to the one used in our previous work in high frequency
SSVEP [36]. Moreover, bipolar derivations are more robust to noise
and have higher performances in SSVEP detections than monopolar
ones [42]. The EEG is transferred from the BrainNet BNT-36 signal
acquisition equipment to the computer once per second.

3. Experimental trials

Fifteen subjects (24 ± 7 years, 14 m – 1 f) participated of the
experiments, thirteen of them being healthy individuals. One sub-
ject with disabilities is male and paraplegic, with severe paralysis
of upper limbs due to a lesion at the fifth cervical vertebra. Another
subject with disabilities is a female, 34 years old, with tetra-paresis
due to a lesion at cervical (C4-C5 vertebra) level. No one had pre-
vious experience in using a BCI. The experiments were performed
according to the rules of the Ethics Committee of the Federal Uni-
versity of Espirito Santo, under registration number CEP-048/08.

Two subjects (the female with disabilities and one healthy sub-
ject) were unable to control the wheelchair and did not perform
the proposed trials. They were excluded from evaluations and
were referred to as SSVEP-BCI illiterates. BCI illiteracy is a well-
documented phenomenon and refers to a non-negligible portion of
subjects that are unable to achieve effective control of a BCI [33,39].

Firstly, a baseline EEG signal was acquired, for equalization pur-
poses, due to the low power EEG spectrum associated with higher
frequencies [36] (as an example, a SSVEP at 38 Hz has higher power
than another SSVEP at 40 Hz). This baseline was  recorded during
60 s, while the subject was  gazing the center of the screen, and
without focusing on any stimuli (even though the stimuli were on).

Subjects performed a “training session” before the wheelchair
navigation. They were seated on the wheelchair, however the BCI
did not convey any control signal to the wheelchair (the motors
were kept off, for safety) and, hence, subjects were not concerned
about wheelchair movements. This was  appropriate, since it was
the first time that such subjects used a BCI system. This trial was
performed in order to evaluate the detection rate of SSVEP of BCI.
Specifically, the training session consisted of gazing at each stim-
1 In the current work, the Power Spectral Density (PSD) was computed using the
periodogram function with a 2s (N = 480 samples) long rectangular window, as it is
stated in Section 4.1. Due to EEG signals are sampled at fS = 240 Hz, the frequency
resolution �f  = fS/N = 240/480 = 0.5 Hz is lower than 1 Hz  separation used between
the stimulation frequencies.

http://www.roboteq.com/
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Fig. 1. Robotic wheelchair used in the experiments (left) and a subject seate

n 80 s. On-line feedback was presented to the subjects, by means
f an arrow on the screen. The EEG signal was processed with the
ethod described in Section 4.1.
Afterwards, the subjects were able to command the robotic

heelchair. Four scenarios were proposed for the system evalu-
tion, as depicted in Fig. 2. The tasks consisted of commanding the

heelchair from the start zone toward the goal zone, which is close

o the doorway. Fig. 2 also presents the desired paths to be followed
y the wheelchair. The room dimensions are 8.75 m long by 7.07 m
ide. This room is located on the first floor. Due to the lack of

ig. 2. Four proposed scenarios used in the experiments. Light green rectangles represen
one  and the goal zone. The red line indicates the suggested path. In Trial 2, there are tw
eader  is referred to the web  version of the article.)
t using the signal acquisition equipment and the stimulation system (right).

accessibility, the trials with subjects with disabilities were per-
formed in another room with similar dimensions and the same
obstacle configuration, now located in the ground floor. The sub-
jects defined their paths to get to the goal zone.

Trial 1 consisted in commanding the wheelchair from the start
zone to the doorway of the room without any obstacle in its trajec-

tory, as shown in Fig. 2. During this trial the subject had to become
familiarized with the BCI–wheelchair system. In Trial 2, the user
could choose between two  possible paths to evade an obstacle in
the middle of the room, in order to reach the goal zone.

t desks and cabinets. Gray rectangles are the different obstacles between the start
o possible paths. (For interpretation of the references to color in the artwork, the
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Fig. 3. Scheme of BCI–wheelchair interaction. When the BCI detects that the user is gazing at stimulus, a command is generated as a semantic code (‘advance’, ‘right’, ‘stop’,
‘ ◦ 0 cm/s ◦
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left’).  This code is translated into velocities (20 cm/s advance, 14 /s clockwise turn, 

f  the wheelchair control system. Finally, the user looks at the environment and de

Trial 3 is more complex: the subjects had to be able to com-
and the wheelchair through a corridor and avoid colliding with

he desks at the entrance and exit of the corridor. To do that, they
ad to perform three small turns of 90◦ in order to get to the goal
one. The corridor is 1.5 m wide and the wheelchair is 0.6 m wide,
hich leaves only 0.45 m on each side of the wheelchair along the

orridor. Consequently, the wheelchair could collide with the wall
f the corridor in case of erroneous command detection by the BCI.
or safety precautions, all the obstacles and the corridor were built
ith common chairs, aimed at simulating the corridor in such a
ay that the subjects would not be hurt in case of a collision.

The trials depicted in Fig. 2 are increasing in their level of diffi-
ulty from Trial 1 to Trial 4, i.e., once a subject accomplished Trial
, he/she was invited to perform the Trial 2 and so on.

Originally there were only three trials (Trials 1–3); however,
he experiments demonstrated that the subjects could execute the
roposed trials successfully. Therefore, a new trial was  proposed
uring the experimental sessions, in order to evaluate the devel-
ped system in a more complex environment, originating the fourth
rial. Then, Trial 4 was only executed by the last four subjects that
ad participated in the experimental sessions.

. Methods

This section presents the EEG signal processing method, fol-
owed by the wheelchair control, and the evaluation procedures
sed to evaluate the performance of the subjects and the proposed
ystem.

.1. EEG processing method

The EEG signal processing method was developed by our group
n previous work [36]. Firstly, the EEG signal is digitally filtered with

 6-order Butterworth band-pass filter with cut-off frequencies set
t 32 and 45 Hz. Then, the power spectral density was  estimated
sing the periodogram function with a 2 s long rectangular win-
ow. This window was moved in 0.25 s steps. Then, the normalized
ower, P(fi), at each stimulus frequency fi (37, 38, 39 and 40 Hz) is
omputed as:

(fi) =
M∑

ch=1

Ŝch(fi ± 0.25Hz)

B̂Lch(fi ± 0.25Hz)
/M (1)

here M is the total number of channels (M = 3); ch is the chan-

el number, varying from 1 to M = 3; ŝch(f ) is the periodogram
f the EEG signal and B̂Lch(f ) is the periodogram of the baseline
EG signal (computed with a 2 s long rectangular window, with
0% of overlapping). This calculation was performed four times per
 stop, 14 /s counterclockwise turn, respectively), which are the reference velocities
(or not) to send a new command to the wheelchair through the BCI.

second, according to the window movement steps (0.25 s). Then,
the maximum P(fi) is extracted as

class(fi) = max
{

P(fi)
}

(2)

A SSVEP is labeled as one of the four possible classes (top, right,
bottom or left) when a class (fi) is maintained for at least 2 s. In other
words, when eight consecutive class (fi) corresponding to the same
fi, are detected. Finally, whenever this condition is not satisfied, the
EEG segment is classified as belonging to an undefined class.

Once a class is detected, the corresponding command is sent to
the wheelchair once per second, keeping the corresponding move-
ment of the wheelchair as long as this class is detected. Upon
changing the class, the movement of the wheelchair is changed
accordingly.

4.2. Wheelchair command

As discussed in the previous subsection, the developed BCI can
detect five classes: top, bottom, left, right and undefined. The first
four classes correspond to the four stimuli and the last class is
related to the case when none of the stimuli frequencies is detected.
The programmed actions are: the wheelchair goes forward if the
BCI detects the top stimulus, turns left (or right) if the BCI detects
the left (or right) stimulus and stops if the BCI detects the bottom
stimulus. Additionally, when an undefined class is detected, the
wheelchair stops as well (for safety reasons). Online feedback was
provided to the user, consisting of a blue arrow on the screen indi-
cating the detected stimulus. Upon detection of an undefined class,
a red circle is shown in the center of the screen.

The intention of the user should be translated into wheelchair
movement, as shown in Fig. 3. Therefore, the BCI detects the user
intention and generates a semantic code, i.e., ‘advance’, ‘right’, ‘left’
or ‘stop’, and this code has to be translated into velocities. As men-
tioned before, such velocities were set to 20 cm/s for advancing and
14◦/s for turnings. Then, according to the intention of the user, these
reference velocities are the input of the wheelchair velocity control
system. Finally, the user seated in the wheelchair closes the loop
observing the environment and eventually makes a new decision.

No external sensors were used onboard the wheelchair during
the experimental sessions, therefore, high level control algorithms
were not implemented in order to avoid obstacles, to travel along
a certain path, to travel through a doorway or to accomplish any
related task, as was implemented in [9] and [13]. Consequently, the
user had to be in complete control of the wheelchair. Hence, the
user conveys different commands, using the BCI, which are trans-
lated into wheelchair velocities. The wheelchair moves and then

the user observes the surrounding environment and makes a new
decision about the next movement of the wheelchair, whenever
necessary. The BCI sends a command to the wheelchair control sys-
tem every second, a rate that has shown to be suitable during the
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Fig. 4. Information Transfer Rate (ITR) per subject measured in bits × min−1
P.F. Diez et al. / Medical Enginee

xecution of the proposed navigation trials. This time constraint is
ue to BrainNet BNT-36 signal acquisition equipment.

.3. Evaluation procedures

Evaluation procedures were performed on the information
btained from the experimental sessions. This information consists
f the SSVEP power calculated in real time, the commands sent to
he wheelchair control system and the path described to get to the
oal zone. Each experimental session was video-recorded.

Generally, videos allow engineers to determine the subject
ntention, i.e., which stimulus is gazed at. Later, by comparing
he information obtained from the experimental sessions (SSVEP
ower and the corresponding detected commands) with the videos
ecorded during the trial, it is possible to classify the commands as
Correct’ (C), ‘Incorrect’ (I) or ‘Non-Detected’ (ND). Correct com-

ands are those which are according to the proposed path and
ncorrect commands are those not in such accordance. For instance,

hen the subject should turn to the right, a different command is
n incorrect one. Finally, non-detected commands correspond to
he undefined classes detected by the BCI. It is difficult to determine
hen subjects start/finish gazing at a stimulus due to asynchronous
ode. Hence, the calculated correct and incorrect values could

nder/overestimate the true values and they should be analyzed
s an estimation of the real ones.

The Information Transfer Rate is a standard measure of com-
unication systems which contemplates accuracy, the number of

ossible selections, and the time required to make each selection
40]. In this work, the ITR is calculated as [7]

TR = (1 − pu)
[

log2N + (1 − pe)log2(1 − pe) + pelog2

(
pe

N − 1

)]
(3)

here pu is the probability of undefined cases, pe is the probability
f incorrect detected cases and N is the number of targets (in our
ase N = 4). The ITR in (3) is expressed in bits/commands. To obtain
t in bits/min, it is necessary to multiply the result from (3) by the
election speed of the BCI, expressed in commands/min. As was
reviously mentioned, the developed BCI executes 1 command per
econd. Therefore, the selection speed is 60 commands/min.

The ITR is computed based on the pu and the pe values.
he pu value is calculated as the rate between the number of
on-detected commands and the total number of commands
pu = ND/(C + I + ND)). A similar criterion was used to calculate pe,
hat is, pu = I/(C + I + ND). The calculated ITR is an estimation of the
apacity of the communication channel among brain and computer
hen subjects command the wheelchair.

The Positive Predictive Value (PPV) is the proportion of detec-
ions that are correct detections. It is calculated as:

PV = TP
TP + FP

(4)

here TP is True Positive values (i.e. a SSVEP correctly detected)
nd FP is False Positive (i.e. a SSVEP incorrectly detected). Sensi-
ivity and Specificity were not calculated since False Negative (FP)
nd True Negative (TN) values cannot be separately determined
ecause both values are considered as non-detected cases.

At the end of the experiments, each subject answered a ques-
ionnaire about his/her own experience with BCI system usage. The
uestions were as follows:

) Are you tired?
) Did the screen oscillations interfere with your concentra-
tion? This question is related to screen oscillations due to the
wheelchair movements, especially when it ends or begins a
movement.

) Was  the green color of the stimuli annoying?
obtained in the training session. Subjects were sorted in descending order of per-
formance. *Subject with disability.

4) Do you think that the position and separation of the stimuli are
correct?

5) Was  it exhausting for you to wear the EEG cap?

Except for question number 4 (whose answer should be Yes, No
or Medium), they had to answer with the following options:

1: None.
2: A little.
3: Medium.
4: Quite.

5. Results

Fig. 4 shows the ITR reached by each subject in the training
session (the phase before commanding the wheelchair, in which
the BCI was  active and the wheelchair was inactive). The subjects
were sorted in decreasing ITR order, i.e., subject 1 has the best
performance and subject 13 has the worst performance.

Additional information is supplied with this paper. Video #1
shows all the subjects performing the proposed tasks. Videos #2
and #3 show subjects 1 and 6 executing three and four tasks respec-
tively. Video #4 shows the subject with disabilities performing all
tasks.

Supplementary data associated with this article can be
found, in the online version, at http://dx.doi.org/10.1016/
j.medengphy.2012.12.005.

In Fig. 5a the SSVEP power is presented for each stimulus
(according to (1)), whereas in Fig. 5b the corresponding detected
classes is presented for the subject 9 executing Trial 2. These classes
are translated into commands to the navigation of the wheelchair.
Moreover, Fig. 5c shows, the path effectively followed by the
wheelchair during this trial. In addition, a few time stamps were
included in Fig. 5c, which are coincident with the time axis of Fig. 5a
and b. As an example, in Fig. 5a, at t = 17 s the SSVEP corresponding
to right stimulus is maximum; then in Fig. 5b, at t = 19 s, a com-
mand ‘right’ is triggered, and the wheelchair turns to the right. This
is marked in Fig. 5c with a stamp. Finally, in Fig. 5a, at t = 22 s, the
maximum SSVEP swaps from ‘right’ to ‘top’, the command ‘right’ is
not sent and the wheelchair stops.

Fig. 5b shows an incorrect command (‘right’) sent at 39 s. In
the video recorded during such trial the subject was  looking at
the up stimulus, consequently the command ‘right’ is an incorrect

one. Moreover, the next commands, after this incorrect one, were
‘advance’. Consequently, the subject was trying to advance and
other commands different from ‘advance’ are incorrect commands.

http://dx.doi.org/10.1016/j.medengphy.2012.12.005
http://dx.doi.org/10.1016/j.medengphy.2012.12.005
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Fig. 5. Results of Trial 2 performed by Subject 9. (a) SSVEP power calculated according to Eq. (1); (b) Commands sent to the wheelchair based on the SSVEP powers showed
in  (a); (c) Path described by the wheelchair with time stamps corresponding to (b).

Table 1
Results obtained in Trial 1 and 2.

Subject Trial 1 Trial 2

Time Commands ITR VPP Time Commands ITR VPP

C I ND (bits/min) (%) C I ND (bits/min) (%)

1 2′58′′ 52 7 119 33.7 88.1 2′42′′ 72 3 87 51.0 96
2  1′51′′ 49 0 62 53.0 100 2′51′′ 65 0 106 45.6 100
3  1′28′′ 55 2 31 70.3 96.5 2′47′′ 81 1 85 57.1 98.8
4  2′16′′ 60 1 75 51.8 98.4 2′26′′ 67 0 79 55.1 100
5  2′23′′ 67 0 76 56.2 100 4′20′′ 92 4 164 41.2 95.8
6  2′20′′ 38 2 100 32.1 95 2′25′′ 64 0 81 53.0 100
7  1′40′′ 43 1 56 50.3 97.7 4′20′′ 56 8 196 25.9 87.5
8a 1′48′′ 56 1 51 60.5 98.2 2′54′′ 65 1 108 44.2 98.5
9  1′32′′ 45 0 47 58.7 100 2′59′′ 55 1 123 36.4 98.2
10  3′ 43 0 137 28.7 100 3′50′′ 59 6 165 30.3 90.8
11  5′24′′ 45 9 270 17.7 83.3 5′5′′ 67 12 226 26.4 84.8
12  4′57′′ 45 7 245 18.9 86.5 4′40′′ 56 1 223 23.9 98.2
13  2′45′′ 48 0 117 34.9 100 6′33′′ 71 2 320 21.7 97.5

Mean  2′38′′ 49.7 2.31 106.7 43.6 95.7 3′41′′ 66.9 3.0 151.0 39.4 95.9
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Table 2
Results obtained in Trial 3 execution.

Subject Trial 3

Time Commands ITR VPP

C I ND (bits/min) (%)

1 2′24′′ 82 2 60 65.5 97.6
2  3′42′′ 91 3 128 47.6 96.8
3  2′′50 83 1 86 57.5 98.8
4  3′56′′ 85 6 145 41.4 93.4
5  2′34′′ 93 0 61 72.5 100
6  4′6′′ 78 3 165 37.3 96.3
8a 3′ 94 0 86 62.7 100
9  4′34′′ 98 3 173 41.9 97
10  4′20′′ 69 6 185 31.2 92
11  6′45′′ 84 5 316 24.9 94.4
12  6′ 80 8 272 26.6 90.9
13  6′ 67 6 287 22.5 91.8

Mean 4′11′′ 83.7 3.58 163.7 44.3 95.8
: correct, I: incorrect and ND: non-detect number of commands.
a Subject with disabilities.

Table 1 presents the results of all subjects during Trial 1 and 2.
t shows the elapsed time, the amount of commands sent by the
CI to the wheelchair, and the ITR achieved by each one. Table 2
ummarizes the results of Trial 3 for all subjects. Subject 7 did not
erform this trial because he had some detection problems with
he left stimulus (40 Hz), i.e., the BCI could not detect the SSVEP
ssociated to this stimulus with a good performance. Hence, subject

 chose not to perform this task.
As mentioned before, Trial 4 was devised after some experimen-

al sessions, since a high performance was observed in commanding
he wheelchair. Therefore, just four subjects were invited to partic-
pate in it. The results obtained in this trial are shown in Table 3.

Fig. 6 shows the ITR achieved by each subject during the training
ession and during the trials with the wheelchair (Trials 1–4) in a
ingle graph. In this way, it is simpler to compare the ITR achieved
nder all experimental conditions.

Table 4 details the answers of each subject to the survey ques-

ions about the tiredness they experienced after using the system.
n the following columns the number of tasks accomplished by each
ubject and the duration of time they spent wearing the EEG cap
or executing these tasks are observable.

C: correct, I: incorrect and ND: non-detect number of commands.
a Subject with disabilities.
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Table  3
Results obtained in Trial 4 execution.

Subject Trial 4

Time Commands ITR VPP

C I ND (bits/min) %

2 3′57′′ 114 2 121 56.3 98.3
4  5′47′′ 142 3 202 48.0 98
6  5′38′′ 112 6 220 38.6 95.2
8a 4′30′′ 142 2 126 61.6 98.6

Mean 4′58′′ 127.5 3.3 167.3 51.1 97.5

C: correct, I: incorrect and ND: non-detect number of commands.
a Subject with disabilities.

Fig. 6. The ITR obtained in the training session (black bar) and the four Trials (blue
b
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ars) on the wheelchair achieved by each subject. (For interpretation of the ref-
rences to color in the artwork, the reader is referred to the web  version of the
rticle.)

. Discussion

First an evaluation of the system and subject performances is
resented, and then fatigue effects are analyzed. Finally, a compar-

son with other control systems is presented.

.1. Evaluation of the system and subject performances

The ITR measured in the training session is different from that

btained with the trials onboard the wheelchair, as observed in
ig. 6 (Fig. 4 and Tables 1–3, as well). For example, subject 7
btained 38.5 bits/min in the training session, 50.7 bits/min dur-
ng Trial 1 but in Trial 2 this value dropped to 25.9 bits/min. Finally,

able 4
esults obtained from questionnaire.

Subject 1. Fatigue 2. Screen movement 3. Color fatigue 4. Stimuli separation 

1 2 2 1 Yes 

2  1 1 1 Yes 

3  2 1 1 Yes 

4  1 1 1 Yes 

5  2 1 2 Yes 

6  2 2 1 Yes 

7  1 1 1 Medium 

8a 2 1 1 Yes 

9  2 2 2 Yes 

10  1 2 1 Medium 

11  2 3 1 Yes 

12  1 1 1 Yes 

13  1 1 1 Yes 

Mean  1.54 1.46 1.15 

. None; 2. A little; 3. Medium; 4. Quite.
a Subject with disabilities.
 Physics 35 (2013) 1155– 1164 1161

the subject did not perform Trial 3 because he was  upset by the low
detection performance for the left stimulus. On the other hand, sub-
ject 8 achieved a performance similar to subject 7 in the training
session (35.2 bits/min) and achieved 60.5 bits/min in Trial 1, and
44.1 bits/min in Trial 2. Then, in Trials 3 and 4, he obtained higher
performances (62.7 and 61.6 bits/min, respectively).

There were two  subjects who  could not command the
wheelchair: one healthy and one with disabilities. The healthy
subject obtained an ITR of 16.37 bits/min in the training session.
However, this value is higher than those corresponding to subjects
12 and 13, who could reach an effective control of the wheelchair.
However, that subject could not stay concentrated in a stimulus
when the wheelchair was moving. The subject with disabilities
(female, 34 years old, suffering of tetra-paresis level C4-C5) was
very drowsy and could not concentrate as required by the stimuli. In
the training session she achieved only 7.3 bits/min. Unfortunately,
she could not come back another day. A requirement for using a BCI
system is concentration, i.e. the user must focus in the performed
task. Possibly, a SSVEP based BCI is less demanding than other BCI
paradigms such as mental tasks or motor imagery. However, con-
centration is still an essential requirement.

Bibliography has reported that approximately only 65% of peo-
ple are able to operate a BCI based on high frequency SSVEP [33],
meaning that the remaining 35% of people cannot achieve effec-
tive control of this kind of BCI system. However, in our trials
only 2 out of 15 subjects (about 13%) were not able to operate
our SSVEP-based BCI. A Proportion Test (binomial distribution,
null hypothesis: P = 0.35, alternative hypothesis p /= 0.35) was  per-
formed. As a result the two-tailed p-value of 0.123 was obtained.
Therefore, the null hypothesis cannot be rejected and the two  afore-
mentioned subjects are included within that 35%.

Summarizing, it is hard to establish the performance of a subject
in commanding a wheelchair a priori, since the performance of a
subject depends on many factors, e.g. the task itself which is to
be accomplished, the previous experience the subject had with the
same or with a similar system, and the ability of the subject to learn
how to use the system. Moreover, motivation and concentration are
essential requirements for good performance, so that if the subject
is drowsy or tired his/her performance will certainly low.

During Trial 1 and 2 (see Table 1) the highest ITR was  obtained
by subject 3. The subject with disabilities had similar performance.
Subject 11 had the worst performance in Trial 1. The average time
on Trial 2 was  incremented in approximately 1′, compared to Trial

1, because of the increased complexity.

It is expected that high ITR should correlate with short trial com-
petition time, but this is not observed in the experiment results The
completion time of the task depends on, the different number of

5. Fatigue for EEG cap Cap wearing time (min) Number of performed trials

1 23 3
2 37 4
2 21 3
1 37 4
1 27 3
1 42 4
1 32 2
1 37 4
3 44 3
1 39 3
4 40 3
1 38 3
2 32 3

1.62 34.5
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ommands (ND, C and I commands rate) used to calculate the ITR,
he path described by the wheelchair, the time spent by the subject
o evaluate his path and to decide what stimulus to gaze at, among
ther factors. For example, subject sends many correct commands
high ITR) to the wheelchair, but the wheelchair describes a longer
ath to the goal zone (high elapsed time).

Although the subjects were just getting familiarized with the
ystem in Trial 1, their average ITR (43.6 bits/min) was greater than
he one corresponding to the second Trial (39.4 bits/min). This can
e justified because in Trial 2 the subjects had the additional task
f evading an obstacle. Then, the subjects focused on the obstacle,
nstead of focusing on the screen and on the stimuli. This certainly
roduced an increment of non-detected cases. For instance, in Trial

 there was an average of 106.7 non-detections, whereas in Trial 2
he average value was of 151. Moreover, there was an increment in
he number of correct commands, which was expected, since it was
ecessary to send more commands in order to evade the obstacles.

In Trial 3, as shown in Table 2, the highest ITR was  attained by
ubject 5. The subject with disabilities (subject 8) obtained a similar
erformance, and subject 13 obtained the lowest performance, but
e was able to accomplish this third task, although in a longer time

The proposed BCI system was accurate for user command detec-
ion. The PPV values reported in Tables 1–3 indicate that when

 command is detected, very probable that the correct one is.
or example, the average number of correct commands in Trial 3
as greater than the average value of incorrect commands (83.7

nd 3.58, respectively). This is an important characteristic of the
esigned system, because a high rate of false detection would lead
he subject to lose his interest in using the BCI. For instance, the
ighest number of false detection in Trial 3 was obtained by sub-

ect 12 (8 commands), but he sent 80 correct commands. In Trial
 2 the amount of incorrect commands was low as well. In Trial
, a higher average ITR (44.3 bits/min) was reached, compared to
rial 1 (43.6 bits/min) and Trial 2 (39.5 bits/min), even performing

 more difficult task, indicating that the subjects had become better
amiliarized with the system, which was expected.

In Trial 4, the subjects commanded the wheelchair through two
orridors, which were narrower than the one presented in Trial
. This means that the subjects should not make excessive incor-
ect command selections, in order to accomplish the Trial, because
n excess of incorrect command selections could cause a collision.
lthough the Trial 4 is much more complex, the average elapsed

ime used to complete the Trial (4′58′′) was just one minute greater
han the elapsed time for Trial 3 (3′52′′) (such comparison only con-
iders the subjects who participated in both Trials). This shows an
mprovement in the ability of subjects to command the wheelchair,
ccompanying the increased experience in using the BCI, since they
ould complete a more complex task in a similar time. In Trial
, subject 8 (the one with disabilities) obtained the highest ITR
61.6 bits/min) with a time of 4′30′′. Subject 2 accomplished the
rial in a similar time, but with a lower ITR (56.3 bits/min).

In this Trial (the fourth one), the subjects with lower perform-
nces in the previous Trials (subjects 11–13) did not participate.
owever, they possibly could accomplish the task, although spend-

ng much more time. It is worth mentioning that they were not
efused for this Trial, because this Trial was designed after their
articipation in the experiments, as previously explained.

.2. Fatigue evaluation

Fatigue directly affects the performance of the subjects. Then, if
he system leads the user to a fatigue state swiftly, the performance

ill be low. Hence, some items affecting the fatigue were analyzed.

t can be observed in Table 4, that there was no (or even mini-
al) fatigue induced during the Trials. This evidence was  obtained

rom the answers to question 1 of the questionnaire. Also, the green
 Physics 35 (2013) 1155– 1164

color of stimuli was not displeasing, as checked from the answers
to question 3.

Studies on the flickering effects on visual fatigue due to high
frequency stimulation were not reliably assessed. A state of the
art on high frequency SSVEP based BCI was  presented in [36]. In
related articles [29–33] (included in such state of the art) have
suggested the convenience of using high-frequency stimulation
instead of low-frequency stimulation. However, neither of those
work has effectively confirmed the decreasing of the visual fatigue
of high frequency stimulation. Although, this statement is accepted
in BCI researcher’s community, it should be studied further. Com-
paratively with the statements from subjects participating in our
previous experiments with low [1,41] and medium [42] frequency
stimulation, the high frequency scheme is less discomforting. On
the other hand, Allison et al. using flickering stimuli at 8 and 13 Hz,
report that such frequencies were not that displeasing [43]. In the
current work, it can be stated that high frequency stimulation was
not annoying since fatigue effects were not reported by the subjects.

In this work, the average time of using the EEG cap was  35.5′ (SD:
7.1′) and according to the answers to question 5, the EEG cap did
not cause too much discomfort. However, a person (with disability
or not) using a BCI system for performing his/her daily tasks should
wear an EEG cap many hours a day. For this reason, the designed
system uses just three EEG channels, which allows using single
electrodes instead of an EEG cap. The oscillation of the stimulation
screen (question 2) did not affect the subject concentration.

6.3. Comparison with other systems

Generally, systems based on sEMG or EOG are faster and accu-
rate than BCI systems, i.e., higher ITR can be achieved. However,
user should retain neuromuscular control over his eyes [15], arms
[16] or both eyes and facial muscles [17–19] for command a
wheelchair. Users who not retain this neuromuscular control can-
not use sEMG or EOG based systems and can benefit from BCI
approach. Note that a SSVEP-based BCI would require less gaze
control than an EOG system. On the other hand, some people
have residual activity of their muscles and can benefit from hybrid
approaches, i.e. a combination of a BCI with other biomedical sig-
nal such as sEMG or EOG [44]. Finally, the implemented system will
depend on the user capabilities and limitations.

As mentioned before, a BCI system can also be based on other
paradigms, such as motor imagery [10], mental tasks [8] or P300
potential [13,14]. However, such systems generally require a train-
ing step that can necessitate some minutes, hours or even days.
In addition, the user is submitted to mental efforts that could pro-
duce fatigue and sometimes these systems are slow and cannot
achieve high ITRs. On the other hand, SSVEP-based BCI systems do
not have these problems, although the stimulation procedure can
cause visual fatigue. In order to avoid this drawback, a SSVEP-based
BCI system using high frequency stimulation was adopted in this
work.

In all related work where a SSVEP-based BCI was used for com-
manding a wheelchair, low and medium frequency ranges stimuli
were used [1,34,35]. Specifically, Teymourian et al. presented a
simulated wheelchair commanded by three healthy subjects using
stimuli between 5 Hz and 20 Hz and six EEG channels [34]. In
the work presented by Mandel et al., eight healthy subjects com-
manded a real wheelchair using stimuli between 13 Hz and 16 Hz
and minimum energy combination of six EEG channels for SSVEP
detection [35]. Moreover, in [35] eight of nine subjects (one BCI
illiterate) were able to command the robotic wheelchair in a

path describing a figure of an eight. They required ten minutes
for preparation and could send between an average of 14.5 and
20 commands, achieving accuracies higher than 90%. Finally, in
the research presented by Torres Müller et al., ITR values up to
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01.6 bits/min with an accuracy of 96% were achieved [1]. In that
ork, six healthy subjects commanded a wheelchair in order to

each the next room. Stimuli flicker between 5.6 Hz and 8.0 Hz was
sed, the detection of the SSVEP was based on a statistic test, and

 rule-based classifier was implemented, working with the signals
oming from twelve EEG channels.

In this paper, a BCI based on a simpler method (power spec-
ral estimation of only three EEG channels) was  used to extract
he weakest SSVEP, which is located in the high frequency range
>30 Hz). This BCI allowed 13 subjects (1 with disabilities) to com-

and a real wheelchair using high frequency stimulation. These
timuli did not produce (or produced only minimal) visual fatigue,
hich is crucial in long term BCI operation since it is difficult for

ired subjects to achieve a high performance.
The stimuli screen in front of the user partially obstructs his/her

isibility, although the monitor used in this work was quite small.
ence, another advantage of the present approach is that the mon-

tor could be removed since it is used only for feedback purposes.
his feedback could be presented to the user with another LED next
o each stimulus, as an audible form, or even both. The stimulation
ystem could be mounted on a transparent structure (such as an
crylic platform or something similar), thus increasing the visual
eld of the BCI user.

A SSVEP-based BCI is usually defined as a dependent BCI,
ecause it requires some neuromuscular control of head and/or
yes. Moreover, stimuli must always be within the visual field of
he user. This leads to the following drawbacks:

) The BCI can detect a SSVEP and generate a command when the
user does not want it. This problem is known as “Midas Touch
Effect” [45].

) The flicker stimulation can produce visual fatigue.

The developed BCI system is an approach trying to reduce these
wo drawbacks. The first issue is reduced since the BCI has a low
rror rate, avoiding the majority of the unwanted commands. The
econd issue is reduced thanks to the high frequency stimulation.

. Conclusions

This research presents a BCI based on high frequency SSVEP for
ommanding a robotic wheelchair. The system was evaluated by
5 subjects (13 healthy and 2 with disabilities) who performed
ifferent navigation tasks, but only 13 subjects (12 healthy ones)
ould reach effective control. Specifically, they had to command the
heelchair from a start zone to arrive at a goal zone located next to

he entrance to the room, at the same time that they evaded obsta-
les, traveled through corridors and avoided collisions with desks
nd other furniture, in four different scenarios. As a result, an over-
ll average ITR of 44.6 bits/min was obtained along the four Trials,
ith a maximal ITR of 72.5 bits/min.

The developed BCI system achieves high ITR and low error com-
and rate (average PPV 95%), thus allowing commanding a robotic
heelchair in only few minutes. Moreover, the subjects did not

xpress any discomfort or fatigue due to the stimulation in a high
requency range. Hence, it is advisable that SSVEP-based BCI uses
igh frequency stimuli instead of other frequency ranges.

. Future work
In this work, the wheelchair control strategy to avoid obstacles
nd collisions was performed by the user, but it is desirable to have
n auxiliary autonomous navigation system, to be able to help the
ser in the accomplishment of such tasks, for security reasons and

[

[
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to prevent the user from becoming overly tired from using the BCI
for long time intervals.

The performance of each subject depends on many factors, such
as concentration and individual willingness, tiredness previous to
the experiment, fatigue induced by the system, intrinsic param-
eters of the subject, as well as the signal processing methodology
and stimulation characteristics (size, color, etc.). These factors need
more profound study and research as to how they influence the
performance when using a BCI.

In a future work, a control system that supports the user in the
wheelchair navigation will be implemented. This includes a system
to evade obstacles, avoid collisions, and pass through a doorway,
among other tasks.
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