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Dummy  face stimulus  was  easy  to be  edited  and  had  no  copyright  infringement  problems  when  it was  applied  to  BCI  system.
There  was  no significant  difference  in the latency  and  amplitude  of  ERPs  between  the  dummy  face  and  the  human  face  stimulus.
Dummy  face  pattern  obtained  as  high  classification  accuracy  and  information  transfer  rate  as  the  human  face  pattern,  which  would  be  a  good  choice  for
optimizing  the stimulus  of BCI  system.
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a  b  s  t  r  a  c  t

Background:  It was  proved  that  the human  face  stimulus  were  superior  to the  flash  only  stimulus  in BCI
system.  However,  human  face  stimulus  may  lead  to  copyright  infringement  problems  and  was  hard  to
be  edited  according  to the  requirement  of the  BCI  study.  Recently,  it was  reported  that  facial  expression
changes  could  be  done  by changing  a  curve  in a dummy  face which  could  obtain  good  performance  when
it was  applied  to visual-based  P300  BCI systems.
New method:  In  this  paper,  four different  paradigms  were  presented,  which  were  called  dummy  face
pattern,  human  face  pattern,  inverted  dummy  face pattern  and  inverted  human  face  pattern,  to  evaluate
the  performance  of  the dummy  faces  stimuli  compared  with  the  human  faces  stimuli.
Comparison  with  existing  method(s):  The  key  point  that  determined  the  value  of  dummy  faces  in BCI  sys-
tems  were  whether  dummy  faces  stimuli  could  obtain  as good  performance  as  human  faces  stimuli.  Online
and offline  results  of  four  different  paradigms  would  have  been  obtained  and  comparatively  analyzed.
Results:  Online  and  offline  results  showed  that  there  was  no significant  difference  among  dummy  faces
and human  faces  in  ERPs,  classification  accuracy  and  information  transfer  rate  when  they  were  applied

in  BCI  systems.
Conclusions:  Dummy  faces  stimuli  could  evoke  large  ERPs  and  obtain  as high  classification  accuracy  and
information  transfer  rate  as the human  faces  stimuli.  Since  dummy  faces  were  easy  to  be  edited  and  had
no copyright  infringement  problems,  it would  be  a good  choice  for optimizing  the  stimuli  of  BCI  systems.

©  2014  Elsevier  B.V.  All  rights  reserved.
. Introduction
A brain-computer interface (BCI) allows users to send messages
r control the external devices without physical actions, and pro-
ides a new output pathway for the brainthat is different from
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the conventional neuromuscular pathways of peripheral nerves
and muscles (Mak  and Wolpaw, 2009; Wolpaw et al., 2002). The
brain-computer interface is commonly based on EEG recorded non-
invasively via electrodes placed on the surface of the head (Allison
et al., 2007). While a variety of mental tasks have been explored
for BCI control, most BCI systems rely on motor imagery or visual

evoked potentials (Allison et al., 2007, 2008; Birbaumer and Cohen,
2007; Daly et al., 2013; Jin et al., 2014; Kübler et al., 2001; Mak  and
Wolpaw, 2009; Ortner et al., 2011; Wolpaw et al., 2002; Wang et al.,
2014).

dx.doi.org/10.1016/j.jneumeth.2014.10.002
http://www.sciencedirect.com/science/journal/01650270
http://www.elsevier.com/locate/jneumeth
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jneumeth.2014.10.002&domain=pdf
mailto:jinjingat@gmail.com
mailto:xywang@ecust.edu.cn
dx.doi.org/10.1016/j.jneumeth.2014.10.002


scienc

w
2
e
s
F
a
a
o
F

w
u
p
p
fi
2
H
e
r
f
I
2
a
2
b
t

c
P
o
(
S
(
t
a
t
v
e
fl
K
o
b
e
(
s
t
i
w
B
b
e
o
t
i
b
E
s
f
t
u
2
p
(
b
s

L. Chen et al. / Journal of Neuro

A P300 BCI is a typical example of many different BCI systems
hich are based on visual, audio or tactile stimuli (Fazel-Rezai,

007; Hill et al., 2004; Jin et al., 2014; Kaufmann et al., 2014; Kim
t al., 2011; Mak  et al., 2011). P300 is elicited by the events that
ubjects consider importantly (Acqualagna and Blankertz, 2013;
arwell and Donchin, 1988; Polich, 2007). The P300 BCI was first
pplied to speller, in which a 6 × 6 stimuli matrix was used (Farwell
nd Donchin, 1988). Presently, the P300 BCIs have been tested not
nly on healthy users, but also on patients (Allison et al., 2008;
azel-Rezai, 2007; Kaufmann et al., 2014; Kübler et al., 2001).

Although many P300 BCI systems had been developed, they
ere still in the laboratory stage because of the low speed and
nstable accuracy for different subjects. In order to improve the
erformance of P300 BCIs, many studies were focused on the signal
rocessing and pattern recognition methods to increase the classi-
cation accuracy of P300 BCIs (Aloise et al., 2011; Blankertz et al.,
011; Brunner et al., 2010; Cichocki et al., 2008; Emily et al., 2010;
offmann et al., 2008; Lotte et al., 2007; Mugler et al., 2008; Speier
t al., 2013; Xu et al., 2004). Optimized paradigms to evoke event
elated potentials (ERPs) were designed to expand the applicability
or Amyotrophic Lateral Sclerosis (ALS) sufferers and Spinal Cord
njury patients (Liu et al., 2010; Rohm et al., 2013; Treder et al.,
011). The stimuli configuration was optimized to improve the reli-
bility of the P300 speller systems (Jin et al., 2011; Townsend et al.,
010). The goal of these studies was to increase the differences
etween attended events and ignored events and to classify the
arget and non-target trials correctly.

Some studies adopted new stimuli paradigms to enhance other
omponents of the ERPs that occurred before or after the P300.
300 BCIs typically depended on not only the P300, but also
ther visual ERPs such as the N100, N200, and N400 components
Allison and Pineda, 2003; Jin et al., 2010; Kaufmann et al., 2011;
ellers and Donchin, 2006; Treder and Blankertz, 2010). Guo et al.
2008) introduced a novel way to propose visual evoked poten-
ials in a BCI: the stimuli just moved, instead of flashed, to evoke

 motion-onset visual evoked potential (M-VEP). They stated that
his stimuli paradigm might offer good performance to a con-
entional P300 BCI (Guo et al., 2008; Hong et al., 2009; Pires
t al., 2011). Jin et al. combined the P300 and M-VEP by moving
ash stimulus to improve a P300 BCI system (Jin et al., 2012a).
aufmann et al. (2011) introduced stimuli that were transparently
verlaid with famous faces to increase the classification accuracy
y evoking a large N400 (Kaufmann et al., 2011, 2012). Zhang
t al. (2012) reported that N170 and vertex positive potentials
VPP) also improved the classification accuracy of P300 BCIs with
timuli that changed to faces (Zhang et al., 2012). However, while
hese researches succeeded in improving the reliability of identify-
ng target flashes (Liu et al., 2010; Townsend et al., 2012), there

as another method that could further increase the ERP-based
CIs. Some studies were focused on decreasing the interference
y reducing the number of adjacent flashes (Frye et al., 2011; Liu
t al., 2010; Townsend et al., 2010). But increasing the number
f flashes of each trial would reduce the speed of the BCI sys-
ems. If the false evoked ERPs in non-target flashes caused by the
nterference of spatially adjacent stimuli and fatigue experienced
y users could both be decreased, the classification accuracy of
RPs and usability of BCIs could both be increased. Jin et al. pre-
ented a paradigm based on the expression changes of dummy
ace. This facial expression change pattern was designed to reduce
he interference, the annoyance and the fatigue experienced by
sers without decreasing the speed of the BCI systems (Jin et al.,
014). However, only dummy  face was used in that study. It was

roven that the use of a face pattern was superior to a flash pattern
Jin et al., 2012b). There was no study that showed the difference
etween dummy  faces and human faces that were used in BCI
ystems.
e Methods 239 (2015) 18–27 19

In this paper, the primary goal of this study was to survey
the difference between the dummy  faces stimuli and the human
faces stimuli used in BCI paradigms on ERPs, classification accuracy
and information transfer rate. Four different paradigms were pre-
sented which were called dummy  face pattern, human face pattern,
inverted dummy face pattern and inverted human face pattern. All
faces were monochromatic, so it could eliminate the interference
of colors. We supposed that there were no significant differences
between the human faces pattern and the dummy faces pattern.
If dummy faces stimuli could obtain as good performance as the
human faces stimuli, there would be two  advantages of using the
dummy  face in BCI systems compared with the human faces stimuli.
First, dummy  face would not have copyright infringement prob-
lems; second, dummy  face was easy to be edited. Jin et al. (2014)
reported that the facial expression changes could be realized by
changing a curve in a dummy  face (Jin et al., 2014).

2. Materials and methods

2.1. Subjects

Ten healthy subjects (8 males, aged 21–25 years, mean
23.5 ± 1.35) participated in this study. All subjects signed a written
consent form prior to this experiment and were paid for their par-
ticipation. The local ethics committee approved the consent form
and experimental procedure before any subjects participated. All
subjects’ native language was Mandarin Chinese. Five subjects had
used P300 BCI before this study.

2.2. Stimuli and procedure

After being prepared for EEG recording, the subjects were seated
in a comfortable chair 70 ± 5 cm from a standard 24 in. LED moni-
tor (60 Hz refresh rate, 1920 × 1080 screen resolution) in a shielded
room. The stimuli were presented in the middle of the screen.
During data acquisition, subjects were asked to relax and avoid
unnecessary movement. Fig. 1 shows the display presented to all
subjects. It is a hexagon with six small circles at each of the six cor-
ners. The distance between two  adjacent circles’ center points is
4 cm (visual angle 3.8◦), the distance between the center point of
the hexagon and the center point of the circle is 4 cm (visual angle
3.8◦) and the radius of the small circle is 1 cm (visual angle 0.95◦).
There were four conditions in this study, which differed only in the
stimuli images.

The dummy  face pattern proposed in this study consists of as
simple lines drawing of a ‘happy face’ which is the target stimu-
lus. The drawing includes two  eyes with eyebrows and a mouth,
each of which is represented by simple arcs and circle drawn in
monochrome. All line is black. The stimulus on time is 200 ms, and
off time is 100 ms.  The inverted dummy face condition contains all
the same elements as the dummy  face condition (the same arcs and
circles), but dummy  face is inverted. The human face pattern is a
monochrome photo which a man  has a happy smile. This photo is
processed like the dummy  face. They all have the same size and
brightness. Finally, the inverted human face pattern used the same
image as the human face pattern, but the flash picture is inverted.
The stimulus on and off time were same as the dummy  face pattern.

The four conditions changed the stimuli in the red box of Fig. 1.
The red box was not shown in the real interface. The stimuli off
state (background state) can be seen in the left column of Fig. 1 and
the stimuli on state can be seen in the right column of Fig. 1.
The term ‘flash’ throughout this paper was used to refer to each
individual event. In each trial of each condition, each circle was
changed once. Therefore, a single character flash pattern was used
here (Guger et al., 2009), and the single image changed individually.
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Fig. 1. The display during the online runs. The fe

n order to simplify our issues, we use the term ‘flash’ throughout
his paper to refer to these changes.

.3. Experiment setup, offline and online protocols
EEG signals were recorded with a g.USBamp and a g.EEGcap
Guger Technologies, Graz, Austria) with a sensitivity of 100 �V,
and pass filtered between 0.1 and 30 Hz, and sampled at 256 Hz.
k sequence is presented at the top of the screen.

We  recorded from 14 EEG electrode positions. Based on the
extended International 10-20 system (see Fig. 2). The right mastoid
electrode was  used as the reference and the front electrode (FPz)
was used as the ground. Data were recorded and analyzed by using

the ECUST BCI platform software package which was developed by
East China University of Science and Technology.

Each flash reflected each time a stimulus changed from a back-
ground stimulus. One trial (or one sequence) contained all flashes
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Fig. 2. Configuration of electrode positions.

ith each of the six flash patterns. For all patterns had 200 ms
ashes followed by a 100 ms  delay, each trial lasted 1.8 s. A trial
lock referred to a group of trials with the same target. During
ffline testing, there were 16 trials per trial block and each run
onsisted of five trial blocks, each of which involved a different
arget. Subjects had a 2 min  break after each offline run. During
nline testing, the number of trials per trial block was two. Sub-
ects attempted to identify 24 targets continuously during online
esting (see Fig. 3).

There were four conditions, which were presented to each
ubject in random order. For each condition, each subject firstly
ook part in three offline runs. Subjects had 2-min rest between
ach offline run. After all offline runs of the four patterns, subjects
ere asked to attempt to identify 24 targets (i.e. 24 trial blocks)

ontinuously for each condition in the online experiment. Feed-
ack and target selection time was 4 s before the beginning of each
rial block (counting the ‘flashes’ in one of the six circles, see Fig. 1).

ubjects had 2-min rest before starting the online task for each
ondition. A white arrow cue was used to show the target (human
ace or dummy  face) which the subjects should focus on and count
he flash numbers in both online and offline experiments. The

Fig. 3. One run of the experiment for 
e Methods 239 (2015) 18–27 21

feedback which obtained from an online experiment was  shown
on the top of the screen. After the BCI system identified the target
that the subject focused on, the feedback was  shown by using
a white block around the target. The white block feedback was
shown to subjects. The feedback on the top of the screen was  used
to record the result of one online experiment.

2.4. Feature extraction procedure

A third-order Butterworth band pass filter was used to filter the
EEG between 0.1 and 30 Hz. The EEG was  then down-sampled from
256 to 64 Hz by selecting every fourth sample from the filter EEG.
The first 800 ms  of EEG after presentation of a single stimulus was
used to extract the feature from each channel. For the offline data,
Windsorizing was used to remove the electrooculogram (EOG). The
10th percentile and the 90th percentile were computed for the sam-
ples from each electrode. Amplitude values lying below the 10th
percentile or above the 90th percentile were respectively replaced
by the 10th percentile or 90th percentile (Hoffmann et al., 2008).

2.5. Classification scheme

Bayesian linear discriminant analysis (BLDA) is an extension of
Fisher’s linear discriminant analysis (FLDA) that avoids over fit-
ting. The detail of the algorithm can be found in Hoffmann et al.
(2008). BLDA was selected because of its demonstrated for its
demonstrated classification performance in P300 BCI applications
(Hoffmann et al., 2008). Data acquired from offline training were
used to train the classifier using BLDA and obtain the classifier
model. This model would be used in the online system.

2.6. Raw bit rate

In this paper, we  used one bit rate calculation method called raw
bit rate (RBT) which was calculated by the formula (1).

B = log2 N + P log2 P + (1 − P)log2

[
1 − P

]
(1)
The P denoted the accuracy. The T was the completion time of the
target selection tasks. Bit rate is an objective measure for measuring
improvement in a BCI and for comparing different BCIs (Wolpaw

online and offline experiments.
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Fig. 4. Grand averaged ERPs of target across subjects 1–10 over 14 ele

t al., 2002). RBT was calculated without selection time and was
efined in Wolpaw et al. (2002).

. Results
In this paper, electrode P7 was selected to show the N200
ifference among four patterns, which was commonly chosen
or measuring the N200 (Hong et al., 2009); electrode Pz was
elected to show the P300 difference among four patterns, which
 sites, including the dummy  face pattern and the human face pattern.

was commonly chosen for measuring the P300; and electrode Fz
was selected to show the N400 difference among four patterns,
which was commonly chosen for measuring the N400 (Curran and
Hancock, 2007). Alpha is 0.05 which is used as statistical significant
level for paired samples t-test.
Fig. 4 shows the grand averaged amplitude of target flashes
across subjects 1–10 over 14 electrode sites for the dummy  face
pattern and the human face pattern. Fig. 4 showed that the grand
averaged ERPs of the dummy  face pattern were similar to the
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Table  1
Averaged peak values and averaged latency of N200 at P7, P300 at Pz and N400 at Fz. ‘DF-P’ denotes the dummy face pattern, ‘HF-P’ denotes the human face pattern, ‘IDF-P’
denotes the dummy face pattern and ‘IHF-P’ denotes the inverted face pattern.

ERP Electrodes Amplitude (�V) Latency (ms)

DF-P HF-P IDF-P IHF-P DF-P HF-P IDF-P IHF-P

N200 P7 −2.7592 −2.6975 −2.5537 −2.5217 251.56 247.27 269.14 246.48
P300  Pz 4.6187 5.1442 4.8911 4.7226 336.33 318.36 316.41 340.54
N400  Fz −4.9411 −5.3862 −5.7252 −5.8393 575.39 555.86 585.16 548.44

Fig. 5. Grand averaged ERPs of target across subjects 1–10 over 14 electrode sites, including the inverted dummy  face pattern and the inverted human face pattern.
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Fig. 6. Peak values of N200 on P7 (panels (A) and (B)), P300 on Pz (panels (C) and (D)) and N400 on Fz (panels (E) and (F)) across 10 subjects. The red represents the peak
values of the dummy  face pattern; the black represents the peak values of the human face pattern; the green represents the peak values of the inverted dummy face pattern;
t retati
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he  blue represents the peak values of the inverted human face pattern. (For interp
ersion of this article.)

uman face pattern. We  calculated the ERP amplitude correla-
ion of the dummy  face pattern and the human face pattern at
7 (R = 0.8710, p < 0.05), Pz (R = 0.9119, p < 0.05) and Fz (R = 0.8842,

 < 0.05), which showed high correlation on ERPs between the two
atterns. The peak points of N200 at P7, the peak points of P300 at

z and the peak points of N400 at Fz were calculated for each sub-
ect (see Fig. 6A, C and E). A paired samples t-test was used to show
he peak points difference between the two patterns. No signifi-
ant difference was found on N200 (t = −0.1932, p > 0.05), on P300
on of the references to color in this figure legend, the reader is referred to the web

(t = −0.9426, p > 0.05) and on N400 (t = 0.5796, p > 0.05). The aver-
aged peak values of N200 at P7, P300 at Pz and N400 at Fz for the
dummy face pattern and the human face pattern were shown in
Table 1.

Fig. 5 shows the grand averaged amplitude of target flashes

across subjects 1–10 over 14 electrode sites for the inverted dummy
face pattern and the inverted human face pattern. Fig. 5 showed
that the grand averaged ERPs of the inverted dummy face were
similar to the inverted human pattern. We  calculated the ERP
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ig. 7. R-squared values of all ERPs. R-squared values of ERPs form all paradigms at
8,  O1 and O2.

mplitude correlation of the inverted dummy  face pattern and
he inverted human face pattern at P7 (R = 0.8116, p < 0.05), Pz
R = 0.9545, p < 0.05) and Fz (R = 0.8991, p < 0.05), which showed
igh correlation on ERPs between the two patterns. The peak points
f N200 at P7, the peak points of P300 at Pz and the peak points of
400 at Fz were calculated for each subject (see Fig. 6B, D and F).

 paired samples t-test was used to show the peak points differ-
nce between the two patterns. No significant difference was found
n N200 (t = −0.0830, p > 0.05), on P300 (t = 0.2636, p > 0.05) and on
400 (t = 0.2083, p > 0.05). The averaged peak values of N200 at P7,
300 at Pz and N400 at Fz for the inverted dummy  face pattern and
he inverted human face pattern were shown in Table 1.

Fig. 7 shows the averaged R-squared values of ERPs of all con-
itions. A paired samples t-test was used to show the R-squared
alue difference between the dummy  face pattern and the human
ace pattern and between the inverted dummy  face pattern and
he inverted human face pattern across subjects 1–10. There was
o significant difference between the dummy  face pattern and the
uman face pattern at P7 for N200 (t = −1.0888. p > 0.05), Pz for
300 (t = −0.9172, p > 0.05) and Fz for N400 (t = −0.3762, p > 0.05),
nd between the inverted dummy  face pattern and the inverted
uman face pattern at Pz for P300 (t = −0.2348, p > 0.05). However,
ompared to the inverted human face pattern, the inverted dummy
ace pattern obtained significantly higher R-squared value of N200
t P7 (t = −2.1108, p < 0.05), and N400 at Fz (t = −3.9432, p < 0.05).

Table 2 shows the online classification accuracy and informa-
ion transfer rate based on an adaptive strategy (Jin et al., 2011). A
aired samples t-test method was used to show the classification
ccuracy (t = −0.7679, p > 0.05) and RBR (t = −0.9496, p > 0.05)
ifference between the dummy  face pattern and the human

ace pattern. It was also used to show the classification accuracy
t = −0.4814, p > 0.05) and RBR (t = −0.8321, p > 0.05) difference
etween the inverted dummy  face pattern and the inverted
uman face pattern. It showed that there was  no significant
00 ms  averaged from subject 1 to 10 on sites Fz, Cz, Pz, Oz, F3, F4, C3, C4, P7, P3, P4,

difference between the dummy  face and the human face pattern,
and between the inverted dummy  face patterns and the inverted
human face pattern. The average classification accuracies of the
upright dummy  face pattern and inverted dummy face pattern
are equal. A paired samples t-test method was  used to show the
classification accuracy (t = 0.2097, p > 0.05) and RBR (t = −0.1363,
p > 0.05) difference between the upright dummy face pattern and
inverted dummy  face pattern. There was no significant difference.

4. Discussion

In this paper, four different paradigms were presented to survey
the difference between the dummy  and human face stimulus. It
was reported that the human faces and the inverted human faces
yielded good performance when they were applied to BCIs (Jin et al.,
2012a,b; Kaufmann et al., 2011; Zhang et al., 2012). It would be
interesting to survey that whether there were significant difference
between the dummy  face pattern and the human face pattern when
they were applied in BCI system. In this paper, the dummy  face
pattern was used to compare with the human face pattern, and
the inverted dummy  face pattern was  used to compare with the
inverted human face pattern. The results showed there were no
significant difference on ERP amplitude, classification accuracy and
information transfer rate among the dummy  face patterns and the
human face patterns.

4.1. Amplitude and latency of ERPs

Firstly, statistical analysis was  used to show the difference
between the dummy  face pattern and the human face pattern, and

between the inverted dummy  face pattern and the inverted human
face pattern at P7 for N200, Pz for P300 and Fz for N400. Fig. 6A, C
and E showed that there were no significant differences at P7 for
N200, Pz for P300 and Fz for N400 between the human face pattern
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Table  2
Performance from online feedback runs using two  trials to construct the average. In this table, ‘Acc’ refers to classification accuracy and ‘RBR’ to raw bit rate, measured in
bits/min. ‘DF-P’ denotes the dummy  face pattern, ‘HF-P’ denotes the human face pattern, ‘IDF-P’ denotes the dummy face pattern and ‘IHF-P’ denotes the inverted face pattern.

S1 S2 S3 S4 S5 S6 S7 S8 S9 S10 Average

Acc (%) DF-P 100 95.8 95.8 91.7 100 83.3 100 100 87.5 87.5 94.0 ± 6.0
HF-P  95.8 95.8 87.5 95.8 100 87.5 95.8 100 100 100 95.8 ± 4.8
IDF-P  100 95.8 87.50 91.7 100 70.8 100 100 95.8 95.8 94.0 ± 9.0
IHF-P  100 91.7 91.7 91.7 100 83.3 91.7 100 100 95.8 95.0 ± 6.0

RBR DF-P  40.4 34.3 31.8 35.3 42.2 18.8 37.4 43.1 27.4 22.8 33.4 ± 8.2
.9 
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HF-P  36.5 34.3 24.0 39.0 38
IDF-P  41.3 31.8 26.3 29.7 40
IHF-P  41.3 27.6 30.3 50.8 40

nd the dummy  face pattern (p > 0.05). Fig. 6B, D and F showed
hat there were no significant differences between the inverted
ummy  face pattern and the inverted human face pattern at P7
or N200, Pz for P300 and Fz for N400 (p > 0.05). We  also calculated
he R-squared values of N200 at P7, P300 at Pz and N400 at Fz from
ubjects 1–10 for the four conditions. It was found that the inverted
ummy  face pattern obtained significantly higher R-squared value
han the inverted human face pattern at P7 for N200 (p < 0.05) and
t Fz for N400 (p < 0.05). However, online feedback did not show sig-
ificant difference on classification accuracy between the inverted
ummy  face pattern and the inverted human face pattern.

Secondly, we calculated the correction of ERP amplitude showed
n Fig. 5, the result showed that there were high correction on
mplitude between the dummy  face pattern and the human face
attern at P7 (R = 0.8710, p < 0.05), Pz (R = 0.9119, p < 0.05) and Fz
R = 0.8842, p < 0.05), and between the inverted dummy  face and
he inverted human face pattern at P7 (R = 0.8116, p < 0.05), Pz
R = 0.9545, p < 0.05) and Fz (R = 0.8991, p < 0.05).

Although it was shown that the averaged latencies of N200 at
7, P300 at Pz and N400 at Fz evoked by the dummy  face stim-
lus were latter than that evoked by the human face stimulus in
able 1, there were no significant difference of latencies between
he dummy  face pattern and the human face pattern at P7 for N200
t = 0.3683, p > 0.05), Pz for P300 (t = 1.3529, p > 0.05) and Fz for N400
t = 0.5275, p > 0.05), and between the inverted dummy  face and the
nverted human face at Fz for N400 (t = 0.5275, p > 0.05). But it was
ound that the ERP latency of the inverted dummy  face pattern was
ignificantly latter than the inverted human face pattern at P7 for
200 (t = 2.7526, p < 0.05) and at Pz for P300 (t = −2.4369, p < 0.05).

.2. Online feedback

We  also tested the online performance of the dummy  face and
he human face for upright and inverted forms. The results showed
hat there were no significant difference between the dummy face
attern and the human face pattern for the upright form in terms of
lassification accuracy (t = −0.7679, p > 0.05) and information trans-
er rate (t = −0.9496, p > 0.05) and for the inverted form in terms
f classification accuracy (t = −0.4814, p > 0.05) and information
ransfer rate (t = −0.8321, p > 0.05). It indicated that the dummy
aces stimuli could obtain as good performance as the human faces
timuli when they were applied in BCI systems.

All these results indicated that the dummy  faces would be a good
hoice to replace the human faces. It was reported that the small
hanges of dummy  face could lead to different expressions which
ould help to improve the performance of BCI systems (Jin et al.,

014). This work showed one of the potential value of the dummy
ace when it was used in BCI systems. Furthermore, the dummy
ace could be edited more easily than the human face which would

elp us to find other superior forms of the faces when it was used

n BCI systems. Moreover, dummy  faces would not have copyright
nfringement problems, so we could design the faces forms and
elect the different faces freely.
26.3 35.0 42.2 41.3 41.3 35.9 ± 6.3
15.9 41.3 42.2 31.2 35.8 33.6 ± 8.4
19.5 29.2 42.2 42.2 35.8 35.9 ± 9.2

5. Conclusions

In this paper, the results showed that there was no significant
difference between the dummy  pattern and the human face pat-
tern for both the upright and inverted forms on ERPs, classification
accuracy and information transfer rate. In the next step, we would
survey the dummy  faces in different forms both on patients and
health subjects to validate the performance of the BCIs based on
dummy faces stimuli further. The dummy  faces used in this paper
were only drawn by the lines and curves, which could be called a
simple face. We  would further survey the complex dummy faces,
which may lead to evoking different ERPs.

Acknowledgements

This work was supported in part by the Grant National Natu-
ral Science Foundation of China, under Grant Numbers 61074113,
61105122, 61203127 and 61305028 and supported in part by
Shanghai Leading Academic Discipline Project, Project Number:
B504. This work was also supported by the Fundamental Research
Funds for the Central Universities (WG1414005, WH1314023).

References

Allison BZ, Pineda JA. ERPs evoked by different matrix sizes: implications for a
brain computer interface (BCI) system. IEEE Trans Neural Syst Rehabil Eng
2003;11(2):110–3.

Allison BZ, Wolpaw EW,  Wolpaw JR. Brain-computer interface systems: progress
and prospects. Expert Rev Med  Devices 2007;4(4):463–74.

Allison BZ, McFarland DJ, Schalk G, Zheng SD, Jackson MM,  Wolpaw JR. Towards an
independent brain-computer interface using steady state visual evoked poten-
tials. Clin Neurophysiol 2008;119(2):399–408.

Acqualagna L, Blankertz B. Gaze-independent BCI-spelling using rapid serial visual
presentation (RSVP). Clin Neurophysiol 2013;124(5):901–8.

Aloise F, Schettini F, Aricò P, Leotta F, Salinari S, Mattia D, et al. P300-based brain-
computer interface for environmental control: an asynchronous approach. J
Neural Eng 2011;8(2):025025.

Birbaumer N, Cohen LG. Brain–computer interfaces: communication and restoration
of  movement in paralysis. J Physiol 2007;579(Pt 3):621–36.

Blankertz B, Lemm S, Treder M,  Haufe S, Muller KR. Single-trial analysis and classi-
fication of ERP components – a tutorial. Neuroimage 2011;56(2):814–25.

Brunner C, Allison BZ, Krusienski DJ, Kaiser V, Müller-Putz GR,  Pfurtscheller G, et al.
Improved signal processing approaches in an offline simulation of a hybrid
brain-computer interface. J Neurosci Methods 2010;188(1):165–73.

Cichocki A, Washizawa NY, Rutkowski T, Bakardjian H, Phan AH, Choi S, et al. Non-
invasive BCIs: multiway signal-processing array decompositions. IEEE Comput
2008;41:34–42.

Curran T, Hancock J. The FN400 indexes familiarity-based recognition of faces. Neu-
roimage 2007;36(2):464–71.

Daly I, Billinger M,  Laparra-Hernndex J, Aloise F, Garca ML,  Müller-Putz GR,  et al.
On the control of brain-computer interfaces by users with cerebral palsy. Clin
Neurophysiol 2013;124(9):1787–97.

Emily MM,  Carolin AR, Sebastion H, Michael B, Kübler A. Design and implementation
of  a P300-based brain-computer interface for controlling an internet browser.
IEEE Trans Neural Syst Rehabil Eng 2010;18(6):599–609.
Farwell LA, Donchin E. Talking off the top your head: toward a mental prosthesis
utilizing event-related brain potentials. Electroencephalogr Clin Neurophysiol
1988;70(6):510–23.

Fazel-Rezai R. Human error in P300 speller paradigm for brain-computer interface.
Conf Proc IEEE Eng Med  Biol Soc 2007;2007:2516–9.

http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0005
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0005
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0005
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0005
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0005
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0005
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0005
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0005
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0005
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0005
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0005
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0005
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0005
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0005
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0005
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0005
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0005
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0005
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0005
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0005
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0005
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0005
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0005
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0010
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0010
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0010
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0010
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0010
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0010
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0010
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0010
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0010
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0010
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0010
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0010
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0010
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0015
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0015
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0015
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0015
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0015
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0015
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0015
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0015
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0015
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0015
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0015
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0015
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0015
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0015
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0015
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0015
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0015
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0025
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0025
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0025
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0025
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0025
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0025
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0025
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0025
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0025
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0025
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0025
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0025
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0025
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0030
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0030
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0030
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0030
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0030
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0030
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0030
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0030
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0030
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0030
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0030
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0030
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0030
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0030
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0035
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0035
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0035
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0035
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0035
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0035
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0035
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0035
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0035
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0035
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0035
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0035
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0035
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0035
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0035
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0035
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0035
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0040
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0040
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0040
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0040
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0040
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0040
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0040
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0040
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0040
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0040
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0040
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0040
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0040
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0040
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0040
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0020
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0020
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0020
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0020
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0020
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0020
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0020
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0020
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0020
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0020
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0020
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0020
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0020
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0020
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0020
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0020
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0020
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0020
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0020
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0045
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0045
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0045
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0045
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0045
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0045
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0045
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0045
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0045
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0045
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0045
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0045
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0050
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0050
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0050
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0050
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0050
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0050
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0050
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0050
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0050
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0050
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0050
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0050
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0055
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0055
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0055
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0055
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0055
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0055
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0055
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0055
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0055
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0055
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0055
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0055
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0055
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0055
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0055
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0055
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0060
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0060
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0060
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0060
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0060
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0060
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0060
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0060
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0060
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0060
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0060
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0060
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0060
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0060
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0060
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0060
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0060
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0060
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0060
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0060
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0060
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0060
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0065
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0065
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0065
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0065
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0065
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0065
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0065
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0065
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0065
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0065
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0065
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0065
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0065
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0065
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0065
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0065
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0065
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0065
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0065
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0065
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0070
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0070
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0070
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0070
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0070
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0070
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0070
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0070
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0070
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0070
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0070
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0070
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0070
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0070
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0070
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0070
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0070
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0070
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0070


scienc

F

G

G

H

H

H

J

J

J

J

J

K

K

K

K

K

L

L

L. Chen et al. / Journal of Neuro

rye GE, Hauser CK, Townsend G, Sellers EW.  Suppressing flashes of items sur-
rounding targets during calibration of a P300-based brain-computer interface
improves performance. J Neural Eng 2011;8(2):025024.

uo F, Hong B, Gao X, Gao S. A brain-computer interface using motion-onset visual
evoked potential. J Neural Eng 2008;5(4):477–85.

uger C, Daban S, Sellers EW,  Holzner C, Krausz G, Carabalona R, et al. How many peo-
ple are able to control a P300-based brain-computer interface (BCI)? Neurosci
Lett  2009;462(1):94–8.

ill NJ, Lal TM, Bierig K, Birbaumer N, Schölkopf B. An auditory paradigm
for brain-computer interface; 2004. NIPS. books.nips.cc/papers/files/nips17/
NIPS2004 0503.ps.gz.

ong B, Guo F, Liu T, Gao S. N200-speller using motion-onset visual response. Clin
Neurophysiol 2009;120(9):1658–66.

offmann U, Vesin JM, Ebrahimi T, Diserens K. An efficient P300-based
brain-computer interface for disabled subjects. J Neurosci Methods
2008;167(1):115–25.

in J, Daly I, Zhang Y, Wang XY, Cichocki A. An optimized ERP brain–computer inter-
face based on facial expression changes. J Neural Eng 2014;11(3):036004.

in J, Allison BZ, Wang X, Neuper C. A combined brain–computer interface based on
P300 potentials and motion-onset visual evoked potentials. J Neurosci Methods
2012a;205(2):265–76.

in J, Allison BZ, Kaufmann T, Kübler A, Zhang Y, Wang XY, et al. The changing face
of  P300 BCIs: a comparison of stimulus changes in a P300 BCI involving faces,
emotion, and movement. PLoS One 2012b;7(11):e49688.

in J, Allison BZ, Sellers EW,  Brunner C, Horki P, Wang X, et al. Adaptive P300 based
control system. J Neural Eng 2011;8(3):036006.

in J, Horki P, Brunner C, Wang X, Neuper C, Pfurtscheller G. A new P300 stimu-
lus presentation pattern for EEG-based spelling systems. Biomed Tech (Berl)
2010;55(4):203–10.

übler A, Kotchoubey B, Kaiser J, Wolpaw JR, Birbaumer N. Brain–computer com-
munication: unlocking the locked. Psychol Bull 2001;127(3):358–75.

aufmann T, Herweg A, Kübler A. Toward brain-computer interface based
wheelchair control utilizing tactually-evoked event-related potentials. J Neu-
roeng Rehabil 2014;11(1):7.

aufmann T, Schulz SM, Köblitz A, Renner G, Wessig C, Kübler A. Face stimuli
effectively prevent brain–computer interface inefficiency in patients with neu-
rodegenerative disease. Clin Neurophysiol 2012;124(5):893–900.

aufmann T, Schulz SM,  Grünzinger C, Kübler A. Flashing characters with famous
faces improves ERP-based brain-computer interface performance. J Neural Eng
2011;8(5):056016.

im DW,  Hwang HJ, Lim JH, Lee YH, Jung KY, Im CH. Classification of selective
attention to auditory stimuli: toward vision-free brain-computer interfacing.

J  Neurosci Methods 2011;197(1):180–5.

iu Y, Zhou ZT, Hu DW.  Gaze independent brain-computer speller with convert visual
search tasks. Clin Neurophysiol 2010;112:1127–36.

otte F, Congedo M, Lecuyer A, Lamarche F, Arnaldi B. A review of classification algo-
rithms for EEG-based brain–computer interfaces. J Neural Eng 2007;4(2):R1–13.
e Methods 239 (2015) 18–27 27

Mak  JN, Arbel Y, Minett JW,  McCane LM,  Yuksel B, Ryan D, et al. Optimizing the
P300-based brain-computer interface: current status, limitations and future
directions. J Neural Eng 2011;8(2):025003.

Mak  JN, Wolpaw JR. Clinical applications of brain–computer interfaces: current state
and future prospects. IEEE Rev Biomed Eng 2009;2:187–99.

Mugler E, Bensch M,  Halder S, Rosenstiel W,  Bogdan M, Birbaumer N, et al. Control of
an  internet browser using the P300 event-related potential. Int J Bioelectromagn
2008;10:56–63.

Ortner R, Allison BZ, Korisek G, Gaqql H, Pfurtscheller G. An SSVEP BCI to control a
hand orthosis for persons with tetraplegia. IEEE Trans Neural Syst Rehabil Eng
2011;19(1):1–5.

Pires G, Nunes U, Gastelo-Branco M.  Statistical spatial filtering for a P300-based BCI:
tests in able-bodied, and patients with cerebral palsy and amyotrophic lateral
sclerosis. J Neurosci Methods 2011;195(2):270–81.

Polich J. Updating P300: an integrative theory of P3a and P3b. Clin Neurophysiol
2007;118(2):2128–48.

Rohm M,  Schneiders M,  Müller C, Kreilinger A, Kaiser V, Müller-Putz GR, et al. Hybrid
brain–computer interfaces and hybrid neuroprostheses for restoration of upper
limb  functions in individuals with high-level spinal cord injury. Artif Intell Med
2013;59(2):133–42.

Sellers EW,  Donchin E. A P300-based brain-computer interface: initial tests by ALS
patients. Clin Neurophysiol 2006;117(3):538–48.

Townsend G, Shanahan J, Ryan DB, Sellers EW.  A general P300 brain-computer inter-
face  presentation paradigm based on performance guided constraints. Neurosci
Lett 2012;531(2):63–8.

Townsend G, LaPallo BK, Boulay CB, Krusienski DJ, Frye GE, Hauser CK, et al. A novel
P300-based brain-computer interface stimulus presentation paradigm: moving
beyond rows and columns. Clin Neurophysiol 2010;121(7):1109–20.

Treder MS,  Schmidt NM,  Blankertz B. Gaze-independent brain-computer inter-
faces based on covert attention and feature attention. J Neural Eng 2011;8(6):
066003.

Treder MS,  Blankertz B. (C)overt attention and visual speller design in an ERP-based
brain-computer interface. Behav Brain Funct 2010;6:28.

Speier W,  Arnold C, Pouratian N. Evaluating true BCI communication rate through
mutual information and language models. PLoS One 2013;8(10):e78432.

Wolpaw JR, Birbaumer N, McFarland DJ, Pfurtscheller G, Vaughan TM. Brain-
computer interfaces for communication and control. Clin Neurophysiol
2002;113(6):767–91.

Wang M, Daly I, Allison BZ, Jin J, Zhang Y, Chen L, et al. A new hybrid BCI
paradigm based on P300 and SSVEP. J Neurosci Methods 2014., http://dx.doi.org/
10.1016/j.jneumeth.2014.06.003.

Xu N, Gao XR, Hong B, Miao XB, Gao SK, Yang FS. BCI competition 2003 – data set

IIb:  enhancing P300 wave detection using ICA-based subspace projections for
BCI applications. IEEE Trans Biomed Eng 2004;51(6):1067–72.

Zhang Y, Zhao Q, Jin J, Wang X, Cichocki A. A novel BCI based on ERP compo-
nents sensitive to configural processing of human faces. J Neural Eng 2012;9(2):
026018.

http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0075
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0075
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0075
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0075
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0075
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0075
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0075
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0075
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0075
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0075
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0075
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0075
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0075
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0075
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0075
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0075
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0075
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0075
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0075
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0075
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0080
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0080
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0080
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0080
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0080
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0080
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0080
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0080
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0080
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0080
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0080
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0080
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0080
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0080
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0085
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0085
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0085
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0085
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0085
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0085
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0085
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0085
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0085
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0085
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0085
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0085
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0085
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0085
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0085
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0085
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0085
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0085
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0095
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0095
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0095
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0095
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0095
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0095
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0095
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0095
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0095
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0095
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0100
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0100
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0100
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0100
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0100
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0100
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0100
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0100
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0100
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0100
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0100
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0100
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0100
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0100
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0105
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0105
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0105
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0105
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0105
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0105
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0105
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0105
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0105
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0105
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0105
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0105
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0105
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0105
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0105
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0105
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0105
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0110
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0110
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0110
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0110
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0110
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0110
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0110
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0110
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0110
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0110
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0110
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0110
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0110
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0110
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0110
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0110
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0110
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0110
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0110
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0110
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0110
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0115
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0115
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0115
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0115
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0115
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0115
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0115
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0115
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0115
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0115
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0115
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0115
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0115
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0115
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0115
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0115
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0115
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0115
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0115
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0115
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0115
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0115
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0115
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0120
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0120
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0120
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0120
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0120
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0120
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0120
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0120
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0120
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0125
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0125
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0125
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0125
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0125
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0125
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0125
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0125
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0125
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0125
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0125
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0125
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0125
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0125
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0125
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0125
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0125
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0135
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0135
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0135
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0135
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0135
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0135
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0135
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0135
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0135
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0135
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0135
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0135
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0135
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0140
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0140
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0140
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0140
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0140
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0140
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0140
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0140
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0140
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0140
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0140
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0140
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0140
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0140
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0140
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0145
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0145
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0145
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0145
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0145
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0145
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0145
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0145
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0145
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0145
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0145
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0145
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0145
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0145
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0145
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0145
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0145
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0145
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0145
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0145
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0150
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0150
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0150
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0150
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0150
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0150
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0150
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0150
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0150
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0150
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0150
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0150
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0150
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0150
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0155
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0155
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0155
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0155
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0155
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0155
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0155
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0155
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0155
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0155
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0155
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0155
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0155
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0155
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0155
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0155
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0155
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0160
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0160
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0160
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0160
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0160
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0160
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0160
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0160
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0160
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0160
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0160
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0160
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0160
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0160
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0165
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0165
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0165
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0165
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0165
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0165
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0165
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0165
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0165
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0165
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0165
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0165
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0165
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0165
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0165
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0165
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0165
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0165
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0170
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0170
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0170
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0170
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0170
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0170
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0170
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0170
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0170
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0170
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0170
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0170
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0170
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0170
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0170
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0175
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0175
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0175
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0175
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0175
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0175
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0175
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0175
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0175
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0175
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0175
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0175
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0175
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0175
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0175
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0175
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0175
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0175
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0175
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0180
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0180
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0180
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0180
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0180
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0180
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0180
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0180
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0180
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0180
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0180
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0180
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0180
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0180
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0180
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0180
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0190
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0190
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0190
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0190
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0190
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0190
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0190
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0190
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0190
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0190
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0190
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0190
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0190
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0190
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0190
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0190
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0190
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0190
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0190
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0190
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0190
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0195
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0195
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0195
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0195
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0195
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0195
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0195
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0195
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0195
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0195
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0195
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0195
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0195
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0195
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0195
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0195
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0195
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0195
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0195
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0195
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0195
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0195
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0195
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0195
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0195
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0200
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0200
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0200
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0200
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0200
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0200
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0200
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0200
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0200
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0200
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0200
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0200
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0200
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0200
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0185
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0185
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0185
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0185
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0185
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0185
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0185
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0185
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0185
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0185
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0185
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0185
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0185
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0185
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0185
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0185
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0185
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0185
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0185
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0185
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0185
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0185
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0185
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0185
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0185
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0185
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0185
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0205
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0205
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0205
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0205
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0205
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0205
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0205
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0205
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0205
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0205
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0205
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0205
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0205
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0205
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0210
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0210
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0210
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0210
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0210
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0210
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0210
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0210
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0210
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0210
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0210
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0210
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0210
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0210
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0210
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0210
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0210
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0210
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0215
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0215
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0215
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0215
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0215
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0215
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0215
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0215
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0215
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0215
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0215
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0215
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0215
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0215
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0215
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0215
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0215
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0215
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0225
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0225
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0225
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0225
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0225
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0225
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0225
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0225
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0225
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0225
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0225
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0225
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0225
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0225
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0225
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0225
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0230
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0230
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0230
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0230
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0230
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0230
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0230
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0230
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0230
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0230
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0230
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0230
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0230
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0230
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0230
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0235
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0235
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0235
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0235
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0235
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0235
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0235
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0235
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0235
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0235
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0235
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0235
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0235
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0235
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0240
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0240
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0240
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0240
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0240
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0240
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0240
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0240
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0240
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0240
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0240
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0240
dx.doi.org/10.1016/j.jneumeth.2014.06.003
dx.doi.org/10.1016/j.jneumeth.2014.06.003
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0250
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0250
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0250
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0250
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0250
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0250
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0250
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0250
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0250
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0250
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0250
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0250
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0250
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0250
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0250
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0250
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0250
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0250
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0250
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0250
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0250
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0250
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0250
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0250
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0250
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0255
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0255
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0255
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0255
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0255
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0255
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0255
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0255
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0255
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0255
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0255
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0255
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0255
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0255
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0255
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0255
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0255
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0255
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0255
http://refhub.elsevier.com/S0165-0270(14)00362-8/sbref0255

	A survey of the dummy face and human face stimuli used in BCI paradigm
	1 Introduction
	2 Materials and methods
	2.1 Subjects
	2.2 Stimuli and procedure
	2.3 Experiment setup, offline and online protocols
	2.4 Feature extraction procedure
	2.5 Classification scheme
	2.6 Raw bit rate

	3 Results
	4 Discussion
	4.1 Amplitude and latency of ERPs
	4.2 Online feedback

	5 Conclusions
	Acknowledgements
	References


