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Objective: The white/gray flicker matrix has been used as a visual stimulus for the so-called P300 brain-
computer interface (BCI), but the white/gray flash stimuli might induce discomfort. In this study, we
investigated the effectiveness of green/blue flicker matrices as visual stimuli.

Methods: Ten able-bodied, non-trained subjects performed Alphabet Spelling (Japanese Alphabet: Hira-

Keywords: gana) using an 8 x 10 matrix with three types of intensification/rest flicker combinations (L, luminance;
gﬁl C, chromatic; LC, luminance and chromatic); both online and offline performances were evaluated.
EEG Results: The accuracy rate under the online LC condition was 80.6%. Offline analysis showed that the LC

P300 condition was associated with significantly higher accuracy than was the L or C condition (Tukey-Kra-
mer, p < 0.05). No significant difference was observed between L and C conditions.

Conclusions: The LC condition, which used the green/blue flicker matrix was associated with better per-
formances in the P300 BCI.

Significance: The green/blue chromatic flicker matrix can be an efficient tool for practical BCI application.
© 2009 International Federation of Clinical Neurophysiology. Published by Elsevier Ireland Ltd. All rights

Chromatic change

reserved.

1. Introduction

Brain-computer interface (BCI) or brain-machine interface
(BMI) is a new interface technology that utilizes neurophysiologi-
cal signals from the brain to control external computers or ma-
chines (Birbaumer, 2006; Birbaumer and Cohen, 2007). One
research approach to BCI utilizes neurophysiological signals such
as the neuronal firing that is emitted directly from a single cell; this
approach can be categorized as invasive BCI. The other approach
utilizes neurophysiological signals from the brain accessed in the
absence of surgery; this is called non-invasive BCI. Electroenceph-
alography (EEG), a technique for recording neurophysiological sig-
nals using electrodes placed on the scalp, represents the primary
non-invasive methodology for studying BCI.

EEG-based non-invasive BCI can be easily used but has been re-
garded as providing only limited information. However, Wolpaw
and McFarland recently succeeded in achieving two-dimensional
cursor control (Wolpaw and McFarland, 2004) using EEG signals.
These researchers applied the EEG power spectrum, using the
beta-band power for vertical and the mu-band power for horizon-
tal cursor control. Motor imagery tasks have been used in BCI re-
search; for example, Pfurtscheller et al. used a motor imagery

* Corresponding author. Tel.: +81 4 2995 3100x2573; fax: +81 4 2995 3132.
E-mail address: kansaku-kenji@rehab.go.jp (K. Kansaku).

task and reported event-related beta-band synchronization and
mu-waves de-synchronization (Bai et al., 2005; Guger et al,
2003; Pfurtscheller et al., 2006). Our research group has reported
that a wrist motor imagery task elicited desynchronization in the
alpha-band deriving from the sensorimotor area and synchroniza-
tion in the alpha-band deriving from the occipital area in both
able-bodied participants and those with spinal cord injuries
(Komatsu et al., 2007).

Sensory evoked signals have also been utilized in EEG-based
non-invasive BCI. One popular system, the P300 speller, uses elic-
ited P300 responses to target stimuli placed among row and col-
umn flashes (Farwell and Donchin, 1988). Recent studies have
evaluated the use of systems relying on sensory evoked signals
among patients with amyotrophic lateral sclerosis and other dis-
eases (Piccione et al., 2006; Sellers and Donchin, 2006). Our re-
search group recently modified the Donchin P300 speller and
applied it through an Environmental Control System (ECS) (Takano
et al., 2008); we found that a C3/C4-level quadriplegic patient was
able to use the system successfully (28 correct signals/28 trials)
without significant training (Komatsu et al., 2008).

Practical use of EEG-based non-invasive BCI requires a stable
system characterized by high levels of accuracy. In order to in-
crease accuracy rates, feature extraction or classification proce-
dures have been investigated, including step-wise discriminant
analysis (Donchin et al., 2000; Sellers et al., 2006), wavelets

1388-2457/$36.00 © 2009 International Federation of Clinical Neurophysiology. Published by Elsevier Ireland Ltd. All rights reserved.

doi:10.1016/j.clinph.2009.06.002
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(Bostanov, 2004), and support vector machines (Kaper et al., 2004).
Moreover, it is important that sensory stimulation involved in
using the BCI system based on the P300 speller not induce discom-
fort. In this study, we attempted to identify better sensory stimuli
than those in the P300 speller.

The P300 speller has mainly used white/gray flicker matrices as
visual stimuli (Kaper et al., 2004; Krusienski et al., 2008; Sellers
et al., 2006). It is possible that such flickering visual stimuli could
induce discomfort. Parra and colleagues evaluated the safety of
chromatic combinations for those with photosensitive epilepsy
(Parra et al., 2007). In their study, five single-color stimuli (white,
blue, red, yellow, and green) and four alternating-color stimuli
(blue/red, red/green, green/blue, and blue/yellow with equal lumi-
nance) of four frequencies (10, 15, 20, and 30 Hz) were used as the
visual stimuli. Under the white stimulation condition, flickering
stimuli with higher frequencies, especially those greater than
20 Hz, have been found to be potentially provocative. Under the
alternating-color stimulation condition, as suggested by the Poke-
mon incidence, the 15-Hz blue/red flicker was most provocative. It
is noteworthy that the green/blue chromatic flicker emerged as the
safest and evoked the lowest rates of EEG spikes. In the current
study, we used a green/blue chromatic combination for the visual
stimuli used to elicit visually evoked responses. We showed that
green/blue flicker matrices, representing milder visual stimuli,
were also able to facilitate adequate performances in the P300 BCL

2. Materials and methods
2.1. Subjects

Ten healthy, non-trained naive subjects (aged 25-47 years; nine
females and one male) who had never participated in this study
were recruited as participants. All subjects were neurologically
normal and strongly right-handed (min/mean/max =0.7/0.91/1),
according to the Edinburgh Inventory. The studies received ap-
proval from the Institutional Review Board. All subjects provided
written informed consent according to institutional guidelines.

Target ~

1563
2.2. Experimental design

We modified the so-called P300 speller (Farwell and Donchin,
1988). The P300 speller uses the P300 paradigm and involves the
presentation of a selection of icons arranged in a matrix. According
to this protocol, the participant focuses on one icon in the matrix as
the target, and each row/column or single icon of the matrix is then
intensified in a random sequence. The target stimuli are presented
as rare stimuli (i.e., the Oddball Paradigm). We elicited P300 re-
sponses to the target stimuli and then extracted and classified
these responses with regard to the target.

In this study, we prepared an 8 x 10 hiragana matrix for the
P300 speller (Fig. 1), modified from a 6 x 6 matrix using the Eng-
lish alphabet, for this experiment. Three types of intensification/
rest flicker combinations were prepared. We prepared a white
(20 cd/cm)/gray (6.5 cd/cm) flicker (L condition) matrix for the
luminance flicker, a green (9.5 cd/cm)/blue (9.5 cd/cm) isolumi-
nance flicker (C condition) matrix for the chromatic flicker, and a
green (20 cd/cm)/blue (6.5 cd/cm) luminance flicker (LC condition)
for the luminance and chromatic flicker. Luminance was measured
using a chromatic meter (CS-200, Konica Minolta Sensing Inc., Osa-
ka, Japan). The order of the experimental conditions (the type of
flicker matrix) was randomized among subjects.

The subjects entered hiragana characters from the Japanese
alphabet using a row and column flicker panel with an 8 x 10 ma-
trix. Fifteen letters were required for the spelling task involved in
each experimental condition: L, C, and LC. The duration of the
intensification/rest flicker involved 100 ms of intensification and
75 ms of rest. This intensification/rest timing was derived from
the BCI competition III (Blankertz et al., 2006). One complete cycle
of eight row and ten column intensifications constituted a se-
quence. Online performance was evaluated, and each letter was se-
lected in a series of 10 sequences (180 intensifications for hiragana
characters). The differences in the accuracy rates among the matri-
ces were evaluated by two-way repeated ANOVAs and the Tukey-
Kramer test as a post hoc test. Additionally, the difference in the
accuracy rate for each sequence between each matrix was evalu-
ated by a paired t-test.

100ms ~ 75ms \ \\ AR
Flicker  mmtna - i)
EEG /*/'\’f-\,j A e r\/ L classificationd
v 7
:< )!( \/\/v' )I ~
100ms 700ms

Segmented data

_ 10 Sequences #

Fig 1. Hiragana matrix and experimental procedure. The row or column intensifications were presented, and ERP data were recorded. The red solid line of the EEG data
indicates the segmented portion used for the classification. The target was predicted by Fisher’s linear discriminant analysis after 10 sequences (180 intensifications).
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The subject sat in an unshielded room 90 cm from a LCD display
and was required to pay attention to a target, which was displayed
in the 8 x 10 (hiragana spelling) matrix. The 8 x 10 matrix sub-
tended 12.7°H x 15.8°W (20 x 25 cm). The distance between char-
acters was 0.95° (1.5 cm) and the size of each character was 0.63°
(1.0 cm) square.

2.3. EEG recording and analysis

Eight-channel (Fz, Cz, Pz, P3, P4, Oz, PO7, PO8, see Fig. 2) EEG
data were recorded using a cap (Guger Technologies OEG, Graz,
Austria) (Krusienski et al., 2007; Lu et al., 2008). All channels were
referenced to the Fpz, and grounded to the AFz. The EEG was band-
pass filtered at 0.1-50 Hz, amplified with a g.Usbamp (Guger Tech-
nologies OEG, Graz, Austria), digitized at a rate of 256 Hz, and
stored.

In the analyses, recorded EEG data were down-sampled to
21 Hz. Data from 800 ms of the EEG were segmented according
to the timing of the intensification. Data from the initial 100 ms
were used for baseline correction. Data from the final 700 ms were
used for classification purposes, using Fisher’s linear discriminant
analysis. First, we asked subjects to input six letters for training
and for gathering data to derive the feature vectors for the subse-
quent test session. The EEG data were sorted using the information
about flash timing, and Fisher’s linear discriminant analysis was
then performed to generate the feature vector to discriminate be-
tween target and nontarget. The 700 ms of baseline-corrected EEG
using a sampling rate of 21 Hz correspond to 15 data points, and
data were collected by 8 EEG channels. Thus, the feature vector
had 120 dimensions. The feature vectors were derived for each
condition. In the test session, visual evoked responses from EEG
features were evaluated by the feature vectors. The result of classi-
fication was construed as the maximum of the summed scores for
the respective rows and columns, and the target was located in the
matrix at the intersection of the predicted row and column.

3. Results
3.1. Offline evaluation
We asked the subjects to focus on one of the characters dis-

played on an 8 x 10 matrix panel, and 15 letters were required
for the spelling task involved in each experimental condition: L,

o ® o
OO0 & OO0
Coo00®mO00C
00000000
O000OOOO
OQQOQQQQO
00BOBOEO

SReNeIT
@O@O@

Fig. 2. Electrode montage and channel set. Eight channels used for analyses (red;
Fz, Cz, Pz, P3, P4, Oz, PO7, PO8), a reference (blue; Fpz), and a ground (green; Apz).
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Fig. 3. Mean performance curves at each condition for all 10 sequences. Mean
performances in L, C, and LC conditions are plotted by the broken line with gray
circles, the dotted line with white triangles, and the solid line with black squares,
respectively. Error bars indicate SE.

C, and LC. Fig. 3 shows the results of the offline analysis for each
condition. It is noteworthy that accuracy was higher in the LC con-
dition than in the two other conditions; a significant difference
emerged between the LC and the two other conditions
(F(2,270)=12.9, p<0.01), and no significant interaction was
observed (F(18,270)=0.25, p=0.99). Post hoc testing revealed
significant differences between the LC and the other conditions
(Tukey-Kramer test, p < 0.05). A paired t-test was also applied for
each sequence (Table 1). The LC and L conditions showed signifi-
cant differences in regard to the sequences: [7, 9, 10]; the LC and
C conditions showed significant differences on the sequences: [5,
6, 7, 8] (Paired t-test, p < 0.05, uncorrected). In contrast, there
was no significant difference between the L and C conditions. These
results indicate that a combination of luminance and chromatic
characteristics of the visual stimuli proved most effective for
increasing accuracy rates, and that chromatic and luminance
flickers can be associated with similar levels of accuracy.

3.2. Online performance

Online performance was evaluated and each letter was selected
in a series of 10 sequences. The accuracy rates were as follows: LC:
80.6% > C: 73.3% > L: 71.3%, and transfer bit rates (bit/min) (Wol-
paw et al., 2002) were: LC: 8.14 > C: 7.03 > L: 6.75. A significant
difference in the accuracy rate was observed between the LC and
L conditions (£(9) = 2.41, p < 0.05, uncorrected).

Fig. 4 shows the online performance for each subject. One of 10
subjects performed most accurately in the L condition, four of 10
subjects did so in the C condition, and five of 10 subjects did so

Table 1

Significant differences between all sequences and conditions.

Sequences Lvs.C Lvs. LC Cvs. LC
1 0.070 0.487 0.058
2 0.726 0.065 0.835
3 0.329 0.068 0.175
4 0.928 0.130 0.208
5 0.165 0.130 0.018"
6 0.181 0.052 0.024"
7 0.705 0.021" 0.033"
8 0.288 0.074 0.036
9 1.000 0.039° 0.258

10 0.758 0.020" 0.253

" P<0.05.
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Fig. 4. Accuracy rates for each subject. The accuracy rates in L, C, and LC conditions
for each subject (A-]) are indicated by gray bars, white bars, and black bars,
respectively.

in the LC condition. Please note that the participants were not
trained and had not previously participated in this experiment.

4. Discussion

In this study, we used a green/blue chromatic combination as
visual stimuli to elicit visual evoked responses because it is possi-
ble that flickering visual stimuli induce discomfort. Following a
previous study on photosensitivity in epilepsy (Parra et al., 2007),
we used a green/blue chromatic combination.

We prepared a white/gray flicker (L condition) matrix for the
luminance flicker, a green/blue isoluminance flicker (C condition)
matrix for the chromatic flicker, and a green/blue luminance flicker
(LC condition) for the luminance and chromatic flicker. We showed
that accuracy rates were significantly higher in response to the
luminance chromatic flicker condition (LC) than in response to
the luminance (L) or chromatic (C) flicker condition.

In pursuit of increasing accuracy in operating the BCI system, as
well as of developing better classification methods (Bostanov,
2004; Donchin et al., 2000; Kaper et al., 2004; Sellers and Donchin,
2006), some studies have attempted to identify better and more
efficient experimental settings by manipulating such factors as
the matrix size and the duration of intensification (Sellers et al.,
2006), the channel set of the EEG (Krusienski et al., 2008), and ran-
dom flashes (Sellers et al., 2008). This study proposed a method for
combining luminance and chromatic information to increase the
accuracy rate of performances in the P300 BCI, and this method
can be applied with the proposed methods listed above.

Elucidation of the neuronal processes underlying the percep-
tion/cognition/attention with regard to visual stimuli might be
helpful in clarifying why accuracy rates increased under the LC
condition compared to the L or C condition. Unit recording studies
exploring chromatic change among macaque monkeys found spe-
cialized color modules that showed specific color sensitivities in
the parietal, occipital, and temporal areas (Conway et al., 2007);
such studies also found color-selective neurons in the inferior tem-
poral cortex (Koida and Komatsu, 2007). Previous unit recording
studies of luminance change have reported activation at V1, V2
(Peng and Van Essen, 2005), and the pretectal olivary nucleus
(Gamlin et al., 1995) in monkeys; and in the occipital and parietal
areas in humans using MEG (Portin et al., 1998) and ERP (Johannes
et al., 1995). It is conceivable that a wide range of neurons in the
parietal, occipital, and temporal areas specialized for processing
color information, and in the occipital and parietal areas

specialized for processing luminance information may be activated
under the LC condition, thereby contributing information that en-
riches the recorded EEG signals. However, additional investigations
are necessary to enhance understanding of the neuronal processing
underpinning the perception/cognition/attention with regard to vi-
sual stimuli.

Our results indicate that chromatic and luminance flickers are
associated with similar levels of accuracy. Each condition (L or C)
was correlated with mean accuracy rates of over 70%. This online
performance and the results of offline analysis suggest that the
chromatic flicker can be of similar usefulness as the luminance
flicker. The choice of luminance and chromatic values was arbi-
trary in this experiment; therefore, future research might identify
the optimal combination of luminance values. Furthermore, identi-
fication of the optimal visual stimuli for each individual subject
might be beneficial.

We conducted the experiments in an unshielded room in order
to present better visual stimuli in a situation closely resembling
the actual environments in which the BCI system will be used daily
by potential users such as quadriplegic patients. The LC condition
was associated with better performance. In addition, even by
applying the isoluminance C condition, it provided similar results
to the L condition. The relatively better performance under condi-
tions including chromatic changes might derive from the greater
constancy in the chromatic condition (Barbur and Spang, 2008),
which may enable greater stability vis-a-vis environmental
changes. Further investigation is necessary to evaluate how envi-
ronmental light affects performances, and studies in this regard
might contribute to determining the best visual stimuli for the sit-
uations in which the BCI system is actually used.

In this study, we investigated the effect of chromatic change in
visual stimuli in a modified P300 BCI, which had primarily used
luminance change in visual stimuli in previous research. We ap-
plied a green/blue chromatic flicker and showed that the green/
blue flicker matrices, which might represent milder visual stimuli,
were useful in improving performances in the operation of the
P300 BCI. Additional studies applying interdisciplinary approaches
from engineering and neuroscience might provide better and more
practical ways to enhance the ability of the P300 BCI to help indi-
viduals with disabilities.
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Technologies for direct functional interfaces between brains
and artificial devices, the so-called brain-machine (BMI) or brain-
computer (BCI) interfaces, have grown impressively in the last
decade (Lebedev and Nicolelis, 2006; Birbaumer and Cohen, 2007).
One research approach to BMI utilises neurophysiological signals,
such as neuronal firing by a single cell. Electrophysiology studies
using monkeys or rats have succeeded in multidimensional control
of robot arms (Chapin et al., 1999; Moritz et al., 2008), aiming to
control revolutionary prostheses that feel and act like the
extremities. Another approach utilises neurophysiological signals
from the brain, accessed non-invasively, primarily using electro-
encephalography (EEG), a technique for recording neurophysio-
logical signals using electrodes placed on the scalp. An EEG-based
BMI succeeded in achieving two-dimensional cursor control
(Wolpaw and McFarland, 2004).

Extensive BMI research has enabled users to control external
devices within their own environment; however, the use of brain
signals to control devices outside the user’s environment remains a
new concept for BML In situations where humans acquire new
visual perspectives, recent neuroscience studies have reported that
our body scheme may change (Botvinick and Cohen, 1998; Ehrsson
et al., 2004; Lenggenhager et al., 2007), e.g., manipulation of the
visual perspective can affect the usual ongoing experience of being
located inside our body, and the perceptual illusion of swapping

* Corresponding author. Tel.: +81 4 2995 3100x2573; fax: +81 4 2995 3132.
E-mail address: kansaku-kenji@rehab.go.jp (K. Kansaku).

bodies with another person or an artificial body can occur (Petkova
and Ehrsson, 2008). Therefore, one challenge for developing a new
BMI is to place the user’s visual perspective in another environ-
ment directly. This may also raise various points that have to be
evaluated further. Another possible direction for new BMI is that of
preparing a controllable agent robot that has a visual perspective,
and then letting the user see what the robot “sees”. Here, we
describe a new BMI system that permits the control of devices
outside the user’s own body environment; we combined aug-
mented reality (AR) with BMI techniques, and showed that brain
signals not only controlled movements of an agent robot but also
operated a light in the robot’s environment, acting through its eyes.
The user’s thoughts became reality through the robot’s eyes,
enabling the augmentation of real environments outside the
anatomy of the human body.

Ten healthy, non-trained naive subjects (aged 19-39 years; two
females and eight males) who had not previously participated in
this study were recruited as participants. All of the subjects were
neurologically normal and strongly right-handed according to the
Edinburgh Inventory. The study was approved by the Institutional
Review Board. All subjects provided written informed consent
according to institutional guidelines.

The AR-BMI system consists of a personal computer (PC),
monitor, lab-made agent robot, USB camera (QCAM-200V, Logicool,
Tokyo, Japan), EEG amplifier (gUSBamp, Guger Technologies OEG,
Graz, Austria), and EEG cap (g.EEGcap, Guger Technologies OEG,
Graz, Austria) (Fig. 1). When the robot’s eyes detect an AR marker
(e.g., Fig. 2a), the pre-assigned infrared appliance becomes

0168-0102/$ - see front matter © 2009 Elsevier Ireland Ltd and the Japan Neuroscience Society. All rights reserved.
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Fig. 1. The augmented reality-brain-machine interface. Subjects were required to
watch a computer monitor that displays the scene detected by the USB camera on
the agent robot. Four icons to control the robot’s movements (forward, backward,
right, and left) are shown in the corners of the monitor. When the robot’s eyes
detect an AR marker, the pre-assigned infrared appliance becomes controllable. A
panel with four icons to control the light (turn on, turn off, make brighter, and make
dimmer) is also shown on the monitor. Consequently, the subjects can operate the
light in the agent robot’s environment.

controllable. The position and orientation of the AR marker were
calculated from the images detected by the camera, and a control
panel for the appliance was created by the AR system and
superimposed on the scene detected by the robot’s eyes. In order
to control our system by using brain signals, we modified a Donchin
P300 speller. This uses the P300 paradigm, which presents a
selection of icons arranged in a matrix. The subject focuses attention
on one of the icons in the matrix as a target, and each row/column or
single icon in the matrix is intensified in a random sequence. The
target stimuli are presented as rare stimuli (Oddball Paradigm). A
P300-related response to the target stimuli is elicited, and then this
response can be extracted and classified to determine the target
(Farwell and Donchin, 1988). Note that the direction of attention is
needed to elicit the P300-related response, and not necessarily the
direction of eye-gaze. Recently, our research group modified the
Donchin P300 speller (Takano et al., 2009), and applied it through an
environmental control system (ECS), enabling a C3/C4-level
quadriplegic patient to use the system successfully (28 correct
signals/28 trials) without significant training (Komatsu et al., 2008).

The AR-BMI system uses ARToolKit (Kato and Billinghurst,
1999) and OpenGL. The ARToolKit C-language library was used to
detect and determine the location of the AR markers, and the
OpenGL C-language library was used to draw the 3D control
panels. Fig. 2b shows a 3D model of the control panel used to

Fig. 2. An AR marker and panels for the AR-BML. (a) An AR marker for the desk-light control. When the robot’s eyes detect the AR marker, it becomes controllable. (b) A 3D
model of the control panel used to control the desk light. (c) A drawing of the scene displayed on the PC monitor.
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Fig. 3. Experimental scenes. Examples of scenes that the subjects saw during the experiments. (a) The robot approaching the light. (b) The AR marker is detected by the robot’s
eyes, and the light control panel is displayed. (c) The light control panel flickered. (d) A command to turn on the light was successfully sent.

control the desk light. Fig. 2c shows a drawing of the scene
displayed on the PC monitor. Note that the AR-BMI system can
control both the agent robot and the desk light. The robot control
panel has four icons (forward, backward, right, and left), as does
the light control panel (turn on, turn off, make brighter, and make
dimmer). We prepared green/blue flicker icons (Takano et al.,
2009), and the duration of the intensification/rest of the flicker was
100/50 ms. All of the icons flickered in random order, which
formed a sequence (600 ms). One classification was carried out
every 15 sequences. Subjects were required to send 15 command
infrared signals to control both the robot and light. Before the
trials, we checked the commands that the subjects were going to
send, and then the information was used to evaluate the subjects’
online performance. We also performed an offline evaluation using
the recorded data.

Eight-channel (Fz, Cz, Pz, P3, P4, Oz, PO7, and PO8 of the
extended International 10-20 System) EEG data (Krusienski et al.,
2007; Lu et al., 2008) were recorded using the EEG cap. All channels
were referenced to Fpz and grounded to AFz. The stored EEG data
were passed through an eighth-order high-pass filter at 0.1 Hz and
a fourth-order 48-52-Hz notch filter, and amplified/digitised at a
rate of 128 Hz. A first-order band-pass filter (8.0-18.0 rad/s) was
applied to the recorded EEG data. Then, 120 samples of event-
related potential (ERP) data were recorded according to the timing
of the intensification. Data from the first 20 samples (before
intensification) were used for baseline correction. The last 100
samples (after intensification) were down-sampled to 25.6 Hz, and
Fisher’s linear discriminant analysis was used for classification. In
the Fisher’s linear discriminant analysis, we first collected data to
derive the feature vectors for the subsequent test session. Four
targets were assigned to make the feature vectors. The EEG data
were sorted using the flash-timing information, and then Fisher’s
linear discriminant analysis was used to generate the feature
vector (160 dimensions, 20 dimensions per EEG channel), to
discriminate between target and non-target. Feature vectors were
derived for each condition. In the test session, visual evoked
responses from EEG features were evaluated using the feature

vectors. The result of the classification was construed as the
maximum of the summed scores.

Using the EEG-based BMI system, the participants were first
required to make the robot move to a desk light in the robot’s
environment (Fig. 3a and b). To control the robot, each command
was selected in a series of 15 sequences, and the participants were
required to send 15 commands. Online performance was evaluated,
and the mean accuracy for controlling the robot was 90.0%.

When the robot’ eyes detected the AR marker of the desk light, a
flicker panel for controlling the appliance was displayed on the
screen (Fig. 3c and d). Then, the participants had to use their brain
signals to operate the light in the robot’s environment through the
robot’s eyes. To operate the light, each command was selected in a
series of 15 sequences, and the participants were required to send
15 commands. Online performance was evaluated, and the mean
accuracy for light control was 80.7%.

Fig. 4 shows the offline evaluation of the performance of the
participants under the robot-control (a) and light-control (b)
conditions. The performance for controlling the robot and desk
light differed significantly, and an interaction effect was observed
by two-way repeated ANOVA (F(12s0)=6.53, p < 0.05). Post hoc
testing revealed significant differences between the robot-control
condition and the light-control condition (Tukey-Kramer test,
p < 0.05). The difference might be related to the differences in the
relative locations of the flicker icons on the screen (Cheng et al.,
2002) (see also Fig. 2c).

By applying the AR technique with the BMI, we successfully
showed that brain signals not only controlled an agent robot but
also operated home electronics in the robot’s environment. BMI
research has developed revolutionary prostheses that feel and act
like the user’s extremities (Chapin et al., 1999; Moritz et al., 2008)
or computer devices (Wolpaw and McFarland, 2004), but these
have not yet controlled devices outside the user’s environment. In
this study, we applied the AR technique and succeeded in
augmenting a real environment. We also applied the P300 speller
algorithms, and succeeded in translating the subjects’ thoughts as
a command pre-assigned to each icon; the subjects’ thoughts
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Fig. 4. Subjects’ control accuracy. The accuracy for controlling the: (a) robot and (b) light are shown. The horizontal axes indicate the number of sequences, and the vertical
axes indicate the accuracy. The red solid lines show the mean accuracy with the standard error (SE). The blue squares behind the red solid lines are two-dimensional
histograms, and each blue square indicates the frequency of the subjects in each sequence and their accuracy.

successfully operated both the robot and the desk-light in the
robot’s environment.

In this study, humans succeeded in using an agent that has
another perspective, external to the human body. Other possible
approaches could include providing a new visual perspective to the
user directly; careful application is needed in this respect, because
this may easily alter the user’s body scheme (Botvinick and Cohen,
1998; Ehrsson et al., 2004; Lenggenhager et al., 2007; Petkova and
Ehrsson, 2008). The extension of the environment for human
activities along these lines, using either non-invasive neurophy-
siological signals or neuronal firing data in the future could enable
new daily activities for persons with physical disabilities and able-
bodied persons.
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