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Abstract—A novel stimulation pattern has been designed for
brain-computer interface (BCI) using steady-state visual evoked
potential (SSVEP) signals. Each target is composed of two
flickers placed on right-and-left visual fields. The user is
expected to concentrate his or her sight on the fixation point
which is located in the middle of the two flickers modulated at
specific frequencies respectively. Considering the role of optic
chiasm, the two frequency components could be extracted from
contralateral occipital regions. Canonical correlation analysis
(CCA) was applied to distinguish the electroencephalography
(EEG) frequency components from right-and-left visual cortex.
The attractive feature of this method is that it would
substantially increase the number of targets by a combination of
frequencies. Based on this technique a nine-target SSVEP-based
BCI system was designed using only three different frequencies.
The test results with 8 subjects showed a classification accuracy
between 40.0% and 96.3%.

I. INTRODUCTION

Brain—computer interface (BCI) is a direct communication
channel between human brain and external world [1]-[2].
A great progress has been made in BCI research over the past
10 years. Brain signals can be detected and measured in many
ways, like functional MRI (fMRI), positron-emission
tomography (PET), electroencephalography (EEG) and
near-infrared imaging (NIR). In this paper, we concentrate on
EEG for its simplicity and non-invasive feature.

The commands for device control could be generated
by self-regulated mu rhythm, P300, steady-state evoked
visual potential (SSVEP) and so on. SSVEP is defined
as periodic evoked potential induced by repetitive
visual stimulation, typically at frequencies greater than
6 Hz [3]. Compared to BCIs based on other signals,
SSVEP-based BCIs usually have faster information
transfer rate (ITR) and less training time.

Several systems have already been proposed [4]-[5].
For SSVEP-based BCI systems, each target presented
in the field of vision was modulated by a specific
frequency. The users select one of the targets by
looking directly at it. However, few targets could be
presented when using screen display in SSVEP-based
BCIs due to the restriction of screen refresh rate.
Furthermore, good signal to noise ratio (SNR) can be
obtained only in certain frequency range for a specific
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subject. For these reasons, increasing target number
becomes a difficult problem in SSVEP-based BCI.

Some studies confirmed that the system performance of a
SSVEP-based BCI would be improved by employing
half-field stimulation. For example, SSVEP-based BCI
system utilizing electrophysiological correlates of visual
spatial attention mechanisms involves no dependency on
peripheral muscles or nerves [6]. Alternative visual half-field
stimulation allows significant SNR increase leading to a high
transfer rate [7]. This paper presents a novel stimulation
pattern which could increase target number remarkably. The
method utilizes bilateral flicker stimuli to form each target;
hence fewer frequencies could produce more targets by a
combination of right-and-left frequencies. Based on this
method, a 9 targets BCI system was designed and
implemented by using only three different frequencies. Both
offline and online experiments were carried out to evaluate
the performance of this system.

II. METHOD

A. Subjects

Eight volunteers including five males and three females,
aged 22-25 years, with normal or corrected-to-normal vision,
participated in the experiments. All participants were seated
in a comfortable armchair, about 70cm in front of the
stimulation unit, in a shielded (for offline test) or unshielded
(for online test), slightly dimmed and quiet room.

B. EEG recording

Multichannel EEG signals were recorded with a Synamps?2
(NeuroScan Inc.) system using 64 channels placed according
to international 10-20 electrode system. The reference
channel was on the vertex. And the sampling rate was 200Hz.
All the impedances were kept below 5K ohm. This set-up was
used throughout all the experiments.

C. System configuration

Flicker stimuli displayed on a CRT monitor (See Fig.1.)
were generated by a PC computer using MATLAB 7.0 (The
MathWorks Inc.) in conjunction with the Psychophysics
Toolbox [8].

The monitor (1024Hx768V pixel resolution; 60 frames/s)
located 70cm from the subject. The rectangular flicker was
80Hx*100V pixel size. Every two flickers which were situated
bilateral to a white cross constituted one target. In our
experiments, there were 9 targets (18 flickers) totally. Each
flicker was modulated at a specific frequency. In traditional
SSVEP-based BCIs, 9 frequencies are essential for
nine-target system, while in our system 9 targets were
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realized by the combinations of 3 frequencies. In our
experiments 10Hz, 12Hz and 15Hz which usually had a good
SNR and could be displayed by a monitor (60 frames/s) easily
were chosen. More details are illustrated in Table 1.
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Fig.1. The visual display contained 18 flickers stimuli. In the
horizontal direction every 2 adjacent flickers were placed bilateral to
a central fixation cross on a black background.

Table 1. Nine target configuration: the combinations of three
frequencies (10, 12 and 15Hz).

Left/Right Left/Right Left/Right
(Hz) (Hz) (Hz)
Target 1-3 10/10 10/12 10/15
Target 4-6 12/12 12/10 12/15
Target 7-9 15/15 15/10 15/12

D. Experiment paradigm

Each subject underwent both offline and online
experiments. In figure 2, the right-and-left flicker stimuli
were modulated at frequency f; and f; respectively. Subjects
were requested to focus on the cross in the middle of the two
flickers. This arrangement ensured the bilateral flicker stimuli
were positioned on the right and left half of the retinas of each
eye, so that the flicker frequencies could be projected to the
contralateral occipital regions.

An offline study was carried out to investigate the
phenomenon above mentioned before the online test.
Subjects sitting in a shielded room were instructed to focus on
one of the targets. The offline experiment consisted of 9
blocks (one for each target). Each block contained 10 trials.
Each trial lasted 10s. The interval time between two trials was
2s. Hence, each block was 120s totally. The whole
experiment lasted about 18 minutes (9 blocksx120s).

Unlike the offline tests, the online tests were taken in an
unshielded room simulating daily life environment. Also we
employed feedback to help subjects to control the interface
easily. Subjects were informed to complete a specific task in
online study. The task started when subjects pressed SPACE
key. Then subjects selected targets to focus on according to
pre-defined order. The recognition time had been tested
before. We found that, for most subjects, a 3s of stimulation

followed by a feedback lasting 0.5s was appropriate. During
the feedback period, one of 9 white crosses turned to green
color to indicate the identification result. The task kept going
on until all 9 targets were detected successfully. Each subject
repeated the task 10 times for calculating identification
accuracy and ITR.

Fig.2. Schematic illustration of stimulation pattern.

E. Data processing

1) Canonical correlation analysis (CCA) method for
SSVEP-based BCls: CCA was implemented to extract
frequency components from right and left occipital regions.
CCA developed by H. Hotelling is a multivariable statistical
method used when there are two sets of data, which may have
some underlying correlation [9]-[10]. It finds two linear
transformations, one for each dataset, that maximize the
correlation of the two datasets in the new coordinates.
Ordinary correlation analysis is dependent on the coordinate
system in which the variables are described, whereas CCA
finds the coordinate system that is optimal for correlation
analysis. Given that characteristic of CCA, it has been widely
used in real-life problems [11]-[12]. CCA is also applicable in
analyzing the relationship between stimulus signals and EEG
signals from multiple channels in a local area [13]. In our
method, one set of variables were the signals x(t) recorded

from n channels, and the other set y(¢) were from stimulus

signals. Where y(¢)is defined as below:
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CCA analysis can be defined as the problem of finding two
sets of basis vectors, one for x(t) and the other one for y(7),

so that the correlations between the projections of the
variables onto these basis vectors are mutually maximized.

Considering the linear combinations X = xTWx and
Y= yTWy of the two variables respectively, the function to
be maximized is:
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The maximum of p with respect to W, and W is the
maximum canonical correlation. The projections of x(t) and
y(t) onto W, and W, ie. X and Y, are called canonical

variates.

2) Offline feature extraction: Before offline analyses the
data were checked by visual scoring. Signals contaminated by
artifacts were excluded from further analyses. The SSVEP
topographies for the responses to the frequencies were plotted
to investigate the maximal SSVEP amplitudes distribution.
CCA analysis was performed to extract the feature.

3) Online system recognition strategy: In our online
experiment, EEG signals measured from 8 channels which
located near the occipital regions were used to extract the
feature (See Fig.3(a)). The EEG signals recorded were
divided into two groups: PO3, POS5, PO7 and O1 placed over
left occipital part of the head ( x; ); PO4, PO6, PO8 and O2

placed over right occipital part ( x; ). The periodic stimulus

signal at a certain frequency can be decomposed into the
Fourier series of its harmonics. By the decomposition, we got
stimulus datasets, y,,, »,, and y,; corresponding to 10Hz,

12Hz and 15Hz stimulations. CCA coefficients p between

EEG signal datasets and stimulus datasets were calculated, so
that we could recognize the frequencies components through
a comparison between different p (See Fig.3(b)). In Fig3 (b)

P » P, and p, s indicates CCA coefficients of
x, and y,,/ y,,/ y,5 respectively. Similarly, pp ,,, pr_, and
Pr_is indicates CCA coefficients of x, and y,,/ y,,/ y5 -
And py_ . =max { Py o, s Prois §5 Proma —MAX { Py _yg s
Pr12» Pris +- The target can be selected by using p, . and
Promx according to right-left stimulation frequencies in
Table 1.

Prio Praz Pris

Prao Praz Pras

PLomax PR-max

(b)
Fig.3. (a) Channel location used in CCA analyses.
(b) Recognition procedure.

III. RESULTS

A. CCA analysis of offline experiments

For each target, ten time segments of 10s length were
extracted from corresponding trial. After averaging of ten
segments, a 10s length dataset was obtained finally. The
SSVEP amplitudes for the responses to specific frequency
were computed and plotted. Take subjectl (s1) as an example,
the SSVEP amplitudes distribution was plotted using the
function ‘topoplot.m’ in EEGLAB [14]. Fig.4 shows that for
the target 6 and target 9, maximal SSVEP amplitudes
occurred at contralateral to the stimulus over occipital cortical
regions.
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uv
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to 15Hz 1
0.5
0

Fig.4. Topographic plots: SSVEP amplitudes for responses to 12Hz
and 15Hz (Target 6 and 9 of s1).

CCA was performed to extract the frequencies components.
According to Fig.3 (b) py_ o, p1i2> Proiss Protes Prorn and
Pr_is were computed for each subjects’ 9 blocks. Again,

taking s1’s results of target 6 and target 9 as example to
evaluate SSVEP contralateral response function. Fig.5 shows
that the results of CCA analysis are consistent with the
SSVEP amplitudes topographies. For target 6, the
right-and-left flicker stimuli were modulated at 12Hz and
15Hz respectively. Fig.5 (a) indicates that the maximum CCA
correlation is p, | for left occipital region and p, ,, for right
occipital region. The results confirm that the left and right

frequency components were projected to contralateral
occipital regions. The same results are testified in Fig.5 (b).
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0.4 o
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Fig.5. CCA analysis results of target 6 and target 9 for s1.
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B. Results of online test

Eight subjects participated in the online test. In table 2, the
accuracies and ITR results are given. The ITR measured in
bits per minute is used to evaluate the performance of BCI
systems [2]. In our system, the number of targets was 9, and a
BCI command was posted once every 3.5s except for s4 and
s7 test2. The 3s stimulation made s4 feel fatigue so that we
adjusted it to 2.5s including a 2s stimulation and additional
0.5s feedback. Due to s7’s high performance in test 1, another
test identical to s4 was carried out. During test 2 of s7, the
BCI system attained the ITR of 64.6 bit/min.

Table 2. Online test results

Subject Accuracy (%) ITR (bit/min)
sl 70.0 23.8
s2 86.7 37.8
s3 88.9 40.0
s4* 71.1 345
s5 84.4 35.6
s6 40.0 6.8
s7 testl 96.3 48.5
s7 test2 94.4 64.6
s8 51.1 12.1

IV. DISCUSSION AND CONCLUSION

The traditional power spectral density (PSD) analysis
method might be sensitive to noise, whereas array signal
processing like CCA, using channel covariance information
could improve the SNR [15]. Therefore, CCA rather than
PSD method was used in our system.

Some subjects, s6 in particular, reported that it was
difficulty to focus on the cross in the middle of the two flicker
stimuli. We guessed it was the reason for the low
performance of s6. A better online feedback strategy may
solve this problem.

A nine-target SSVEP-based BCI system was designed and
implemented based on a method proposed in this paper. It
utilized right-and-left visual field stimulation with two
frequencies, so that more targets could be acquired by
combinations of frequencies. CCA was applied to extract the
SSVEP responses occurred at contralateral occipital area. The
results showed that the accuracy of 6 in 8 subjects was
acceptable. Meanwhile, the system could increase the number
of targets significantly. Under certain circumstances, like
using CRT or LCD as visual stimulation unit, more targets
could be obtained by the proposed method.

REFERENCES

[1]  Vidal JJ, "Toward direct brain-computer communication," Annu. Rev.
Biophys. Bioeng., vol. 2, pp. 157-180, 1973.

[2] Wolpaw J R, Birbaumer N, McFarland D J, et al., "Brain-computer
interfaces for communication and control," Clinical Neurophysiology,
vol. 113, no. 6, pp. 767-791, 2002.

[3] Regan D, "Human Brain Electrophysiology: Evoked Potentials and

(4]

(3]

(8]

[9]

[10]

[11]

[12]

[13]

[15]

6464

Evoked Magnetic Fields in Scieence and Medicine," Elsevier, New
York, NY, US4, 1989.

Cheng M, Gao X, Gao S and Xu D, "Design and implementation of a
brain -computer interface with high transfer rates," leee Transactions
on Biomedical Engineering, vol. 49, no. 10, pp. 1181-1186, 2002.

Gao X, Xu D, Cheng M and Gao S, "A BCl-based environmental
controller for the motion-disabled," leee Transactions on Neural
Systems and Rehabilitation Engineering, vol. 11, no. 2, pp. 137-140,
2003.

Simon P. Kelly, Edmund C. Lablor, et al, "Visual Spatial Attention
Control in an Independent Brain-Computer Interface," Ieee

Transactions on Biomedical Engineering, vol. 52, no. 9, pp.
1588-1596, 2005.

Materka, A. Byczuk, M. Poryzala, P. et al, "A virtual Keypad Based on
Alternate Half-Field Stimulated Visual Evoked Potentials,"
Information Technology Convergence, 2007, ISITC 2007, pp. 296-300,
Nov. 2007.

Brainard, D. H., "The psychophysics toolbox," Spatial Vision, vol. 10,
pp. 443-446, 1997.

H. Hotelling, "Relations between two sets of variants," Biometrika, vol.
28, pp. 321-377, 1936.

T. W. Anderson, "An Introduction to Multivariate Statistical Analysis,"
2" edition, New York: Wiley, 1984.

H. von Storch and F. Zwiers, "Statistical Analysis in Climate
Research," Cambridge, UK.: Cambridge Univ, 1999.

T. Harmony, G. Hinojosa, E. Marosi, et al., "Correlation between EEG
spectral parameters and an educational evaluation," Int. J. Neurosci,
vol. 55, pp. 147-155, 1990.

Zhonglin lin, Changshui Zhang, Wei Wu and Xiaorong Gao,
"Frequency Recognition Based on Canonical Correlation Analysis for
SSVEP-Based BCls," leee Transactions on Biomedical Engineering,
vol. 54, no. 6, pp. 1172-1176, 2007.

Delorme A and Makeig S, "2004 EEGLAB, An open source toolbox
for analysis of single-trial EEG dynamics," Neurosci Methods, vol.
132, pp. 9-21.

Guangyu Bin, Zheng Yan, Xiaorong Gao, et al., "An online
multi-channel SSVEP-based BCI using CCA method," Journal of
Neural Engieering, 2009, submitted.



	MAIN MENU
	CD/DVD Help
	Search CD/DVD
	Search Results
	Print
	Author Index
	Keyword Index
	Program in Chronological Order
	Themes and Tracks

