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ABSTRACT

Brain-computer interfaces (BCl) based on Steady State Vi-
sual Evoked Potential (SSVEP) can provide higher informa-
tion transfer rate than other BCl modalities. For the sake
of safety and comfort, the frequency of the repetitive vi-
sual stimulus (RV'S) necessary to elicit an SSVEP, should be
higher than 30 Hz. However, in the frequency range above
30 Hz, only a limited number of frequencies can elicit suf-
ficiently strong SSVEPs for BCI purposes. Consequently,
the conventional approach, consisting in presenting various
repetitive visual stimuli having different frequency each, is
not practical for SSVEP based BCI functioning. Indeed this
would bring low communication bitrates. In order to in-
crease the number of possible repetitive visua stimuli, we
consider modul ating the phase of the stimulus instead of the
frequency. Thus, several stimuli, sharing the same frequency,
but with different phase can be presented to the user. The
approach presented in this document, to detect the phase of
the stimulus is termed phase synchrony. It consists in using
as feature, the phase difference between the SSVEP and the
stimulus. The phase is extracted through the Hilbert trans-
form applied on an univariate signal resulting from spatially
filtering the electroencephalogram. The spatial filter is de-
termined in such a way that the SSVEP energy is enhanced
through a linear combination of the signals recorded at dif-
ferent positions on the scalp. Phase detection accuracy for
seven subjects ranges from 70 to 94%.

1. INTRODUCTION

The steady state visual evoked potential (SSVEP) refers to
the response of the cerebral cortex to a repetitive visual
stimulus (RVS) oscillating at a constant frequency. The
SSVEP manifests as an oscillatory component in the elec-
troencephal ogram (EEG) having the same frequency (and/or
harmonics) as the RVS [1]. Because of their proximity to
the primary visual cortex, the occipital sites exhibit a higher
SSVEP response. The EEG is typically recorded using an
array of electrodes positioned according to the 10-20 sys-
tem[2] (Figure 1a).

The SSVEP is an effective electrophysiological source
that can be used as input for brain computer interfaces
(BCI) [3]. An SSVEP based BCI operates by presenting the
subject with a set of repetitive visual stimuli (RVSi). In gen-
eral, the RVSi oscillate at different frequencies from each
other [4]. The SSVEP corresponding to the RVS on which
the subject focuses his/her attention is more prominent and
can be detected from the ongoing EEG. Each RVS is asso-
ciated with an action which is executed by the BCI system
when the corresponding SSVEP is detected.
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SSVEP based BCl s offer two main advantages over BCls
based on other electrophysiological sources (e.g. P300,
ERD/ERS): i) have higher information transfer rate, and ii)
require shorter calibration time[5].

Most SSV EP-based BCls use stimulation frequenciesin
the 4-30 Hz range [6]. SSVEPs dlicited by frequencies in
this range have high amplitude but can lead to visual fatigue
or even induce epileptic seizures [7]. For safety and com-
fort, higher stimulation frequencies are therefore preferable.
However, only alimited number of frequencies above 30 Hz
can elicit a sufficiently strong SSVEP for BCl purposes (see
Section 4). Thus, if afrequency per target is used, the number
of choices (and consequently the information transfer rate) in
aBCl islimited.

A possible manner to tackle such limitation consists in
combining several frequenciesto drive a single visual stim-
ulus [8, 9]. Thus, if N frequencies are used, a target may
combinek frequencies selected among the available N. From
combinatory theory it is known that < E >NIifN>k+1
and k > 1. An aternative manner consists in using the same
frequency for several stimuli but different phase[10, 11]. De-
tecting the phase of the stimulusthat receivesthe user’sfocus
of attention is possible because the SSVEP is phase-locked
with the stimulus[1].

The SSVEP phase can be obtained using methods based
on the Discrete Fourier Transform [10, 11, 12]. However,
these methods require relatively long signal segments con-
taining a number of samplesthat isamultiple of the stimulus
period. This increases the latency period and therefore re-
duces the information transfer rate.

Inthis paper, the phaseis detected using the Hilbert trans-
form. To aign the stimulus with the SSVEP, the oscilla-
tory light emanating from one of the stimuli was simultane-
ously recorded (without loss of generality, the stimulus with
0-phase was selected). In the following we refer to such a
signal as stimulation-signal.

This paper is organized as follows. The experimental
protocol is described in Section 2, then the signal process-
ing methods are presented in Section 3. The evaluation of
results are discussed in Section 4. The conclusion and future
directions are presented in Section 5.

2. EXPERIMENTAL PROTOCOL

Four 10 x 10 cm luminous panels positioned around a 20-
inch computer screen were used to render the visual stimuli.
Each panel consisted of a 1-watt power green LED shinning
through a diffusion panel. The LED was driven by a square-
shaped oscillating current. The maximum luminance of each
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LED was 1714 nits. The background luminance was 69.7
nits which corresponds to an office environment illuminated
with artificial light and closed curtains.

Subjects were seated on a chair 70 cm away from the lu-
minous panels. The panels rendered repetitive visual stimuli
at the same frequency (which was the optimal stimulation
frequency for each subject, see Table 1) and phases 0, /2,
m,and 3r/2.

The optimal stimulation frequency for each subject was
determined by: i) presenting stimuli at all integer frequencies
from 30 to 40 Hz, ii) recording the corresponding SSVEPs
and identifying the frequency which elicited the highest
SSVEP. Seven subjects (two female and five male) partici-
pated in this study. Five subjects had normal vision and the
other two used correcting glasses. All subjects signed anin-
formed consent before engaging in this study and had the
right to quit at any time.

Subjects were asked to pay attention to one out of thefour
luminous panels for 3 seconds. This 3-second long period as
referred to as trial. For each subject, we recorded 160 trials
separated from each other by a resting period of a random
duration between 3 and 5 seconds. Each subject participated
in four recording sessions which lasted for about 30 minutes
each and were conducted during different days. During each
trial, subjects were asked to focus their attention on a ran-
domly selected panel. The random sequence was such that it
resulted in equal number of trials (i.e. 40) per phase condi-
tion.

EEG signals were collected using a BioSemi acquisition
system [13] in anormal office environment. Signals from 8
electrode locations: P3, Pz, P4, PO3, PO, O1, Oz, and O2
referenced to Cz were recorded at a sampling frequency of
2048 Hz (see[2] for the standard EEG electrode positioning
and Figure 1a). During the trials, subjects were requested to
avoid movement or eye-blinking while they were encouraged
to blink during the resting period between two consecutive
trials.

The light signal from the 0-phase panel was simultane-
ously recorded using a photodiode connected to the EEG
acquisition device. Such signal constitutes the stimulation-
signal that is used to detect the SSV EP phase (Section 3.2).

3. SIGNAL PROCESSING METHODS

A signal recorded at a particular electrode Iocatlon that con-
tains T samples can be seen as a vector in RT. Because of
thisinterpretation, we use hereafter the terms vector and sig-
nal without explicit distinction.

The EEG signa X; (wherei indexes the electrode loca-
tion) recorded while the subject focuses on an RVS at a fre-
guency f and phase 6 can be written as a sum of the SSVEP
component (denoted as §;), background EEG, and noise[14].
For convenience the background EEG and the noise at elec-
trode i are combined into a single term denoted as y;. Thus,
the following relation holds (see also Figure 1b).

X =S5+
H
= Y (an;sin(2zhft+ 0) + byjcos(2rhfi+ 6)) + ¥,
h=1
D

where the SSVEP component is modeled as a linear combi-
nation of vectorsin the set:

%(0)
% =x(0) = . eRT
Xj (va 1)

(b)

Figure 1: (@) 10-20 EEG electrode positioning system. (b)
Vector interpretation of the recorded signals and the space I
of SSVEP components.

® = {sin(2zhft),cos(2zhft) |h=1,...,H},
t=10,...,T — 1] is a vector of sample indices, H is the
number of harmonics that are considered in the model, and
anj,bn; arereal numbers. In (1), it is assumed that the phase
of theRVSequally affectsall therecorded signals. Whilethis
assumption may not hold for electrode sites located far from
each other, it does hold when the signals are recorded from
electrodesthat are relatively closeto each other. In particular
in our study, where the signals originate from electrodes in
the proximity of the primary visual cortex (see Section 2).
Equation 1 can be generalized to the whole set of elec-
trodes {X;[i=1,...,N} (N being the number of electrodes)
in the following matrix form:

X = SPA+Y, 2

where the matrix X € RT*N has as columns the vec-
tors X;, Y € R™*N has as columns the vectors i, S e
RT*2H has as columns the vectors in the set ®, © =

< _Cg.snee :?Or;z , and A € RZN js the matrix of lin-

ear combination coefficients such that Ap; = ap; if his odd
and Anj = by if hiseven. By means of the coefficients an
and by, the model in (2) takes into account the differences
of SSVEP-strength across the scalp.

3.1 SSVEP enhancement through spatial filtering

This section summarizes the spatial filtering technique for
SSV EP enhancement presented in [14, 15].

The elements of A and the phase 6 in (2) cannot be
determined from X and S only. Thus, to determine the
SSVEP strength at different electrode locations, a vector X,y
is constructed such that: Xy = Y; WX = XW, where W =
[wi,...,wn]. The vector %y can be considered to be the
result of a spatia filter (e.g., filtering across the electrodes)
with coefficients {w; } applied to the measured signalsX;. The
spatia filter is determined in such a way that it simultane-
ously maximizes the energy in the SSVEP frequencies and
minimizes the energy elsewhere [15, 16]. Thisratio can be
determined by relying on the following geometric interpreta-
tion.

The columns of S (i.e. vectors in the set @) are linearly
independent and so the columns of SO (i.e. the phase shifted
versions of vectors in ®). The columns of SO generate a
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vector space of dimension 2H which we denote as I1. We
assume IT to be the space where the SSVEP componentslie
(Figure 1b). Under this assumption, IT's orthogona comple-
ment IT- contains the non-SSVEP components. Since the
columns in SO are linearly independent, the projection ma-
trix Q on IT can be written as Q = SO (0'SSV) 1 @'S [17].
Following straightforward algebra manipulations, it can
be seen that Q = SPO1(S9) 1 (©)1O'S = YS9 1S.
Thus, the projection matrix is independent of the phase.

The component of XW in TT+ isequal to XW— QXW. The
Euclidean norm of the latter: ||(X — QX)W||? divided by T
represents the power of the non-SSVEP related activity. The
power of the SSVEP related activity can be approximated by
|[XW||. The spatial filter W correspondsto the argument that

maximizestheratio p = %

- WX X W
W = argmax

X = . ©)
oW (X — QX)) (X — QX)W
Theratio in (3) is a generalized Rayleigh quotient [18]
whose maximum can be found through a generalized eigen-
decomposition of the matrices XX and (X — QX)’ (X — QX).
Thisresults into two matricesW, A € RN*N such that,
X'X = (X = QX)'(X — QX)WA, 4
where A is a diagonal matrix whose diagonal contains the
eigenvalues. The corresponding eigenvectors are in the
columns of W. By construction, eigenvalues are larger than
one[19]. Thelargest element in A corresponds to the maxi-
mum of the quotient in (3). The column of W corresponding
to such maximum is the sought spatial filter w.

Given that high frequency stimulation is applied, and the
limited spectrum of EEG signals, we consider only the stim-
ulation frequency in our model (2) and disregard higher har-
monics. Thus, H = 1isused to calculate Q.

In this study, we used the calibration strategy detailed
in [15] to obtain W. Using these coefficients we obtain the
vector (univariate signal), Xu.

For convenience of presentation of the phase synchrony
analysis in next Section 3.2, we refer to X, in terms of its
time domain representation xy(t).

3.2 Phase synchrony analysis

The instantaneous phases at the stimulation frequency of
the stimulation-signal 1(t) (recorded as explained in Sec-
tion 2), and x(t) can be estimated by using the Hilbert trans-
form [20]. Thus, I(t) and xw(t) are first filtered by a 1-Hz
wide bandpass linear-phase FIR filter centered at the stim-
ulation frequency. This results in the signals | (t) and Xw(t)
which are the bandpassfiltered versions of | (t) and xy(t) re-

spectively. The corresponding analytical signals are [20]:
Sw(t) + 2 {%(t)} =

Ax(t) == Rx(t)ejex(t)
A = ft+jrihy = R(bett
where 72{%(t)}, 2{i(t)} are the Hilbert transforms of
Kw(t) and i(t).
The phase difference Afy,, (f,t) at frequency f and time
t between the SSVEP and the stimulation-signal can be ob-

©)

tained from:

arg{ej(ex(t)_el (t))}

Ae)(w,l (f,t) e . (t>A1*(t>
= wg{m}

where * operator stands for the complex conjugate. In prac-
tice, the phase is estimated within a time window. From a t-
samplelong window, we estimate the phase differencewithin
that particular window as the mode of the distribution result-
ing from the 7 phase differences.

(6)

4. RESULTS

Table 1 reports the optimal stimulation frequency (Stim.
freq.) for each subject. In addition, Figure 2 depicts the dis-
tribution of the SSVEP energy for integer stimulation fre-
quencies (from 30 to 40 Hz) for subjects S1 (Figure 2a)
and S2 (Figure 2b). The boxplots resulted from forty trials.
Subject S1 exhibits a decreasing trend of the SSVEP for in-
creasing stimulation frequencies. Subject S2 has a maximum
SSVEP at 31 Hz and does also exhibit a decreasing trend for
the SSVEP amplitude for increasing stimulation frequencies
starting from 31 Hz. Such trend is not present in all subjects
since subjects S3, $4, S5, and S7 have optimum stimulation
frequencies higher than 35 Hz.

Figure 3 shows the phase difference between the SSVEP
and the light signal extracted from 1-second long EEG seg-
ment recorded while the attention of subject S1 was focused
on the panel with 0-phase (thick line) and on the panel with
n-phase (dashed line). It isclear that the phase differencecan
be extracted by the phase synchrony analysis as it fluctuates
around a constant value. The measured phase difference val-
ues can, therefore, be used to identify which panel received
the subject’s attention.

We used the algorithm discussed in Section 3.1 to ob-
tain the spatial filters for each subject. The spatia filters can
be represented in a topographic map as shown in Figure 4.
Given that each coefficient of the filter is associated with an
electrode location, it can be represented using a color code
which facilitates the interpretation of the result. Although
only 8 coefficients (corresponding to the recorded el ectrodes)
were calculated, the topographic map for the whole head
(with zero values for sites other than the recorded ones) is
shown for convenience of representation. Subject variability
of the spatial filtersis clear from Figure 4.

Two phase differences were estimated per trial. These
corresponded to the one-second long windows starting one
second, and two seconds after stimulus onset respectively.
The first second of each trial was discarded because the
SSVEP establishes few hundred milliseconds after stimulus
onset [1].

To estimate the detection accuracy and the prospective
information transfer rate, afour-class single layer neural net-
work with four input neurons and four output neurons was
trained with half of the available data. This means 4 x 40
phase-differences per phase condition. The average detec-
tion accuracy was then determined and isreported in Table 1
for each subject. Assuming that the probability of attention
focus on each of the four panelsis equal, the following for-
mula can be used to estimate the information transfer rate in
bits-per-minute (bpm) [21].
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Table 1: Phase detection performance

Subject | Stim. Avg. Detection | Bitrate [bpm]
freg. [Hz] | Accuracy
S1 30 0.94 100.9
2 31 0.86 83.0
S3 39 0.92 96.0
4 36 0.85 81.1
S5 39 0.71 58.3
S6 32 0.81 73.8
S7 39 0.93 98.3
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Figure 2: Boxplot of the SSVEP energy for all integer stim-
ulation frequenciesin the 30-40 Hz range for subjects S1 (a)
and S2 (b). These distributionswere obtained from analyzing
forty trials at each stimulation frequency.

Bit rate = 60 <2+ pa|092 pa+(1—pa)|0921 3pa> (7)
where p, is the average detection accuracy.

Bitrate results are above 70 bpm which ensure smooth
interactionfor al subjectsexcept Sb. Theseresultsare highly
promising and support the idea of using high frequenciesand
phase detection to bring SSVEP based BCls one step further
into a practical assistive tool for the physically challenged
and the healthy.

5. CONCLUSIONS

The phase synchrony analysis can effectively extract the
phase difference between the SSVEP and the light signal.
The difference between these two values deviates slightly
from the expected value , but the difference is sufficient for
detection. In this study, the Hilbert transform was used to
obtain the analytical representation of a signal. In princi-
ple, the Hilbert transform can be applied to any arbitrary sig-
nal to extract its instantaneous phase. Yet, the phase has a
physical meaning only if the signal is a narrow-band signal.
Thisiswhy we use an FIR filter centered at the frequency of
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Figure 3: Instantaneous phase difference extracted from a 1-
second long EEG recorded while the attention of subject S1
was focused on the panel with 0-phase (thick line) and on the
panel with r-phase (dashed line)..

-
—

Subject S1, f = 30Hz Subject S2, f = 31Hz

/\ /\

Subject S3, f = 39Hz Subject S4, f = 36Hz

Figure 4. Topographic maps for subjects S1 to $4 at their
respective optimum stimulation frequencies (see Table 1).
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interest. A Gabor wavelet convolution can aternatively be
used to analyze neural synchrony asin [22]. The difference
between these two methods is minor and they are fundamen-
tally equivalent for the study of neuroelectrical signals. How-
ever, the Hilbert transform is slightly more efficient from the
computational viewpoint.

As shown in Table 1, the information transfer rate is for
six out of seven subjectslarger than 70 bits-per-minutewhich
can ensure smooth BCI operation.

In this study, the coefficients of the spatia filter for each
subject are fixed. Thus, the phase difference after spatial fil-
tering is non-linearly and invariably related to the SSVEP
phase of the electrode signals which are used to design a
spatia filter. The stimulus phase can deviate from the pre-
established value, especidly if the stimulus is presented for
long time. Using the phase difference between the SSVEP
and the stimulus signal as a feature can compensate for this
deviation, because the SSVEP is phase-locked.

Whiletheresultsin this paper appear to be highly promis-
ing for BCI implementation, it is necessary to implement
this algorithm in an actual BCI to assess its suitability for
real time operation. In the current experimental platform, the
phase shifting is produced by using several computer con-
trolled function generators. In a practical implementation,
the space of possible phase shifts may be reduced due to
hardware limitations.
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