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Mental fatigue in central-field and peripheral-field
steady-state visually evoked potential and its effects
on event-related potential responses

Min-Ho Lee, John Williamson, Young-Eun Lee and Seong-Whan Lee

The steady-state visually evoked potential (SSVEP) is a
natural response of the brain to visual stimulation at specific
frequencies and is used widely for electroencephalography-
based brain-computer interface (BCI) systems. Although
the SSVEP is useful for its high level of decoding accuracy,
visual fatigue from the repetitive visual flickering is an
unavoidable problem. In addition, hybrid BCI systems that
combine the SSVEP with the event-related potential (ERP)
have been proposed recently. These hybrid BCI systems
would improve the decoding accuracy; however, the
competing effect by simultaneous presentation of the visual
stimulus could possibly supervene the signal in the hybrid
system. Nevertheless, previous studies have not sufficiently
reported these problems of visual fatigue with SSVEP
stimuli or the competing effect in the SSVEP + ERP system.
In this study, two different experiments were designed to
explore our claims. The first experiment evaluated the visual
fatigue level and decoding accuracy for the different types
of SSVEP stimuli, which were the peripheral-field SSVEP
(pSSVEP) and the central-field SSVEP (cSSVEP). We report
that the pSSVEP could reduce the visual fatigue level by
avoiding direct exposure of the eye-retina to the flickering
visual stimulus, while also delivering a decoding accuracy
comparable to that of cSSVEP. The second experiment was
designed to examine the competing effect of the SSVEP
stimuli on ERP performance and vice versa. To do this, the
visual stimuli of ERP and SSVEP were presented

Introduction

"The visual evoked potential, or visual evoked response, is an
electrical potential induced in the occipital cortex in response
to particular visual stimuli. The neural mechanisms of visual
attention have been investigated previously to determine
how cognitive selectivity is expressed in the brain [1].

A brain—computer interface (BCI) provides direct channels for
communication by decoding the user’s brain signal. Visual
attention-based BCI using the steady-state visually evoked
potential (SSVEP) or event-related potential (ERP) have long
seemed promising [2]. SSVEPs are evoked in the occipital
cortex when the user concentrates on repetitive visual stimuli;
the frequency domain of the electroencephalography (EEG)

This is an open-access article distributed under the terms of the Creative
Commons Attribution-Non Commercial-No Derivatives License 4.0 (CCBY-NC-
ND), where it is permissible to download and share the work provided it is properly
cited. The work cannot be changed in any way or used commercially without
permission from the journal.

0959-4965 Copyright © 2018 The Author(s). Published by Wolters Kluwer Health, Inc.

simultaneously as part of the BCI speller layout. We found a
clear competing effect wherein the evoked brain potentials
were influenced by the SSVEP stimulus and the band power
at the target frequencies was also decreased significantly
by the ERP stimuli. Nevertheless, these competing effects
did not lead to a significant loss in decoding accuracy; their
features preserved sufficient information for discriminating
a target class. Our work is the first to evaluate the visual
fatigue and competing effect together, which should be
considered when designing BCI applications. Furthermore,
our findings suggest that the pSSVEP is a viable
substitution for the cSSVEP because of its ability to reduce
the level of visual fatigue while maintaining a minimal loss
of decoding accuracy. NeuroReport 29:1301-1308
Copyright © 2018 The Author(s). Published by Wolters
Kluwer Health, Inc.
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signal increases in amplitude at the same frequency as the
visual stimulus. SSVEP are used widely for BCI application
because of the high classification performance, but visual
fatigue caused by multiple SSVEP signals [3] or complex
stimulations [4] is an inherent limitation. After prolonged
use of visual attention-based BCI, most participants report
the uncomfortable symptoms of physiological fatigue, which
include tiredness, drowsiness, and a loss of attention [5].
Physically challenged participants, in particular, may become
quickly exhausted by a high level of visual fatigue. Loss of
attention caused by visual fatigue can degrade the SSVEP
signal quality; thus, the performance of the BCI system
decreases as well. The SSVEP-based BCI system, in parti-
cular, exposes the user to repetitive visual stimuli, and the
necessity of reducing visual fatigue is apparent.

Moreover, hybrid BCIs have been developed recently for
enhancing the performance in many BCI applications, as
seen in spellers [6] and others [7]. Hybrid BCI applications
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present two or more visual stimuli simultaneously; this
induces unexpected problems caused by the competing or
distracting effects between each visual stimulus.

According to previous studies, an interaction effect on the
user by the additional visual distractions in SSVEP-based
or ERP-based stimulations has been noted in BCI systems.
Van Hemert ez @/. [8] reported the impact of visual distraction
by simultancous presentation of the SSVEP and other visual
stimuli such as particles, three-dimensional objects, and
movie fragments. The result indicated that the decoding
accuracies were highly influenced by the visual distraction
level. Parks ez al. [9] reported interaction effects of a visual
distraction to the time domain of an ERP response and the
frequency domain of SSVEP signals.

Therefore, reducing visual fatigue and lessening inter-
action effects while preventing the loss of decoding
accuracy are two of the most important factors in SSVEP-
based BCI systems. In this study, we evaluated the visual
fatigue and interaction effect with two different types of
visual stimuli, namely, the peripheral-field SSVEP
(pSSVEP) and the central-field SSVEP (cSSVEP).

Two different experiments were conducted in our study.
First, three target frequencies (5.45, 6.67, and 8.57 Hz)
were presented using pSSVEP and ¢SSVEP stimuli. The
purpose of this experiment was to reveal the visual fati-
gue level and decoding accuracy of the different types of
SSVEP stimuli. The results showed a clear trade-off in
evoked brain potentials and the visual fatigue level.

In the second experiment, the pSSVEP/cSSVEP and
ERP were presented simultancously as part of a BCI
speller layout. The purpose of the second experiment
was to reveal the competing effect of SSVEP stimuli on
the ERP performance and vice versa. We focused on the
two aspects of (i) evoked brain responses in the central
(Cz) and occipital (Oz) cortices and (ii) the decoding
accuracy of single-trial ERP and SSVEP. The results
showed that both the evoked brain responses and
decoding accuracies were influenced by an interaction
effect for each component.

Our study indicates that conventional ¢cSSVEP-based
BCIs cause a high level of visual fatigue, which conse-
quently decreases the user’s performance in the long-
term use of BCI system. Second, the competing effect
from the simultaneous presentation of the SSVEP and
ERP stimuli is an important factor that could influence
the decoding accuracy of hybrid BCI systems by sig-
nificantly affecting signal quality. Therefore, a hybrid
system should be designed carefully by considering
important factors such as visual fatigue, decoding accu-
racy, and unexpected brain responses from competing
effects. We suggest that the peripheral visual field of
SSVEP can be used a substitute for cSSVEP because it
minimizes visual fatigue and the competing effect while
performing with a minimal loss of decoding accuracy.

Participants and methods

Experimental paradigm

In this study, two experiments were designed to examine
the performance of pSSVEP/cSSVEP and the ERP+
SSVEP stimulus. All experiments were conducted on the
same day and used the same channel montage. A total of 10
individuals (eight men and two women, age: 24-32 years)
participated, and all volunteers were naive to BCI tasks. The
EEG signals were recorded with the Ag/AgCl actiCAP
device (Brain Products, Gilching, Germany) at a sample rate
of 500 Hz. According to the international 10-20 system, 19
electrodes were placed at the Fpl, Fp2, F3, Fz, F4, FC1,
FC2, C3, Cz, C4, CP1, CP2, P3, Pz, P4, O1, Oz, O2, and
POz for all experiments, with the same ground (Fpz) and
nasal reference.

Visual fatigue experiment

White-colored SSVEP stimuli were designed to flicker at
5.45, 6.67, and 8.57 Hz on a 60 Hz LLCD monitor. For our
comparison, we designed two different stimuli: pSSVEP
and ¢SSVEP. During the experiment, participants were
asked to concentrate on the center of the screen. All
participants were seated 50 cm away from the display.
The diameters of the inner and outer edges were 1.5 and
5 cm, respectively. For the pSSVEP, the thickness of the
peripheral ring spanned between 0.86° and 2.86° from
the center point [Fig. 1a (a’)]. When using ¢SSVEP, the
whole field of the stimuli was filled [Fig. 1a (b’)]. Each
stimulus was presented for 6s with an interstimulus
interval of 5.

In this experiment, the pSSVEP and ¢SSVEP conditions
were presented randomly to avoid ordering effects.
Specifically, the six SSVEP stimuli (5.45, 6.67, and
8.57 Hz for peripheral and central) had 10 trials each,
totaling 60 trials (three classes, two conditions, 10 trials).
The participants had a 1 min break after every 10 trials.

Competing effect experiment

For the second experiment, we used part of a BCI speller
layout, which consisted of five characters including the
centered target character and the four nontarget char-
acters surrounding the target. The same 10 participants in
the first experiment participated in the competing effect
experiment on the same day. All participants were asked
to gaze at the character in the center of the screen. Three
types of paradigms were conducted: first, the normal
ERP paradigm (nERP); second, the ERP + peripheral
SSVEP paradigm (pERP); and third, the ERP + central
SSVEP paradigm (cERP). To avoid fatigue bias, we
randomized the order of the different paradigm’s stimu-
lation types, and each participant rested for 1 min after
every 15 trials.

For the nERP paradigm, the participant focused on the
target character without any additional visual stimuli
[Fig. 1b (a’)] and the pSSVEP/cSSVEP flickering (fre-
quency of 5.45, 6.67, and 8.57 Hz) was presented
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simultaneously on the target character in the pERP and
cERP conditions [Fig. 1b (b" and ¢’)].

Figure 1b (a’) indicates the ERP interface, which consists
of one target and four nontarget stimuli for the character ‘P’.
"The five letters are randomly flashed iteratively; a sequence
means that all letters are flashed once (five trials in one
sequence). We set the maximum number of sequences
at five; therefore, the EEG epoch corresponding to the
target character ‘P’ has 25 trials (five sequences X five
flashes). This procedure was repetitively performed
30 times with the randomly selected target and nontarget
characters. Consequentially, the ERP epochs formed 750
trials (30 characters X five sequences X five flashes) for
each of the three paradigms (i.e. nERP, pERP, and
cERP).

Each participant completed the two experiments on the
same day. After completing the first and second experi-
ment, all participants completed a simple questionnaire
to subjectively evaluate each of the three visual stimuli
conditions in terms of how fatiguing they were perceived
to be during the experiment. The visual fatigue level was
measured on a 1-5 scale (1 point: very low, 5 points:
very high).

Data analysis

For the first experiment, the EEG signals were bandpass
filtered at 5-40 Hz and segmented at the onset of each
stimulus until the end with a length of 7s. To validate
the decoding accuracy, the power spectral density ana-
lysis [10] and multichannel canonical correlation analysis

(CCA) were carried out to classify three classes on a
single-trial basis. CCA, a statistical method for maximiz-
ing the correlation between two sets of variables, is used
widely for SSVEP-based BCI systems because it yields
better performance than power spectral density analysis
[11]. The decoding accuracies for the three target fre-
quencies (5.45, 6.67, and 8.57 Hz) were calculated on
each of the four runs and were then averaged according to
the type of paradigm (e.g. pPSSVEP or ¢SSVEP). The fast
Fourier transform was also used to compare the power
spectral density of the target frequencies between the

pSSVEP and ¢SSVEP paradigms.

For the second experiment, the EEG data were filtered
using a 0.1-25Hz bandpass filter with a fifth-order
Butterworth digital filter and segmented from —200 to
800 ms from the onset of each stimulus. Subtraction of
the mean amplitudes from — 200 to 0 ms was applied to
all segmented data for baseline correction. To investigate
the effect of SSVEP stimuli on the ERP responses, the
grand average ERP for all participants was calculated at
the central (Cz) and visual cortex area (Oz) for nERP,
pERP, and cERP. In addition, to investigate the effect of
SSVEP stimuli on the single-trial ERP accuracy, mean
amplitude features in nine discriminant time intervals
[12] were calculated and used as the ERP features.
Therefore, the ERP feature vectors were formed with
243 dimensions (i.e. 27 channels X nine feature vectors).
The single-trial classification accuracy was calculated on
the basis of eight-fold cross-validation with the linear
discriminant analysis classifier [13].



1304 NeuroReport 2018, Vol 29 No 15

"To validate the decoding accuracies of pSSVEP/cSSVEP
trials, the EEG signals were bandpass filtered and seg-
mented with a length of 7 s from the stimulus onset, as in
the first experiment, and CCA was used for the perfor-
mance validation. The band power at the target fre-
quencies was also calculated to investigate the competing
effect of ERP stimuli on the SSVEP data. Please note
that the EEG data in the second experiment pertain to
both the ERP and SSVEP components; therefore, the
decoding accuracies of nERP/pERP/cERP and pSSVEP/
c¢SSVEP were validated from the same EEG data with
different preprocessing methods (e.g. filtering, segmen-
tation interval) and classification strategy.

In this study, a paired #test (significance level: P <0.05)
was used to examine the differences in the performance
between each of the experimental results.

Results

Visual fatigue experiment

To evaluate the efficacy of the stimuli, we looked into
visual fatigue levels by the questionnaire survey and the
detection accuracies. Table 1 presents the visual fatigue
level and decoding accuracies in the first experiment.
With respect to visual fatigue, the average report scores
were 2.9+0.78 and 3.4+0.78 for pSSVEP and cSSVEP,
respectively; the reported scores for cSSVEP were higher
than pSSVEP for most participants (eight of 10). The
average band powers at the target frequencies were
2.8/4.3 dB (8.57 Hz), 1.9/3.4 dB (6.67 Hz), and 1.8/2.2 dB
(5.45Hz) for pSSVEP and c¢SSVEP, respectively. The
c¢SSVEP yielded significantly enhanced band power
compared with the pSSVEP band power for 8.25 Hz
(P<0.01) and 6.67 Hz (P<0.01); however, 5.45 Hz did
not reach a level of significance (P=0.22). The average
decoding accuracies using PSD were 70.0% (pSSVEP)
and 82.0% (cSSVEP) accuracy; the c¢SSVEP accuracy
was significantly higher than the pSSVEP (P <0.01).
However, the CCA yielded average decoding accuracies

Table 1

of 96.3 and 99.0%, which were not significantly different
(P=0.23).

Competing effect experiment

Table 2 indicates the visual fatigue level and decoding
accuracies for the nERP, pERP, and cERP. The average
reported scores of visual-fatigue level were 1.3, 2.8, and
3.8 for nERP, pERP, and cERP, respectively. The
average decoding accuracies for ERP trials were 76.5,
74.8, and 74.2% for nERP, pERP, and cERP, respec-
tively. Significant differences were not found between
nERP and pERP (P=0.12) or nERP and cERP
(P=0.12). The average decoding accuracies were 95.3%
for pSSVEP and 98.7% for ¢SSVEP; no statistical differ-
ence was found (P=0.12).

Table 3 indicates the average band power for the target
SSVEP frequencies. The results were 0.77/2.26/3.71 dB

Table 2 Visual fatigue level and the decoding accuracy for three
different conditions of nERP, pERP, and cERP

Accuracy (%)

Eye fatigue ERP SSVEP

Participants n p c n p c p c

1 1 2 4 87.8 828 836 100 100
2 1 3 5 693 642 652 70.0 933
3 1 4 5 709 739 803 96.7 96.7
4 1 2 4 78.1 76.6 75.3 100 100
5 2 4 3 728 693 695 933 100
6 1 2 3 740 70.7 688 100 100
7 1 3 4 899 859 85.1 96.7 100
8 1 3 2 74.7 77.6 72.3 100 100
9 1 3 5 793 795 769 96.7 96.7
10 2 2 3 67.8 67.7 65.2 100 100
Mean 13 280 380 765 74.8 742 953 987

The single-trial decoding accuracies were validated individually for ERP and
SSVEP trials, which were extracted from the same EEG data with different time
onsets and intervals.

¢, central; cERP, ERP + central SSVEP paradigm; ERP, event-related potential; n,
normal; nERP, normal ERP paradigm; p, peripheral; pERP, ERP + peripheral
SSVEP paradigm; SSVEP, steady-state visually evoked potential.

Comparison of peripheral-field and central-field steady-state visually evoked potential in terms of the visual fatigue level and the

decoding accuracies using the power spectral density and canonical correlation analysis methods

Accuracy (%)

Eye fatigue Band power (Hz) PSD CCA

Participants p c 8.57 (p/c) 6.67 (p/c) 5.45 (p/c) p c p c

1 2 4 3.0/4.2 3.4/4.9 2.8/4.0 80.0 100 100 100
2 3 3 1.1/2.5 1.2/1.8 1.3/2.8 40.0 56.7 80.0 96.7
3 3 5 2.5/4.2 0.7/4.0 1.8/2.1 60.0 86.7 86.7 100
4 2 3 5.5/9.1 1.9/4.3 1.7/1.5 90.0 96.7 100 100
5 4 3 3.4/3.7 2.6/3.3 1.3/2.0 90.0 96.7 100 100
6 3 3 1.1/2.6 1.4/3.2 1.7/2.0 66.7 86.7 100 100
7 3 4 1.6/1.7 1.1/1.4 1.3/1.4 66.7 53.3 96.7 96.7
8 3 2 2.2/4.4 2.5/5.4 1.4/3.4 63.3 90.0 100 100
9 3 4 2.8/3.0 1.0/0.9 1.7/0.6 63.3 70.0 100 96.7
10 3 3 4.8/6.4 3.6/4.7 3.3/25 80.0 83.3 100 100
Mean 2.90 3.40 2.8/4.3 1.9/3.4 1.8/2.2 70.0 82.0 96.3 99.0

The band power for the three target frequencies was also calculated.

¢, central field; CCA, canonical correlation analysis; p, peripheral-field; PSD, power spectral density.



Table 3 Band power for the three target frequencies (8.57, 6.67, and
5.45 Hz) in three different conditions of nERP, pERP, and cERP

Band power (dB)

Participants 8.57 Hz (n/p/c) 6.67 Hz (n/p/c) 5.45 Hz (n/p/c)

1 0.40/2.95/4.92 0.52/3.18/5.32 1.15/2.06/2.25
2 0.79/1.07/2.57 0.71/0.99/2.69 1.06/1.64/1.12
3 1.19/1.47/3.49 0.49/1.32/4.35 0.7/0.68/3.09
4 0.54/3.78/7.42 0.47/1.57/3.91 0.55/0.71/0.39
5 0.38/2.85/4.5 0.46/1.96/3.34 0.48/1.15/2.14
6 0.69/1.18/2.03 0.52/1.37/2.38 0.43/1.12/1.78
7 0.56/1.46/2.52 0.67/1.14/2.55 0.78/1.20/1.35
8 1.59/3.40/4.90 0.67/2.87/4.19 0.50/1.47/3.10
9 0.49/2.21/3.40 0.37/0.79/1.47 0.37/0.98/0.74
10 1.03/2.20/1.38 1.47/2.86/1.75 2.23/2.40/3.20
Mean 0.77/2.26/3.71 0.64/1.80/3.19 0.83/1.34/1.92

The band power in nERP condition could be considered as the baseline; only
ERP stimuli were presented, unlike ERP+pSSVEP or ERP + cSSVEP.

c, central; cERP, ERP + central SSVEP paradigm; ERP, event-related potential;
n, normal; nERP, normal ERP paradigm; p, peripheral; pERP, ERP + peripheral
SSVEP paradigm; SSVEP, steady-state visually evoked potential.

(8.57 Hz), 0.64/1.80/3.19dB (6.67 Hz), and 0.83/1.34/1.92 dB
(5.45 Hz) for baseline, pSSVEP, and ¢SSVEP, respectively.
The band power was significantly enhanced for ¢SSVEP
compared with pSSVEP for 8.25 Hz (P <0.01) and 6.67 Hz
(P<0.01); however, the enhancement at 5.45 Hz was mar-
ginal, but did not reach significance (P=0.08).

Figure 2 presents the grand average ERP for the target
and nontarget trials for the three paradigms (i.e. nERP,
pERP, and cERP), where typical N200 and P300 com-
ponents are clearly seen for targets irrespective of the
stimulation condition. With respect to the target and
nontarget ERP responses in the ERP paradigm, the
positive (P300 at Cz) and negative (N200 at Oz) ampli-
tude over the time course are clearly represented at the
Cz/Ogz site, as observed in previous work [14].

The ERPs resulting from the pERP or cERP show dif-
ferent responses to those from the nERP. First, the shape
of the P300 components at the Cz electrode widens in
increasing order for cERP, pERP, and nERP. The
maximum peak amplitudes of the P300 component at the
Cz electrode were different in each condition; it appeared
at 220.0+£37.9, 250.0£39.0, and 350.0+44.2 ms with
amplitudes of 2.5824%£1.9966, 2.6430+£2.1104, and
2.6436£3.1521 pV for nERP, pERP, and cERP. The
P300 responses of cERP showed a similar maximum peak
amplitude as the others, but with the highest signed 7%
value (Fig. 2). The negative peak amplitude of the N200
components at the Oz electrode appeared at relatively
the same time interval; at 180.0+19.0, 190.0+ 31.6, and
190.0+25.1 ms with amplitudes of —3.6199+2.8548,
—2.5648+2.0242, and —3.4095+2.0974 pV for nERP,
pERP, and cERP, respectively. The regular oscillations
induced by the SSVEP visual stimuli were commonly
observed in pERP/CERP on the visual cortex area (Oz
electrode); cERP vyielded clear and strong oscillations
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compared with the oscillations induced by the other
conditions (pERP and nERP).

Discussion

This study investigated two types of SSVEP stimuli
(pSSVEP and ¢SSVEP) in two respects: (i) to investigate
the trade-off relationship between two different SSVEP
stimuli in terms of visual fatigue and decoding accuracy
on the conventional SSVEP paradigm and (ii) to reveal
the competing effect of SSVEP on the ERP performance
and vice versa in terms of the ERP responses and the
single-trial decoding accuracy on the hybrid speller
paradigm.

The first experiment showed a clear trade-off between
visual fatigue level and band power at the target fre-
quencies for pPSSVEP and ¢SSVEP stimuli. A comparison
of the results in our two experiments (eye-fatigue and
competing-effect experiments) showed that the band
powers at the target frequencies were highly influenced
by the ERP stimuli; the simultaneous pERP/cERP sti-
mulus vyielded significantly attenuated band power
values compared with the values induced by the solely
pSSVEP/cSSVEP stimulus.

However, the decoding accuracy of pSSVEP using CCA
showed comparable performance compared with the
c¢SSVEP. Because decoding accuracy in addition to the
users’ visual-fatigue must be considered carefully when
designing a BCI system, our results motivate us to pro-
pose the use of a pSSVEP-based BCI system for reducing
the visual fatigue level while maintaining comparable
decoding accuracy.

The band power for the target frequencies highly influ-
ences the PSD-based decoding accuracy; pSSVEP
showed significantly decreased decoding accuracy
(Table 1). However, the decoding accuracy of pSSVEP
using CCA showed performance comparable to that of
¢SSVEP, but it should be noted that the performance of
both paradigms only achieved a comparable maximum
accuracy (both are >95%) with the full segment of the
EEG epoch (0-65s). For a clearer comparison, we also
investigated the differences in performance through
smaller and increasing accumulated time intervals.

Figure 3 indicates the grand averaged decoding accuracy
of cSSVEP and pSSVEP with the different segmentation
intervals. Specifically, the EEG data were segmented
accumulatively from the stimulus onset (0s) with a step
size of 1s and the decoding accuracies were validated
individually. In the result, the decoding accuracies were
88.0 and 81.3% at the 0-2 s interval, 98.0 and 91.0% at the
0—4 s interval, and 98.6 and 93.3% at the 0-5 s interval for
¢SSVEP and pSSVEP, respectively. ~Tests showed no
significant difference (P>0.05) in performance at the
intervals of 0-5 and 0-6s. In conclusion, pSSVEP
requires a sufficient length interval (=5s) to achieve a
comparable performance with ¢SSVEP.
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The first and second rows depict the grand average ERP at the Cz and

Oz electrodes. The middle row depicts the topography of the grand average

ERP in the specific time interval at all channels. The last two rows show the significant level () between target and nontarget trials at Cz and Oz

electrodes. ERP, event-related potential; cSSVEP, central-field SSVEP;

evoked potential.

pSSVEP, pSSVEP, peripheral-field SSVEP; SSVEP, steady-state visually

In the second experiment, we designed a novel type of
visual stimulus in which the SSVEP and ERP are pre-
sented simultaneously on part of a BCI speller layout.
Our results clearly show the competing effect of SSVEP
stimuli on the ERP and vice versa, as illustrated by the

changes in N200/P300 potentials and the band power of
the target frequencies. Specifically, the average P300
potentials were highly influenced and the high level of
regular oscillations by the SSVEP stimulus
observed at the occipital cortices. The band power for the

were
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target frequencies was also influenced by the ERP sti-
muli; the simultaneous pERP/cERP stimulus yielded
significantly attenuated band power values compared
with the values induced by the solely pSSVEP/cSSVEP
stimulus (Tables 1 and 3). For instance, the averaged
band powers at 8.57 Hz in experiment I were 2.8 and 4.3
pV for pSSVEP and ¢SSVEP, respectively (see fourth
column in Table 1). The averaged band powers in
experiment II were 2.26 and 3.71 pV at the same fre-
quency (8.57 Hz) for pSSVEP and ¢SSVEP, respectively
(see second column in Table 3).

We also validated the decoding accuracies for ERP and
SSVEP trials to show that those competing effects actu-
ally influence the classification performance. In the
results, nERP showed the highest decoding accuracy;
however, there was no significant difference between
nERP and the other conditions (Table 2). Decoding
accuracies of the pSSVEP/cSSVEP signals were slightly
decreased compared with the first experimental result;
however, the decrease in accuracy was not significant
(Tables 1 and 3).

We found clear competing effects in the ERP and
SSVEP signals, but these effects did not directly result in
the loss of classification performance. Nevertheless, the
hybrid visual stimulus (simultaneous presentation of the
ERP and SSVEP) should consider these competing
effects when designing BCIs that have particular prio-
rities in terms of accuracy and usable comfort.

In this study, we used the pSSVEP, which contains the
classifiable frequency information while reducing the
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user’s visual fatigue. Most users reported a much more
comfortable feeling when gazing with the pSSVEP
(Fig. 1). This is because the retina is not directly exposed
to the flickering visual stimuli; however, we found that
the informative frequency feature is still measured at the
occipital electrode (Oz).

The second experiment investigated the competing
effect in the two types of hybrid stimulus (i.e. pERP and
cERP) in terms of the signal quality and the decoding
accuracy. The pERP and cERP showed comparable
performance compared with the solely ERP stimulus
(nERP); both hybrid stimuli could be a possible solution
for enhancing system performance as they increase the
decoding accuracy by integrating the time—frequency
features. Furthermore, the center of the pSSVEP sti-
muli is empty (Fig. 1a); therefore, it is possible to allocate
any type of extra visual stimulation to the central area
such as an ERP stimulus like in our second experiment
without an overlap of individual visual stimuli.

Gaze-independent BCI systems have been investigated
for participants who are not able to move their eyes (e.g.
final stages amyotrophic lateral sclerosis patients).

Kelly ez al. [15,16], designed two bilateral SSVEP stimuli,
and the user overtly or covertly attended to one of two
target stimuli. These studies investigated a peak of band
power at target frequencies in both the covert and the
overt attention condition. Egan e @/ [17] proposed a
hybrid BCI system where two bilateral SSVEP boxes
with letters inside flashed. The two types of visual sti-
muli (i.e. c¢SSVEP and pSSVEP) in our study could per-
haps be considered as the task of overt and covert
attention. The results indicate that the pSSVEP is very
useful as it can be used in a gaze-independent condition
because it has less visual-fatigue while maintaining an
acceptable decoding accuracy. In this study, however, the
applicability of pSSVEP is only really considered under
gaze-dependent conditions. However, novel types of
BCI applications in gaze-independent conditions could
possibly be derived in reference to our present study and
previous research [15-17].

To the best of our knowledge, we are the first to inves-
tigate SSVEP stimuli in terms of visual fatigue and
detection accuracy in addition to its effect on the visually
evoked ERP responses. The significance of this study
lies in the possibility of using pSSVEP or combining it
with ERP as a novel type of visual stimulus in BCI. 'The
hybrid visual stimuli on the basis of the pERP has con-
siderable potential to enhance the system performance
by using the multifeatures that integrate the time-domain
ERP and the frequency-domain SSVEP data while
reducing the visual fatigue level.

Conclusion
These findings would be useful in understanding the
relationship between visual fatigue and classification
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performance; it could conceivably guide a BCI developer
and researcher to maximize the performance of BCI
technology.
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