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Abstract

Objective. Interactive displays armed with natural user interfaces (NUIs) will likely lead the
next breakthrough in consumer electronics, and brain-computer interfaces (BClIs) are often
regarded as the ultimate NUI-enabling machines to respond to human emotions and mental
states. Steady-state visual evoked potentials (SSVEPs) are a commonly used BCI modality
due to the ease of detection and high information transfer rates. However, the presence of
flickering stimuli may cause user discomfort and can even induce migraines and seizures.
With the aim of designing visual stimuli that can be embedded into video images, this study
developed a novel approach to induce detectable SSVEPs using a composition of red/green/
blue flickering lights. Approach. Based on the opponent theory of colour vision, this study
used 32 Hz/40 Hz rectangular red-green or red-blue LED light pulses with a 50% duty cycle,
balanced/equal luminance and 0°/180° phase shifts as the stimulating light sources and tested
their efficacy in producing SSVEP responses with high signal-to-noise ratios (SNRs) while
reducing the perceived flickering sensation. Main results. The empirical results from ten
healthy subjects showed that dual-colour lights flickering at 32 Hz/40 Hz with a 50% duty
cycle and 180° phase shift achieved a greater than 90% detection accuracy with little or no
flickering sensation. Significance. As a first step in developing an embedded SSVEP stimulus
in commercial displays, this study provides a foundation for developing a combination of three
primary colour flickering backlights with adjustable luminance proportions to create a subtle
flickering polychromatic light that can elicit SSVEPs at the basic flickering frequency.

Keywords: brain-computer interface, interactive display systems, steady-state visual evoked
potentials, visual stimuli, polychromatic, subtle flickering, canonical correlation analysis
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1. Introduction

Eco-friendly three-dimensional (3D) liquid crystal displays
(LCDs) with air-touch interactive gesture recognition [1-3]
are the latest innovation in interactive display systems. These
and other novel interactive display technologies started a
trend to arm audio-visual systems with natural user interfaces
(NUIs). Among these NUIs, wearable brain-computer inter-
faces, a.k.a. augmented brain-computer interfaces (A-BClIs)
[4], promise the ultimate experience in human-machine inter-
action—one that will enable smart appliances and intelligent
environments to respond proactively to a user’s cognitive and
emotional states [5]. Because vision is the dominant human
sensory system, BCI-enabled interactive displays will have a
wide range of potential applications in gaming [6], infotain-
ment [7] and e-learning [8]. Figure 1 shows the functional
architecture of a brain-display interactive (BDI) system,
which is a brain monitoring device integrated with a display/
goggle. In such a system, the polychromatic composite lights
produced by the liquid crystal or active-matrix organic LED
(AMOLED) panels can supply exogenous stimulation to
the human visual cortex. Viewers’ electroencephalographic
(EEG) responses and motor behaviours, such as eye and finger
movements, can be analysed to predict their mental states and
intentions. These predictions can then be fed back to the inter-
active display system to adapt the display contents and their
presentations.

Among the various BCI modalities [9], steady-state
visual evoked potentials (SSVEPs), which can be induced by
lights flickering at constant spatial-temporal frequencies and
extracted from the EEG signals acquired from the viewer’s
occipital region [10], may be the most suitable modality to
mediate brain-display interactions. In the past decade, SSVEP-
based BCI systems have already been used in assisted living
[11-13] and gaming [6]. Due to breakthroughs in stimulation
modulation and signal processing techniques, SSVEP-BCI
has achieved unprecedentedly high information transfer rates
[14-16] and was recently developed in an online setting with
beamforming [17, 18].

Although SSVEP-BCI has the advantages of being non-
intrusive and robust as well as offering high information
transfer rates [19], it has a major shortcoming: its flickering
stimuli can be distracting, discomforting or even potentially
hazardous to viewers. The flickering frequencies used in
SSVEP research can be classified into three frequency bands:
low (<12 Hz), medium (12-30 Hz) and high (30-60 Hz)
frequency subsystems [20]. For the sake of inducing strong
SSVEP responses, most SSVEP-BCIs employ visual stimuli
in the low- and medium-frequency bands [11, 14, 15, 21-25].
Bright lights (usually in a white colour) flickering in this fre-
quency range are not only distracting to viewers who want to
pay attention to the displayed images but can also cause visual
fatigue [26], migraine headaches [27] and even photosensi-
tive epilepsy attacks [28-30]. In recent years, there have been
substantial efforts to employ high-frequency visual stimuli to
induce detectable SSVEP responses [13, 31-33]. Wang and
Gao at Tsinghua University [34] and Garcia Molina at Philips

Research in Europe [35] are among the pioneers in this area.
In the future, if embedded displayed images of less distractive
high-frequency stimuli prove feasible, it will allow SSVEPs
to be employed more freely among interactive display sys-
tems. We have engaged in the design of high-frequency poly-
chromatic SSVEP stimuli since 2011 [36-38]. This paper is a
report of our preliminary results.

As the first step, this study explored the possibility of
using red—green—blue (R/G/B) composite lights flickering at
approximately 30-40 Hz as effective stimuli to induce detect-
able SSVEP responses from the human fovea while reducing
the perceived flickering sensation these lights may cause by
tuning the flickering frequencies, the relative luminance and
the phase shifts among the component lights. Again, pio-
neers in the field have accomplished a great deal of explora-
tory work; Cheng and Gao at Tsinghua University performed
the first polychromatic SSVEP experiment in 2001 [39], and
Bieger and Garcia Molina conducted a series of comprehen-
sive experiments in 2010 to study the effects of various visual
stimulation properties, including the flickering frequencies,
phases, waveforms, colours, luminance, contrast and patterns,
on SSVEP detection accuracy, information transfer rates and
user comfort levels [40]. Early attempts also employed poly-
chromatic stimuli in SSVEP-BCI applications [41]. Among the
related works, Cheng and Gao’s experiment merely demon-
strated the feasibility of inducing SSVEP responses using red
and green lights flickering at different frequencies. In contrast,
Bieger et al [42] provided essential information for designing
SSVEP stimuli but did not examine the interactions among dif-
ferent stimulus properties, which is an exercise that is crucial
for the design of optimal stimuli. Again, none of these works
addressed the difficulty of blending the visual stimuli into the
displayed images, which is a critical issue in the implementa-
tion of a practical brain-display interaction system.

The remainder of this paper expounds our work in five sec-
tions. Section 2 explains the rationale underlying the choices
of colours, flicker frequencies, relative luminance and phases
among the component lights. Section 3 describes the exper-
imental procedures and the analysis techniques employed.
Section 4 reports our findings on viewers’ flicker perception
towards different stimuli and the sideband signal-to-noise
ratios (SB-SNRs) of their SSVEP responses. Section 5 dis-
cusses the implications of the experimental results along with
the preliminary design of a composite white light based on
our findings.

2. Rationale

2.1. Underlying principles

The aim of this study was to identify the composition of
R/G/B primary colour lights under the proper combination
of flickering frequencies, relative luminance and phase shifts
that can induce SSVEP responses with the highest SB-SNRs
from viewers’ occipital lobes while reducing the perception of
flickering sensations. We based the design of our experiments
on the following supporting evidence.
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Figure 1. Functional block diagram of a brain-display interaction (BDI) system.

Lin et al [36] showed that SSVEPs induced by foveal stimu-
lation spanning a 2° view angle with white LED lights flick-
ering between 25 Hz and 45 Hz exhibit enhanced SB-SNRs
that were compatible with those evoked by similar stimuli in
the EEG alpha band. Furthermore, our experiments with pri-
mary colour stimuli detected similar SB-SNR increases among
foveal SSVEP responses towards red- and green-coloured lights
[43]. In both cases, viewers’ flicker perceptions of the stimuli
decreased as the flickering frequencies of the stimuli increased.

A plausible explanation of these results is that although the
power of both the SSVEP responses and the ambient EEG
signals diminished at higher frequencies, their power ratios
at neighbouring frequencies may not diminish with the rise
in frequency [34]. Foveal SSVEP responses towards poly-
chromatic lights may be strong due to the high concentration
of cone photoreceptors in the human fovea. In contrast, the
diminishing (and even vanishing) of viewers’ flickering sensa-
tion at higher frequencies may be explained by the presence
of critical flicker frequency (CFF) thresholds of the cone pho-
toreceptors within that frequency range. The SB-SNRs hinted
at the possibility of the robust detection of foveal SSVEP
responses at those frequencies while increasing viewer com-
fort by diminishing the perceived flickering sensation.

The second type of supporting evidence came from the
experimental findings of Shady et al [44] and Jiang et al
[45]. Both teams observed that when equal luminous red
and green lights flickered alternatingly at frequencies of
25 Hz or above, the two primary lights could fuse into a non-
flickering composite yellow light. Using functional magnetic
resonance imaging (fMRI), Jiang er al [45] also showed that
the composite yellow light activated different visual cortical
areas than those activated by a non-flickering mono-chromatic
yellow light. Their findings suggested that reducing the flick-
ering sensation of the visual stimuli is possible with the use of
composite lights. The fMRI results further hinted that primary
colour lights can induce SSVEP responses; however, they
appeared fused in colour to the viewers.

Finally, we based our colour composition on Hering’s
opponent-process theory of colour vision [46]. Among the
R/G/B primary colours, this study chose dual red—green (R/G)
and red-blue (R/B) composite lights as the stimulating light
sources in the experiments. These choices made the experi-
ments compatible with those conducted by Jiang ef al [45] and
Bieger et al [42].

Spectral Radiance (W -sr*-m2-nm)

(nm)
Wavelength

400 500 600 700

Figure 2. Spectral radiance of commercially available LED lights
in red (620—645nm), green (520-550nm) and blue (460—-490nm)
colours.

According to the opponent-process theory, colour percep-
tionis formed by antagonistic interactions (excitation £ versus
inhibition —) among the ganglion cells connected to the cone
photoreceptors. The antagonism forms two opponent colour
channels known as (R+G —) and (B+Y —). The ratio
between the responses of these channels produces the sensa-
tion of the hue, whereas the combination of their responses
produces the sensation of colourfulness. The following
description shows the neural circuit schematics of these two
opponent colour channels: in the (R+G —) channel, the pri-
mary red and green colours interact antagonistically, whereas
in the (B4+Y —) channel, the yellow colour is first formed by
combining red and green excitation as Y= (R+G +) [47].
Then, the composite yellow colour interacts antagonisti-
cally with the primary blue colour. According to this theory,
the interaction between the red and green colours belongs to
the R—G opponent colour channel, whereas the interaction
between the red and blue colours does not belong to any oppo-
nent colour channel. The choices of the two colour pairs thus
enabled us to compare the responses of these two conditions.

2.2. Pragmatic design of composite stimuli

In planning the experiments, some design decisions were
made to improve the commercial value of our findings. First,
we decided to use commercially available red/green/blue
LEDs as the primary light sources. The Spectral radiance of
the commercially available LED lights is shown in figure 2.
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Figure 3. Block diagram of the SSVEP experimental setup with the red and green (R/G) composite coloured lights.

The light sources are widely used in LCDs with LED back-
lights [48] and in organic LED (OLED) and future quantum
dot LED (QD-LED) displays [49]. As an additional virtue,
the narrow colour spectra of these light sources enable them
to selectively stimulate long (L), medium (M) and short (S)
wavelength cone photoreceptors.

We also employed rectangular waveforms with a 50% duty
cycle for all component lights because Teng ef al [5S0] observed
that such waveforms were more effective in inducing SSVEP
responses than sinusoidal waveforms or triangular waveforms
with higher or lower duty cycles. These symmetrical rectan-
gular waveforms are also more similar to the actual wave-
forms generated by the LCD and OLED displays.

Finally, we adopted the concepts of balanced and equal
luminance in the design of the composite stimuli. The term bal-
anced luminance indicates that the proportions of luminance of
the two component lights, R/G or R/B, permit the formation of
white light through the addition of an appropriate proportion of
the third primary colour light. Because the relative luminance
of the R/G/B components requires a ratio of 3:6:1 in a com-
posite white light [51], the balanced luminance ratios of the
R/G and R/B components were 2 : 1and 3 : 1, respectively. We
adopted balanced luminance solely to produce a white com-
posite light by adding a third compensating component.

As an alternative, this study also applied equal luminance
to the two component lights, R/G or R/B, which means that
the luminance ratios remained 1 : 1regardless of the choice of
colours. Because the component lights are equal in luminance,
the composite lights resulting from alternatingly flickering
these components were expected to produce the weakest flick-
ering sensation. This study compared the flickering sensation
induced by these two different luminance profiles.

3. Methods

To observe both the SB-SNRs of the foveal SSVEP responses
and the subjective flickering sensations towards the two com-
posite colour lights at different flickering frequencies, relative
luminance and phase shifts, two separate experiments with the
same groups of subjects were conducted on different days:

Table 1. Combinations of the control variable values (Supplementary
material available from stacks.iop.org/JINE/14/016018/mmedia).

Relative
phase (°)

Red and green {32} . JR:765, G765 o { 0 }
(R/G) 40 R: 51, G: 102 180
Red and blue {32} « R:76.5, G:76.5 | { 0 }
(R/B) 40 R: 114.75, G: 38.25 180

the first experiment was performed with the red—green (R/G)
composite lights, whereas the second included the red-blue
(R/B) composite lights.

Component
colours

Frequency Luminance
(Hz) (cdm™?)

3.1. Subjects

Ten healthy subjects (seven males and three females), aged
between 20 and 25 years (mean 22.3 years; SD 1.8), partici-
pated in the two aforementioned experiments. All subjects had
normal or corrected-to-normal visual acuity without vision
impairment. They also had no neurological abnormalities
and were clearly informed that flickering stimulation might
induce epileptic seizures. Informed consent was obtained
before each subject’s participation. The subjects’ consent
form was approved by the Research Ethics Committee for
Human Subject Protection at National Chiao Tung University
(application number: NCTU-REC-102-008).

3.2. Apparatus

To prevent potential contamination of the visual stimuli and
the EEG signals by ambient light and electromagnetic radia-
tion, the experiments were conducted in a darkened, shielded
recording chamber. Figure 3 illustrates the apparatus used in
the experiments. The R/G and R/B composite colour stimuli
were produced by two LED-powered stroboscopes (MVS
115/230, Monarch, Amherst, NH, USA) driven by a dual-
channel waveform generator (33522A, Agilent, Santa Clara,
CA, USA) to generate signal waveforms with precise ampl-
itudes, frequencies and relative phase offsets. The composite
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Table 2. Chromaticity coordinates of the primary colour and R/G and R/B composite lights.

R/B composite lights

R/G composite lights

Xy coordinates Primary colours Balanced lumin.

Equal lumin. Balanced lumin. Equal lumin.

Blue (0.145, 0.038)
Red (0.690, 0.309) (0.298, 0.116)
Green (0.230, 0.718)

(0.207, 0.069)

(0.476, 0.499) (0.553,0.431)

lights were projected onto a viewing screen erected 50cm in
front of the subject and passed through a 4.4 cm circular trans-
lucent area spanning a 5° viewing angle.

The EEG data were obtained using a non-invasive
64-channel Quik-Cap, which placed the electrodes on the
subject’s scalp according to the international 10-20 system,
and were recorded using an EEG amplifier (SynAmps? model
8050, Neuroscan, El Paso, TX, USA) and a desktop computer.
Furthermore, a transistor—transistor logic-synchronization
(TTL-SYNC) signal was fed from the waveform generator
into the EEG recording system to supply the ‘time ticks’
marking the firing of the stimulating light pulses.

3.3. Control parameters

In the experiment, binary choices were made among the values
of the four parameters controlling each component light: (1)
component colours, (2) flickering frequency, (3) luminance,
and (4) relative phase. Table 1 lists the combinations of values
adopted in the different rounds of the experiments.

In terms of the flickering frequency, 32 Hz and 40 Hz were
used as the two samples from the range of 25-45 Hz based
on Lin et al [36]. These choices, 32 Hz and 40 Hz, belong
to the high-frequency range (30-60 Hz) according to Regan
[20] and were employed with the aim of studying the effects
of diminished EEG responses on the SB-SNRs of the SSVEP
responses.

In terms of the relative phase between the flickering comp-
onent lights, the choice was between 0° and 180°. A phase
shift of 0° implies a complete overlap of the two flickering
lights; the two component lights turn ON and OFF simultane-
ously with their pulses superimposed onto each other. Thus,
the composite light appears to have bright light pulses inter-
laced with dark intervals. In contrast, a phase shift of 180°
implies an alternating flicker of the two component lights; the
pulses of the component lights interlace with each other, thus
amortizing the brightness of their pulses and eliminating the
dark intervals from their composite light.

Finally, in terms of luminance, a reasonable level for
the total luminance was set and then divided proportion-
ally among the component lights. To determine the balanced
luminance of the R/G component lights, white light at 170 cd
m~2, which is the typical luminance of the white background
appearing on an LCD monitor during daytime, was divided
into a ratio of 3 : 6 : 1. Hence, the red light was set at 51 cd
m~2 and the green light was set at 102 cd m~2, and the lights
contributed a total of 153 ¢d m~2, which is 90% of 170 cd
m~?; the remaining 10% (17 cd m~2) was reserved for the
luminance of the compensating blue light.

0.9,
0.8+ .
Green
| I 3.
R/G (balanced)
\u R/G (equal)
\ Red
0.2}
RE 5 ®. R/B (balanced)
Blue® - R/B (equal)
0 02 0.4 06 038

X

Figure 4. The xy coordinates of the composite stimuli in a CIE
1931 chromaticity diagram.

To expose the subjects to visual stimuli at the same lumi-
nance level, we set the total luminance of the dual-colour
stimuli at 153 cd m~2 throughout the experiments and divided
it into proper proportions. In the case of equal luminance, the
luminance of each component light was set at 76.5 cd m™—2
regardless of its colour. In the case of balanced luminance
between the R/B lights, we set the luminance at a 3 : 1 ratio,
such that the red light was at 114.75 cd m~2 and the blue light
was at 38.25 cd m 2.

The net effect of varying the luminance ratios between
the component lights was to change the apparent colour
of the composite lights, which was often specified in terms of
the chromaticity xy coordinates in the International
Commission on Illumination (CIE) 1931 colour space [52].
Table 2 and figure 4 provide the chromaticity coordinates of
the R/G/B primary colours and the composite colours with
balanced and equal luminance.

3.4. Procedures

During the experiments, each subject was asked to sit in a
chair, place his/her head on a chin-rest and stare at the centre
of the 5° diffused light source. Visual stimulations in the
form of composite lights with different flicker frequencies,
luminances and relative phases were presented to the subject
in rounds, each of which lasted 50s with a 30s rest period
between each stimulation. To eliminate potential interference
between adjacent rounds, each subject underwent the exper-
imental rounds in a randomized order.
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Table 3. Specification of the standardized (five-point) subjective flicker perception scores.

1 2

4 5

Imperceptible Perceptible but not annoying

Slightly annoying

Annoying  Very annoying

EEG Recording
gj/t)
Filtering
(1-100 Hz)
Down Sampling
(1000 Hz -> 500 Hz)
Automatic
Artifact Removal

y

| 2-Second Epochs |

)

| Averaging Epochs |

|

Multiply
Hanning Function -
T Canonical
. Correlation Analysis

Fast Fourier Transform
F(g(t))=G(f)
!

| Power Spectral Density H

Sideband
Signal-to-Noise Ratio

Figure 5. SSVEP signal analysis flow chart.

In each experimental round, the EEG signals from 64
channels were sampled at 1000 Hz and recorded along
with the TTL-SYNC signal from the waveform generator.
Furthermore, the subjects also graded the flicker perception
of the stimuli based on a standardized five-point scale for the
subjective assessment of television picture quality [53], with
one indicating imperceptible flickering and five implying very
annoying flickering (table 3). We chose a subjective flickering
score of fwo as the tolerable flickering threshold of the visual
stimuli.

3.5. Data processing

The signal analysis procedures, which comprised signal pre-
processing, segmentation and epoch averaging, are depicted
in figure 5. Both the EEG signals captured from each subject
and their ensemble averages were analysed to discover the
general trends and individual differences. First, to decrease
the data size while maintaining the accuracy of the high-
frequency data, the EEG signal was filtered (1-100 Hz), and
the sampling rate was lowered (500 Hz). Then, automatic
artefact removal, including independent component analysis
(ICA)-based algorithms [54, 55], was used to ensure that the

data contained no events with abnormally strong power and to
remove blinks, eye movements and discontinuities from the
data while leaving brain activity almost unaffected. Next, this
study divided the 50s EEG signal into 25 two-second epochs
to increase the strength of the signal while obscuring noises
using epoch synchronized averaging. The Hanning function,
which is represented in equation (1), was utilized to minimize
the effect of spectral leakage [56]:

n

w(n)O.S(l fcos(27r ])), O<ns<N-1 (1)
where N = 1000 is the number of sample points.

The SSVEP signals of each subject extracted from the nine
parietal and occipital channels, namely P1, PZ, P2, PO3, POZ,
PO4, O1, OZ and 02, were analysed. The single-channel
method analysed only the EEG signal extracted from the Oz
channel, whereas the multi-channel method processed the
signals from all nine channels using the canonical correlation
analysis (CCA) technique [57]. This technique computes the
maximum correlation between a linear combination of multi-
channel EEG signals X and a combination of the reference
sinusoidal signals Yy:

sin[zmlf ]
5
2

Cos[ﬂ]

%
where fis the target frequency and f; is the sampling rate.
Considering two multidimensional variables (EEG signals X
and the reference signals Y), the CCA method finds the weight
vectors (w,,w,) that maximize the correlation between their
linear combinations (x, y). This method can be used to find the

linear combination of multi-channel EEG signals with max-
imum correlation p with the reference signals [22]:

Y= withn=1...N 2)

E[wiXY"w,]
JE WL XX E Wl YYTw,]

max p(x,y) =

W, 3)
Then, the single-channel signals from Oz and the spatially
weighted multi-channel signals (x) using CCA were analysed
using fast Fourier transform (FFT) with Hanning windows.
Their power spectral density (PSD) was computed using
equation (4):

N
PSD(f) = - IG(f)P (4)

where |G(f)| is the Fourier amplitude of the signal at the
frequency f and N/f, is the epoch length. The sideband SNR
(SB-SNR) was defined as the ratio between the signal power
and the sideband noise power at the decibel (dB) scale as rep-
resented in equation (5) [34]:
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Table 4. Four-way rANOVA results for the subjective flicker perception scores.

Phase (P) Frequency (F) Colour (C) Luminance (L)
F value® 23.640 26.125 0.849 1.830
p value® 0.001** 0.001** 0.381 0.209
PXxF PxC P xL FxC FxL CxL
F value® 0.849 0.036 5.211 0.584 1.552 8.103
p value® 0.381 0.853 0.048* 0.464 0.244 0.019*
PxFxC PxCxL PxFxL FxCxL
F value® 0.043 1.000 0.184 0.053
p value® 0.840 0.343 0.678 0.823
PXxFxCxL
F value® 0.669
p value® 0.434

* Degrees of freedom = (1, 9) for each rANOVA on the different factors.

® Superscript *, ** and *** denote p < 0.05, p < 0.01 and p < 0.001, respectively.

PSD(f)

SB-SNR(f) = —

—= 3" [PSD(f + kAf) + PSD(f — kAf)]
k=2

)
where Af=f./N = 0.5 Hz is the frequency resolution and
n =8 was used in the calculation. Leakage was the main
reason we avoided the adjacent +1 unit (k=2) sideband
noise power from our stimulus frequencies.

3.6. Statistical analyses

This study involved four parameters, as mentioned in
section 3.3. Therefore, a four-way repeated-measures analysis
of variance (rANOVA) [58, 59] was conducted using SPSS
software (SPSS Statistics 17.0, IBM Corporation, Endicott,
NY, USA) to examine the null hypothesis, i.e. the different
flickering  frequencies/relative  phases/luminance/colours
would not affect the SSVEP responses and flicker perception.
The rANOVA analysed the main effects of and interactions

among the independent variables on the experimental out-
comes, with significance set at 0.05. The Greenhouse—Geisser
correction was applied if the data did not conform to the
sphericity assumption based on Mauchly’s test of sphericity.
All post hoc pairwise comparisons were corrected using the
Bonferroni’s test.

4. Results

With the aim of identifying the optimal composite colour
stimuli that can induce the strongest foveal SSVEP responses
while causing negligible flicker perception, this study exam-
ined the flicker perception of ten healthy subjects and the SB-
SNR of their foveal SSVEP responses towards the composition
of R/G and R/B dual-colour lights flickering at different fre-
quencies, relative luminances and phase offsets (section 3.3).
An rANOVA was used to identify the statistically significant
differences among the SSVEP responses towards the different
compositions. The optimal composition was selected as the
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Figure 7. Boxplots of the sideband SNR (dB) values of the SSVEP signals collected at the Oz channel in response to the composite R/G
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one that induced SSVEP responses with significantly higher
SNR values while maintaining a subjective flickering percep-
tion lower than two in the standard five-point scale (section
3.4). The efficacy of these composite stimuli was then verified
by analysing their accuracy in detecting the SSVEP frequen-
cies using the CCA method.

4.1. Flicker perception

We aimed to discriminate the different composite stimuli with
respect to subjects’ flickering perceptions of these stimuli.
Only those stimuli with average flickering scores of less than
two (of five), indicating that flickering was perceptible but not
annoying, were selected for further consideration. We also
attempted to identify the factors (among colour, frequency,
phase and luminance) with the most significant effects on the
subjective flickering sensation.

Figure 6 shows a boxplot of the standardized five-point
flicker subjective perception scores given by the ten subjects
towards the composite R/G and R/B lights with a 50% duty
cycle at different flickering frequencies, luminances and rela-
tive phases. Table 4 presents the rANOVA results for flicker
perception.

The following observations were made based on the sub-
jective perception scores:

1. The composite lights with 180° phase offsets (or
alternating pulsation) always produced lower flicker per-
ception scores than the lights with 0° offset (or perfectly
aligned pulses). Among the four-way rANOVA results,
the main effect of relative phase was significant (F[1,
9] = 23.640, p = 0.001).

. The flicker perception scores given to the composite R/G
and R/B stimulations were approximately compatible
with the scores given to the stimulation with the white
LED light in a similar SSVEP experiment reported in
[37]. In both cases, the stimuli at 40 Hz appeared to be

less flickering than those at 32 Hz. Among the four-way
rANOVA results, the main effect of frequency was sig-
nificant (F[1, 9] = 26.125, p = 0.001).

Table 4 also shows that the interaction between phase and
Iuminance (F[1, 9] =5.211, p = 0.048) and the interaction
between colour and luminance (F[1, 9] = 8.103, p = 0.019)
were significant.

The significant interaction between phase and luminance
indicated that in the 180° condition, the balanced luminance
group had more flickering than the equal luminance group
(e = 1.850 versus p = 1.625), whereas in the 0° condition,
the balanced luminance group was approximately identical
to the equal luminance group (p = 2.300 versus p = 2.350).
The difference between the balanced luminance and equal
luminance groups in the 180° condition was significant
(»p = 0.011), whereas the difference in the 0° condition was
not significant (p = 0.570).

The significant interaction between colour and luminance
indicated that, in the equal luminance condition, the R/B group
was more flickering than the R/G group (u = 2.125 versus
© = 1.850), whereas in the balanced luminance condition,
the R/B group was approximately identical to the R/G group
(0 =2.000 versus g = 2.150). The difference in the equal
luminance condition between the R/G and R/B groups was
significant (p = 0.010), whereas the difference in the balanced
luminance condition was marginally significant (p = 0.057).

4.2. Sideband signal-to-noise ratios (SB-SNRs)

The accurate detection of SSVEP responses depends greatly
on the SNRs between the power of the SSVEP signals versus
the power of the ambient signals at the stimulation frequen-
cies. This section examines the SB-SNRs of the foveal SSVEP
responses with the aim of identifying the optimal stimuli.
Boxplots of the SSVEP SB-SNR (dB) values using the
single-channel method and the multi-channel method are
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Table 5. Four-way rANOVA results for the SSVEP SB-SNR values using the CCA method.

Phase (P) Frequency (F) Colour (C) Luminance (L)
F value® 49.327 0.039 2.385 0.274
p value® 0.000*** 0.848 0.157 0.613
PxF PxC PxL FxC FXxL CxL
F value® 7.248 0.259 0.356 0.008 3.032 0.078
p value® 0.025* 0.623 0.566 0.932 0.116 0.786
PxFxC PxCxL PXxXFxL FxCXxL
F value® 0.004 0.178 0.443 0.110
p value® 0.950 0.683 0.522 0.747
PxFxCXL
F value® 0.150
p value® 0.707

# Degrees of freedom = (1, 9) for each rANOVA on the different factors.

® Superscript *, ** and *** denote p < 0.05, p < 0.01 and p < 0.001, respectively.

shown in figures 7 and 8, respectively. The data in figure 7
were collected at the Oz channel in response to the composite
R/G or R/B lights. The results indicate that both the R/G and
R/B composite coloured lights evoked distinct SSVEPs. The
individual differences affected the SNR distribution, as shown
in the boxplots. The SB-SNR (dB) values of the SSVEPs
extracted using the single-channel (Oz) method showed
variations.

Recently, a multi-channel method using CCA has been
widely used to improve classification accuracy in SSVEP-
based BClIs [14, 22, 60-63]. The SB-SNRs in figure 8 were
calculated from the canonical variables for the recorded
EEG data. The spread of the SB-SNRs extracted from the
multi-channels was narrower than that extracted from the Oz
channel. In addition, the average SSVEP SNR values were
8.3 dB higher than those extracted using the single-channel
method. These results support CCA as a more robust tech-
nique for quantifying SSVEP responses.

To assess the significant differences, this study applied a
rANOVA to compare the SB-SNR (dB) values of the SSVEPs

using the CCA method towards composite stimuli with dif-
ferent combinations of colours, flickering frequencies, phase
shifts and luminance levels (table 5).

The following observations were made based on the
SSVEP SNR values:

1. The average SSVEP response at the fundamental fre-
quency of the 0° relative phase was larger than that at the
fundamental frequency of the 180° relative phase. Among
the four-way rANOVA results, the main effect of relative
phase was significant (F[1, 9] = 49.327, p < 0.001).

. Although there was a significant difference in flicker per-
ception of the composite visual stimuli with the different
flickering frequencies, the SSVEP SNR values of the
stimuli at 40 Hz appeared to be similar to those at 32 Hz.
Among the four-way rANOVA results, there was no sig-
nificant effect of frequency (F[1, 9] = 0.039, p = 0.848).

Table 5 also shows that the interaction between phase
and frequency (F[1, 9] = 7.248, p = 0.025) was significant.
The results indicated that in the 180° condition, the SB-SNR
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values of the 32 Hz group were slightly higher than those of
the 40 Hz group (= 22.049 versus p = 20.593), whereas
in the 0° condition, the SB-SNR values of the 32 Hz group
were approximately identical to those of the 40 Hz group
(e = 25.544 versus p = 26.660). The difference in the 180°
condition between the 32 Hz and 40 Hz groups was margin-
ally significant (p = 0.074), whereas the difference in the 0°
condition was not significant (p = 0.170). These results reveal
a high correlation between the SB-SNR values and the rela-
tive phase/frequency; however, the main effects of colour and
luminance were not significant.

4.3. Accuracy of the SSVEP frequency detection

Finally, we compared the statistically significant differences
in the SSVEP SB-SNRs with the accuracy in detecting the
flickering frequencies of the composite stimuli based on the
SSVEP fundamental frequencies. Our aims were as follows:
(1) to verify the usability of the composite stimuli that yielded
the high SNR values and (2) to examine the performance of
the coherent detection techniques, such as CCA, in discrimi-
nating the SSVEP responses.

We performed a simulated online analysis because the
composite stimuli were not presented to the subjects simulta-
neously. Our visual stimuli only showed one target at a time
and lasted 50s in each trial. However, to emulate an online
detection process, each two-second epoch of SSVEP signals
was passed through the CCA 32 Hz/40 Hz classifier without
performing the synchronized averaging step applied in the
SB-SNR calculation. We used CCA to discriminate the two
fundamental frequencies (32 Hz versus 40 Hz) by comparing
the correlation between the SSVEP responses of 25 two-
second epochs and the reference sinusoidal signals at these
two frequencies. Following the approach of Bin er al [22],
we selected the frequency of the reference signal that yielded
a higher correlation with the SSVEP signal as the classified
frequency.

10

Figure 9 shows the boxplots of the percentages of accu-
rately detected flickering frequencies among the different
composite stimuli.

From the boxplots, the following observations are con-
sistent with the SSVEP SB-SNRs mentioned in the previous
section.

1. When comparing the different phase offsets, the detection
accuracy spread of the alternating pulsation stimulation
(180° phase offsets) was much wider (F[1, 9] = 41.817,
p < 0.001).

2. Regarding the different flickering frequencies, the detec-
tion of the 32 Hz stimuli was more accurate than the 40 Hz
stimuli, with higher median and average accuracies and a
narrower value spread (F[1, 9] = 52.319, p < 0.001).

The results showed that in the 180° condition, the detec-
tion accuracy of the 32 Hz group was higher and the spread
was narrower than that of the 40 Hz group (¢ = 95.000 versus
1 = 80.313), whereas in the 0° condition, the SB-SNR values
of the 32 Hz group were similar to those of the 40 Hz group
(e =98.750 versus p =94.271). The results also showed
that the detection accuracy of the stimuli with a 180° phase
shift was lower than that of the stimuli with a 0° phase shift,
particularly for the lights that flickered at a higher frequency
(40 Hz). The rANOVA results were also consistent with those
of the flicker perception and SB-SNR responses. We observed
that the flickering frequencies and relative phases were the
major factors affecting the accuracy of the frequency detection.

4.5. Correlations

After the analysis of the examination, as shown in the pre-
vious sections, we analysed the correlations between the
average results of the human behavioural and SSVEP
responses (figure 10) and the average results from the SSVEP
responses (SB-SNR (dB) values and detection accuracy)
(figure 11). Based on these results, we verified the relationship
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between these responses and determined the suitable visual
stimuli for this study. We used a double logarithmic recip-
rocal function (Bradley) and a sigmoidal logistic function,
type 1 (SLogisticl), as shown in figure 10. A two-parameter
logarithm function (Log2P1), shown in figure 11, was used
to fit the curves using OriginLab software (OriginPro 2015,
OriginLab Corporation, Northampton, MA, USA). The
Spearman’s rank-order correlation for the nonparametric

measures was used to determine the relationship [64].

1

Based on the fitting plot of the subjects’ behaviour and

SSVEP responses, we made the following observations ((a)
and (b) represent the descriptions in figures 10(a) and (b),
respectively):

1

. (a) The subjects’ flicker perceptions and the SB-SNR
(dB) values of the SSVEP signals were positively cor-
related, and the correlation was statistically significant
(r=10.553, p =0.026). (b) There was a strong positive
correlation between the subjects’ flicker perceptions
and the detection accuracies, which was statistically
significant (r = 0.819, p < 0.001). The increases in the
flicker sensations were correlated with the increases in
the SSVEP responses.

. (a) The settings (180°) caused the least flickering sensa-
tion, but the SSVEP SNR values were lower. (b) The
settings (40 Hz; 180°) caused the least flickering sensa-
tion, but the detection accuracies were lower. In contrast,
the settings (32 Hz; 0°) caused stronger flickering sensa-
tions, but the detection accuracies were higher.

. The R/G stimuli outperformed the corresponding R/B
stimuli by yielding higher average SB-SNR values and
average detection accuracies in all cases. In particular, the
R/G stimuli yielded better overall detection accuracies.

. The R/G stimuli had lower subjective flicker scores, par-
ticularly in the equal-luminous condition (please see the
explanation in section 5.1).

. (a) The arithmetic means of the SNR (dB) values were
more scattered with respect to the flicker perceptions,
particularly when the flicker score =2 (perceptible but
not annoying). Note that the arithmetic means in the dB
scale are equivalent to the geometric means in the linear
scale. (b) The detection accuracy of both the R/G and
R/B stimuli exhibited a sigmoidal trend and approached
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100% when the flicker perception > 2.5. The sigmoidal
trends of the detection accuracy for both the R/G and R/B
stimuli had their inflection points when the flicker percep-
tion > 2.

The following stimuli yielded detection accuracy > 90%
with flicker scores < 2 in descending order of flicker scores
and then detection accuracies:

R/G Stimuli: [4] 40 Hz/ba/0°, [3] 40 Hz/eq/0°, [5] 32 Hz/
eq/180°;

R/B Stimuli: (5) 32 Hz/eq/180°, (6) 32 Hz/ba/180°,
(4) 40 Hz/ba/0°.

With the aim of designing visual stimuli that can be
embedded into video images, the compositions (detection
accuracy > 90%; flicker score < 2) were suitable visual
stimuli that induced distinct SSVEP responses and produced
the least flicker sensations. In addition, we compared the
relationship between the SB-SNR values, which is a crucial
signal quality measurement, and the detection accuracies in
the SSVEP stimuli frequencies, as shown in figure 11.

The following observations were made based on the cor-
relation between the SSVEP responses:

1. There was a positive correlation between the SB-SNR
values and the detection accuracies, which was statisti-
cally significant (r = 0.675, p = 0.004).

. The detection accuracy tended to drop significantly below
90% when the SNR < 22 dB.

. The R/G stimuli no longer had superior detection acc-
uracy with respect to the SNR compared to the R/B
stimuli; however, they still yielded high SNR values.

The results showed that the SB-SNR values and detection
accuracies were positively correlated.

5. Discussion

5.1 Flickering sensation towards the composite stimuli

The empirical results of this study demonstrated that alter-
nating flickering of the R/G and R/B lights (with 180° phase
shifts) produced significantly lower flickering sensations than
simultaneous flickering of the component lights (figure 6 and
table 4). The lower flicker perception may have been due to
the absence of dark periods in the alternating flickering lights.
This result is consistent with the findings of Jiang et al [45].
The weaker flicker perception of the alternating flickering
stimuli is also in agreement with the findings of Bieger et al
[42] regarding the comfort levels (1-7) of R/G stimuli [40].
Furthermore, alternating flickering at or above 32 Hz pro-
duced median flicker perception scores of two or lower, which
was the tolerable threshold according to our criteria.

The median values of the flickering scores may have
remained at two instead of dropping down to one due to the
strict specification of the subjective perception scores. The
standardized five-point scale required the flickering to be truly
imperceptible for subjects to assign a score of one. In com-
parison, Jiang et al [45] required the composite light merely
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to appear, but not flicker, to claim the chromatic flicker was
‘invisible’.

With regard to the luminance, the flicker perception of the
180° relative phases was less observable with equal-luminous
lights than balanced-luminous lights, which is consistent with
the expectation of producing a weaker flickering sensation
(section 2.2) and is also complementary to Sakurada’s green/
blue (G/B) alternating flicker results [33]. The effect of lumi-
nance was highlighted with the 180° phase shift because the
luminance difference of a 180° phase shift does not change
as severely as that of a 0° phase shift. With regard to the col-
ours, the flicker perception of the equal-luminous lights was
slightly higher with the R/B composite stimuli than with the
R/G composite stimuli. Because the short-wavelength (blue)
photoreceptors had the highest spectral responsivity [52], we
assumed the rectangular red and blue light pulses in the equal-
luminous R/B composite stimuli had high contrast in their
intensities (figure 2).

5.2. Choices of the composite colour components

The alignment between the fundamental frequencies of the
SSVEP responses and the component lights may also be
explained based on Hering’s opponent-process theory of
colour vision [40]. According to the theory, red and green
primary lights operate as excitation (4) and inhibition (—),
respectively, in the receptive fields. The flickering of the oppo-
nent lights thus function antagonistically (like an ON/OFF
switch) rather than in combination to produce colour vision
[40]. This hypothesis, however, fails to explain why an in-
phase (0°) composition of opponent lights tended to induce
stronger SSVEP responses. This contradiction, along with the
SSVEP responses with stronger second harmonics frequently
induced by R/B composite lights with a more intense blue
component than the green component in the R/G composite
lights, seems to support combination as the underlying mech-
anism in the production of SSVEP responses towards primary
coloured lights.

No statistically significant difference was detected among
the foveal-SSVEP responses towards the R/G and R/B com-
posite stimuli (table 5). These results differ from some other
findings in that the strongest SSVEP responses are usually
produced by red-blue composite stimuli with equal or bal-
anced luminance, which appear as violet or purple in colour,
respectively, flickering in the EEG alpha band [41]. A pos-
sible explanation of the discrepancy between these findings is
that the current experiments focused on the foveal responses
rather than the broad-vision responses towards high-frequency
(3040 Hz) stimuli. The results from our recent experiments
[43] also showed that foveal-SSVEP responses to high-
frequency monochromatic red and green lights exhibited sig-
nificant SNR improvement between 25 Hz and 45 Hz.

With the exception of the R/G and R/B composite stimuli,
the possibility of using G/B composite coloured lights as
SSVEP stimuli with subtle flickering is reasonable based on
the findings of Bieger et al [42] and Sakurada et al [33]. These
results indicate that we could adopt primary coloured lights
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(R/G/B) and adjust the luminance of the component colours to
integrate these stimuli into commercial displays.

5.3. Robust detection of foveal-SSVEP responses towards
composite stimuli

This study performed CCA between the recorded foveal-
SSVEP responses and the sinusoidal reference signals.
Figure 9 shows the strong differences among the correla-
tions between the SSVEP responses with the reference sig-
nals at the flickering frequencies and those at the adjacent
frequencies. These strong differences affirmed the feasibility
of detecting foveal SSVEP responses induced by composite
coloured stimuli.

In a real-time SSVEP-based BCI system, there is no syn-
chronized averaging to reduce noise, but the average detection
accuracies of the composite stimuli at settings of (32 Hz; 0°),
(32 Hz; 180°) and (40 Hz; 0°) remained greater than 90%. In
addition, the flicker perception scores of the latter two settings
were acceptable because the average scores were approxi-
mately two (perceptible but not annoying).

The last trade-off settings (40 Hz; 180°) caused the least
flickering sensation, but the SSVEP SB-SNR values and
detection accuracies were lower. Therefore, to apply the
imperceptible stimuli in interactive BDI platforms, the new
CCA method with individual training data [14] should be
able to improve the detection accuracy. Generally, the average
accuracy ranged from 76% to 100%. These results reveal that
SSVEP responses can be detectable in an online SSVEP-
based BCI system using the CCA method.

6. Conclusion

With the aim of developing a new type of BDI system using
flickering R/G/B lights as the visual stimuli, experiments on
the effectiveness of R/G and R/B opponent coloured lights
were conducted. The experimental results provided ample evi-
dence that visual stimuli composed of R/G and R/B coloured
lights flickering at 32 Hz/40 Hz can achieve a greater than
90% detection accuracy without causing annoying flickering
sensations. Overall, the composite lights with 40 Hz and
a 180° phase offset caused the least flickering sensations,
whereas the composite lights with 0° phase offset induced the
strongest SSVEP responses. Our hypothesis that the composi-
tion of the R/G and R/B opponent coloured lights with a 50%
duty cycle and a phase offset of 180° is capable of inducing
highly detectable SSVEP responses with little or no flickering
sensations in their viewers has thus been confirmed.

These high-frequency polychromatic visual stimuli would
likely find potential use in next-generation BCI systems, par-
ticularly interactive display systems. With signal processing
methods such as CCA, SSVEP responses can be detected
more precisely for online BCI systems. Based on this work,
high-frequency polychromatic visual stimuli are promising for
commercial displays. In the near future, we expect to embed
the optimal imperceptible SSVEP stimuli into the LED back-
light of LCDs, organic LED displays and even quantum-dot
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LED displays. The full integration of imperceptible SSVEP
stimulation and display technologies may create next-genera-
tion interactive display systems.
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