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Brain-computer interfaces based on steady-state visual evoked potentials are currently the fastest sys-
tems for non-muscular communication, based directly on brain activity. Steady-state visual evoked
potentials are evoked by a flashing light. Higher frequencies (above 30 Hz), preferred for safety and
comfort, cannot be reliably generated on a standard computer display. In this paper, we present and
verify a complete solution, based upon a previously proposed proof of concept, which allows for high-
lighting an arbitrary area of the screen by LEDs flickering at strictly controlled frequencies. To validate
the proposed solution in the original context of non-muscular communication, we extended our previ-
ous, general study on “brain-computer interfaces illiteracy” to include 49 subjects, which resulted in
a second-largest study of high frequency steady-state visual evoked potential-based brain-computer in-
terface. In relation to the available literature on this topic, briefly reviewed in this paper, the presented
results are the most promising in terms of combined percent of successful communication among users,
accuracy and the significance of estimates. It suggests that the proposed approach and device are ready
for applications, opening new possibilities not only in ergonomic design of brain-computer interfaces,
but also in related fields like psychophysiological or neuromarketing research involving attention control,
by tracing user’s attention assigned to an arbitrary area of the screen.
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1. Introduction

When we look at a regularly flashing light, its fre-
quency is reproduced in the electroencephalogram
(EEG) recorded from occipital electrodes. This
response is called the steady-state visual evoked
potential (SSVEP) [1]. When we perceive several
objects flashing simultaneously with different fre-
quencies, the most pronounced SSVEP reflects the
flashing frequency of the item we focus attention on.
Seemingly, an SSVEP-based brain-computer inter-
face (BCI) system works similarly to an eyetracker-
based technology — a user looks at the chosen
button to select action, but the physiological mech-
anism underlying its operation is in fact entirely
different, and these mechanisms cannot be treated
as substitutes.

SSVEPs are the basis of the currently fastest
BCIs, that is, systems providing non-muscular com-
munication based directly on the brain activity,
and offers a unique tool for tracing the attention
mechanisms in physiological and psychological stud-
ies [2–7]. SSVEP responses have been measured

for stimulation frequencies from 4 to 90 Hz [8].
In fact, the most robust SSVEP response occurs
for the stimuli flashing with low (4–12 Hz) and mid
(12–30 Hz) frequencies. It is easier to detect the
SSVEP generated by lower frequency stimuli be-
cause, with the increase of frequency, the ampli-
tude of SSVEP decreases. For medium and high-
frequency bands, the EEG spectrum is often cor-
rupted with broad-band muscle artifacts. How-
ever, low-frequency stimuli are unpleasant and tir-
ing (imagine continuously looking at a broken fluo-
rescent lamp), and in photosensitive subjects, these
frequencies can trigger an epileptic seizure [9].

These problems are eliminated to a large ex-
tent when high-frequency stimuli (above 30 Hz) are
used. However, such stimuli cannot be efficiently
rendered on a general-purpose computer screen be-
cause of the limitations of the refresh rates and non-
real-time kernels of general-use operating systems.
The most common solution to this problem consists
of placing external, hardware-controlled LED pan-
els around a monitor, as in Fig. 1a. Potentially, vari-
able screen content indicates the actions triggered
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Fig. 1. (a) Classical ATM-like setup of a high-
frequency S SVEP-BCI system with four fixed
fields flashing outside the screen (from [10]),
(b) fixed highlights architecture presented at CeBIT
2012, (c) BCI-SSVEP experiment setup based on
YES/NO communication with Blinker, (d) SSVEP-
speller with 40 fields with different letters and the
status bar in the middle of the screen for informa-
tion purposes.

by these fixed external “buttons”, similarly to the
classical ATMs (see Table I and [11–13, 15, 17]).

However, when compared to the buttons labeled
directly with their function icons, this is not an el-
egant solution, so modern ATMs switch to touch-
screens. In the SSVEP-BCI, this problem is even
more pronounced, since we have to focus our at-
tention first on the descriptions on the screen, and
then, after making the desired choice, move the at-
tention focus to a meaningless button to trigger

the action. Also, in this setup, the number of
choices in each stage is fixed. These limitations can
make discussed solutions non-functional for the tar-
get users, i.e., patients with permanent paralysis.
Also, the user’s interaction with such a system is
non-intuitive. For an efficient system applicable in
real-world conditions, these aspects are just as im-
portant as advanced and robust signal processing.

In this paper, we present a solution to these prob-
lems in terms of a system capable of highlighting ar-
bitrary areas of the screen with LEDs flashing with
selected frequencies. It is based upon our previous
proof of concept [10], where highlighting fields were
fixed, and only information displayed in these desig-
nated areas (“buttons”) could be flexibly changed by
controlling the overlaid LCD. In the presented ver-
sion, the topology of the areas flashing with different
frequencies can be dynamically reorganized, which
allows dynamically changing the shape and num-
ber of “buttons”, corresponding, e.g., to BCI options
labelled by letters, groups of letters, or icons. De-
pending on the experimental setup, SSVEPs evoked
by these flashing highlights may also reveal the fo-
cus of the user’s attention in psychological or neu-
romarketing research — future applications are yet
to be explored.

2. Blinker — hardware solution
and specifications

The main idea of Blinker (shown in Fig. 1 and
first proposed in [10] as the BCI Appliance) con-
sists of replacing standard highlights of a computer
screen with an array of hardware-controlled LEDs,

TABLE I

Results of high-frequency SSVEP-BCIs operating online, including those results reported in the literature (Ref.)
and the obtained in the presented experiment (“this paper”). Columns notation: % comm — the percent of users
able to communicate via BCI, % comm (Lapl) — the percent of users applying Laplacian smoothing (3).

Ref. Stimulator # subjects
% mean
accuracy

% comm
% comm
(Lapl)

[11] LED panels ATM-like setup 6 86.6 100 87.5
[12] LED panels ATM-like setup 15 95.7 86 82.4
[13] LED panels ATM-like setup 6 95.5 100 87.5
[14] LED panels in a row in a maze front 86 89.16 65.1 64.8
[15] LED panels ATM-like setup 7 93.14 100 88.9
[16] LED-highlighted LCD 15 96 60 58.8
[17] LED panels ATM-like setup 5 99.2 100 85.7
[18] LCD screen with 120 Hz refresh rate 10 97.75 100 91.7
[19] LED panels QWERTY board with 30 fields 26 68.9 100 96.4
[20] LCD screen with 120 Hz refresh rate 10 88.7 100 91.7
[21] Blinker 28 93.4 96.4 93.3

this paper Blinker 49 93.8 94.8 92.2
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capable of flashing with individually-controlled fre-
quencies. Previous prototypes provided 8 or 9 flash-
ing fields with fixed geometry, determined by the
highlighting elements. The frequency resolution
was limited to 1 Hz. One of these prototypes was
the basis of the fastest BCI system presented at the
CeBIT fair in 2012 (see Fig. 1b).

The current version of Blinker, produced by
BrainTech Ltd. [22], consists of 1920 white back-
light diodes assembled into 320 controllable seg-
ments highlighting a 15′′ screen. Segments can be
assigned to arbitrary-defined groups, which then act
as one controllable stimulation field. The fields can
have any size or shape, provided the chosen form
can be assembled from the segments. Each field’s
light intensity has independently controlled wave-
form, phase, brightness, and frequency. The high
brightness update rate (5 kHz) of the diodes allows
precise control of frequency (steps of 0.01 Hz) and
the stimulation phase. The backlight control board
is connected via standard USB-C cable to a PC
running Python-based drivers and control software.
Reaction delay to the driving commands is kept be-
low 0.5 ms. The LCD screen itself is connected to
a PC using a standard HDMI connection, allow-
ing Blinker to present arbitrary content, applica-
tions, and media overlaid on the locally controllable,
flashing backlight.

2.1. Synchronization with EEG

Internal clocks of the PC, an EEG amplifier, and
Blinker, run independently. Classic synchronization
based on signal sample number and the sampling
frequency is not sufficient in this case — the clocks
drift apart up to tens, or sometimes hundreds, of
milliseconds per hour.

Blinker provides two methods of precise synchro-
nization. The first one relies on the dedicated hard-
ware synchronization output. It is a galvanically
isolated output that can be set to repeat any of the
flashing fields’ signals. This signal can be recorded
by an EEG-amplifier and used in subsequent sig-
nal processing routines. Additionally, Blinker’s
driver provides the time-stamp of stimulation on-
set in the PC-clock time. The time-stamp’s gen-
eration algorithm compensates for the communica-
tion delays of the USB connection. An appropriate
recording software, e.g., Svarog [23] or appropriate
amplifier drivers or SDK, provide communication-
delay-corrected time-stamps for amplifiers samples
as an additional signal channel. This channel can be
used to synchronize stimulation events’ onset with
EEG signals. Results of the tests of synchronization
precision are provided in Table II.

They are estimated on 1000 stimulations during
an hour-long experiment. The average time lag was
measured using a photodiode taped to one of the
blinking fields. The photodiode was connected to
the AUX input of an EEG amplifier, sampling at
Fs = 2048 Hz. When using the synchronization ca-
ble, the average lag and its standard deviation can

TABLE II

Results of synchronization precision measurement.

Synchronization
type

Synchro
cable

Event
time-stamps

average lag [ms] 0.08 0.38

lag std. dev. [ms] 0.19 0.61

phase std. dev. at 20 Hz [◦] 1.37 4.39

phase std. dev. at 40 Hz [◦] 2.74 8.78

be observed which is due to the fact that detection
of the photodiode’s signal rise is based upon cross-
ing a threshold, and the signal is sampled at a finite
frequency Fs.

3. Experimental study

The presented experiment is an extension of
our previous study [21] which was performed on
a smaller group of users. Forty-nine healthy young
adults (28 females and 21 males) participated in
calibration and communication sessions of a high
frequency SSVEP-BCI.

The study was approved by the Rectors Commit-
tee for Ethics of Research with Human Participants
at the University of Warsaw, and informed consent
was obtained from the volunteers.

3.1. Procedure

During the calibration, a participant was asked to
concentrate on one of the fields, highlighted by dif-
ferent frequencies and labelled “yes” and “no”, or on
the field highlighted by steady light. The calibra-
tion was performed in short blocks. A brief auditory
and visual instructions, indicating which blinking
field the user should focus on, were presented be-
fore every block. Frequency of the stimulation was
taken from the 25–40 Hz range. After every two
blocks, the system validated the performance of the
current frequency set based on the area under the
ROC curve (AUC). AUC can be used for the as-
sessment of valid detections [24]. Calibration and
selection of an appropriate pair of frequencies con-
tinued until the system found a set of frequencies
which provided AUC ≥ 0.8.

The communication session started directly af-
ter the calibration. Participants’ task was to an-
swer twenty trivial questions (like, e.g., “Is the
grass green?”) via a binary YES/NO interface
(see Fig. 1c). In each trial, the participant listened
to the question displayed on the screen and then
focused on the button corresponding to the correct
answer. One second after the auditory presentation
of the question, the response fields started flickering
with the frequencies selected in the calibration, and
continued until the classifier returned an answer.
Then, the flickering stopped, and visual feedback
was presented.
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3.2. Data analysis

In order to present results on a significant num-
ber of users, we included the data collected from the
previous study [21]. This implied using the same
experimental setup, so we also used the same pro-
cessing pipelines. Their detailed description can be
found in [21] and we also briefly recall them below.

Online causal filtering was applied to EEG sig-
nal using bandpass, second-order Butterworth filter
with cut-off frequencies of 20 and 60 Hz, and IIR
notch filters at 50, 100, 150, 200 Hz. The filtered
EEG signal was stored in a circular buffer for analy-
sis. During calibration, the buffer returned 1 s long
signals every second, and during communication,
the buffer produced 1 s long fragments every 0.5 s.
These fragments were then sent to the classifier for
training/validation (during calibration) and deci-
sion making (during communication sessions).

The Lasso model [25, 26] was used to detect
SSVEP responses. A design matrix was created
consisting of 1 s long sines and cosines with the
following frequencies: 1

2fy, fy, 2fy,
1
2fn, fn, 2fn,

where fy and fn are the stimulation frequencies se-
lected in the calibration for highlighting the “yes”
and “no” fields, respectively. Using this matrix and
a fragment yielded from the EEG circular buffer,
LASSO model†1 was fitted. The resulting Lasso
coefficients indicate to what degree the template
matrix components were present in the EEG sig-
nal fragment. When the highest value of one of the
Lasso coefficients exceeds the threshold set during
the calibration session†2 twice in a row, then we de-
clare that the frequency associated with that com-
ponent is effectively present in the analyzed EEG
signal. The item highlighted using that frequency
is selected, and visual feedback is shown.

Accuracy of the communication is commonly de-
fined as

ACC =
Ncorr

N
× 100%. (1)

In our case, Ncorr — the number of correctly an-
swered questions — assuming the subjects knew the
correct answers to (trivial) questions, N — the total
number of questions (in this study N = 20).

Criterion for a “successful communication via
BCI” is unfortunately seldom defined in studies re-
porting this outcome. We decided to use the p-value
pbin of one-sided binomial test on the amount of
correct yes/no answers, assuming zero hypothesis
of random answers, and set the threshold at

pbin < 0.05. (2)

†1Implementation in sklearn library
sklearn.linear_model.coordinate_descent.Lasso. [26],
with parameters differing from default: alpha=1,
max_iter=1000, warm_start = True, selection=cyclic,
fit_intercept=False

†2Absolute value threshold and relative threshold com-
pared to second highest components coefficient.

3.3. Comparing results obtained
on small and large groups

Due to the factors inherent to biomedical sci-
ences, BCI systems are often tested on relatively
small user groups. For a small group size N , results
can be non-representative in predicting the perfor-
mance of (N + 1)-st user. For larger groups, the
reported mean accuracies provide better estimates
of potential ability to communicate of a new BCI
user. To compensate for this fact, we propose the
application of the Laplace smoothing [27]. In our
case, CCL simulates a situation when a group of N
BCI users, for whom results have been reported, is
extended by two new users: one successful and one
who fails. Hence,

CCL =
CC + 1

N + 2
× 100%, (3)

where CC is the number of successes (i.e., the re-
ported participants who can communicate using
high-frequency BCI-SSVEP), andN is the total size
of the tested group. This correction compensates
for the high success rates, which can be achieved
for small cohort sizes. Still, it does not signifi-
cantly change the conclusions of studies performed
on a significant number of subjects.

Figure 2 presents the reported mean accuracies
after this smoothing (3).

4. Results

In the presented experiment, 93.9% of users
(46 out of 49) were able to communicate successfully
(2) via high-frequency BCI implemented on Blinker
(Sect. 2), and their mean accuracy was 94.8%.
Specifically, 32 volunteers exceeded 95%, 39 ex-
ceeded 90%, and 43 exceeded 85% accuracy.

Fig. 2. The reported accuracy of high-frequency
SSVEP-BCI operating online and our results rel-
ative to the percentage of users who were able to
communicate. The percentage is shown using the
Laplacian smoothing. The area of the marker dot
represents the size of the tested group.
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To provide a reference for the efficiency of the
proposed approach, we reviewed the available lit-
erature on high-frequency SSVEP-BCIs operating
online. The best results reported in a given paper
are presented in Table II and also in Fig. 2.

Each dot in Fig. 2 represents a given study from
those collected in Table II. The vertical axis shows
reported accuracies. In turn, the horizontal axis
shows reported percentages of users, who were able
to achieve successful communication via BCI, cor-
rected by the Laplace smoothing (3). In spite of this
smoothing, studies performed on small groups are
still far less significant than studies on large groups.
To visualize the relative sample sizes, each dot has
the area proportional to the sample size of the cor-
responding study (labelled in the inset of Fig. 2).
Such presentation allows for a quick assessment of
the reported results in the three-dimensional space
of the reported accuracies, success rates and sam-
ple sizes. We observe that only one study on high-
frequency SSVEP-BCI was performed on a larger
group, giving results inferior to the currently pre-
sented. Some studies [12, 13, 16–18] reported higher
mean accuracies, but corresponding sample sizes
were at least three times smaller, which decreases
their relative significance. One study [19] reported
a larger — even after the Laplacian smoothing —
percent of successfully communicating users with
the lowest mean accuracy which sheds doubt on
the significance of the reported accuracy (originally
100%).

A typical effect of increasing the number of par-
ticipants is represented by the difference between
the currently presented results and our previous
study [20] performed in the same experimental
setup. Increasing the number of participants from
28 to 49 induced a drop in the success rate larger
than estimated with (3).

5. Summary

We presented a novel, flexible and precise sys-
tem for rendering stimuli for SSVEPs, which opens
new possibilities in several fields. However, for
its first verification we chose a standard applica-
tion, which is the basic communication via high-
frequency SSVEP-BCI. It showed superior perfor-
mance in the context of comparable results, re-
ported in the literature — even without taking into
account the fact that most of these studies should
be treated like proofs of concept, rather than tests
of an actual proposition for a working BCI, appli-
cable in real-world conditions.

Most of the contemporary high frequency SSVEP
stimulators implement an ATM-like setup, with
a fixed amount of LEDs surrounding a screen, or
a fixed set of static buttons with hardware back-
light. Blinker allows for a dynamic content pre-
sentation with just-in-place, flexible local backlight
stimuli of an arbitrary shape. It allows users to
focus their attention on the stimuli themselves,

instead of refocusing the attention from the stimuli
to the associated LED. Only such unobtrusive high-
lighting of items presented on the screen provides
the comfort and ease of use of a BCI, required by
the target groups of paralyzed or locked-in patients.

Among the technical advantages we should
also recall the high precision of synchronization,
achieved via duplication of the stimulation signal
in the EEG recording or event timing synchroniza-
tion in software, and the possibility of using arbi-
trary waveforms for modulating the intensity of the
SSVEP-inducing backlight, like e.g., sines or square
waves with arbitrary duty cycles and precisely con-
trolled frequency and phase.

Finally, an unexplored advantage of the proposed
approach lies the possibility of dynamical highlight-
ing an almost arbitrarily chosen area of the screen
with selected frequencies. It opens new opportuni-
ties in dynamic control of the phenomenon of selec-
tive attention: we can mark any objects or parts of
an image, website, advertisement, or even a movie,
with a specific frequency, and investigate which of
these objects attract most of our covert and overt
attention [3].

Combined, all these features open new possibili-
ties in psychophysiological research, where SSVEP
is used as a very sensitive indicator of attention,
cognitive control and working memory mechanisms.
Using almost invisible high frequency stimuli makes
these procedures more natural and unobtrusive.
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