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Abstract: In this work the real-time control of computer games was explored by a single elec-
trode mobile electroencephalography (EEG) device with a Bluetooth interface. The amplitude
variation in the two frequency bands of 4-12 Hz and 60-200 Hz was selected as the real-time
control parameter. The frequency-domain of a raw EEG signal was calculated using the discrete
Fourier transform. The time-dependent signal samples equal to 512, 1024, and 2048 time points
in size were used in our research. The well-known classic Pong game was used to try out our
controller. The developed software handles communication with the device and real-time game
rendering. The .NET Framework with the C# programming language was used as a develop-
ment tool. 50 gameplay trials were made for each controller setup. The obtained results are
promising for the possible use of the device in real-time communication with computer devices
for people with hand disabilities.
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1. Introduction

The hands have always been a crucial part of the human-computer interface.
The concept of using computers by typing, clicking, touching and swiping implies
the use of hands and fingers. Humans with dysfunctional hands feel lost in the
modern world full of computers. Nevertheless, the hands are not moving on their
own but it is the brain that controls them. For many years researchers have
focused on how to transfer the commands directly from the brain to the computer.
There have been many approaches to make a brain-computer interface (BCI).
It all began in 1929 when Hans Berger, for the first time, described EEG by
the frequency bands [1]. Since that time, scientists have believed that someday
people will communicate without using words, just by sending thoughts to each
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other. The first applications in this area showed up in the 1970s. It was a time of
rapid development in the computer science. In 1977 Vidal showed that humans
could control a two-dimensional cursor inside a computer-generated maze [2]. The
perfect condition for testing BCI is in the case of a paralyzed human. He or she is
unable to move any muscle, so there is less disturbance in the EEG signal. EEG
devices usually read a mix of EEG signals and the disturbance signal from scalp
muscles in the case of a healthy person. One of the first successes in decoding EEG
signals was recognition of the states of attention and relaxation [3]. These two
states were the basis for Durka and his team to construct a device for completely
paralyzed persons. The hardware of this solution consisted of a stationary medical
class EEG device connected to a computer. The operation of this device assumes
that a disabled person is not blind and understands the alphabet. The patient
communicates with the outer world by watching letters or phrases displayed on
the computer screen. When the patient wants to choose a letter, or a phrase,
the level of attention on the EEG readings is rising [4]. This method needs some
training from the disabled person. Another approach to this problem is to force
the machine to understand our intentions. The computer has to learn the state
of the EEG signal. There are some research papers about people’s identification
by EEG signal patterns [5—8]. These solutions led to the creation of the first
event control systems for computer games. One of the most popular solutions is
the use of the steady-state visually evoked potential (SSVEP) [9]. This method
consists in displaying flashing characters with a constant frequency. If we have the
desired sign, the reaction to it changes the phase of the EEG signal. This change
could serve as a command for a computer program. This method of control has
found application in many computer games [10—14]. However, it cannot control
game situations that require reaction times of less than one second. On the other
hand, cheap EEG devices on the market that could potentially be used as game
controllers can only sample the signal at 512 samples per second. This result
imposes a one-second delay in controlling an object in a computer game.

In this project, we want to show that we can create a controller capable
of controlling a dynamic computer game, like Pong, using EEG signals from
a one-electrode device [15]. To move the object, we suggest using EEG signals
that come from the facial muscles (band 60-200 Hz) and the tongue movement
(band 4-12 Hz). In our approach, we will not try to recognize the signal by any
inference method. We will mimic changes of the signal amplitude to the movement
of the player’s object. As far as we know, there is no report on using this direct
approach. This solution can find application in controlling medical robots [16] as
extra support for hands.

2. System design

We used the Neurosky Mindwave mobile device to research the control-
ler [17]. The device is a low-cost headset that can read the EEG signal with a
single electrode. The advantage of such a device is its ease of use. Putting such a
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device on the head does not cause any problems, even for inexperienced users. The
active electrode in the device should be two inches above the user’s left eyebrow.
According to the international 10-20 EEG Electrode Placement Standard [18],
this location has the symbol fpl. The second electrode, known as the reference
electrode, is fastened to the user’s ear with a clip. The device for communication
with a computer or mobile devices uses the Bluetooth wireless communication
(BT). This device can read the states of concentration and meditation, measured
in percentage. Besides, this EEG set allows reading individual bands described by
Hans Berger. The functionality that is most interesting for this project is the raw
signal transmission. As we know, the device samples the signal at 512 samples
per second. Each element is a 32-bit integer. The next part of this system is a
computer that receives the signal from the EEG headset. The software task is to
receive data from the EEG device and transform it into a form suitable for use as
a controller. This software is a critical part of this entire system. The comfort of
using the system by the player depends on it. In Figure 1, we can see the system
flowchart. The raw signal created, for example, during the process of contrac-
ting the facial muscles, goes to the computer via the BT interface and then it is
processed by the software. In this processing, the Fourier transform converts a
time-dependent signal into a frequency-dependent signal. We use the amplitude
over a given frequency range to control the player’s motion.

BT C# signal
- acquisition | ) Periodic FIFO bufor
program

!

Frequency Hann windowed Fourier
bangs | [ Transform

!

Amplitude game control

Mindwave mobile

Figure 1. Flowchart of the EEG signal processing system

3. Signal processing and control

Before the raw signal from the EEG device can be used to control a com-
puter game, it has to be processed. The raw signal from the EEG device is a
time-dependent function. The time-dependent signal is shown in Figure 2. It is
hard to draw features that would allow distinguishing two different time-depen-
dent items of data from the EEG data. For example, two phase-shifted waveforms
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represent the same signal in the frequency domain. The transformation from the
time domain f(t) to the frequency domain I(v) most often used in the analysis of
signals is the Fourier transform.

I(v) = / F(t) =2ty (1)

As a result of such a transformation, the dependence of the amplitude on
frequency is obtained. The results of the transform are in the domain of complex
numbers. We have a real part of a transform and an imaginary part. What was
used in this work was the Fourier transform module, also known as the signal
power spectrum. We used the Fast Fourier Transform (FFT) algorithm [19] in
this work. The amplitude of the power spectrum was used to control the player
in the frequency limit v € [a,b]. For this, we will calculate the integral

b
I, = /I(v)du (2)
a

within these limits for the function I(v). The value of I, will be an indicator of the
frequency activation in the range of [a,b]. In this solution, the signal from the EEG
device flows into a FIFO buffer. Data periodically moves inside a buffer of a chosen
size. We can imagine this buffer as a window through which a time-dependent
signal moves. Now, the Fourier transform is only the data lying in this FIFO
window.

This approach has the advantage of being able to analyze changes in signals
that are shorter than one second. For example, a buffer consisting of 512 elements
corresponds to one-second sampling in this device. We can refresh its content
with a maximum frequency of 512 Hz, which corresponds to a rounded refresh
every 0.002 s = 2 ms. The human reaction time to external visual stimuli is 190
ms on average [20, 21]. With such frequent refreshing, the changes in the signal
would be small. The amplitude in the given frequency band would change quite
gradually. At the same time, the number of Fourier transform calculations would
be quite large. It would put a heavy load on the processor and slow down the
gameplay experience. The refresh rate that reconciles both the response time and
the calculation intensity lies between 62.5 and 125 ms, which corresponds to the
FIFO window refresh 16 and 8 times per second. We used these refresh rates of
amplitude to control the object moving along the X-axis on the monitor screen.
The calibration process matches the amplitude value to the window width. The
process is to store the lowest amplitude and then subtract that value from the
highest amplitude. The maximum difference in amplitudes should be the same
as the game window width. In practice, this is hard to achieve, and usually, we
have higher amplitude difference values. The quotient of the amplitude difference

and the window width w give us the scaling factor S; = (Ig;gh—lé‘g“’> Jw, used
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Figure 2. One-second time relationship for a) EEG and b) EEG + EMG face muscle
disturbance signal

to scale the current amplitude I, ;.q =

to control the game described in the next chapter.

I,,-S;. This scaled amplitude was used

4. Application

An EEG device alone is not sufficient to control a computer game. Software
is also needed to convert the EEG signals into the horizontal displacements of the
player.

The software presented here is based on a simple game similar to games such
as Pong and Arkanoid. This game consists of bouncing the ball off the walls in
two dimensions with a movable pong racket moving horizontally along the X-axis
(Fig. 3). The rule of the game is to hit the ball with the pong racket. The user
controls the game by the measured disturbance of the EEG signal generated by
the face or tongue muscles. For this purpose, the signal processing described in
the previous section is performed. In Figure 4, we can see the pattern of the FIFO
queue. The head pointer points the position in the buffer from where the data is
read. New EEG readings are added to the buffer by the tail pointer. The numbers
shown in this figure are the sample data. In the first phase (Fig. 4a), the incoming
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Figure 3. Pong game controlled by measured EEG signal disturbance

EEG data fills the entire buffer of size N. After the buffer is full, the incoming
data is recorded from the beginning of the queue, deleting the old data (Fig. 4b).
The size of the buffer can be changed in the program startup parameters. In this
article, integer size buffers equal to 512, 1024, and 2048 elements are analyzed,
which, in turn, correspond to a one, two, and four second EEG signal, respectively.
The raw signal from the device is received, the data is processed, and the object
on the screen is controlled in separate threads. The libStreamSDK library for
the .NET framework is responsible for the communication between the program
and the EEG device. It allows connection with the ThinkGear driver provided
by the device manufacturer. This driver deals with the BT communication and
data streaming. In our program, we have to handle the connection, disconnection,
and data transfer events. These events come from the EEG device. Such a
design pattern, called MVC, allows separating the data from its processing and
presentation.

The MathNet.Numerics library, version 4.7.0, created by Riiegg et al. to
calculate the Fourier transform was used [22]. And for the phase invariance, we
tried the symmetrical filter invented by the Austrian meteorologist von Hann [23].
First, we have to multiply the raw signal by the Hann function.

SignalToTrans form(i) = Signal(i)-Hann(i) (3)

where the Hann function has the following form

Hann(i)=0.5- (1—cos (2—;’» (@)

The variable i enumerates successive elements in the FIFO buffer, and the variable
N is the buffer size. The SignalTo Transform buffer has a complex type. It contains
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Figure 4. FIFO buffer of EEG data analysis

the real and imaginary parts of the Fourier transform. To deal with it, we
calculated the power spectrum using the following equation.

- / Fdt (5)

The program allows the user to observe the EEG signal power spectrum change in
the graphical form (Fig. 3, the window below the game). Such a visual inspection
allows better adjustment of individual parameters defining the range of the
analyzed frequency. The game itself runs in a separate thread. The most important
part of the game code is the connection between the processed EEG signal and the
moving object. We did this by calculating the integral within the given limits. The
numerical procedure of integration uses the so-called trapezoidal algorithm [24].
We know that more accurate results could be received if Simpson’s numerical
method were used [25]. Nevertheless, in this particular application, we care
more about the speed of computation than the increased accuracy. The controller
calibration process starts when the ”calibrate” button is pressed. At the moment
of pressing this button, the integrated minimum amplitude is saved. Pressing this
button again saves the maximum amplitudes from the given frequency range and
calculates the difference between these two amplitudes. Next, we have to scale
this value to the width of the game window. We must go through this process
before we can start the game.

5. Control experiment and discussion

This experiment demonstrates how conscious the control over an object on
the computer screen is. We have compared the game result when the user does
not look at the screen to the game results in which the user consciously looks at
the screen and tries to force the signal from the EEG device to change in a given
frequency range. The output of the experiment is the number of points scored
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in the game. One point is scored each time when the ball hits the opposite wall.
The software allows us to set any frequency range on the power spectrum of the
recorded EEG signal. The EEG signal recording equipment can test signals with
an oscillation frequency higher than 60 Hz. These signals are treated as noises
caused by the muscles of the face and the neck. The pong racket can be controlled
by tightening the muscles of the left and right cheeks if we want the racket to go
right. The racket returns left if the muscles are relaxed. In this way, the amplitude
of the power spectrum is changed in the frequency band higher than 60 Hz. In our
first experiment, we choose the frequency band between 60 and 200 Hz. In Figure
5, we can see the cumulative distribution function (CDF) of different game results.
One cumulative distribution function consists of 50 Pong games. The authors of
this paper were the only participants in the experiment due to the pandemic.
To compare the results, the gameplay was recorded with closed eyes and labeled
as 'no control’ in Figure 5. The highest scores were obtained for a buffer of the
512 and 1024 integer sizes, except that for the buffer size 512, strong oscillating
movements of the played object could be observed. On average, the best results
were achieved for the refresh rate equal to 62.5 ms. At a given refresh rate, the
control over the moving object was very smooth.

1.0 1 R SO
& A O O 0]
5] . <& (SR A A
0.9 - E % & OO%Q‘V'” o
W (%]
4 A A ¥o 0]
0.8 B AS LK
B AS s o
0.7 1 (A NS ? 6}
i o A - o
. XD [ Q
© 06 IzrlZl A‘ " y o
© A O ! o]
L0519 @3 Ad C;Vg e}
= o A ¥O .. o}
2044 O & wé .0
uEJ o & - ol ©  ~E no control
0.3 4 % A 5P O buf=1024 rate=125 ms
mg o) -~V buf=1024 rate=62.5 ms
0.2 1 g QVQ - O A~ buf=2048 rate=125 ms
0.1 El§ YO o ~&- buf=2048 rate=62.5 ms
1 g WY@QQ 4 ~{- buf=512 rate=125 ms
0.0 - ? - SIS ~©- buf=512 rate=62.5 ms
10 20 30 40 50 60
#points

Figure 5. Cumulative distribution of game results for different buffer sizes and refresh rates.
The range of used measured disturbance of EEG frequencies is 60-200 Hz

The next frequency range analyzed was 4-12 Hz. In this range, the amplitude
was controlled by employing the oscillating movements of the tongue. In our
experiment the racket went right when the oscillations speeded up, and left when
the oscillations slowed down. This movement produced a very pronounced signal
and could be used to adjust the EEG amplitude. Figure 6 shows the performance
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of a Pong game for different buffer settings and refresh rates. We can see that
the results are the worst for a large buffer of 2048 integers. The delay was so
huge that it did not allow reacting quickly to the changing game conditions. The
best results were received with buffers 512 and 1024, but with a refresh of 62.5
ms. Here, the refreshing was critical to control the game. The maximum score
achieved here was half as good as that of the first range of 60-200 Hz.
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Figure 6. Cumulative distribution of game results for different buffer sizes and refresh rates.
The range of used EEG frequencies is 4-12 Hz

6. Conclusions

In conclusion, creating a universal algorithm that would allow controlling
a dynamic computer game by an EEG device without training is a very complex
task. The method presented here can serve as an example of dynamic game control
using face and tongue muscles as the measured disturbance of the EEG signal.
Our results showed that direct mapping of the amplitude to the cursor movement
could give reasonable control. It should be noted that a better score for the facial
muscles is associated with a much wider frequency band and the absence of other
interference. This method still needs future improvements to produce smooth and
repeatable control of a computer game.
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