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Abstract—Brain-computer interface (BCI), an actively 
progressing field in brain engineering, refers to a platform that 
measures the specific intent of the user and issues commands to 
the computer by using EEG. This kind of interface can be used 
on various applications such as gaming, psychotherapy, or even 
treatment of patients suffering from amyotrophic lateral sclerosis 
(ALS). In this paper, we develop a BCI environment that controls 
an online 3D car racing game simulator, as known as TORCS, 
using EEG. Using sensorimotor rhythm (SMR) as command 
paradigm, we extract EEG signals corresponding to the user’s 
right hand, left hand, and both hands. Moreover, because there is 
a limit in acquiring information from the user when using SMR, 
in this paper, we introduce a shared vehicle control system based 
on EEG to provide faster intention cognition than that of the 
electromyography (EMG) signals response. The first experiment 
of the shared vehicle control system is experimented to solve the 
EEG binary classification problem. The second experiment is for 
the classification of left, right, and both left and right EEG 
signals. The shared vehicle control system uses the spatial filter 
for accuracy of controlling the car on EEG. The non-spatial 
filter, full matrix, sparse matrix, and common average reference 
are analyzed by each experiment. Results conducted on a track 
experiments obtained from 10 participants show that using the 
CAR spatial filter method produces a faster average lap time of 
1.3 seconds than when using only controller (not using EEG 
signals). T-test result shows no difference between using CAR 
spatial filter method and using only controller module.  
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I.  INTRODUCTION  
The brain-computer interface (BCI), also known as the 

brain-machine interface (BMI), enables us to interact with 
computers or machines through the use of electrical signals that 
occur in the brain after estimate a human intention. Originally, 
BCI research was a field of study focused on amyotrophic 
lateral sclerosis (ALS) patients and patients suffering from 
motor neuron disease. However, in recent years, BCI’s field of 
application has expanded to include not only people with 
disabilities, but also gaming—increasing studies aimed to 
provide concentration improvement training services, among 
others, to the general public [1].  

In this paper, we use the SMR method to construct a 3D 
virtual car racing game simulator controlling. The 3D virtual 
car racing game simulator is the TORCS (The Open Racing 
Car racing game simulator) [3]. The TORCS provides 3D car 
racing game. We exploit Emotiv’s EPOC headset to non-
invasively measure EEG signals from test subjects. For signal 
processing, we use BCI2000 [4]. In addition, considering that 
by using SMR the number of command types that can be 
offered on the application program is limited, and that various 
complicated commands are needed to be able to control a car in 
a 3D environment, we introduce a shared vehicle control 
system using EEG signals, which enables us to provide a faster 
cognition than the signal of the electromyography (EMG) [5]. 
In the racing game or First-person shooter (FPS) games, fast 
intention cognition is important. In the case of racing games, in 
order to overtake the car ahead, the handle must be controlled 
quickly; in the case of FPS, attacks must be quickly executed 
for it to reflect on the game’s results. Therefore, if maneuvered 
fast enough, using EEG signals instead of EMG on game 
systems will show us a much better performance. The racing 
game simulator can control from the steering wheel, 
acceleration and brake values of car. 

The shared vehicle control system using the spatial filter is 
used for noise reduction and increasing a signal-to-noise ratio 
[6]. The signal-to-noise ratio is a measure used to quantify how 
much a signal has been corrupted by noise. Therefor noise 
reduction and increasing the signal-to-noise ratio relate to 
increasing accuracy and performance on subjects. We have to 
use a suitable spatial filter on our experiments. To search a 
suitable spatial filter, we used 4 spatial filters. 4 spatial filters 
are the ear reference, full matrix, sparse matrix, and common 
average reference. In this paper have two part experiments of 
the shared vehicle control system. The first experiment is 
experimented to solve the EEG binary classification problem. 
Its experiment shows performance in EEG binary classification 
problem. We experiment using EEG signals whether 
acceleration or non-acceleration of car. The second experiment 
controls the wheel steering (left, right and front) of car using 
EEG.  We prove the shared vehicle control system 

The rest of this paper is structured as follows. Section II 
describes the related works of BCI interface and noise 
reduction by spatial filtering. In Section III, the proposed 
method, it is shared vehicle control system, in this paper is 
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introduced. We present experimental results of two 
experiments in Section IV and conclusion and future work are 
given in Section V. 

 

II. RELATED WORK 

A. BCI Interface 
The most of BCI researches in the past were for people who 

are disabilities. The field of BCI research and development has 
since focused primarily on neuroprosthetics applications that 
aim at restoring damaged hearing, sight and movement. 
However, there are far more researchers using this approach on 
game applications in current times. Table I shows the games 
which are applied by a BCI research. 

TABLE I.  RELATED WORK TO GAME USING BRAIN-COMPUTER 
INTERFACE 

Author Sensor Method Type Commands Channel 

D. Coyle et al. 
(2011) [7] EEG SMR 

Flight 
fighter 
(3D) 

4 3 

E. Lopetegui et 
al. (2011) [8] EEG SMR tennis 

(2D) 3 2 

P. Martinez et al. 
(2007) [9] EEG SSVEP car racing 

(2D) 4 6 

R. Scherer et al. 
(2007) [10] 

EEG, 
EMG, 
EOG 

SMR find a coin 
(3D) 4 3 

J. A. Pineda et al. 
(2003) [11] EEG SMR shooting 

(3D) 2 3 

P. Martinez et al. mixed EEG, EMG and electrooculogram 
(EOG), to remove the noises. This leads to improve recognition 
rate and applied to BCI system. In case of the method from P. 
Martinez et al., it uses the SSVEP instead of the SMR method. 
The SSVEP is stands for ‘Steady State Visual Evoked 
Potential’, which uses the EEG. The EEG is reacts on visual 
information occurs in repetitive manner. However, the SSVEP 
causes users’ eyestrain and receives more effects by noise 
compare to the SMR method. 

 

B. Noise Reduction by Spatial Filtering 
For accuracy, we need to improve the signal-to-noise ratio. 

Noise source is complex and highly variable. Noise signal is 
the non-EEG artifacts: EMG, EKG, eye movement, and eye 
blink potentials. Non-mu EEG components such as the visual 
alpha rhythm are even though noise signal. The spatial filter 
can increase a signal-to-noise ratio by enhancing the control 
signal and reducing noise. Table III shows the research of noise 
reduction by spatial filtering. 

TABLE II.  NOISE REDUCTION BY SPATIAL FILTER 

Author Spatial filter EEG 
Channel Experiment 

B. Blankertz et 
al.(2008) [12] 4 32-128 imagination of left or right 

hand movement 

Author Spatial filter EEG 
Channel Experiment 

H. Ramoser et al. 
(2000) [13] 5 2-56 imagination of left or right 

hand movement 
D. J. McFarland 
et al. (1997) [14] 4 64 control movement of a 

cursor on a video screen 
 
B. Blanketz et al. experimented a spatial filtering on EEG 

signals. They used 4 spatial filters: the bipolar, common 
average reference (CAR), Laplace, and common spatial pattern 
(CSP). They revealed that a CSP was the best on their task.  

H. Ramoser et al. demonstrated that spatial filters for 
multichannel EEG effectively extracted discriminatory 
information from two populations of single-trial EEG, recorded 
during left and right hand movement imagery. 

D. J. McFarland et al. used 4 spatial filters: the ear 
reference, CAR, small Laplacian, and large Laplacian. They 
had experiment controlling movement of a cursor in a video 
screen. A CAR and large Laplacian methods are proved by best 
performance on their subjects. 

 

III. THE PROPOSED METHOD 
The aim of the shared vehicle control system is fast and 

elaborate control in a car in 3D car racing game simulator 
based on EEG.  We can use controllers such as an electronic 
steering pedal and handle, and also EEG signals for controlling 
acceleration. The shared vehicle control system support fast 
intention recognition for car racing game playing.  

A. Shared Vehicle Control System 
In this paper we propose the shared vehicle control system 

for 3D car racing game simulator based on EEG. Figure 1 
shows the shared vehicle control system configuration. After 
transmitted EEG signals from the EEG raw signal 
measurement equipment to the BCI systems, the BCI system 
has modified to signals for controlling a car on 3D car racing 
simulator.  

The BCI system has 4 parts; preprocessing, feature 
extraction, classification, control session. The preprocessing 
uses the high-pass filter cutoff the frequency less than 0.1 Hz. 
The spatial filter uses for signal amplification to gain. In other 
words, the periphery of motor cortex amplifies the signal which 
is to measure the periphery of motor cortex multiplied by 
weight as it becomes weaken. Autoregressive transformation is 
applied to the ARspectral filter and distribution of the 
amplitude is measured according to the window size’s 
frequency. The spatial filter used in preprocessing level. The 
linear classifier is used for this paper’s classification, as in (1). 
The last phase called control session operates the steering, 
acceleration, and brake of car. Changes on these control 
parameters are reflected on EEG signals and this in turn adjusts 
the flow of the system process. 

The simulator server is the TORCS. A simulator server gets 
data which is processing for controlling a car of TORCS from 
simulator client. These data are using to controlling on TORCS. 
All data transfer is using the UDP system. 
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Figure 1.  The shared vehicle control system configuration.  
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The parameter N and M  indicate the each channel and 
signal. The input values mean AR (autoregressive) 
transformation.  

Classified data transmits to application which known as 
TORCS (the open racing car racing game simulator) through 
the UDP.  

B. Rule Base for Shared Vehicle Contorl Module 
The shared vehicle control system used EEG and steering 

wheel. We establish five rules to assist to controlling a car. The 
data consisting of string of stream form control the steering 
wheel and acceleration of a car. The five rules following: 

 If the classifier classifies the left hand, right hand or 
both hands, it increases the car acceleration which 
follows equation (2). When there has no response, car 
acceleration decreases.  

−−+− Δ−Δ+Δ+= vvvvv ttt )(1 δ                 (2) 

The Parameter v indicates a car acceleration, tδ  means 
a command of upward at the time t . 

 The input value of the steering wheel direction set the 
output value of a left or right hand. If the value of a left 
hand still occurs, the accumulation value of a steering 
wheel angle is set to be larger. 

 The track angle information obtained from TORCS. 
The acceleration is increased when continued for 
straight course. 

 A steering wheel angle range is differently changed 
from depending on track angle information. For 
example, if the sharp curves, a steering wheel angle is 
largely changed. If the gentle curves, on the other 
hands, a steering wheel angle is exiguously changed. 

 A car state is updated every second. 

C. Spatial Filter for Noise Reduction in Shared Vehicle 
Control System 
In pre-processing, we use spatial filters for accuracy of car 

driving. We use four spatial filter methods: the non-spatial 
filter method, full matrix method, sparse matrix method, and 
CAR method. The non-spatial filter method is that not use the 
spatial filter.  

The sparse matrix filter method uses the parameter to 
define non-zero matrix entries. Each non-zero entry is given by 
an input channel, output channel, and weight for that channel. 
In this case, the sparse matrix method must have 3 columns, 
and a row for each input/output relationship. The first column 
contains the input channel. The third column defines the weight 
that the input channel is multiplied by before being assigned to 
the output channel, which is defined in the second column. 

The full matrix filter method uses the parameter to define 
the linear transformation applied to the filter’s input signal. In 
this matrix, columns represent input channels, and rows 
represent output channels. Each matrix element defines a 
weight with which the respective input channel enters into the 
respective output channel. 
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To define the full matrix, as in (3), the parameter i  and j  
indicate the number of each input channel and output channel. 

The parameter ijE means matrix element of the parameter i  and 
j . 

The CAR spatial filter calculates the mean of all channels, 
and subtracts this value from the selected output channels. 
CAR is commonly used in EEG, where it is necessary to 
identify small signal sources in very noisy recordings. The 
CAR is computed according to the equation (4). 

∑
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The parameter 
ER

aV is the potential between the a th 
electrode and the reference and m is the number of electrodes 
in the equipment. 

IV. EXPERIMENTS AND RESULTS 

A. User Experimental Environment of the Shared Contorl 
System for Acceleration Classification  
The Epoc headset is used for measuring EEG signals. We 

follow the electrodes of the 10-20 system [15]. Logitech G25 is 
used for controlling car. All of the system data transmit through 
the UDP system. 

Ten healthy right-handed participants (7 males and 3 
females) participated in the experiment. We fully explained 
experiments. Participants practice car driving which is used 
EEG. All possessed a driver’s license.  They measure the lap 
time. They participated in the experiment over 2 weeks. 

Figure 2.  A track in the first experiment. 

They drive a car on a track which is not difficult. Figure 2 
shows a track used in the experiment. The experiments have 4 
subjects. Each subject uses different spatial filters. EEG and lap 
time are measured over 10 times per a subject.  

We use two monitors for experiment. Figure 3 shows this 
environment of experiment. The front monitor of user shows 
the 3D virtual car simulation. The left side monitor can check 
the EEG signals that acquired signals in real-time. 

 

Figure 3.  The experiment environment of the shared vehicle control system 
when a participant controls a car on EEG. 

B. Offline EEG Analysis According to Imagination of user’s 
movement 

Figure 4.  The topography on each direction.  

We analyze offline analysis for measured to changing on 
EEG about left hand, right hand, and both hands. Offline 
analysis shows the each direction arrow (left, right, and top), 
and then user imagine to right direction movement. Each 
direction shows 3 seconds and arrows randomly show 5 times. 
Figure 4 shows topographical map that is offline analysis of 
participant 1. This topography shows similar to the results of 
the participant s on 12 Hz. 

C.  Experiment Result in Shared Contorl System for 
Acceleration Classification 
We analyze EEG signal in both hands for measured it 

changing. Offline analysis gives participant four-way arrows 
(left, right, top, and bottom). Then participant imagines 
movement to in each direction. Each direction shows 3 seconds 
and arrows randomly show 5 times. Figure 5 shows topography 
of participant when imagine both hands. The CAR filter is 
most similar to both hands image. 

Figure 6 shows the experimental results of the shared 
vehicle control system for acceleration classification on 
TORCS. The average lap time result of using the steering 
wheel controller is 59.12 seconds. The EEG non filter’s 
average lap time is 70.03 seconds. We can get more 
performance in the TORCS car racing game when using the 
CAR spatial filter method than others. The results of sparse 
matrix, CAR, full matrix are 65.52 seconds, 57.82 seconds, and 
64.92 seconds. The best average lap time is when using CAR 
spatial filter. 
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Figure 5.  Topography on each spatial filters. 

 

Figure 6.  The spatial filters’ average result of each lap time. 

D. T-test in the Shared Vehicle Contorl System for 
Acceleration Classification  
Using EEG spatial filter methods and using only the 

controller do t-test for confirmed to performance difference of 
the system used to each method.  The significance probability 
(p-value) is the probability of obtaining a test statistic at least 
as extreme as the one that was actually observed, assuming that 
the null hypothesis is true. The significance level sets 0.05, and 
the null hypothesis and the alternative hypothesis as follows 
were determined. 

∙ H0 (null hypothesis): Using a controller system and the 
EEG spatial filter is no performance difference 
between the systems. 

∙ H1 (alternative hypothesis): Using a controller system 
and the EEG spatial filter has performance difference 
between the systems. 

TABLE III.  RESULT OF T-TEST 

 None Full matrix Sparse matrix CAR 
p-value 1.49E-6 0.048 0.005 0.068 

 

Table 5 shows the result of t-test. The result of CAR spatial 
filters t-test follows the null hypothesis, because the null 
hypothesis is larger than the significance level. In other words, 
this is proved that no performance difference between using 
only controller system and EEG shared vehicle control system 
using CAR spatial filter. 

E. User Experimental Environment of the Shared vehicle 
control System for Vehicle Direction Classification 
3 males participate in the experiment for vehicle direction 

classification. The Epoc headset outputs frequency of 128 Hz 
and can be used a total 14 channels. We are two tracks on 3D 
virtual car racing game simulator. Figure 7 Shows two tracks 
used in the experiment. Difficulty of these two tracks is 
different. 

 

Figure 7.  The track (a) is more easier than track (b).  

F. Performance Evalutation and Comparision in the Shared 
vehicle control System for Vehicle Direction Classificion 
We compare the lap time, when using auxiliary control 

module or not, for measuring performance of the auxiliary 
control module compared. 

TABLE IV.  LAP TIME OF EACH TRACK 

 Control System (o) Control System (x) 
Track (a) 3 minutes 15 seconds 3 minutes 58 seconds 
Track (b) 7 minutes 22 seconds 9 minutes 32 seconds 

 

Table 5 shows the average lap time of 3 participants. As we 
can see from the table, in case of using an auxiliary control 
module is spend less time.  

V. CONCLUSION AND FUTURE WORK 
In this paper, we experiment the shared vehicle control 

system on the 3D racing game of TORCS. The shared vehicle 
control system has two experiments. These two experiments 
show fast intention recognition on car racing game simulator. 
The shared vehicle control system using partial filters EEG 
signals performance has proved. We experiment EEG spatial 
filters for accuracy and performance on a car racing game of 
TORCS. The CAR spatial filter method shows the best 
performance.  

The future work is controlling the steering handle using 
EEG signal on 3D car racing game simulation environment. 
The classification will try to using other classifiers like 



                                                                                                                                          560

BLSTM, SVM, and et cetera. Then we control the steering 
handle instead of controlling acceleration using EEG signals. 
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