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Abstract. This paper concerns promising method of extraction and excluding of eye-

movement (or EOG in general) and some other artifacts from EEG reсordings. The method  is 
based on Independent Component Analysis (ICA) procedure. The method of EEG filtering in 
question can be tuned on-line to achieve desired precision level. 

 
Variety of procedures have been proposed for on-line correction of multidimensional 

signals, including methods based on regression analysis, principal component analysis and others. 
One of the most promising methods is Independent Component Analysis (ICA) providing blind 
separation of independent sources (BSS) [1]. The method proposed in the paper handles multi-
dimensional recording of electroencephalogram (EEG) during on-line signal acquisition to control 
Brain-Computer Interface (BCI). BCI is a system intended to establish a channel for direct 
communication of human brain activity with technical devices. One of the most promising 
approaches is based on the recognition of EEG patterns specific for different mental tasks. When 
the subject imagines voluntarily the performance of a task, the corresponding EEG pattern is 
recognized and transformed into the command to external technical device. For our BCI project we 
chose imagination of movements as mental states transformed to external commands. Since eye 
movements and blinks produce stable specific patterns of EEG activity they can disguise EEG 
patterns related to movement imagination. Moreover eye movements and blinks can be used by 
subjects for not voluntary or even voluntary BCI control. Thus suppression of EOG artifacts in 
EEG is crucial for BCI based on recognition of mental states. The origin of these artifacts is the 
electrical processes in the retina that can be presented in terms of equivalent dipolar current 
sources. Eye movement changes dipole direction and blink changes the geometry of the eyeball 
covering due to lowering of the eyelids. Both effects produce corruption in multi-dimensional EEG 
signal overlapping in amplitude as well as in frequency band with signals corresponding to brain 
activity related to motion imaginary.  Commonly artifact detection is handled by the experimenter 
guided only by his experience [2-5]. More rigorous method is based on off-line ICA decomposition 
and so called topographical approach [4].  According to this approach, criterion for identification 
and exclusion of ICA components related to eye movements and blinks from EEG data is the 
similarity of electrical potential distribution provided by these components with those obtained by 
modeling.  We suggest the following procedure for on-line EOG artifact suppression. BCI 
experiments should begin with short special EEG recording for calibration of artifact classifier. 
Calibration is based on ICA decomposition and automatic exclusion of artifact related components.   

 
Experimental data. In our experiments data were acquired using rejecting 1-30 Hz FIR 

filter and 200 Hz sampling frequency ADC, 32 electrodes located according to international 10-20 
EEG registration system were used. Several experiments with different number of EOG electrodes 
(from 3 and up to 9) located near eyes of subject were carried out. Acquired information was 
transferred to PC via USB interface for further processing. 

The subjects were 4 healthy men and 2 women from 20 to 30 years old.  
Instructions for subjects were displayed on the PC screen or vocalized by the experimenter 

in the experiments with closed eyes. Subjects were given some time to understand an instruction. 
During this period the EEG analysis was not performed. EEG recordings related to different 
instructions were marked for their further separation. 

There were 30 instructions totally such as “left arm real movement”, “left arm movement 
imagination”, “right arm real movement”, “right arm movement imagination”, “rest” (with open 



and with closed eyes), “both legs real movement”, “left leg real movement”, “left leg movement 
imagination”, eye movement in different directions (with open and closed eyelids as well), blink 
and so on. 

The most essential for implementation of BCI is a correct recognition and processing of 
mental states related to imagination of limb movements. EEG recordings corresponding to eye 
movements and blinks were used to train classifier to recognize EOG artifacts to be suppressed.  

 
Methods. Artifact classifier learning was based on processing the recordings related to the 

following 9 instructions: “blink”, “move eyes upward from central position”, “downward from 
upper to central position” and so on for bottom, left and right gaze positions. Acquisition of these 
recordings was called calibration procedure. These recordings form the calibration data set which 
will be referred to as X. ICA decomposition was applied to X. In this study “RUNICA” and “SOBI” 
BSS methods implemented in EEGLab (MATLab toolbox) were used. As a result of ICA 
decomposition we obtained matrices W and A to present X as  

X W A= ⋅        (1) 
Here A is n-by-m matrix of activities or source functions and W is n-by-n weights matrix where n is 
a number of electrodes and m is a number of recording samples. Each column of A is composed by 
activities of n different sources at each moment. Element Wij of matrix W defines the contribution 
of j-th source to the potential recorded by i-th electrode. According to ICA theory, statistical 
dependency of obtained source activities is minimal. Since EOG artifacts are assumed to be 
independent of EEG it is expected that the artifacts can be separated by ICA as particular 
components [6-8].  

 

 
Fig.1. Decrease of the total variance of signals recorded from 6 EOG electrodes after subtraction  of 

k (abscissa) ICA components for subject # 1. 
 

The components of ICA decomposition were sorted according to their contribution to the variance 
of EOG electrodes and the components having more than 5% of variance contribution were treated 
as EOG related (Fig.1). For the case shown in Fig. 1 four components were selected. Fig. 2 
demonstrates the good correspondence between selected ICA components and recordings of eye 
movements and blinks. The first component takes up the artifacts related to blinks and downward 
movements. This results from the fact that downward eye movements are accompanied by lowering 
of the upper eyelid similar to its movement during blinks. The other components relate to left, right 
and upward eye movements. It is interesting that two horizontal eye movements were separated as 
independent components. However this separation is not the common case since left and right eye 
movements provoke very similar EEG artifacts. 
 



 

 
Fig.2. Correspondence between native recordings for 6 EOG electrodes (blue) and activity of 4 

selected ICA components (red). Green lines separate recordings with blinks, upward, downward, 
left and right eye movements. 

 
Let k ICA components be identified as EOG related and j1…jk are their numbers. Then their 
contribution to EEG is calculated according to equation: 
      EOG EOGX W A= ⋅  
Here WEOG is a matrix obtained from W by setting to zero all columns except those with numbers 
j1…jk. To exclude EOG artifacts from EEG XEOG must be subtracted from X: 
   ( ) ( ) 1

EEG EOG EOG EOGX X X W W A W W W X−= − = − ⋅ = − ⋅ ⋅ , 
where we used that according to (1) 1A W X−= ⋅ . Hence  

EEGX M X= ⋅ ,                                                             (2) 
where ( ) 1

EOGM W W W −= − ⋅ . We used the obtained matrix M for on-line EOG artifact suppression 
before EEG pattern recognition by BCI classifier. Since matrix M depends on electrode positions 
we performed calibration procedure in each experimental session. 
 

Model. To elucidate the distributions of potentials related to EOG artifacts over the human 
head computer modeling was used. The distributions were estimated by solving the direct EEG 
problem using Boundary Elements Method (BEM) for a model head with two dipolar current 
sources simulating the corneoretinal potentials. The corneoretinal potential, generated in each eye 
was approximated by a single equivalent dipole located near the center of the eye [4]. The head was 
modeled as a set of different volumes including two eyeballs and two eyelids, each volume having 
its own conductivity. The conductivities of the brain tissue, bones, skin, intraocular fluid etc. were 
taken from [9]. The solution was performed by implementation of the algorithm described in [10] 
accelerated by means of technique developed in [11]. Direct solution of EEG problem provides 
distribution of electrical potentials over the head surface given dipole direction and eyelid position. 
Since direct solution of EEG problem is quasi-static we simulated only four different eye 
movements: upward, downward, left and right from the central position instead of eight  performed 



by subjects during the calibration.  Gradually changing dipole direction or eyelid position during 
simulation of an eye movement or blink we obtained time dependent potential changes which were 
filtered by the same filter as EEG recordings. 
 

Results. Subsequent analysis showed that different eye movements could be entirely 
described by corresponding rotation of the equivalent dipolar source, while nature of the blink 
artifact was still obscure. Hence, the matter needs further investigation. Several ICA components 
were interpreted as ocular artifacts related to eye movement in four directions and blink by 
comparing them to the computed artifact patterns. The example of filtering results of blink-polluted 
EEG recording region shown at fig 3. 

 

 
Fig. 3 . Example of EOG artifacts suppression at occipital and parietal electrodes by the algorithm 

described above. Blue and red lines represent native and filtered recordings, respectively. 
 

 
Fig.4. Covariance curves before (blue) and after (red) filtration (one of frontal 

EEG-electrodes). Abscissa – time window number. 
 

 



An objective criterion of quality of EOG artifact suppression, can be build based on 
correlation principle. The implementation was as follows. EEG recording was scanned with 500 
ms window and with special threshold algorithm places indicates EOG movements and/or blink 
were detected. Among all of these windows “mean EOG movement” were calculated. The next 
step taken – is second scanning of EEG recording and calculation of covariance between mean 
movement and signal in current window. This procedure were performed to signal before and after 
ICA base artifact suppression method applied. Fig 4 represents the comparative results before 
(blue line) and after (red line) artifact suppression procedure performed upon one of frontal 
electrodes EEG recording, containing several eye movements artifacts. Artifact suppression results 
noticeable degradation of covariance between mean artifact-like signal feature and signal it self in 
several time-windows of EEG-recording. It appears to be almost at 6 times lower after filtration 
then before. 

 
Conclusion. On-line EOG artifact suppression is crucial to functioning of BCI systems 

based on mental state recognition. Excluding of noise and artifacts improves results of mental sate 
classification algorithms which in turn improves performance of BCI system as whole. Filtering 
procedure, described in paper however is subject dependent. 
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