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ABSTRACT

An approach for the recognition of various cognitive processes in the brain activity in the perception of am-
biguous images. On the basis of developed theoretical background and the experimental data, we propose a
new classification of oscillating patterns in the human EEG by using an artificial neural network approach.
After learning of the artificial neural network reliably identified cube recognition processes, for example, left-
handed or right-oriented Necker cube with different intensity of their edges, construct an artificial neural network
based on Perceptron architecture and demonstrate its effectiveness in the pattern recognition of the EEG in the
experimental.
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1. INTRODUCTION

Currently, the dynamics of neuronal network of the brain attracted the attention of researchers in diverse areas
of science, including psychology, neurophysiology, medicine, physics, mathematics, and nonlinear dynamics.!””
The multidisciplinary approach will come closer to understanding the brain mysteries and a better understanding
of the neural mechanisms underlying its dynamics, and will open prospects in the field of medicine and neuro-
science in the near future.””# 1% The well example of such multidisciplinary investigation is the observation
of intermittent behavior in epileptic brain that gives new possibility to discover mechanisms of epileptic states
formation in the brain.? 1416

The study of various aspects of the functioning of the human brain is usually based on objective data acquired
in the course of psycho-physiological'™ 22 and cognitive experimental work? 2372 The most convenient and low-
cost method of recording brain signals in cognitive research today remains EEG. A study of nonlinear processes
in the brain neural network during perception of “ambiguous” (also known as bi- and multistable) images is very
important for the understanding of both the visual recognition of objects and the decision-making process.!?2°
In spite of considerable efforts of many researchers, the main mechanisms underlying the interpretation of such
images are not yet well understood. At present, we only know that perception is the result of nonlinear processes
which take place in the distributed neural network of occipital, parietal and frontal regions of the brain cortex.26-27
However, the open question still remains of how the image interpretation affects the human EEG. In this paper,
we propose an approach based on the artificial neural network (ANN), which allows us to answer this question.
We demonstrate the efficiency of our method in the classification of EEG oscillatory patterns corresponding to
the different interpretation of bistable images.
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2. EXPERIMENTAL SETUP

In our physiological experiment with EEG activity registration we used a set of images based on the well known
bistable object, the Necker cube,?® as a visual stimulus. The cube with transparent faces and all visible ribs is
treated a three-dimensional object due to a specific position of the cube ribs. Bistability in perception consists
in interpretation of this 3D-object as being oriented in two different sides, either left or right oriented cube,
depending on the ribs intensities. Figure 1, a shows various examples of the Necker cube image with different
parameter I, being the brightness of the cube wires converging in the right upper inner corner. The brightness of
the wires converging in the left lower inner corner is defined as (1 — I). The values I =1 and I = 0 correspond,
respectively, to 0 (black) and 255 (white) pixels’ luminance of the middle lines, using the 8-bit grayscale palette
for visual stimulus presentation. Therefore, we can define parameter as I = ¢g/255 where g is the the brightness
level of the middle lines in used 8-bit grayscale palette. It should be noted that the contrast of the six visible
outer cube edges was fixed to 1. The experimental studies were performed in accordance with the ethical
standards?® and approved by the local research ethics committee of Saratov State Technical University. Forty
healthy subjects from a group of unpaid volunteers, male and female, between the ages of 18 and 45 with normal
or corrected-to-normal visual acuity participated in the experiments. All persons have provided informed consent
before participating in the experiment. The purpose of these experiments is a study of unconscious decision on
ambiguous image interpretation.

The experimental procedure was performed as follows. The Necker cube images with different wireframe con-
trasts were demonstrated for a short time, each lasting between 0.2 and 0.7 seconds, interrupted by a background
abstract picture for 2.5-3.5 seconds. The subject was instructed to press either a left or a right key depending on
his/her interpretation of the cube orientation at each demonstration. The use of the background images allowed
neutralization of possible negative secondary effects which may arise from the previous Necker cube image. The
whole experiment lasted about 40 min for each subject.
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Figure 1. (a) Examples of a data set from a typical EEG recording from electroencephalograph Encephalan-EEGR-19/26.
The solid black lines show the moments of time when the Necker cubes with different parameter I were presented, and
the gray areas show the time intervals between moments of pressing and squeezing of buttons on the remote control.(b)
International EEG electrode placement scheme “10-20”. (c¢) Examples of Necker cube images with different rib contrast
I

During the experiment, the Necker cube images with different frame contrasts were randomly exhibited, each
for about 100 times, with simultaneous recording of multi-channel EEGs using the electroencephalograph-recorder
Encephalan-EEGR-19/26 (Russian Federation) with a two-button input device. The monopolar registration
method and classical ten-twenty electrode system were used (Fig. 1, b). Figure 1, ¢ shows an example of the
typical EEG data set during the Necker cube images exibition.

3. MATHEMATICAL METHODS

The present work is devoted to research capacities of such methods clustering complex data as the principal
component analysis (PCA) and methods based on artificial neural networks to classify the brain states of EEG
data.
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The principal component analysis idea is the input data vector with dimension D = n transformation to a
new vector consisting of mutually orthogonal component and has a lower dimension D; = n— k.7 In this case to
simplify the data structure by reducing the dimension and the further allocation of the component with the highest
“significance” carried out on the basis of linear transformation and orthogonalization procedures. Conversion in
some cases leads to a significant reduction in the dimensions and separation of only a few components relevant
maximum initial data analysis which is used for further identification and classification of the various states in
the investigated system dynamics. In other words, the method is directed to a linear reduction of the number of
components required for the data classification. Maximum simplification of the high dimension raw data results in
final data set of only a few variables, the so-called “principal components”. So, the principal component analysis
method is based on the search and subsequent exclusion of linearly correlated component in a multidimensional
vector of raw experimental data.”
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Figure 2. Principal component analysis scheme illustrated the allocation of the first principal component (PC1)

For the principal component analysis method the first principal component (PC1) is characterized the direc-
tion of maximum data changes, and the second direction (PC2) is perpendicular to the first one to describe the
remaining change in the data set (Fig. 2).

The artificial neural network approach is frequently applied for the solving nonlinear problems, when an ana-
lytical solution is difficult to obtain.? In our work we focus on the method of supervised learning, is traditionally
chosen to solve this type of problems of pattern recognition and classification. We have considered several types
of neural networks (see Fig. 3, I) with direct data propagation and back error propagation architecture (see
Fig. 3, II). As a part of the numerical experiments we considered such variants of the artificial neural network
architecture as linear artificial neural network (LN), a neural network of radial basis function (RBF), and multi-
layer perceptron (MP).” The considered types of the artificial neural network architecture are shown in Figs. 3,
III, a, b, c.

4. RESULTS

In our experimental studies we separated all Necker cube images on the “left” and “right” in accordance with the
apparent position of the front face of the cube. We used ten different images of the Necker cube with different
intensities of several key edges. Obviously, the intensity I of the ribs provided on the impact of the perception of
the observer. In particular, an image with a small parameter I is usually interpreted as “left” one, respectively,
with a large parameter I — as right. All images that are close to symmetrical distribution of the intensity of the
edges are perceived as left- or right-handle cube with a probability determined by the personal characteristics of
the observer (e.g., the level of cognitive noise).” 23,2430

Thus, the set of experimental multi-channel EEG data was divided into two classes, united by common events.
For each subject, we analyzed the type of the presented stimuli (Necker cubes) and the perception of an object
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Figure 3. Artificial neural networks architectures used for the classification of EEG oscillatory patterns corresponding to
the different interpretation of ambiguous image

(“left” or “right” cube). Thus, for each the Necker cube image with intensity parameter I we can distinguish
two classes of events corresponding to the perception of the “left” and “right” cube orientations. For automatic
classification of the experimental EEG data for each of the Necker cube on perceived “left” and “right” ones was
used the principal component analysis method. The projections of the two components were built on the basis
of three data operators and analyzed the possibility of separating two different clusters.

The results of computational experiments implemented in MATLAB Software Package are shown in Figure 4
which shows the first and second principal components for clarity, the use of principal component analysis does
not allow the required classification of the experimental data.

Next, we studied the possibility of using the artificial neural network to classify experimental EEG data. On
the basis of the STATISTICA Software Package the problem of classification of the different artificial neural
network architectures (LN, RBF, MP)? was successfully solved (Fig. 5).

A part of the EEG fragments of data corresponding to each of the two possible perceptions the Necker
cube was used to supervise the learning artificial neural network using the experimental EEGs of three different
volunteers. Then, the trained artificial neural network was explored to classify all available experimental data.

The theoretical and experimental analysis showed that the artificial neural network approach quite successfully
cope with the task of EEG data classification. Figure 5 demonstrates a high efficiency in classification of the
EEG patterns based on different types of artificial neural network architecture. As the calculation of efficiency
of the neural network we mean the percentage of correctly identified situations of operator choice in EEG data.
In other words, if the artificial neural network correctly identifies the operator choice in 90 times of 100 Necker
cube presentations, then the efficiency E is equal to 90%. So, during the experiments we found that the best
results were achieved on the basis of multi-layer perceptron (95-97%), and the linear artificial neural network
showed the worst productivity of the classification of human perception processes (50-55%). The artificial neural
network of the radial basis function showed the effectiveness at the level of 80—85%.
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Figure 4. Results of principal component analysis application for EEG data classification: show the geometrical interpre-
tation of the principal components for the three different operators. The array of black dots corresponds to the choice of
the operator as the “left” cube and the blue dots — “right”
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Figure 5. Artificial neural network classification efficiency of experimental EEG data

5. CONCLUSION

In this paper we supposed method for the classification of various states of in the human brain related to the per-
ception of ambiguous images. We have considered different classification approaches based on the construction
and learning linear and nonlinear artificial neuronal networks. First-of-all, we have shown that principal compo-
nent analysis linear method and linear artificial neuronal network does not provide classification of various states
by means of the multi-channel EEG. At the same time, the nonlinear artificial neuronal network architectures
demonstrate high efficiency of classification of two states of the perception of ambiguous image (Necker cube).
Our numerical results have been shown that the use of multilayer perceptron architecture of artificial neuronal
network demonstrates the best result of multi-channel EEG signals classification. This artificial neuronal net-
work is selected for further optimization of the mathematical model for processing and classification of different
patterns in the EEG signals. In general, our results indicate the necessity of nonlinear mathematical models
for analysis of processes in the brain neuronal network related to the ambiguous images perception. Moreover,
we that the value of our results are not limited to studies of brain activity during the perception of ambiguous
images. We that the developed method will be useful for the study and classification lasting a wide variety of
processes in the human brain network recorded multi-channel EEG and MEG recordings. Moreover, we assume
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that the significance of our results are not limited only by the ambiguous images perception brain activity studies.
We believe that the developed technique will be useful for studying and classification of the wide spectrum of
different processes in the human brain network registered by the multi-channel EEG and MEG records.
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