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Abstract. The purpose of this work is to study the wave processes and rhythmic activity of the brain based on
multiscale parametric maps of electroencephalograms obtained as a result of algorithmic application of a system
of discrete functions. Methods. For visualization, a previously developed multi-scale method for constructing
parametric mappings of molecular genetic information was used, in which a set of four nucleotides is considered
as a system of orthogonal Walsh functions. Results. The article proposes a new method of visualization of
electroencephalography data for the study of rhythmic and wave processes of bioelectric activity of the brain.
To analyze the electroencephalography data, the stage of transcoding the recorded amplitudes was previously
carried out by one-to-one conversion of the EEG signal into a symbolic sequence, the alphabet of which consisted
of four characters. Based on this method, the EEG signals of the subject were compared at rest and under mental
stress. The study analyzed the readings of electrodes registering biopotentials of the frontal lobes of the brain.
Conclusion. New methods have made it possible to identify various configurations of clusters in the frequency
space of visualization, which can be used for comparative analysis of encephalograms and identification of features
of recorded EEG signals. Specialized software has been developed as a tool for studying the rhythmic activity of
the brain by constructing parametric displays of electroencephalograms.
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Introduction

Encephalography is a method for studying the functional state of the human cerebral cortex by
measuring its electrical activity [1]. A multichannel encephalograph records signals from the combined
electrical activity of groups of nerve cells, consisting of millions of neurons and interneuronal synaptic
connections. Thus, encephalography allows for the study of wave processes associated with various types
of rhythmic brain activity. An electroencephalogram (EEG) contains a noise signal with a characteristic
frequency spectrum depending on the encephalograph lead and the subject’s state. These frequencies are
calculated using the Fourier transform. Recently, a growing number of publications have explored the use
of the Walsh-Hadamard transform, wavelet analysis methods, and machine learning for analyzing EEG
data [2-9].

There are also known works on the development of new methods and tools for visualizing electroencephalography
data [10-21].

We previously developed molecular genetic algorithms based on a system of orthogonal Walsh
functions for multi-scale visualization of DNA parameters, taking into account the physicochemical
structure of nucleotides. Our research [22,23| revealed that molecular genetic algorithms can be applied
to the analysis of long symbolic or numeric sequences reduced to tetra-representation, that is, recoded so
that these sequences consist of four symbols, analogous to the four DNA nucleotides. We found that the
developed visualization algorithms can reveal hidden cycles in long sequences. This was demonstrated
in our work [22], where we analyzed various noise generators. It was shown that pseudorandom noise
generators (i.e., those containing hidden periodicity) exhibit pronounced symmetry in two-dimensional
visualization. At the same time, noise generators without internal cycles produced chaotic two-dimensional
displays when applied to the new visualization algorithms. Hidden cycles are also clearly visible in one-
dimensional displays.

The purpose of this work is to test the application of the Walsh orthogonal function system (which
was previously used by the authors in molecular genetic algorithms) for visualization and analysis of
human brain biopotentials obtained as a result of electroencephalographic studies.

1. Methodology

All reasoning is performed in accordance with previously developed methods described in [22,23].
To analyze the EEG data, the amplitude information was recoded into a quaternary representation
consisting of the symbols A, G, T, and C. Let us recall the main ideas of the basic algorithm, which
consists of three steps.

1. Scaling. The sequence of symbolic elements of the set {A, G, C, T} encoding the analyzed signal
is divided into fragments of equal length N with a given overlap step. The overlap step and the
length N are free parameters of the algorithm and are responsible for the clarity and scale of the
representations, respectively. The resulting fragments will henceforth be referred to as N-measures.

2. Parameterization. Given the Walsh function system defining genetic subalphabets, according
to which each nucleotide has three binary representations (purine/primidine, keto/amino, 2/3
hydrogen bonds), the sequence of nitrogenous bases receives three binary representations. Together
with the presence of a phosphate residue (which is not opposing, as it is present in all nucleotides),
the three binary-opposing representations, which are taken into account during the parameterization
stage, define the Walsh function system. For more details, see [1,2].

3. Display. The final mapping is constructed from the three resulting N-dimensional sequences. It
should be noted that mappings can be constructed in various coordinate systems, including polar,
spherical, cylindrical, and others. This requires further research, taking into account the ergonomics
of perception and the specifics of the data being analyzed. Depending on the number of binary
sub-alphabets, one-dimensional, two-dimensional, and three-dimensional projections are possible.
The following options have been developed for constructing mappings:

(a) structural visualization spaces — display decimal representations of N-mers;

(b)  frequency visualization spaces — display relative or absolute frequencies of N-mers;

(¢) integral visualization spaces — display the number of specific symbols in each N-mer as
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numerical indices in binary sub-alphabetic representations of the N-mers.

To apply visualization algorithms to
encephalography tasks, the source data
for analysis were taken from the resource
PhysioNet [20]. According to the description
of the experiment given in [21], among other
parameters, the following is specified: «the
sampling frequency was 500 Hz per channel. A
high-pass filter with a cutoff frequency of 0.5
Hz, a low-pass filter with a cutoff frequency
of 45 Hz, and a band-pass filter (50 Hz)».
Recordings were carried out in two states of
the subject: rest and under mental stress in the
form of performing arithmetic calculations in
his head. The study took into account readings
from two electrodes: Fpl and Fp2 (Fig. 1, 2).
Description of the equipment and method of Fig. 1. Schematic arrangement of the electrodes. The
EEG recording is given in [21]. electrodes are marked, the recordings from which were

The study’s hypothesis is that molecular —considered in this study
genetic algorithms based on Walsh functions will enable the mapping of boundary states between
strict cycles and chaotic components in EEG (i.e., between perfectly symmetric and chaotic two-
dimensional representations). The EEG signal samples were recoded as follows. The original real
values were converted to integers in the range [0;65535], which equals 16 bits per sample. In
this case, no losses occur, as the characteristics of the processed signal specify that 16 bits are
also allocated for real values. Next, each sample was converted to binary notation, and pairs of
non-overlapping bits were converted to the corresponding symbol according to the following rule:

009 — A,Olg — C, 10, — G, 11 — T.
For example, for the number 26481 the encoding process looks like this:

264819 — 01100111011100015 — (01)(10)(01)(11)(01)(11)(00)(01) — CGCTCTAC.
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Fig. 2. Initial EEG signals. a — Fpl electrode, resting state; b — electrode Fpl, mental load; ¢ — electrode Fp2,
resting state; d — Fp2 electrode, mental load
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Each sample after encoding corresponds to 8 symbols. Therefore, the visualization scale
should also be a multiple of 8. For structural displays, a scale of 16 was chosen to further separate
the points on the plane (each point encodes a pair of samples). When calculating the frequency
characteristics of each individual sample and constructing frequency visualizations, a scale of 8
was chosen. For structural and frequency displays, the step is equal to the scale because otherwise,
the resulting values would consist of parts of the symbolic representation of adjacent reports. For
integral displays, a step of one was chosen to increase the point density (with a step of one, the
values are visually connected, forming a continuous curve). All this increased the information
content and clarity of the resulting visualizations.

2. Results

Comparative analysis of human functional states based on EEG visualization
data using the Walsh function system. As a result of the conducted study, binary-orthogonal
mappings of EEG signals were constructed in various visualization spaces (Fig. 3, 4. 5). Chaotic
and wave processes can be observed in the one-dimensional mappings shown in Fig. 3, where
the a—d series are chaotic in nature, and the e—f series are wave-like. It should be noted that
integral mappings are generally convenient for analyzing hidden wave processes. As can be seen
from the first column in Fig. 4, two-dimensional structural mappings, in the presence of clear
structuring, have a pronounced chaotic component, which confirms the possibility of visualizing
a combination of ordered and noise components of EEG signals in a single parametric mapping.

At the same time, in the third column of Fig. 4, the integral maps exhibit virtually no
symmetries, indicating the presence of a significant chaotic component (exact symmetries in
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Fig. 3. One-dimensional mappings according to the purine-pyrimidine sub-alphabet of records from the Fp1 sensor.
The resting state is shown in Figures a, ¢, e; the test for performing arithmetic calculations in mind is shown in
Figures b, d, f. a, b — structural mappings at scale N = 16 and step 16; ¢, d are frequency mappings at scale
N = 8 and step 8; e, f are integral mappings at scale N = 1600 and step 1

Stepanyan 1. V., Lednev M. Y.
548 Izvestiya Vysshikh Uchebnykh Zavedeniy. Applied Nonlinear Dynamics. 2025;33(4)



Fpl

Fp2

Fig. 4. Two-dimensional maps by the purine-pyrimidine (X) and keto-amino (Y) sub-alphabets. The first column
is the structural maps at scale N = 16 and step 16. The second column is the frequency mappings at scale N = 8
and step 8. The third column is the integral mappings at scale N = 1600 and step 1. The first and third rows are
the state of rest, the second and fourth rows are the mental load

these maps can be observed in repeating signals, for example, in long pseudorandom sequences).
During experiments with various EEG signals, we observed that the characteristic "tangle"shapes
of the integral two-dimensional representations varied greatly among different EEG signals and
sometimes took the form of double formations (Fig. 5).

The application of the proposed visualization method allows us to obtain new characteristics
of EEG signals in the form of a structure of three-dimensional clusters in the frequency space
of visualization: mutual arrangement, shape and number of clusters (in Fig. 6 some different
clusters are highlighted with a frame).

Fig. 6 clearly shows the differences in the structure and number of frequency clusters in the
encephalographic signals obtained from various EEG leads during and without mental stress. As
can be seen from the figure, the cluster structure of the displays differs significantly across the
subject’s different functional states. It is evident that additional frequency clusters are formed
during mental stress. These clusters are designated in the figure as 07 and 09 and require further
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Fig. 5. Example of integral EEG signal mappings at N = 1600 and overlap step 1. The first column shows the
curves of the initial signal with the designation of the electrode and one-dimensional maps by sub-alphabets: keto-
amino (X); 2 or 3 hydrogen bonds (Y). The second column shows a two-dimensional integral mapping according
to the corresponding sub-alphabets

study.

Fig. 7 shows some examples of binary orthogonal displays of EEG signals in various
visualization spaces. The visualization of the EEG recording is shown in one-dimensional (top
row), two-dimensional (middle row), and three-dimensional (bottom row) representations. For
convenience, the original signal is presented above each display type (structural, frequency, and
integral).

It’s logical to assume that conversion to other number systems (not only quaternary, but
also quinary, sexagenary, and others) allows for the application of similar methods. Hadamard
matrices of various orders exist, encoding various systems of Walsh orthogonal functions. A useful
property of the matrices that describe nucleotide encoding, which were used in this study, is that
they allow for the construction of visualizations in three-dimensional space. This is clear and easy
to understand. Matrices of higher order yield more dimensions, and various two-dimensional and
three-dimensional projections of multidimensional visualization spaces can be considered. Thus,
the proposed mathematical framework suggests further research.

Methods are known for visualizing dynamics from a one-dimensional data set (in particular,

Fig. 6. Three-dimensional frequency maps at scale N = 8 and step 8 for the purine-pyrimidine (X), 2 or 3
hydrogen bonds (Y) and keto—amino (Z) subalphabytes. The first column is the resting state, the second column
is the mental load
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Fig. 7. Output of the encephalogram analysis program. The first column shows the structural visualization space
at scale N=16 and overlap step 1. The second column shows the frequency space of visualizations at scale N =8
and overlap step 8. The third column shows the integral visualization space at scale N = 1600 and overlap step 1.
One-dimensional projections are displayed in sub-alphabets (from top to bottom): purine-pyrimidine (X), keto-
amino (Y) and 2 or 3 hydrogen bonds (Z). Two-dimensional projections are presented in the following order (from
left to right): XY, YZ, XZ. Three-dimensional projections: XYZ, XYZ, XYZ
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using Takens’ theorem). When visualizing in three-dimensional frequency space using the proposed
method (for N = 8), the points are not related to their relative positions in the original signal.
Furthermore, using a system of subalphabets in the Hadamard matrix allows for the application
of Takens’ theorem to each dimension separately. Thus, the proposed method complements
nonlinear dynamics methods.

Conclusion

The conducted studies confirmed the feasibility of visualizing and comparing encephalograms
recorded in various functional states of subjects using developed molecular genetic algorithms.
The proposed method enables the display of parametric characteristics of EEG signals at various
scales and in various visualization spaces through the specific application of Walsh functions.
One of the most significant results of the study is the three-dimensional frequency clustering of
EEG signals, which revealed a frequency cluster in both frontal lobes of the brain presumably
responsible for the subject’s mental workload.

The results of this study correlate with previously obtained data on the use of a system
of Walsh functions to identify hidden cyclic structures in arbitrary signals [22]. We previously
demonstrated in [24] that the use of a graph-theoretical approach allows us to calculate the
quantitative characteristics of cyclic structures in EEG signals at various scales, as well as to
calculate the indices of the EEG characteristic graph—the Euler number, the number of simple
cycles, and the number of simple pathways. This study confirms the presence of hidden structures
and a special kind of order in the recorded biopotentials of the human brain.

The study results were obtained using our own encephalogram analysis program, based
on previously developed molecular genetic algorithms. The program, written in C++, enables
real-time processing of EEG signals.
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