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A method for noise-robust speech signal processing
to assess human psycho-emotional state
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Abstract The nature of the noise-robust processing
method consists in decomposing a speech signal into
informative noise and signal frequency components using the
improved complete ensemble empirical mode decomposition
with adaptive noise, and selection of the component containing
the pitch with the subsequent determination of frequency
features. A simplified block diagram of the method with a brief
mathematical description is presented. A study was conducted
using a verified base of pure and noisy speech signals recorded
from a group of subjects with signs of psycho-emotional
disorders. In accordance with the results of the study, the
method provides good robustness to noise of various intensities
(signal-to-noise ratio is from 0 dB to 30 dB), and can be
-emotional state.
Keywords noise robustness, speech signal, empirical mode
decomposition, psycho-emotional state

I.

INTRODUCTION

In the last decade, an automated assessment of human
psycho-emotional state by speech has been actively
developed. Speech is very sensitive to disorders of the
nervous system and depending on the psychological
certain relevant informative parameters [1]. In the
noise environment, all speech signals are to some degree
noisy. To improve noise robustness, it is urgent to create
novel speech processing methods that are adaptive to
modern noise environments. The article presents a method
for noise-robust processing of speech signals, applicable in
systems for assessing a psycho-emotional state in conditions
of noisy environment. In particular, the method is designed
to determine frequency features of speech, and is based on
empirical mode decomposition (EMD) [2].
II.

MATERIALS AND METHODS

A. Frequency Features of Speech
A speech signal is a complex acoustic oscillation.
Frequency features give necessary and sufficient
information on a person with a minimum time of perception.
Frequency features used in the method that most fully
reflect information on psycho-emotional state of a person
include [2]: minimum, average and maximum values of
pitch frequency (PF); standard PF deviation; range of
background frequencies; mean absolute value of jitter;
relative average PF perturbation; pitch perturbation quotient.

Pyotr P. Churakov
Data Measuring Equipment and
Metrology Department
Penza State University
Penza, Russia
churakov-pp@mail.ru

B. Empirical Mode Decomposition
The principle of empirical mode decomposition (EMD)
consists in decomposing a signal into a sum of functions
with a limited band, called intrinsic mode functions (IMF),
or modes [3]:

where x(n) is an original signal; IMFi(n) is an IMF; rI(n) is a
residue, i = 1, 2,
I is the IMF number, n is discrete
timing.
During decomposition, the signal model is not specified
in advance, and an IMF is calculated during the sifting
procedure, taking into account local features (such as
extremes and signal zeros), and the internal structure of each
particular signal. The results of detailed studies of
decomposition technologies have revealed the promise of
using the improved complete ensemble empirical mode
decomposition with adaptive noise (CEEMDAN) [4], based
on the classic EMD.
III.

DESCRIPTION OF THE METHOD

Currently, lots of filtering methods based on classical
approaches have been developed, for example, enhancing
clarity (adjustment) of speech, well known as spectrum
subtraction methods, Wiener filters, cepstral mean
subtraction (CMS), cepstral variance normalization (CVN),
and others. However, in conditions of aggressive noise
environment with signal-to-noise ratio (SNR) values of 10
dB, 5 dB and 0 dB, the known methods do not provide the
required noise suppression.
The nature of the proposed method consists in
decomposing a signal into informative noise and signal
frequency components, and the selection of the component
containing the pitch (P) followed by the determination of
frequency features. Decomposition by the improved
CEEMDAN is the basis of the method, which allows
filtering a noisy speech signal If we assume that the noise
component of the signal has the highest frequency, then it
will be extracted into the first IMF, which can be eliminated
at subsequent processing steps. An idea of noise robustness
is based on this principle of the improved CEEMDAN
technology. Determination of the informative signal mode,
containing the pitch, consists in sequent modulo calculating
the difference between the values of the energy logarithms
of the current and subsequent modes [2].
To determine the PF value, the method uses the function
of the Teager operator. The use of this function in speech

signal processing is justified by the efficiency, simplicity of
calculations, and good susceptibility to a sharp change in the
amplitude of the signal:

shows oscillograms of noisy voiced sections of a speech
signal. The reliability of and error values obtained is
confirmed by an analysis of the power spectral density of
the IMFs, containing the pitch, derived from the
(2) decomposition of pure and noisy speech signals (Fig. 1,
right column).
where T(n) is the function of the Teager operator; IMFi,PF(n)
is the IMF, containing the pitch.
Having calculated the values of the Teager operator
function, the P period is determined by closely located
maxima (in one) in milliseconds, and then the PF is
determined in Hz:
(3)
(4)
where P0 is the pitch; f0 is the PF; Tmax(n), Tmax(n+2) are the
maxima of the Teager operator function; fd is the sampling
rate.
IV.

INVESTIGATION OF THE METHOD

To test the developed method, a group of subjects was
formed with the support of K.R. Evgrafov Regional
Psychiatric Hospital, and Medical Institute of Penza State
University (Penza, Russian Federation). The group
comprised 220 male and female subjects, aged 18 to 79
years with signs of psycho-emotional disorders. A control
group of 220 conditionally healthy subjects was formed
from the staff and lecturers of Penza State University. In
accordance with the method developed by the authors, a
database of speech signals was registered. To determine the
assessment effectiveness of a psycho-emotional state, errors
of the first and second kind were used. Noisy speech signals
(signal-to-noise ratio is 30 dB, 20 dB, 10 dB, and 0 dB)
were generated by imposing white noise with different
amplitudes to pure speech signal. Table 1 presents the
results of determination of a human psycho-emotional state
for pure and noisy speech signals.
TABLE I.

RESULTS OF DETERMINATION OF PSYCHO-EMOTIONAL
STATES

Predictable
result
Pathology
Norm

Determination result, pers.

Errors, %

Pathology
Norm
Pure speech signal

184
18

36
202

182
22

38
198

Based on the obtained results, we can conclude that the
developed method for determining frequency features of
speech signals provides a fairly good stability even at very
high values of noise intensity. Thus, the method can be
successfully tested under the conditions of a modern
human psycho-emotional state.

1st,
2nd,

16.36
8.19

1st,
2nd,

17.27
10.00

1st,
2nd,

19.10
14.09

[1]

1st,
2nd,

30.00
20.45

[2]

1st,
2nd,

45.00
26.36

Noisy signal, SNR = 30 dB

Pathology
Norm

Fig. 1. Oscillograms of noisy voiced sections of the speech signal (left
column); power spectral densities (right column) of noisy voiced speech
signal sections (blue color), and extracted IMFs containing the pitch (red
color).
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Noisy signal, SNR = 20 dB

Pathology
Norm

168
31

52
189

Noisy signal, SNR = 10 dB

Pathology
Norm
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Pathology
Norm

121
58
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DISCUSSION AND RESULTS
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Abstract A novel technology for speech signal
segmentation into voiced, unvoiced and pause sections has been
developed. It is based on the adaptive decomposition of shorttime fragments of speech signals with a subsequent analysis of
the parameters of empirical modes. A segmentation method
based on a novel technology with a brief mathematical
description is presented. The research has been conducted
using the formed base of speech signals, recorded from 220
male and female subjects with signs of psycho-emotional
disorders. In accordance with the obtained results, it was
concluded that the method based on the developed technology
determines the boundaries of informative sections more
accurately, and it can be successfully tested at the
preprocessing stages in the systems for detection and
assessment of human psycho-emotional disorder.
Keywords speech signal processing, empirical mode
decomposition, voiced and unvoiced speech, psycho-emotional
state assessment

I.

INTRODUCTION

To control a psycho-emotional state is very important in
those branches of human activity that are associated with an
increased risk of man-made and biogenic accidents [1]. This
is especially relevant for operators of control systems with a
high degree of responsibility: pilots, astronauts, airport
dispatchers, and dispatchers of hazardous production
facilities (e.g., nuclear power plants, thermal power plants,
chemical and nuclear industries).
Currently, research in the field of detection and
assessment of human psycho-emotional disorder by speech
is actively supported by grants of large companies and
international technological funds:
Industry Cooperation with BMW AG, project
- May 31, 2021.
EU H2020 Marie Sklodowska-Curie Innovative
Training Networks European Training Networks
(MSCA-ITNon Automatic Processing of Pathologi
(#766287), November 1, 2017 - October 31, 2021.
The greatest interest in this field belongs to new
approaches and technologies for speech signal processing,
but due to trade secret this information is not provided. That
is why, modernization of existing methods and development
of speech processing technologies remains in the focus of
researchers in solving problems of detecting and assessing
human psycho-emotional disorder.
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This article presents a novel technology for speech
signal segmentation into informative sections, based on the
empirical mode decomposition method (EMD) [2]. The
article is the development of the previously published works
of the authors [3, 4].
II.

MATERIALS AND METHODS

A. Speech Signal
A speech signal is a complex acoustic signal whose
characteristics change rapidly in time. Depending on the
degree of involvement of the vocal cords, human speech is
divided into voiced and unvoiced speech, and pauses [5]. In
accordance with the physiological aspect of the formation of
speech, a person makes an initial short pause from 200 to
500 ms before pronunciation, corresponding to silence.
The speech apparatus is extremely sensitive to disorders
of the nervous system. Duration, rate, acceleration and
entropy of the distribution of the time intervals of voiced,
unvoiced and pause sections characterize the operation of
the speech apparatus [6].
B. Segmentation into Informative Sections
Segmentation into informative sections is a process of
determining the exact boundaries of voiced, unvoiced and
pause sections in continuous speech. Correct determining
the boundaries of informative sections of speech not only
increases the efficiency of detection and assessment of
human psycho-emotional disorder, but also reduces the
number of computational operations.
At present, there are many different approaches to the
segmentation of speech signals. Among the most known
methods are the ones based on:
The analysis of short-time energy (STE) and zerocrossing rate (ZCR).
The analysis of statistical properties of the
background noise and the one-dimensional
Mahalanobis distance.
C. Empirical Mode Decomposition
The empirical mode decomposition (EMD) method was
developed by Norden Huang in 1998, and was intended to
decompose non-stationary signals arising in nonlinear
systems [2]. The EMD provides decomposition of a signal
into high frequency and low frequency components, called
intrinsic mode functions (IMFs). During decomposition, the

signal model is not set in advance, the IMFs are calculated
during the sifting procedure taking into account local
features (extremes and zeros of the signal), and the internal
structure of a particular signal. Thus, IMFs do not have a
rigorous analytical description:

where x(n) is an original signal; IMFi(n) is an IMF; rI(n) is a
residue, i = 1, 2,
I is the IMF number, n is discrete
timing.
An improved complete ensemble empirical mode
decomposition with adaptive noise (CEEMDAN) is the
most adaptive to complex non-stationary speech signals [7].
The emergence of the improved CEEMDAN made it
possible to solve a number of problems inherent in other
types of decomposition: mixing the IMFs that are
incommensurable in amplitude and frequency scales; the
presence of residual noise in IMFs; the presence of parasitic
IMFs in the early stages of decomposition.
A characteristic feature of the improved CEEMDAN is
the addition of controlled noise to the original signal to
create new extremes:

obtained by the improved CEEMDAN method
(Fig. 2c, 2e, 2g). A special feature of the novel segmentation
technology is that the correlation of the analyzed signal
fragment to voiced, unvoiced speech or pause is carried out
by examining the properties of each IMF fragment
separately. Given that each IMF has certain parameters, a
comparative analysis of the IMFs increases the efficiency of
determining the boundaries of voiced, unvoiced sections and
pauses during unstable operation of the speech apparatus.
The studied parameters of IMF speech signal fragments
are:
Logarithm of energy:
(6)
where LEs,i is IMF energy logarithm of the speech signal
fragment; s is the fragment number;
The ratio of the IMF short-term energy to the zerocrossing rate of the IMF signal:
(7)

(2)
(3)

(8)

(4) where ZCRs,i is the zero-crossing rate of the IMF signal; sgn
is the sign function (sgn(x) = 1, if x 0 and sgn(x) = -1, if
x < 0).
(5)
Applying the averaged values of IMF parameters LE and
Z for fragments of the initial pause (200 ms), one can
where j = 1, 2,
J is the amount of white noise
determine the threshold values of LEtresh. and Ztresh.. Fig. 2h
realizations; xj(n) are noise copies of a speech signal; wj(n)
and 2i (left column) present a graphical interpretation for
are white noise realizations.
determination of threshold values for the first six modes.
Dashed red lines indicate the values of the IMF parameters
III. BRIEF DESCRIPTION OF A NOVEL SEGMENTATION
of the initial pause, and the averaged threshold values of the
TECHNOLOGY
IMF parameters are marked with a thick red solid line.
Fig. 2h and 2i (right column) provide a graphical
Fig. 1 structurally presents a method for speech signal
interpretation for threshold processing. A thick solid green
segmentation based on the proposed technology. Blocks 1-3
line indicates the IMF parameters of the voiced speech
represent the first stage of the method in which the
fragment, and a thick blue line is for the unvoiced fragment.
following steps are carried out: the linear division of a
speech signal into short-term fragments of 30 ms duration;
Fig. 3 shows the result of speech signal segmentation
decomposition of fragments into IMFs; determination of
into information sections (pauses are in red colour; voiced
IMF parameters. In the framework of the second stage
and unvoiced speech are in green and blue colour,
(blocks 4, 5), direct segmentation is carried out: the
respectively).
formation of threshold values for the parameters of IMF
fragments corresponding to the initial pause; determination
IV. RESEARCH AND SEGMENTATION RESULTS
of voiced, unvoiced and pause sections.
To study the novel segmentation technology, a group of
subjects has been formed with the participation of K.R.
Evgrafov Regional Psychiatric Hospital (Penza, Russian
Federation). The group included 220 men and women with
signs of psycho-emotional disorders. A database of speech
signals, consisting of phonetically balanced words, phrases,
and sentences has been registered. The segmentation
Fig. 1. The structure of the segmentation method of speech signals into
efficiency was estimated by the detection rate (DR) [8],
informative sections.
being a dimensionless quantity equal to the ratio of correctly
defined fragments to the total number of fragments. Speech
Fig. 2 shows an example of the functioning of the
signal segmentation was used as a reference in a manual
segmentation method based on the proposed technology. In
mode of a specialized sound editor.
accordance with the novel approach, each short-term
fragment of a speech signal is represented by a set of IMFs

Fig. 3. Speech signal segmentation.

Table 1 presents the averaged results of speech signal
segmentation into voiced, unvoiced speech and pauses in
comparison with other methods.
TABLE I.

SEGMENTATION RESULTS

Segmentation methods
Method based on the analysis of
STE+ZCR
Method based on the analysis of
the Mahalanobis distance
Method based on the novel
technology

DR, %
Voiced
speech

Unvoiced
speech

Pauses

88.6

46.4

78.5

78.5

90.2

58.6

97.5

77.3

91.4

In accordance with the obtained DR values, it can be
concluded that the method based on the novel technology
provides the best results for the segmentation of speech
signals recorded with signs of psycho-emotional disorders.
These results are achieved through the study of each IMF
features of the analyzed fragment, which allows you to
accurately determine the boundaries of informative speech
sections during unstable operation of the speech apparatus.
Thus, the proposed novel segmentation technology can be
successfully tested at the preprocessing stages in the systems
for detecting and evaluating human psycho-emotional
disorder.
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Abstract Partially quantum coherent arrays of artificial
atoms (e.g., superconducting qubits) may be used as analogue
simulators of other quantum systems, when the behaviour of
the latter cannot be directly observed or modeled by classical
means. Here we show that a chain of superconducting qubits
can simulate the chaotic behaviour predicted in chains of
Rydberg atoms. We investigate the transition from periodic to
chaotic dynamics and show the increase of the number of
positive Lyapunov exponents as the number of atoms grows.
The possibility of an external control and suppression of
hyperchaos in the chain is demonstrated.
Keywords Rydberg
nonlinear dynamics.
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In this paper we discuss the possibility of simulating a
chain of Rydberg atoms with qubits. Rydberg atoms are a
topic of active research in quantum technologies and manybody physics because of their strong dipole-dipole
interactions allowing long-range entanglement, leading to a
rich physics, and also, as we shall see, they are a natural
choice for analogue quantum simulation.
II.

MODEL

The standard description of a set of interacting qubits is
based on the Ising Hamiltonian,

qubits,

INTRODUCTION

Current progress in fabrication and experimental
techniques allows creation of large, partially quantum
coherent arrays of "artificial atoms" (e.g., superconducting
qubits), which allow a degree of control over their quantum
state. When fully developed, such devices can find numerous
applications, ranging from quantum sensing and
communications to universal quantum computing [1,2]. A
straightforward application of such structures is the
simulation of other quantum systems, which are too big or
too complex for simulation by classical computers. The
digital quantum simulation is based on mimicking the action
of the evolution operator of the simulated system with a
sequence of elementary transformations realized by timely
changing the Hamiltonian of the simulator. While providing
scalability, versatility and controlled accuracy, this approach
imposes practically as strict requirements on the hardware as
a universal quantum computation. On the contrary, the
analogue quantum simulation is less demanding, because it
uses the natural evolution of the simulator and thus does not
require a precise control over its Hamiltonian. The downside
is the loss of universality and controlled precision. This
approach has already provided interesting results within the
current experimental capabilities [3].

(1)
with
(2)
Here the Pauli operators,
, describe the transitions
between qubit states, and are, respectively, the bias and
the tunneling matrix element in the j-th qubit, and
is the
qubit-qubit coupling. Expressing the Pauli matrices in terms
of projectors to ground and excited states of the qubits,
,
,
;
(3)
we can rewrite (2) as

(4)
The resulting form of the Hamiltonian (1),

values can coexist with the antiferromagnetic steady state
[12].

Up

to

the irrelevant total

energy shift,

, and parameter relabeling, this
Hamiltonian is just an inhomogeneous version of the
interaction-representation Hamiltonian of a system of
Rydberg atoms in a laser field [4,5].

(5)
Fig. 1. The model of circular chain of 10 Rydberg atoms.

where
is the detuning between the laser and
transition frequencies, and is the Rabi frequency (tuned by
the laser field amplitude). Therefore, one can directly model
the behavior of Rydberg atoms by using a set of qubits, thus
realizing an instance of analogue quantum simulation.
Further, introducing appropriate Lindblad operators
responsible for relaxation and pure dephasing, we obtain for
the matrix elements
(population
inversion of the j-th qubit) and
coherence) the following set of equations

(its

(6)
where
,
dimension.

is the inversion,
,
III.

Analysis of the chains with even larger N revealed that
hyperchaos is not only preserved in the system, but becomes
more complicated as more Lyapunov exponents become
positive. The result of our analysis in summarized in Fig. 2,
where the dependence of the number of positive Lyapunov
exponents M on the number of the atoms in the chain is
depicted. The graphs demonstrates almost linear growth
when inclusion of two-three additional atoms leads to
appearance of one more positive Lyapunov exponent. This
phenomenon takes place due to almost no correlation
between the oscillations in distant atoms, which creates the
condition, when an inclusion of a subsystem of coupled
atoms, able to demonstrate chaotic dynamics, simply adds
one more positive value in the spectrum of the Lyapunov
exponents.

is off-diagonal element,
, where d is the lattice

RESULTS

We study the dynamics of ring lattices consisting of
different number of Rydberg atoms as it is schematically
shown in Fig. 1. We investigate the dynamics of the system
using Lyapunov exponents calculation and bifurcation
diagrams plotting. Authors of [4] found that there are 3
possible
regimes
of
the
dynamics:
uniform,
antiferromagnetic and oscillatory and no chaos. But we
found chaos and hyperchaos in the system, and hyperchaos
characterized by different number of positive Lyapunov
exponents that depends of control parameters value and
number of atoms in the system [6]. We analyse the region of
calculation.
We started our consideration with studying the dynamics
of two coupled atoms. Previously, it has been shown [4] that
interplay between the energy pumping and dissipation can
eventually evoke self-sustained oscillations of the
populations in this system, and even lead to emergence of
bistability, when homogeneous and antiferromagnetic states
coexist at the same time. Our analysis revealed another
interesting phenomenon associated with onset of
deterministic chaos, which is realized via a cascade of
period-doubling bifurcation for periodic oscillations. We
found out that the discovered chaos is a robust phenomenon
existing in ranges of parameters, which for certain parameter

Fig. 2. The dependance of maximum number of positive Lyapunov
exponents for Rydberg atom chains from chain length.

For the chain of 5 atoms we also plotted a regime map. It
was found that there are a lot of different regimes such as
hyperchaos, chaos, quasiperiodic, periodic and stationary
dynamics for chain of 5 atoms are bigger that one for 2
atoms. Investigating the transition to chaos in the system we
calculated bifurcation diagram. As in system of 2 atoms there
is a transition from periodic regime to chaos occurs through a
direct cascade of period doubling bifurcations. But the first
one is arising from a periodic window of quasiperiodic
regime.
IV.

CONCLUTION

In conclusion we discovered that an interplay between
dissipation and energy pumping in the quantum coherent
systems can evoke very non-trivial emergent phenomena
associated with onset of complex stable chaotic and even

hyperchaotic oscillations. The complexity of the hyperchaos
increases with the size of the chain.
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Abstract We numerically simulate a network of coupled
Hodgkin-Huxley neurons for modulating a processing visual
perception by the brain. On a part of the network, we apply an
external current of constant amplitude modulating visual
information entering the brain. We analyze the influence of the
external stimulus amplitude on the dynamics of the system. We
discover coherent resonance phenomenon when for certain
area of external stimulus amplitude both signal-to-noise ratio
and characteristic correlation time are maximal.
Keywords Hodgkin-Huxley neuron, neural network,
biological neuron, visual stimulus, coherent resonance.

I.

INTRODUCTION

Investigations of neuronal models subjected to different
types of perturbations have received significant attention in
the last years [1-3]. It is widely acknowledged that signal
processing in neural systems takes place in a noisy
environment. Hence, it is of interest to understand the
statistical properties of stochastic neuronal systems.
Investigation of the influence of noise on spike generation in
the presence of some external forcing signals is particularly
important because noise plays a significant role in the
detection, transmission, and encoding of such signals [4].
The investigation of multilayer networks is of interest
because the networks of brain have a multilayer structure [58]. The studies help to understand how the brain works.
Coherence resonance is an important finding emerging in
many fields of science, including complex neuronal systems
[9-11]. The phenomenon of coherence resonance was first
discussed in a simple autonomous system in the vicinity of
the saddle-node bifurcation. The nonuniform noise-induced
limit cycle leads to a peak at a definite frequency in the
power spectrum. The signal-to-noise ratio (SNR) increases
first to a maximum and then decreases when the intensity of
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noise increases, showing the optimization of the coherent
limit cycle to the noise.
In this paper, we numerically simulate a two-layer
network of coupled Hodgkin-Huxley neurons for modulating
a processing visual perception by the human brain [12-14].
The first and the second layers of the network consist of 5
and 50 neurons and represent a visual area of the thalamus
and visual cortex respectively. As a model neuron, we chose
the Hodgkin-Huxley neuron. We simulate visual stimulus by
adding some external stimulus of constant amplitude to the
neurons in the first layer connected to the neurons in the
second one unidirectionally. We investigate the influence of
the external stimulus amplitude on the dynamics of second
layer neurons. We calculate power spectra of signal averaged
over all neurons in the second layer and then we calculate
signal-to-noise ratio and characteristic correlation time. As a
result, we discover coherent resonance phenomenon in the
system: there is an area of external stimulus amplitude when
both SNR and characteristic correlation time are maximal.
II.

MODEL

The system under study represents the networks of Nex=5
and N=50 Hodgkin-Huxley neurons (Fig. 1). Inside each
network, all elements are connected to each other, and there
is a probability p=0.3 of making a one-way connection
between a neuron from the first network to a neuron from the
second one. To all Nex neurons from the first network, we
inject the external current Iex of constant amplitude
simulating the visual stimulus.
The time evolution of the transmembrane potential of
each HH neuron is given by

(1)

where
is the capacity of cell membrane,
is an external bias current injected into a neuron, V is the
membrane potential of a neuron,
,
and
receptively
denote the maximal sodium, potassium and leakage
conductance when all ion channels are open.
,
and
are the reversal
potentials for sodium, potassium and leak channels
respectively. m, n and h represent the mean ratios of the open
gates of the specific ion channels. n4 and m3h are the mean
portions of the open potassium and sodium ion channels
within a membrane patch. The dynamics of gating variables
(x=m,n,h
x(V
x(V) are
given:

(2)
is independent zero mean Gaussian white noise
sources whose autocorrelation functions are given as below
(3)
(4)
(5)
where
and
represent the total number of sodium and
potassium channels within a membrane patch, and are
calculated as
,
where
and
are the sodium and
potassium channel densities, respectively. S is the membrane
patch area of each neuron.

Fig. 1. Network model. The external stimulus with amplitude A is applied
to Nex=5 neurons in the first network. Each neuron in this network is
connected to each neuron in the second network with a probability p = 0.3.
From the system we signal Vavr averaged aver all these neurons. Each
element has its own Gaussian noise.

is the total synaptic current received by i-th neuron.
We consider coupling via chemical synapses. The synaptic
current takes the form
(6)
where the alpha func
t) describes the temporal
evolution of the synaptic conductance, gc is the maximal

conductance of the synaptic channel,
presynaptic neuron j fires,
III.

is the time at which
.

RESULTS

We analyze the signal averaged over all N neurons from
the second network
. The example of
characteristic neuron dynamics one can on the Fig.1.
To investigate the dynamics of the system we analyze the
coherence of a signal. For that, we can calculate the signalto-noise ratio (SNR) derived from the energy spectrum using
the Fourier transform.
The maximum energy in the spectrum Emax appears at the
average frequency of spiking neurons fs. Therefore, this
spectral component reflects the contribution of regular
behavior, while the noise contributes mainly to the
background component EN at the same frequency fs. The
signal-to-noise ratio can be calculated from the power
spectra as
(dB) at the dominant
frequency fs.
Another way to measure of coherence of the system is the
calculation of characteristic correlation time defined as
,

(7)

where t0 is the transient time, T is the total time, C( ) is the
autocorrelation function given as
(8)
where
is the time average after transients. The larger the
correlation time, the better the coherence.
In this work, we calculate the dependencies of signal-tonoise ratio and characteristic correlation time from external
stimulus amplitude (Fig. 2). They both have the same
dynamics: at low external stimulus amplitude all neurons are
in "silent" regime and there is no spikes generation.
Increasing the stimulus amplitude leads to increasing the
signal-to-noise ratio and characteristic correlation time. After
Iex=10.0 A/sm2 they start to decrease, so the dependencies
have resonance at this amplitude value.

Fig. 2. The dependencies of signal-to-noise ratio and characteristic

IV.

CONCLUTION

We have numerically simulated the dynamics of the brain
under visual perception using 2-layer Hodgkin-Huxley
neuron network. We have calculated characteristic
correlation time and signal-to-noise ratio from power spectra
of signal averaging over all neurons in the second layer to

measure the coherence of the system. Analyzing the
influence of amplitudes of internal noise and external
stimulus on system dynamics we found that the coherence is
maximal on the certain value of stimulus intensity. It means
that the network processes visual information better for some
values of external stimulus amplitude.
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Abstract Nowadays, energy harvesting is an emerging
topic that electronic researchers are increasingly interested in.
It is based on collecting very small amounts of energy from the
environment using small scale transducers. The harvested
energy is used in order to feed low power circuits such as
wireless sensors. This paper presents a sensor power supply
system in which thermo-electrochemical cells are used to
convert heat into electrical energy.
Keywords energy harvesting, thermo-electrochemical cell,
wireless sensors
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I.

INTRODUCTION

Wireless Sensor Networks (WSNs) are widely used in
industry, automotive, construction, medicine, scientific
research, security systems. These networks perform a variety
of useful functions including factory automation,
measurement, and control; control of lighting, heating, and
cooling in residential and commercial buildings; structural
health monitoring of bridges, commercial buildings, aircraft,
and machinery [1]. WSNs have been considered as a
promising communication technology for the monitoring and
control of Smart Grid operation [2].

The use of batteries to power wireless sensors is in many
cases difficult. Due to the remoteness of the objects on which
the sensors are located, or the difficult conditions of their
operation, replacing batteries is a big problem. Therefore, the
actual task of supplying these sensors with energy, which can
be harvested and stored at the sensor installation site, has
arisen and needs to be addressed.
There are various sources for energy harvesting [3]:
solar, organic, vibration, thermal, near field electromagnetic
and far-field electromagnetic (or Radio-Frequency).
Researchers pay much attention to utilizing low-potential
heat energy using thermoelectric generators. Typical
applications are heat radiators or pipes with hot fluids. Also
heat from mechanical or electrical equipment is a potential
energy source, e.g. industrial drives. The conversion process
is based on the Seebeck effect. The output voltage is
proportional to the temperature difference.
As ultra-low power wireless sensors are increasingly
being proposed for many applications, there is a tremendous
need for micro-energy harvesting techniques to provide
power to the sensors. However, power management
technology for micro-energy harvesting offers big challenge
on energy storage and management because the delivered
voltage from extreme environment condition is much lower
than the threshold voltage of standard electronic devices, so
it is often unsuitable for standard power management chips.
II.

CHARACTERISTICS OF A THERMO-ELECTROCHEMICAL
CELLS

The thermoelectric effect, also known as the Seebeck
effect, is an observable property of various metals and
chemical solutions. It represents direct conversion of heat to

electrolyte and redox chemistry and various features of the
cell design.
Developed cells [5] have a Seebeck coefficient up to
1.4
consists of hot and cold plates made of stainless steel to
ensure the best thermal conductivity. These plates contact
with the electrodes, the distance between them is provided
by the dis
with the thickness of 0.34 mm. Titanium foils (Ti 99.9%)
with a deposited layer of oxidized multi-walled carbon
nanotubes were studied as an electrode material. The
thickness of the cover layer was 1-

Fig. 1. Schematic representation of TEC

I-V curves of TEC for different values of electrolyte
obtained. Fig. 2 shows the I-V curves of TEC with an
electrolyte concentration of 0.3 mol/l.

terminals is defined as:

U

Se

T,

(1)

where Se is the Seebeck coefficient.
There are two major types of thermoelectric cells: solidstate and liquid electrochemical. A solid-state thermoelectric
cell is a traditional thermoelectric conversion device where
an applied temperature difference between P and N type
materials results in electron flow and electricity generation.
The typical Bismuth Telluride solid-state thermoelectrics
In an effort to maximize the output voltage and power,
and to overcome the material constraints, cost
ineffectiveness, and lack of reliability of current
thermoelectric cells, new attempts have been made to
produce improved alternatives that focus on higher Seebeck
coefficients. These new alternatives are liquid thermoelectrochemicals cells (TECs) [4].
TECs take advantage of the temperature dependence of
electrochemical redox potentials to transfer electrons and
produce electric power. Until relatively recently, the
commercial viability of TECs was limited by their low
power output and conversion efficiency. However, there
have lately been significant advances in TEC performance
as a result of improvements to the electrode materials,

Fig. 2. I-V curves at the electrolyte concentration of 0.3 mol/l

Analysis of the I-V curves showed that they are shifted
almost in parallel when the temperature difference T on
the electrodes is changed. The open-circuit voltage UOC
and, accordingly, the slope of the curves depend on the
electrolyte concentration. This allows us to represent the
cell as an equivalent two-terminal circuit, in which the
EMF of ETEC is equal to the open-circuit voltage UOC, and
the internal resistance is determined by the formula
RSOURCE = UOC / I SC ,
where ISC is short-circuit current.

(2)

III.

DESIGN OF THE WIRELESS SENSORS POWER SUPPLY
SYSTEM

The delivered voltage from thermoelectric energy
harvesting is very low under small temperature difference,
and can vary greatly as the ambient temperature.
In [6], a DC converter is presented that can boost very
low voltages to the typical supply voltages of current
integrated circuits. The converter is based on a hybrid
inductive and capacitive architecture and it is suitable for
power harvesting applications too. The prototype can supply
1.2 V by converting an input voltage of 200 mV delivered by
a thermopile exposed to a 5 K thermal gradient.
Special DC boost converters with ultra-low initial voltage
are presented in [7-9] and in a number of other articles.
Fig. 3 shows diagram of the wireless sensors power
supply system. The input voltage is provided by a TEC. The
step-up DC-DC converter is needed to convert the ultra-low
voltage of TEC into a usable voltage level for sensors and
embedded systems (microprocessor, RF link). It should be
able to start up and operate efficiently at voltages from
20 mV.
Step-up converter is based on the chip LTC3108 [10].
The converter has two stages. The first stage is used to start
up the converter from low input voltages. The second stage
provides the charge of the supercapacitor and generates
voltages that are necessary for the operation of sensors, a
microprocessor and a radio transmitter.
The LTC3108 utilizes a MOSFET switch to form a
resonant step-up oscillator using an external small step-up
transformer T and a coupling capacitor C2. The step-up
transformer turns ratio determines how low the input voltage
can be for the converter to start. Using a 1:100 ratio can yield
start-up voltages as low as 20 mV.
Other factors that affect performance are the DC
resistance of the transformer windings and the inductance of
the windings. Higher DC resistance will result in lower
efficiency.

The secondary winding inductance L2 determines the
resonant frequency of the oscillator, according to the
following formula

f

1
2

L2 C

(3)

where C is the load capacitance on the secondary winding.
This is comprised of the input capacitance C2 at pin 14 in
capacitance.
AC voltage produced on the secondary winding of the
transformer is boosted and rectified using an external charge
and rectifiers internal to the LTC3108. The rectifier circuit
feeds current into pin 2, providing charge to the external
AUX and the other capacitors.
OUT value is dictated by the load current,
duration of the load pulse, and the voltage droop the circuit
can tolerate. The capacitor CSTORE may be a very large value
(thousands of microfarads or even Farads) to provide holdup
at times when input power may be lost.

In the experimental sample of the power supply system, a
small step-up transformer LPR6235-752SMR was applied
[11]. Capacitors in fig. 3 had the following parameters:
Cin = 220
= 1 nF, C2 = 330 pF, CLDO = 2.2
CAUX = 1
OUT =
supercapacitors ESHSR-0005C0-002R7 are used as an
energy storage unit CSTORE.
The power supply system of wireless sensors at several
voltage values Uin was studied. Fig. 4 shows oscillograms of
voltages on the secondary winding of the transformer and on
the input of the rectifier in the LTC3108 chip (pin13). The
voltage diagrams were experimentally taken with digital
memory oscilloscope Fluke 196C with two galvanic isolated
channels.

Fig. 3. Block diagram of the developed wireless sensors power supply system

During the experiment, it was found that the boost
converter starts at an input voltage of 22 mV. However, the
operation of the generator at this voltage is unstable.

Frequency deviation and amplitude voltage modulation are
observed on the secondary winding of the transformer.

task. Promising devices for harvesting waste heat for the
sustainable energy production are thermoelectrochemical
cells used the working fluid with the ferri/ferrocyanide salts.
A prototype of the power supply system of wireless sensors
using an LTC3108 chip and a supercapacitor was developed
and experimentally investigated.
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Abstract
The paper presents the results of applied
research on the design and application of an integrated
platform for solving applied problems of developing, studying

and optimizing high-power electron-plasma devices from the
centimeter to THz range based on the results of previous
fundamental and exploratory research.
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I.

INTRODUCTION

The development and optimization of efficient highpower generators and amplifiers are one of the most
important and rapidly developing areas of modern applied
physics. The promise and relevance of advancing microwave
devices and devices to a higher frequency region, as well as
creating new generators of terahertz (THz) radiation, is due
to the fact that currently the THz range (especially the
interval 0.2-3 THz) is one of the least mastered in radio
physics and electronics [1]. Being outside the modes of
operation of traditional microwave (microwave) and optical
devices, it belongs to the so-called "technological gap". And
although currently there are devices capable of generating
terahertz radiation, for example, gyrotrons , free-electron
lasers (FEL), quantum-cascade lasers, Gunn diodes, etc. [25] due to difficulties in operation, low efficiency and / or
lack of reliability, their use is often limited to scientific
research, and thus this range is still not readily available for
wide use in high-tech industries.
Another important task is the development of power
generators and amplifiers of the microwave and sub-THz
ranges, without which modern radiophysics, microwave
electronics, and plasma physics are inconceivable [6-9]. The
need for such devices is due to a number of applied problems
and fundamental applications: problems of plasma and solid
physics, nanotechnology and spectroscopy, tasks related to
information transfer and radiolocation, synthesis of new
materials, development of non-destructive testing and
security systems, turbulent state of liquids, tasks of
biophysics and medicine, etc.
Thus, the obvious need for the development, research,
and optimization of powerful devices that can generate and
amplify electromagnetic radiation in a wide range.
The solution of the above-described complex scientific
and technical problems is almost impossible without the use
of modern methods and means of numerical modeling and
computational technologies. In particular, this is due to the
high cost and high complexity of carrying out field studies
and experiments with similar electronics systems, as well as
with a low speed of performing such work. This is especially
true when new equipment is being optimized or new devices
and units are being developed, which is undoubtedly
associated with a large volume of measurements when
various parameters of such systems are changed. In a fullscale experiment, it is usually not possible to ensure that
even the minimum required an array of parameters of the
device under investigation is enumerated. Another drawback
of experimental studies of electronics systems is often the
inability to measure the characteristics of interest due to the
limited capabilities of the experimental tools.
An effective method for studying systems of sub-THz
and THz electronics, devoid of the above disadvantages, is
numerical simulation using modern computing technologies.
The most advanced and popular at the moment here are
three-dimensional fully electromagnetic codes in which
Maxwell's equations are numerically solved to find selfconsistent electromagnetic fields in the system, and the large
particles method (PIC method) is used to simulate the
dynamics of charged particles [10]. This approach well

complements and to some extent replaces experimental
research, especially during the development stages of
prototypes of new devices, as well as the optimization of
existing ones.
Currently, a number of commercial three-dimensional
electromagnetic PIC codes are widely known for the
numerical study of electronics and radiophysics systems:
Magic (USA), CST Particle Studio (Germany / France),
VSim (USA), Neptune (USA), WARP (USA), KARAT
(Russia) and others. At the same time, all the listed software
products have a number of consumer and technical
shortcomings, namely: extremely high cost; the difficulty of
using most of them; the high degree of universality of these
software products and their proximity to the real experiment
(especially CST Particle Studio) to the detriment of the
possibility of simplifying the models and taking into account
the principal features of the sub-THz and THz electronics
systems. The latter is most clearly expressed in that, in fact,
impossible to disable functions that are not needed at the
moment, approximations and modeling capabilities, as well
as connect the necessary new ones, remove the required nonstandard for this software product characteristics and etc. A
critical problem here is also the inability to eliminate, on its
own, various numerical nonphysical effects inherent in such
PIC codes.
II.

RESULTS

In the developed code, the basic mathematical model is
the system of equations often used in electronics and plasma
physics, consisting of the Vlasov kinetic equation for the
electron distribution function and the Maxwell equations for
finding self-consistent electromagnetic fields:

,

here
and
re the charge and current densities of the electron
beam,
and
are the electric and magnetic fields,
respectively, c is the speed of light, e is the electron
charge, , , and
are the radius-vector, velocity and
momentum of electrons, respectively, t is time.
The Vlasov equation is valid when the condition of the
collisionlessness of charged particles is satisfied when the
collision integral in the kinetic equation tends to zero. This
requirement is fulfilled for the electron flow in the range of
spatial and temporal scales of the processes occurring in it
that are of interest within the framework of this research.
Indeed, the plasma frequency of an intense electron beam,
which is the main time scale during the development of
various instabilities in it, is significantly greater than the
frequency of pair collisions of particles in the beam, and the
mean free path of electrons is greater than the characteristic
spatial scale of the systems under consideration. with the

collective interaction of the electromagnetic field and
particles.

size) in terms of computational grid. In this case, each
f a volume charge with a certain
density distribution. With the approach of remote clouds, the
interaction force between them first increases, and then, with
the beginning of the interpenetration of clouds, weakens.
With a full match, the clouds do not interact. This means a
decrease in short-range interactions, i.e. collisional effects.
The role of the Debye number in this case is played by the
number of cloud overlaps nm = n0d3p, where n0 is the
particles. Thus, the longer the cloud length dp, the easier it is
to satisfy the condition nm 1 with the same number of
particles N.
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Abstract We present a study of a model with bifurcation
associated with blue sky catastrophe. Circuit simulation is
implemented in the software package MultiSim.
Keywords
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I.

II.

A. Mathematicla model
In our paper we consider a model with hyperbolic chaos.
The model can be written as follows:

INTRODUCTION

Bursting dynamics is typical behavior for neurons [1-2].
One of the scenarios of transition from spiking to bursting
dynamics in neurons is associated with blue sky catastrophe
[3-4]. Originally, the bifurcation of the blue sky catastrophe
was described in [5]. In the simplest case it can be explained
as follows. The phase trajectory departs from a vicinity of a
semi-stable limit cycle existing at the threshold of the saddlenode bifurcation, goes near a large-size loop along an
unstable manifold, and turns back to the limit cycle from the
other side. At varying a control parameter in one direction,
the semi-stable cycle transforms into a pair of cycles, a stable
and an unstable one. If we vary the control parameter in
opposite direction, two cycles collide forming the semistable cycle, then disappear, while the large-size limit cycle
emerges in the domain containing the helical coils [6-7].
The catastrophe of the blue sky turned out to be a typical
phenomenon in fast-slow systems. In the fast-slow HodgkinHuxley model of computational neuroscience, the blue
catastrophe describes a continuous and reversible transition
between bursting and tonic spiking dynamics [3-4].
In papers [8-10], a set of mathematical models was
proposed in which hyperbolic chaos, or quasiperiodic
oscillations are possible as a result of a bifurcation associated
with a blue sky catastrophe. In the present paper we
implement circuit simulation of such system with hyperbolic
chaos in the software package Multisim. First, we describe
mathematical model which can demonstrate hyperbolic
chaos occurring via blue sky catastrophe and give some
typical illustrations. Then, we present results of circuit
simulations.

NUMERICAL SIMULATION OF MODEL WITH BLUE SKY
CATASTROPHE
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where x1, x2 and y1, y2 are dynamical variables representing
the real and imaginary parts of complex variables a1 and a2.
The papers [8-10] presented the corresponding interpretation
of the model.
0 is basic
frequency of the selfresponsible for the transition through the blue sky
bifurcation.
B. Numerical Simulations
Let us turn to numerical simulation of model (1). In [10]
the structure of the parameters plane and typical dynamical
behavior were described. It was shown, that in the parameter
C

0

=3.125. Firstly we chose parameters before bifurcation of
0=2
the corresponding two-dimensional projection of phase
portraits on the plane of real and imaginary parts of the
amplitude of the first oscillator.
As one can see phase portrait has form of a limit cycle.
This limit cycle is cycle of period-two. Periods each of them

are close to each other, but zoomed fragment shows structure
of the phase portrait.
0

is depicted. After bifurcation amplitude of oscillations
increased in 50 times. For model (1) it is character formation
of hyperbolic chaos via blue sky catastrophe. Attractor in
Fig. 1b is hyperbolic chaotic attractor. In [10] verification of
hyperbolicity was carried out.

MultiSim are shown. When voltage on the source V = 6V, a
cycle of period 2 is observed in the dynamics of the system
(see Fig. 2a). It corresponds situation before blue sky
catastrophe. With an increase in the parameter at V = 7.4V, a
blue sky catastrophe is observed in the system, while the
system moves for a long time in the vicinity of cycle 2, then
runs away from it and returns to it, and so on to infinity.

Fig. 2.
co-existing limit cycle of period-7 and two-frequency quasiperiodic regime.
a 0=2.7761; b 0=2.8083.

The form of attractors in circuit model and in numerical
simulations are similar. Thus, our circuit model are in a good
agreemnt with mathemetaical model and can be used for
study properties of blue sky catastrophe in experiments.
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Fig. 1. Phase portraits of model (1) before and after the blue sky
catastrophe in phase space of real and imaginary parts of complex
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CIRCUIT SIMULATION

Then let us turn to development and study circuit, model
of this generator. With this aim we can write equations (1) in
integral form:
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and use typical circuits on operational amplifiers to
implement the full scheme the corresponding system of
equations. Electron scheme also contains analog amplifiers,
analog adder, integrating amplifier. The full electron scheme
is complex, and very big and will be presented on the
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in the circuit is played by the source, the voltage of which is
regulated with potentiometer R.
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Abstract This article is devoted to the numerical solution
of Poisson equation. The main method of the work based on
the assumption of the monotony of unknown function. A an
algorithm for numerical solution of the Dirichlet problem for
the Poisson equation for a complex domain is shown, the idea
of the method is that, the values in the internal grid nodes are
searched as arithmetic averages over three neighboring nodes,
taking into account the known function. It is shown that the
proposed method can be implemented in parallel computing.
As a result, a comparison is made with the finite element
method.
Keywords Poisson equation; approximation; net; parallel
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The need to solve the Poisson equation arises in many
areas of science and technology: electrodynamics,
microwave, and solid-state mechanics [1, 2].
Typically known methods for solving Poisson's equation
are reduced to solving systems of linear algebraic equations
[3], in the best case, tridiagonal, requiring at the same timeconsuming system resources and computer time in the
calculations, especially when a large number of grid points.
In [4], authors has presented a method for solving the
Laplace equation that does not require a transition to
systems of algebraic equations. In this paper, this method
has developed to solve the Poisson equation.
Consider the Poisson equation in the two-dimensional
case:
2
2
2
2
=f(x,y)
(1)
Where U(x, y)
unknown function, f(x, y)
known
function. The proposed numerical algorithm based on the
assumption that the unknown function U(x, y) is
monotonous. Hence, with a sufficiently small grid cell size
covering a given area, the values of U (x, y) in nearby nodes
will differ slightly.
Upgrade proposed in [4] a method for solving the equation
(1) with respect to the domain in Fig. 1. Let the U values on
the boundary correspond to the values of
U(xi,yi ) = Ui,j, f(xi,yi)=fi,j ,

(xi,yi ) =

i,j

Fig. 1. Example domain

Consider cell number 1. We calculate U24 and define it as
the average value of the known values at the boundary nodes
U15, U25, U14:
U24 = (U15 + U25+ U14)/3

(3)

Next, we will clarify the value of the function U*24, as
the average value, taking into account f24:
U*24 = (U24 + f24)/2

(4)

As a result, we obtain:
U*24= (U15 + U25 + U14 +3 f24)/6

(5)

Next, moving from left to right, go to cell number 2 and
knowing the values U25, U35, U*24 we find U*34:

(2)

The essence of the algorithm can be described by the
example of the grid shown in Fig. 1, where the centers of the
cells are their numbers, as well as the coordinates of the
corresponding nodes.

U*34 = (U25 +U35 + U*24+3f34)/6
Repeat this algorithm until cell number 5.

(6)

TABLE I.

COMPARASION BETWEEN METHODS
Time of solution in sec

Fig. 2. Surface and cross-section of the analytical and numerical solutions
in the X-Z plane, with y = 0, the solid line shows the analytical solution,
numerical asterisks

Note, that the algorithm described above allows for

from top to bottom from cell number 1 to cell number 16
and "bottom-up." from cell number 16 to cell number 1 in
several threads. At the same time, the values of the function at
the nodes can calculated as an average value, in two directions.
It makes sense to compare the proposed algorithm with
the well-known analytical solution and the results of
numerical calculations using finite element method (FEM),
applied to a rectangular area in Fig. 1, with fi, j = f0 = const.
The analytical solution of the Dirichlet problem for the
Poisson equation has the form [5].

Domain dimension

Proposed
method

FEM

1000000*1000000

0.376

0.56

Next, we compare the results of the calculations
proposed in the work of the algorithm and finite element
method (FEM). Consider an area with the dimension of
1000000 * 1000000 cells and zero values of unknown
function on the border. In this case, the nonzero values of fi, j
bounded by a triangular region were specified using a
pseudo-random number generator in the range of 1 - 100.
Fig. 3.
Below in Fig. 4, the solution surface of the sought-for
function U(x, y) is shown, and the sections of numerical
solutions obtained by the method considered in the paper
and FEM with y = 0.
The table 1 has shown compares the speed of the
proposed numerical solution of equation (1) for the domain
in Fig. 3 compared with FEM.
It should also be noted that the proposed algorithm has
an extremely simple implementation (see formula (5)),
which makes the most efficient use of RAM and the
processor's cache memory, which is extremely critical for
parallel implementation of numerical algorithms, and as a
result determines the gain of the proposed algorithm.

(7)
Where a and b are size of the domain.
Numerical calculations and an analytical solution were
carried out for a grid of 1000000 * 1000000 cells with a = b
= 6. When we use an analytical solution, it was possible to
limit to n = 10 and calculations showed that taking into
account the higher terms of the series is comparable to the
computational error. Fig. 2 shows the surface of the soughtfor function U(x, y), and the section of the analytical and
numerical solutions for y = 0. As can be seen, the solutions
in Fig. 2 almost coincide.
Fig. 4. Surface and cross-section of numerical solutions by proposed
method and FEM in the X-Z plane, with y = 0, the solid line shows the
solution by proposed numerical solution, FEM asterisks
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Abstract
This article discusses the determination of
distances to objects in three coordinates. To determine the
distance of objects, a depth map is constructed using the SAD
algorithm; to determine the offset, a color mark is determined
and its movement in the frame is calculated by calculating the
coordinates of the center of gravity of the color mark on two
frames.
Keywords color shading, RGB model, HSV model, depth
map, fuzzy logic.

I.

INTRODUCTION

Technical vision systems are used to recognize symbols
and colors, as well as to perform various measurements.
They are applied to ensure road safety and to monitor and
control complex dynamic systems. Nowadays, in the process
of image processing, the following algorithms are used:
selection of the boundaries of objects, recognition of color
shades, image filtering, determining the distance to objects
[1-3]. Increasing the speed of processing one pixel per unit of
time is one of the tasks that needs to be solved when creating
technical vision systems. In some real time systems, the
frame is processed for a long time (more than 100 ms), then
the control signal arrives at the actuator with a delay. Various
intelligent algorithms are used to solve this problem, for
example, neural networks, genetic algorithms, multi-agent
and probabilistic systems, fuzzy logic. When using neural
networks or genetic algorithms, it is necessary to have basic
knowledge of the control object. Therefore, in the case of
using uncertain information, it is rational to use the apparatus
of fuzzy logic. [4-6].
II.

DETERMINATION OF DISTANCE TO OBJECTS USING 3D
DEPTH MAP

Two methods are combined to build 3D depth maps.
First, a depth map must be constructed using a modified
SAD algorithm. Second, an algorithm for color recognition
must be created to determine movements along the
longitudinal axis relative to the location of stereo cameras.
Using the modified SAD algorithm and depth map the
distance from the stereo cameras to distant objects is
determined. Thus, coordinates in area YZ are determined.
Then, using one of the stereo cameras, a fuzzy color
recognition model defines the color labels on the stereo
images. After that, to determine the movement of the
actuators along the XY axis, a proportional relationship
between the center of gravity of the color mark and the sizes
of the stereo image is calculated.

Milostnaya N.A.
Department of computer engineering
Southwest State University
Kursk, Russian federation
Orcid:0000-0002-3779-9165

Thus, the combination of these two methods of
processing stereo images allows calculating distances to
objects in a three-dimensional area. Taking into account
changes in brightness and contraction in real time on stereo
images, the authors propose to use a fuzzy logic apparatus.
To construct a depth map using stereo images, it is
required for each pixel with coordinates (x; y) of the left
stereo image to calculate the difference of intensity levels in
the window (for example, 3x3 pixels size) of the left and
right stereo images. After that, on the right stereo image, the
window is shifted by one pixel and the difference between
the intensity levels of the left and right stereo images is recalculated. The shift of the pixels in the right image and the
calculation of the level difference continue until the value is
max:
m bn b

m bn b

SAD(x, y, d)

m bn b

R
m

bn

b

G
m

bn

b

B I l x m, y n
m

bn

I r x m d, y n ,

b

where Il, Ir are color intensity on left and right stereo images;
x, y
coordinates on stereo images; b
window size
calculated by the formula 2b+1, when b=1 window size is
three-channel color model
components (if YUV-model is used, then transformation is
carried out by the formula Y=0,299R+0,587G+0,114B).
After calculating the absolute difference of intensity
levels for an array of values from 0 to the threshold value
dmax, in the modified SAD algorithm finds the minimum
value of D(x, y)SAD:
D(x, y)SAD

arg min SAD x, y, d .

(1)

d 0...d max

The value of D (x, y) SAD is the offset value that forms
the depth map for a pixel with YZ coordinates.
One of the main problems in the SAD model is the search
and the ratio of identical points on the left and right stereo
images. Due to the presence on the images of the same areas
of a large area, white artifacts appear. The input variables of
the fuzzy method for constructing a depth map using stereo
images are three intensity levels calculated by the formula
SAD(x,y,d): at the starting point with coordinates (x, y)
SAD(x, y, d); at a point offset from the starting point by 3
pixels to the left SAD(x 3, y, d); at a point offset from the
starting point by 3 pixels to the right SAD(x+3, y, d). The
output value is the disparity value D( , y)SAD. In addition, for

each pixel of the depth map, a fuzzy output is calculated for
an array of values in the range from 0 to dmax. The variable
disparity D(x, y) is assigned the minimum value from this
range of values. By completing the depth map using the SAD
algorithm, you can determine the distance from research
object to the stereo cameras. To determine the amount of
movement of actuators along the x-axis, the following
procedure is performed. A color mark is set on the actuator
(see Fig. 1 - pink rectangle). Then the first image is taken.
After that using the recognition algorithm coordinates of the
center point of the color mark are determined using the
center of gravity method. After this, the movement of the
actuator begins. In the process of moving the camera
constantly takes pictures and calculates the distance from the
starting point to the current point where the actuator is
located in real time.

length

X w real
,
w

(2)

where wreal is real frame width in centimeters.
As soon as these steps are performed, we recognize the
color mark and then determine the distances of the actuators
moving from the beginning point to the current point in real
time mode.
III.

EXPERIMENT

The method for recognizing color marks and determining
distances between objects proposed by the authors was
investigated during the operation of a mechatronic complex
for sorting parts (see Fig. 1) and moving a mobile robot in a
labyrinth (see Fig. 2).

To recognize the color mark, the conversion from the
RGB color model to the HSV color model is used as follows:
MAX max( R, G, B);
MIN min( R, G, B);

H
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Fig. 1. Mechatronic complex for sorting parts

MAX MIN
;
1 1 ( MAX MIN )

where R, G, B are values ranging from 0 to 256; MAX is the
maximum value of the three components of the RGB; MIN is
the minimum value of the three components of the RGB; H
is hue value ranging from 0 to 360; S is saturation value
ranging from 0 to 256; 256 is normalization factor.
After that, the binarization and filtration of the color
mark are performed. And then the coordinates of the center
of gravity of the color mark are calculated as follows:
w

li
if I F

1 then X

i 1

count
h

if IF 1 then Y

,

lj

j 1

count

,

where If is brightness value after filtering; X, Y are the
coordinates of the center of gravity of the color mark on the
x-axis and y-axis; l is the distance from the begin of the
frame to the binarized point along the x-axis; count is total
number of binarized points; w is frame width in pixels; h is
frame height in pixels.
After that distances between the coordinates of the
centers of gravity of the beginning color mark and the
monitored at the current time is determined by the following
formula:

Fig. 2. Mobile robot to move into the labyrinth

To calculate the offset value of the actuators of the
mechatronic complex for sorting the parts (see. Fig. 1), the
algorithm to recognize color marks and formula (2) were
used. To calculate the distance from the mobile robot (see
Fig. 2) to the object (see Fig. 3), the method of constructing a
depth map and formula (1) were used. The results of
determining the offset distance of the actuators of the
mechatronic complex for sorting parts and the accuracy of
their calculations are presented in Table 1. The results of
determining the distance from the camera of the mobile robot
to the objects and the accuracy of their calculations are
presented in Table 2.
TABLE I. RESULT DEFINITION OF DISTANCE USING THE RECOGNITION OF
COLOR MARKS

Real size,
sm
Calculated size,
sm
Accuracy,
%

10

20

30

35

10.03

20.07

30.08

35.15

99.47

99.68

99.88

99.76

was found that the average accuracy of calculations is equal
to 99.7%.
As a result of the research conducted by the method of
constructing depth maps and determining the distances from
the camera of a mobile robot to obstacles, it was found that
the average accuracy of calculations is equal to 99.7%.
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Abstract We proposed a method of experimental
observation of the Arnold tongues in the study of the
synchronization of the contours of autonomic regulation of the
heart rate with a characteristic frequency of about 0.1 Hz and
respiration. The formulation of a special active experiment
made it possible to determine the boundaries of
synchronization tongues in 3 subjects. The method allows noninvasive research. The basic idea is to influence the contours of
heart rate regulation with a respiratory signal, which has
respiratory frequency varying linearly about 0.1 Hz according
to the sound signal generated by a special device. The
amplitude of the breath is changed by the subjects at the
command of the researcher. The study is important for
understanding the features of complex multichannel systems of
biological nature and their mathematical modeling.
Keywords phase
locking,
frequency
locking,
synchronization, active experiment, Arnold, sympathetic
regulation of heart rate, 0.1 Hz, cardiointervalogram, respiration

I.

INTRODUCTION

Systems of biological nature are prime example of
complex dynamic systems. Biological nature of systems
characterized by complex multi-component structure with a
large number of structural elements connected in a complex
way and strong instability (variability of parameters over
time). Signals of systems biological nature have complex
shape, wide range, they are noisy and non-stationary. One
way to study such systems is to set up a special active
experiment with an impact on the system under investigation
by a known external signal that causes changes in the
dynamics of the system. In turn, the use of radiophysical
methods to study biological systems in such experiments,
allows to obtain additional information on the investigated
objects.
A typical example is the study of interactions between
respiration and contour of the sympathetic regulation of heart
rate (HR), which have frequencies of about 0.1 Hz in the
spectrum from cardiointervalogram signals [1].
It is known that the contour is under the influence of the
respiration, demonstrating synchronization [2,3].
By
synchronization we mean the phase locking and frequency
locking of interacting objects in a certain range of detuning
and coupling coefficients [4]. The use of radiophysical
methods for studying the contour of the regulation of heart
rate in well-known papers [5, 6] made it possible to refine
the mathematical models of the cardiovascular system,
resulting in a number of important results for fundamental
physiology and the development of medical diagnostic
methods in cardiology.
The purpose of this study was to develop a methodology
for assessing the boundaries of the Arnold tongues due to
analyzing the contour of autonomous regulation of heart rate
and respiration during an experimental study.
II.

EXPERIMENT

The study involved 3 subjects, who simultaneously
recorded signals of electrocardiogram (ECG) and respiration.
Three series of active breathing experiments were conducted
for each subject. In the first and second series of
experiments, the respiratory frequency of the subjects
linearly increased from 0.05 to 0.25 Hz during 25 minutes,
following the sound signals generated by the special device,
similarly to [7]. In the first series of experiments, the subject

was asked to maintain a comfortable respiratory depth. In the
second series of experiments, the subject performed forced
deeper breaths. In the third series of experiments to assess
the characteristic frequency of the studied contour of the
regulation of heart rate, the signals were recorded at the
natural respiration rate of the subjects. The recording time
was 20 minutes.
III.

METHODS

RR interval sequence was preliminarily extracted from
the ECG and interpolated by cubic splines and re-sampling at
regular intervals of time with a frequency of 5 Hz.
Oscillations reflecting the activity of the regulation contour
of the heart rate were extracted from signals of equidistant
RR interval sequence using band-pass filtering in the band of
0.05-0.25 Hz and were re-selected to the sampling frequency
of 5 Hz. The instantaneous phases of signal are extracted by
the Hilbert transform. [8]. The instantaneous frequencies
were determined based on the calculation of the continuous
wavelet transform [9]. Figure 1 shows the Morlet wavelet
spectrum of the experimental RR interval sequence and
signals of respiration for the three experimental series.
Then we studied the frequency locking and phases
locking of spectral components with a characteristic
frequency of about 0.1 Hz, observed in the RR intervals and
signal of respiration.
The frequency locking of low-frequency oscillations due
to respiration signal with a frequency fr was diagnosed by
evaluating the corresponding f(fr) dependence, similar to
[10]. When the fundamental frequency f of the RR interval
sequence oscillations coincided with the instantaneous
frequency of oscillations of the affecting respiration signal fr,
frequency synchronization boundaries were detected with a
spectral resolution accuracy and quantitative conclusions
were made about the duration of the synchronization
intervals.
The instantaneous phases synchronization was diagnosed
by calculating the coefficient of phase coherence in sliding
windows [11]. The calculation of
was carried out in
windows with a duration of 100 seconds, the offset step was
10 seconds. Statistical significance was monitored by
comparing
values with a full 95% significance level,
constructed by generating pairs of surrogate AAFT
(Amplitude Adjusted Fourier Transform) signals [12]. When
exceeded the full level of significance (p=0.05), phase
synchronization boundaries were detected and quantitative
conclusions were drawn about the duration of the phase
synchronization intervals.
IV.

RESULTS

It turned out that in the first and second series of
experiments it was possible to identify long-term sections of
the synchronization for all subjects (Fig. 2). Moreover, in a
typical case, the methods of analysis give close results of
determining the boundaries of the synchronization interval of
the order of 1:1. The coefficient increases sharply within
the interval of synchronous behavior, remaining close to 1
and significant (Fig. 2(a)). The fundamental frequency of RR
interval sequence dependence of the frequency of breathing
in the spectrum (Fig. 2 (b)) demonstrates the classic picture
of the frequency synchronization of a non-autonomous
oscillator due to an external variable frequency signal,
typical, for example, to radiophysical oscillators [4].

Fig. 1. Morlet wavelet spectrum of the experimental RR interval sequence
(left) and respiration (r) (on right) signals of subject #1. (a, b) breathing
with the normal frequency. (c, d, e, f) the frequency varies linearly from
0.05 to 0.25 Hz during the experiment. (c, d) comfort depth of breath. (e, f)
forced depth of breath.

This behavior corresponds to the dynamics within the
Arnold tongues between its boundaries. [4].
Figure 3 presents the results of the analysis of the phase
synchronization of 0.1 Hz of RR interval sequence
oscillations with a comfortable and forced depth of breathing
for 3 subjects. Arnold tongues are marked for different
subjects. It can noticed that on Figure 3 the synchronization
boundaries in both experiments are asymmetrically shifted
relative to the typical frequency of the studied regulation
contour
0.1 Hz and during forced breathing, the
synchronization interval is shifted to the left. This can serve
as an argument in favor of the hypothesis that the interaction
of the studied contours and respiration is fundamentally
nonlinear.
In the course of quantitative analysis, a comparison was
made of the durations of the phase synchronization intervals
of the order of 1:1 in first and second series of experiments.

Fig. 3. Arnold tongues based on the analysis of phase synchronization of
0.1-Hz oscillations of RR interval sequence with a breathing signal at a
comfortable and forced depth of breathing for 3 subjects. On the y axis is
inspiratory amplitude standard deviation, on the x axis
frequency of
respiration. White dots mark the beginning and end of synchronization with
a comfortable depth of breathing, black dots mark the beginning and end of
synchronization with a forced depth of breathing. Triangles mark the
characteristic oscillation frequency of the studied processes.

The average duration of synchronization intervals of lowfrequency rhythm in CIG with a comfortable depth of
the ensemble of experimental data of 3 subjects allowed us to
conclude that the longest synchronization intervals are
observed in 2 series of active experiments with increasing
amplitude of external influence. Apparently, such results are
due to the fact that with an increase in the depth of
respiration, the coupling coefficient between respiration and
the studied contours increases.
As a result of the study, we proposed a technique of
experimental observation of the Arnold tongue for analyzing
the contour of autonomous regulation of heart rate and
respiration. The technique was used to analyze the signals of
3 subjects and allowed to determine the boundaries of the
Arnold tongues. It was reveal that the interaction of the
contours and breathing under consideration is fundamentally
non-linear. Proof of this is the non-linear and asymmetrical
form of the beak. It was concluded that the longest
synchronization intervals are observed during forced deep
breathing.
The Arnold tongues of contour of autonomic regulation
of heart rate and respiration are of fundamental interest for
modeling the cardiovascular system and applied interest for
the development of non-invasive diagnostic methods and
require further study [5, 6, 7].
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Abstract
The features of the individual dynamics and
interaction of the elements of the autonomous regulation of
blood circulation and blood flow fluctuations in the
microvasculature of the skin were investigated. Phase
synchronization of the laser Doppler flowmetry signal with
processes of autonomic regulation is revealed. This may
indicate the effect of vegetative regulation on the myogenic
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I.

INTRODUCTION

The purpose of this study was to study the characteristics
of individual dynamics and the interaction of elements of the
cardiovascular system (CVS). The problem of studying the
mechanisms of oscillation with a characteristic frequency of
0.1 Hz in laser Doppler flowmetry (LDF) signals was
considered.
Despite the fairly widespread use of LDF signals, the
question of the physiological interpretation of spectral
components in the frequency range of 0.04 0.15 Hz, which
traditionally refers to the sympathetic regulation of heart
rhythm and the regulation of arterial vascular tone, remains
controversial [1-4]. In [5,6] it was noted that the oscillations

of the LDF signal in the frequency range of 0.04 0.15 Hz
correspond to the local regulation of muscle tone, determined
by smooth muscle fibers of precapillaries.
Also in a number of works [2, 3] it was noted that
oscillations of blood flow in the microvasculature with a
frequency close to 0.1 Hz do not reflect information about
the sympathetic baroreflex regulation of arterial vascular
tone.
Earlier, we demonstrated the importance of studying the
interaction of elements of the autonomous regulation of
blood circulation [7,8]. In the works [9,10] it was shown that
the rhythms of the contours of the regulation of the heart rate
and the contour of the regulation of arterial vascular tone,
which have natural oscillation frequencies of about 0.1 Hz,
can
demonstrate
irregularly
alternating
phase
synchronization intervals during spontaneous breathing.
In the present work, we studied the synchronization of
the elements of the autonomous regulation of blood
circulation and blood flow oscillations with a frequency
close to 0.1 Hz in the microvasculature of the skin.
II.

EXPERIMENT

The study involved 30 subjects. Simultaneous recording
of electrocardiograms (ECG), photoplethysmogram (PPG)
and laser Doppler flowmetry (LDF) signals was carried out
during spontaneous breathing. Registration duration was 20
minutes.
Registration of an ECG was carried out in the I standard
lead. The respiration signal was recorded by an abdominal
strain gauge sensor. The LDF signal was recorded from the
index fingers of the right (LDFR) and left hand (LDFL). The
PPG signal was recorded from the middle finger of the right
hand. Signals were recorded using standard certified
equipment with a quantization width of 16 bits and a
sampling rate of 120 samples per second per channel. The
bandwidth of the filter of the recorded signals is 0.003-60
Hz.
III.

METHODS

Cardiointervalogram was preliminarily extracted from
the ECG and interpolated by cubic splines and re-sampling at
regular intervals of time with a frequency of 5 Hz.
Oscillations of the contours of the autonomic regulation of
HRV and the contour of the regulation of arterial vascular
tone were distinguiextracted from signals of the equidistant
CIG and PPG using band-pass filtering in the band of 0.04
0.15 Hz and were reselected to the sampling frequency of 5
Hz. LDF signals were also filtered in the band of 0.04 0.15
Hz and were reselected to a sampling frequency of 5 Hz. The
instantaneous phases of the signals were distinguished using
the Hilbert transform [11].
We stadyed the phase locking of HRV, PPG, LDFL and
LDFR processes in pairs.
We used the integral indicator of the summary percentage
of phase synchronization S, which is the sum of the lengths
of the synchronization intervals, referred to the duration of
the entire record and expressed as a percentage [12]. The
boundaries of synchronous intervals were diagnosed by the
signal of the phase difference using the previously proposed
algorithm [9].

The algorithm is based on a piecewise linear
approximation of the instantaneous phase difference in a
sliding window with a length b and control of the slope of
the approximating straight line . The areas of phase
almost horizontal view should correspond to areas with a
small value of
a, where a is the threshold value of the
slope
a. The duration of synchronous sections
must be at least l.
The values of the method parameters: l=22 s, |a|=0.004,
b=10 s were selected in accordance with [9]. Such a set of
parameters provides sensitivity (the probability of detecting
the synchronization interval where it is actually present) at
the level of 0.93, the specificity (the probability of detecting
a false synchronization interval) at the level of 0.36.
The statistical significance of the analysis results was
estimated at the level of p=0.05 using the formation of the
AAFT ensemble (Amplitude Adjusted Fourier Transform) of
surrogate data [13].
For the quantitative analysis, only statistically significant
indicators S were used.
IV.

RESULTS

Figure 1(a) shows the characteristic power spectra of
time series. Oscillatory activity is seen in the signal spectra
in the frequency range of 0.04 0.15 Hz. In the LDF signals
recorded from the right and left hands, the spectral
component at a frequency of 0.1 Hz is less pronounced
compared to the HRV and PPG signals (Fig. 1(a)).
Figure 1(b) shows the result of the bandpass filtering of
the corresponding time series in the 0.04 0.15 Hz band. A
visual analysis shows a correlation of 0.1 Hz oscillations,
extracted from the PPG and LDF signals. The result of HRV
filtering demonstrates excellent oscillation dynamics, unlike
PPG and LDF signals.
Figure 2 shows the result of the study of the phase
locking of the low-frequency components of the HRV and
PPG (a), HRV and LDFL (b), HRV and LDFR (c) by the 10minute time intervals. The plots show the phase difference
signals as a function of time. The time intervals
corresponding to the phase capture are highlighted in blue. It
turned out that in a typical case it is possible to identify longterm areas of phase capture between the studied processes.
Moreover, the intervals of phase capture of low-frequency
components of signals HRV and PPG (Fig. 1(a)), HRV and
LDFL (Fig. 1(b)), HRV and LDFR (Fig. 1(c)) are diagnosed
simultaneously.

Fig. 1. (a) - Power spectra of time series recorded in the experiment for the
subject # 1. The plots are normalized maximum power in the spectrum. (b) Filtered time series in the frequency range 0.04 0.15 Hz band. Time series
normilized to unit variance.

For all pairs of signals, a statistically significant
synchronization was detected (Fig. 3).
An analysis of the ensemble of experimental data allows
us to conclude that the longest synchronization intervals are
observed between the LDF signals recorded from different
hands (Fig. 3 (column 6)). The S score between the LDF and
PPG signals is lower than that between the LDFR and LDFL
signals (Fig. 3 (4-5 columns)). The S score between HRV
and PPG is higher than for HRV and LDF from different
hands (Fig. 3 (columns 1-3)).

Fig. 3.Statistics of the distribution of indicators S (p = 0.05), estimated for
the low-frequency components of the PPF, LDF and HRV signal. Box-first,
second, third quartiles, whiskers - min and max values S, estimated for the
ensemble of experimental data.

When observing the statistical significance of
synchronization between HRV and LDF, a statistically
significant synchronization between HRV and PPG was
diagnosed. From which it follows that in the frequency range
of 0.04 0.15 Hz, the LDF signal is a passive reflection of the
PPG signal.
So, according to the results of the conducted research,
phase synchronization of LDF signals with processes having
a central nature in the frequency range of 0.04 0.15 Hz was
revealed. This, in turn, led to the conclusion that in the
frequency range of 0.04 0.15 Hz, in addition to myogenic
oscillations, the signal of the LDF contains information on
the processes of sympathetic baroreflex regulation of arterial
vascular tone. In all likelihood, the same processes are
observed in the LDF signal as in the FPG signal.
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Abstract The development of brain computer interfaces,
especially the ones related to controlling exoskeletons and
neurorehabilitation of stroke patients, strongly relies on our
understanding of motor system and its neuronal mechanism.
Motor imagery (MI) has turned out to be one of the most
popular experimental regimes to study this system. Kinesthetic
imagery (KI) is a kind of MI which shares a large portion of its
neuronal pathway with real movements, except for having an
additional inhibitory mechanism to prevent movement
execution. Our magnetoencephalographic (MEG) experiments
with ten untrained subjects revealed that this inhibitory
control implied local neuronal desynchronization. We found
that the motor-related communication between the inferior
parietal cortex and the prefrontal cortex was carried out using
the mu-frequency range. Additionally, three gamma
frequencies were also pinpointed that encode the motor
command specifics. Using artificial neural networks (ANNs) we
classified left- and right-hand MI which reached maximal
accuracy when we included these three gamma frequencies in
the input signal for ANN. We suggest that mu-activity acts as a
carrier of gamma-activity between inferior and parietal areas
utilising phase-amplitude coupling.
Keywords brain-computer interface, motor imagery,
inhibition, neuronal communication, phase-amplitude coupling,
artificial neural network, magnetoencephalography (MEG)

I.

INTRODUCTION

Brain-computer interfaces (BCIs) aim to control external
devices using the operator's brain activity [1]. The BCI
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systems can be classified into two general categories [1]. In
the first category, feedforward brain activity is used to
control external devices and in the second category, a closedloop feedback control is applied for neural rehabilitation.
The important task of BCIs is the pattern recognition of
neurophysiological brain activity associated with motor
imagery (MI) defined as a mental simulation of overt actions
in the absence of any muscle movements. This bears crucial
importance for brain-controlled exoskeletons, bioprosthesis
and neurorehabilitation of amputee and post-stroke patients.
The scientists distinguish two types of MI, visual imagery
(VI) and kinesthetic imagery (KI) [2]. While in VI subjects
MI activates visual cortex, in KI subjects the activity is
detected in the same motor areas as in the case of real
movements [2] with an additional mechanism for inhibiting
motor commands to avoid overt actions [1], [3] [5].
Functional magnetic resonance imaging (fMRI) studies
evidence the involvement of motor associated areas and
inferior parietal (IP) cortex for KI subjects, in contrast to VI
subjects, who exhibit the involvement of visual and superior
parietal cortices [6]. Moreover, transcranial magnetic
stimulation (TMS) experiments suggest that the IP area
participates in the inhibitory control of the primary motor
cortex (M1) during KI-dominated MI [7]. However, despite
extensive research on MI, no clear experimental evidence of
the underlying KI mechanism has yet been provided.
One of the most popular experimental paradigms for MI
studies is based on sensorimotor rhythms (SMR) [1], which

involves KI of large body parts, such as whole limbs, to
modulate neural activity [8]. At the same time, alpha- and
beta-rhythms are crucial and ubiquitous in most studies on
MI [9]. For example, in 1991 the alpha-rhythm was used to
control the cursor position on a computer screen in onedimensional space [10]. Later, more advanced and
sophisticated methods, such as linear regression, logistic
regression, and artificial neural networks (ANNs), were
applied to control the cursor position in three-dimensional
space [11] [13], prosthetics [14] [16], robots [17] [21], and
for stroke rehabilitation [16], [22], [23] (for review see [1],
[24]).
Among a significant amount of literature on the BCI
development using MI, electroencephalography (EEG) is
found to be the most popular noninvasive technique [25]
[32] for controlling wheelchairs [25], communication aid
systems [33], assistive and rehabilitative devices for healthy
[34] and disabled people, stroke patients and people with
other neurological deficits [26], [27], [35] [37]. In addition,
a fair amount of papers were devoted to
magnetoencephalography (MEG) studies on MI [38] [42],
which has the advantage of a higher spatial resolution and
better resilience against artifacts as compared to EEG,
although some advantages of EEG, such as low cost and
portability, are crucial for BCI development, but can be kept
aside while understanding the fundamental activity
underlying MI.
The aim of this study is to analyse MEG signals,
especially in alpha- and beta-frequency bands associated
with MI in the SMR paradigm. We focus on the inhibitory
mechanism to avoid overt action during KI, that was
previously investigated using other neuroimaging techniques,
such as TMS. Subsequently, we perform various validation
tests along the way using methods based on the power
spectrum anaslysis, coherence and ANNs, and suggest a
model which explains empirical observations related to KI
and real movements (overt actions).
II.

MATERIALS AND METHODS

The neurophysiological data were acquired using the
Vectorview MEG system (Elekta AB) with 306 channels
(102 magnetometers and 204 planar gradiometers) placed
inside a magnetically shielded room (Vacuum Schmelze
GmbH). Three fiducial points (nasion, left and right
preauricular) were acquired for each subject.
The experimental study consisted of ten (nine righthanded, eight males) untrained volunteers between the age of
20 and 31. The subjects sat in a comfortable reclining chair
with their legs straight, shoes off, and arms resting on an
armrest in front of them. All of them provided a written
informed-consent before the experiment commencement.
The experimental studies were performed in accordance with
the Declaration of Helsinki.
Spatiotemporal signal space separation [43] was used to
separate neuronal signals from nearby electromagnetic
interference. The signals from bad MEG channels were
replaced with spatially-averaged signals of the nearby wellfunctioning MEG channels. The software used for this
preprocessing task was MaxFilter that came along with the
Elekta-Neuromag machine. The sampling frequency was
1000 Hz and an online anti-alias [0.1 330] Hz bandpass
filter was utilised.

The experimental protocol was designed as shown in Fig.
Resting-state recordings were performed at the start and at
the end of each experiment with open eyes (OE) and closed
eyes (CE), respectively. OE recordings were later discarded
because all data during MI were recorded with closed eyes.
The duration of CE recordings was different for each subject
and ranged from 40 to 280 s.
1.

(a) Order of presentation.

(b) MI trials for left hand.
Fig. 1. Experimental protocol.

All MI recordings were divided into four sets of time series.
Every set contained the MEG data of MI of each of four
limbs in a random order, i.e., left hand (LH), right hand
(RH), left leg (LL), and right leg (RL). The order of
presentation shown in Fig. 1(a) displays one of such
protocols, which was different for each subject. Before MI of
each limb, a visual message appeared on the screen to ask the
subject close eyes and imagine the movement of the
indicated limb as soon as a beep sounds. The subsequent
beeps were given after a random time interval between 6 and
8 seconds. Each imaginary movement between the beeps was
counted as one trial. Fig. 1(b) shows a model example of the
beep presentation for LH MI-trials. The number of trials for
each limb was varied among subjects between 4 and 7 in
each series. After every series, the subjects had a 40-s rest
during which they listened to a relaxing music.
The experiments were programmed using software
provided by the Cogent 2000 team at the Functional Imaging
Laboratory and the Institute of Cognitive Neuroscience and
Cogent Graphics developed by John Romaya at the
Laboratory of Neurobiology at the Wellcome Department of
Imaging Neuroscience. A MATLAB code was used to
produce all audio and visual commands (Cogent) as well as
to log the time at the beginning of each MI-trial in a protocol
file (in .txt format). The protocol file was later used to mark
all events manually when analysing the MEG file (in .fif
format). A part of the data analysis was performed with
Brainstorm [44] documented and freely available for
downloading under the GNU general public license
(http://neuroimage.usc.edu/brainstorm). Once the events
were marked at the beginning of each limb's MI using the
protocol file, 5-s trials were extracted immediately after these
marks. Similarly, 10-s trials from CE-recordings were also
marked and extracted as the background activity for every
subject.
The time-frequency structure of the MEG signals was
analysed using the wavelet approach, widely acceptable for
the analysis of nonstationary biological and medical data
[45]. For each limb, we used Morlet wavelets with f0 = 1 Hz
central frequency and a 3-s full width at half maximum
(FWHM) to evaluate time-frequency spectrograms (TFSs)
for all extracted 5-s MEG-trials of each limb, and then
averaged the TFSs over all trials for that limb. Then, the TFS
was also averaged over desired frequency ranges of delta (1
5 Hz) and mu (8 30 Hz). The same process was repeated
for background 10-s trials using the same parameters. To

evaluate ERS/ERD, we took the difference between the
spectrogram for the MI-trials and the time-averaged
spectrogram of the background and then normalized it to the
background. This normalized difference was assumed to be
positive for ERS and negative for ERD.
ANNs were used in the later stages for validation
purposes. Multilayer perceptron (MLP) was chosen as the
network architecture to classify between LH and RH MItrials. The input data for the ANN were taken from MEG
time series from all 102 magnetometers, after bandpass
filtering with a 10-Hz passing window. This passing window
was varied from 5-60 Hz in steps of 5 Hz, i.e., (5-15), (1020), (15-25), ..., and (50-60) Hz. The input layer containing
102 neurons was followed by three hidden layers having 30,
15, and 5 neurons, respectively. The output layer consisted of
a single neuron. Scaled conjugate gradient training algorithm
was used. The training stopped as soon as the batch training
with all input data ran for at least 5000 times. To improve the
efficiency of machine learning, we randomly mixed the input
signal maintaining the correspondence to the MI-type, either
LH or RH. Therefore, to classify MI of LH and RH, we
mixed the MEG time series of all collected trials related to
LH and RH for each channel without losing their
corresponding targets (0 for LH and 1 for RH). The ANN
classification was carried out using Neural Network Toolbox
of MATLAB (R2017a; Mathworks Inc., MA, USA).
III.

(a) ERS/ERD distribution for mu-frequency range averaged over all
trails and trial time.

RESULTS AND DISCUSSION

Based on differential mu-activity of the cortex, we first
segregated the subjects into two groups, six KI subjects (Sub
1, 2, 4, 5, 9, and 10) and four VI subjects (Sub 3, 6, 7, and 8).
The differentiation was performed according to ERD/ERS in
the mu-frequency range. Specifically, the KI subjects
exhibited ERD in the aforementioned associated cortical sites
(
(a)), while the
VI subjects showed ERS.
Curiously, the authors of [46] reported event-related
desynchronisation (ERD) of mu-rhythms in the sensorimotor
cortex during MI in the SMR paradigm and ERS for resting.
Although the subjects in our study were instructed to perform
KI, only some of them could successfully achieve this goal,
because of the absent of preliminary traning.
The obtained results are in agreement with the previous
study [46], where KI subjects (successful-SMR) exhibited
ERD in mu-band, while VI subjects (failed-SMR) showed
ERS, similar to the resting state of SMR. In the delta-range,
all KI subjects exhibited either ERS or ERD in the prefrontal
cortex (PF) and insignificant activty in the posterior parts of
the brain (
(b)). In
addition, the VI subjects exhibited the distributed nonuniform activity without any preference for a particular
region. The method used to evaluate ERS/ERD was as
explained in section II.

(b) ERS/ERD distribution for delta-frequency range averaged over all
trails and trial time.
Fig. 2. Event-related wavelet energy for subject-2 (KI).

As discussed in section I, KI and real movements share a
common neuronal network, distinctly to KI which involves
an additional mechanism for inhibiting overt movement that
is likely to be situated in the IP. The coincidence of finding
ERD for the KI subjects in mu-band at the same site as the
one that is responsible for inhibitory control (i.e., IP) instils
curiosity and deems to be further looked upon. In order to
reveal the mechanism underlying this inhibitory control, we
suppose that desynchronised activity of neurons near the IP
disrupts signal propagation that passes from IP to M1, as
hinted by TMS studies.
The PF is also known to be involved in inhibition of
movements [47], more specifically in choosing between
brain responses [48]. The authors of [49] showed that when
subjects were asked to predict beforehand the time necessary
to perform motor tasks, the subjects with lesions in the
posterior parietal cortex typically underestimated/
overestimated the time. This strongly contrasted with
subjects having dysfunctional motor regions, who exhibited
impaired movements, but retained the ability to estimate
motor performance times [50]. In order to predict motor
performance times, the subject needs to simulate the entire
repertoire of the act from long-term memory. This function is
perhaps localised in the posterior parietal cortex.
Conveniently, nearby temporal lobe has been implicated to
play a role in long-term memory function, especially the
medial temporal lobe [51].

Before the actual execution of motor commands by M1,
aided by its associated areas like premotor cortex (PM) and
supplementary motor area (SMA), passable responses are
likely to be chosen at PF. As most of the conscious
processing is performed in the frontal cortex, PF being the
point hosting this decision-making process is amenable. We
therefore propose the following neuronal pathway for motor
signals (
). Motor
commands are generated in the posterior parietal cortex and
need to travel to PF before being relayed to motor associated
areas for final execution. ERD centred around IP disrupts the
communication of motor commands from the posterior
parietal cortex to PF in order to avoid any overt movement
during KI.
The authors of [52] showed that bilateral lesions in the
parietal cortex led to the execution of motor commands
during MI experiments without the patient realising it. The
patient with lesions at IP may not have ERD in IP at mufrequency and would pass the signal to the PF region, not
expecting an input from IP during KI and thus leading to
actual execution without the subject's knowledge. We used
coherence as a measure of connectivity between two parts of
the brain. The results indicate uninhibited communication in
the mu-band between IP and PF for all VI subjects, whereas
KI subjects exhibit a clearly compromised connectivity
between these areas.

Fig. 4.
Connectivity (mean squared coherence) between IP and PF for
all 10 subjects. Peaks obtained at 10 Hz (mu), 32 Hz (gamma), 45 Hz
(gamma), and 48 Hz (gamma). The thick red and blue lines represent
average connectivity of VI and KI subjects, respectively.

The authors of [53] discussed about a theta-gamma
neural code for multi-message communication during
memory processes. They prescribed phase-amplitude
coupling between the phase of theta-waves and the amplitude
of gamma-waves and envisaged upon the extension of their
model to sensory processes if theta-waves are replaced by
alpha-waves. The studies provide evidences of this phaseamplitude coupling in humans [54] [[54] [61].
During each gamma-cycle, a set of neurons or neural
ensemble fire concurrently, forming a spatial pattern on the
cortex that corresponds to the object being represented by
that gamma-cycle. The authors of [62] [65] showed that a
sequence of generated information in the form of gammacycles gets mapped to different phases of theta-wave,
maintaining the same order of information generation.
Furthermore, the authors of [60] reported shifts in gamma
phase-amplitude coupling frequency from theta to alpha
during visual tasks. Similarly, we expect a phase-amplitude
coupling between gamma and alpha/mu-waves for MI tasks.

Fig. 3.
Neuronal pathway for KI. During KI, inhibition is manifested in
the vicinity of IP in the form of ERD which prevents propagation of motor
signal towards PF. The rest of the neural circuitry remains the same for MI
and actual execution of motor commands

In Fig. we plot the mean-squared coherence of the MEG
signals collected from IP and PF versus frequency (in Hz).
The strength of connectivity between these areas was found
to be suppressed for KI subjects as compared to the VI
subjects and exhibit peaks at 10 (mu range), 32 (gamma
range), 45 (gamma range), and 48 Hz (gamma range) for
both groups of subjects.

We therefore suggest that motor commands involve muwaves as general carriers of motor related activity. These
carrier waves carry gamma-waves containing specifics of
motor activity from IP to PF, which acts as a relay junction
and transfers the information to motor related areas such as
M1, PM, and SMA. The authors of [66] [69] also evidence
that the coherence in gamma-band between two points of the
brain can be used to control neural communication between
them.
Our ANN classification study designed in an
unconventional but appropriate way, supports the hypothesis
so far. The study was designed to find what frequency
component of the MEG signal generates higher ANN
accuracy in order to gauge the kind of ANN classificationtask related information carried by that component.
As already mentioned in section II, the bandpass filtering
in a 10-Hz window was used for preprocessing MEG data
before the ANN classification of LH and RH MI. The
classification accuracy was found to be independent of the
type of MI.
shows the ANN classification accuracy averaged over all
subjects versus the bandpass frequency range. Each data
point in this figure represents a centre of the corresponding

bandpass frequency range. Thus, the points at the two local
maxima represent 25 35 Hz and 45 55 Hz windows,
respectively, as marked in
. Observing these two maxima in the frequency
ranges which include the gamma frequencies shown in Fig. 4
confirms our hypothesis that the MI specification (e.g., hand
movement) is encoded in the gamma-wave. On the other
hand, the mu-band played a general role in this motor task
and did not contribute as much in differentiating two hands.
The amplitude of intracellular spiking in gamma-band in
the directionality specific (LH or RH) neurons is
codependent on the phase of the 10-Hz mu-band signal
which acts as an envelope for motor-related activity between
these regions.
In the very recent systematic and extensive review [9],
only eight papers were mentioned in which authors
employed MLP for deep neural network classification using
EEG, and only three of which were focussed on MI. Only
one of these MI studies utilised MEG time series as inputs
for ANN [70] with a 75% accuracy, whereas other two
studies [71], [72] used different forms of frequency
transformations on the input signal and achieved up to 85%
accuracy. The maximum accuracy obtained in our study,
utilising MEG signals as input, was about 85% in the 40 50
Hz range.

harmful substances or preventing the propagation of
undesirable sensations, such as pain.
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Abstract The problem of finding the shortest path for manipulators with obstacle avoidance has many solutions. The
paper presents the usage of well-known methods for solving
that problem using mixed reality glasses. Glasses contain the
Spatial mapping module, presented in the form of an
continuously updating mesh. Analyzing space through mixed
reality glasses, we have developed algorithms for obtaining the
shortest path in the Cartesian and Joint spaces. In the
beginning, we implement A* simple algorithm and then
realized the improved RRT algorithm. The approaches were
verified using Unity, Microsoft HoloLens and 6 DOF robot
UR10e.

Kai-Tai Song showed with practical experiments that the 6DOF robot arm can effectively avoid an obstacle in a
constrained environment and complete the original task [2].

Keywords Shortest path; obstacle avoidance; robotic manipulator; path planning; mixed reality; RRT algorithm;

I. INTRODUCTION
Many real-world tasks, ranging from opening doors and
pushing carts to align beams for construction and removing
rubble, exhibit workspace constraints. In these
circumstances, the robot must not only preserve the task
constraint but also detect obstacles, avoid collisions and joint
limits throughout a planned motion [1]. Jen-Hao Chen and

Recently a lot of research was done in the field of collaborative robotics [3]. Collaborative robots are working with a
human in dynamic unstructured environment. Path-planning
becomes an important problem since different obstacles can
exist in the workspace of robot and robot path is required to
obey workspace constraints. Obstacles are defined as any
portion of an object with which contact is undesirable [4].
Detecting obstacles can be done with Mixed reality
(MR) glasses. MR is an incorporated of the real world and
virtual environment [5]. MR glasses provide a direct
connection between 2 worlds. In our research, we use
Microsoft HoloLens holographic device. HoloLens has
Spatial mapping module that represents the real
environment, in other words, obstacles.
In recent years there have been many developments in
field MR and Robotic. In 2015, Hoenig et al. [6] defined
benefits of using MR in various applications of robotics.
Other researches proposed the system for interactive
programming of industrial robots based on Mixed Reality

[7]-[9]. We use this kind of systems to set tasks for the robot
[7].
The goal task is to find a shortest path with obstacle
avoidance. It is a problem of a graph theory and it has a lot of
solutions. In our research we used the A* for find path in
Cartesian space and Rapidly-exploring Random Tree (RRT)
for robot Joint space. RRT is a randomized algorithm that
used to perform path-planning with obstacle avoidance [10]
[11] that have been widely used in autonomous robotic
motion planning. In our research we implemented this
algorithm to work with mixed reality and discovered
efficiency of this approach. Details of RRT implementation
well described in paper Wei K, Ren B [12]. They tested
algorithm with UR robot and used Kinect as main sensor.
II. SYSTEM OVERVIEW
System consists of 3 main parts: mixed reality glasses,
robot controller and robot. We use HoloLens as example of
MR glasses. Robot controller based on ROS realised a
connection between glasses and robot. MR glasses
application has some modules: Interface, Path Planner,
Spatial mapping and Robot model. External computer runs
ROS Kinetic and controls robot. Controller receives
commands from HoloLens, transforms them in required
format and sends to robot.

Fig. 1. Mixed reality based robots control system architecture

Application for HoloLens was developed in Unity 2018
with help of Mixed Reality Toolkit for Unity. Integrated part
of HoloLens application is the Spatial mapping which
geometrically represents a real environment. Core of the
system is Path planner module, because it generates path
with obstacles avoidance. For connection to ROS we used
Ros-Sharp library for UWP (Universal Windows Platform)
and Rosbridge.
Interaction script is following: user specifies start and
final points. The path that satisfies all constraint is generated
between these points. After that user can run virtual
simulation or execute path on real robot.
Path planning can be performed in 2 coordinate systems:
Cartesian space and Joint space. For each of it, we have
implemented own path construction algorithm. To find the
shortest path in the Cartesian coordinate system, we used the
algorithm A*. We used RRT to find the path in the joints
space. Let's consider it in more detail.
III. SHORTEST PATH IN CARTESIAN SPACE
Finding the shortest path in Cartesian space is necessary
to simplify and speed up the process of manipulator
programming since the user only sets the start and final
position of the tool. Such a method will be especially useful
for pick and place operations. We realize a A* algorithm for
finding shortest path in 3D space. It was implemented in
Unity/C#.
Before starting the search for a path, it is necessary to
tune the system, namely, indicate the model of the

manipulator and determine the position of the base operation.
Determining the position and orientation of the robot for
such systems is described in detail in [13]. Below the pseudo
code of the path finding algorithm is presented.
Input:
isObstacleCollider,
ControlPoints,
CellSize,
Workspace Radius
Output: Path
Initialisation :
1:
2:
/ Cellsize
Fill environment map
3: for every cell in 3D area do
4:
if CurrentCell inside workspace
and isObstacleCollider(CurrentCell) then
5:
EnvMap(CurrentCell) 1
6:
else
7:
EnvMap(CurrentCell)
1
8:
end if
9: end for
Build path
10: for i = 0 to size(ControlPoints) 1 do
11:
(ControlPoints[i],
ControlPoints(i + 1))
12:
13: end for
14: return Path
For each robot model we know the robot work-space,
therefor in the beginning we divided it into small cells. After
that each cell checked by Unity tools whether it contains
obstacle or not, results collected into boolean array. Finally,
A* algorithm runs.
We verified our algorithm based on the Microsoft
HoloLens and the UR10e robotic manipulator. By the
HoloLens interface we set 2 point in different sides of the
wall and build a shortest path. The result of the work is
represented by the figure 2.
IV. SHORTEST PATH IN JOINT SPACE
Shortest path in Cartesian space is helpful in the robot
programming process, but it has the main drawback - corresponding method cannot detect a collision of robot links with
obstacles. Therefore we developed the path planning
algorithm which takes to account a robot structure. our
algorithm is based on RRT and works in joint space.

Fig. 3. One of paths generated by RRT algorithm

Fig. 2. Path for end-effector created by A* algorithm

The basic idea of the RRT algorithm is to explore space in
the form of the tree from the initial state of the manipulator
and to generated samples randomly to extend the branches
and leaves until the exploring tree covers the target region.
Search performed for first 3 joints because a motion space of
last 3 joints we can define as a part of third link. RRT search
can be performed in high-dimension spaces but our
assumption help us to minimize the search space. Start and
finish points should be specified with joint angles. Pseudo
code of developed algorithm is presented bellow.
Input: qInit
Output: Tree
1: initializeTreeRoot(Tree, qInit)
2: while not reached goal do
3:
qRand
RandomState()
4:
Extend(Tree, qRand)
5: end while
Each new node should be reached without collisions. To
verify this, robot motion is simulated each time between old
and new configuration. Unity has methods for collision
detection. Also, we implemented forward kinematics for the
robot to know the position of links.
RRT method should know how far one point from another
to find the nearest neighbor. We used Euclidean vector norm
to handle this.
After reaching the goal point it is easy to reconstruct the
path because each node has a link to its parent. A resulting
path generated by RRT contains many redundant nodes. We
remove them by applying pruning technique that described
in [12].
We verified our algorithm based on the Microsoft
HoloLens, Unity Editor and the UR10e robotic manipulator.
The results presented in figure 3.
V. ALGORITHMS COMPARISON
To compare A* based and RRT based path planning algorithms we had run them in simulation. A virtual environment

is a Unity scene that contains room mesh and UR10e
model. Robot should avoid contact with mesh. All
experiments were run on MacBook Pro 2014 with 2.6 GHz
Intel Core i5 CPU, OS Windows. Microsoft Hololens has
weaker cpu, 1,04 GHz Intel Atom.
In figure 4 we can see paths generated by both algorithms.
Pink balls represent the position of robot end-effector for
path generated by RRT and white balls represent A* path.
With this configuration of initial and final points, we had run
10 experiments with RRT. Average time of execution was
200ms. It had some variation because the algorithm relies on
randomness. The fastest search was done in 83ms with 560
iterations.
Most time-consuming operations for RRT are collision
detection and nearest neighbor search (NNS). Generally,
NNS search took 10 times more CPU time than collision
detection. NNS search is so slow because it just linearly
checks all nodes. It can be optimized in further research.
A* algorithm is more stable and in most experiments, it
completed in 400ms. As we mentioned before it builds an
internal 3D grid to detect obstacles and free spaces. Grid
size is 30 and totally it does 27000 calls to check collisions.
The path generated by A* tends to be straight in Cartesian
space, it should be smoothed.

Fig. 4. Both algorithms in virtual environment with mesh

VI. CONCLUSION
This paper proposes a collision-free path planning for
robotic manipulators with using mixed reality and describes
2 methods with different approaches.

Experiments showed that joint space space method based
on RRT works faster than method based on A* and also
generated trajectory with arbitrary shape. Searching for
nearest neighbor is most time-consuming path here. Method
works in joint space, however inverse kinematics still
needed to provide initial and final state.
Cartesian space method gives path for end-effector
without considering robot body so it does not depend on
robot structure. But additional effort needed to do inverse
kinematics for all points. We used A* algorithm which is
deterministic and result always can be repeated in the exact
same way.
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Abstract The van der Pol generator with two additional
oscillators in the feedback loop is investigated. We applied the
methods of slowly-varying amplitudes to obtain the shortened
system of equations describing the amplitude-phase dynamics
of this system. Bifurcation analysis allowed us to determine the
mechanisms underlying the transitions between the
quasiperiodic modes observed in the complete system. Also, we
present here the results of the bifurcation analysis of the
transition to chaos.
Keywords stability analysis, bifurcations, oscillations, threemode generator
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Applying UML modeling techniques on the domain
of product lifecycle management
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Abstract The problem of ontological modeling with
applying UML modeling techniques on the domain of product
lifecycle management is considered in the mainstream of the
machine-building corporation engineering. Simple ontologies
are developed on the basis of nesting and overlapping
relationships. A set of ontologies for a typical enterprise of the
corporation has been built, which ensures the coordination of

various enterprises activities. The main classes and subclasses
of the enterprise ontology, diagrams of the composite structure
of the lifecycle, products and enterprise (UML diagrams) are
presented.
Keywords enterprise engineering,
lifecycle management, UML modeling.
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Abstract this article presents the rationale for using
ANN in car antilock braking system models.
Keywords
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I.

INTRODUCTION

The existing descriptions of the braking process of land
transport wheels use the formula of dependence of the
coefficient of longitudinal traction with the road on the
coefficient of longitudinal slippage . The greatest efficiency
of the anti-lock braking system (ABS) is achieved if the
argument
corresponds to the maximum of the function
. Compliance is achieved through the control action
by applying or reducing the braking force to the wheel of the
vehicle [1].
II.

MATHEMATICAL MODELING OF ABS

Currently, several representations of this dependence are
used, which necessarily include tabular values of the
coefficients for different types of road surface in addition to
the value of the longitudinal slip coefficient changing over
time. This process has a pronounced nonlinear dependence.
As examples, we indicate two typical formulas in which the
nonlinear functional dependence can be represented either
by Weierstrass
formula):
,
(1)
where the coefficients
are tabular values defined for
each particular type of road surface, or Fourier
using

Evgeniy Marchuk
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In the case of creating a strict mathematical model of the
braking process of the car wheel in real time (for all four
wheels) the task is much more complicated since the need for
rapid and accurate integration and differentiation (the model
must be ahead and predict the course of the real process) is
added to the need to accurately determine and account for the
characteristics of the road surface and synchronize data
processing [3]. The solution of such problems becomes
possible either with graphics processors using or with ANN
using, which also allow simultaneous processing of parallel
information flows in real time. As suitable methods for
approximating nonlinear processes, we indicate the
possibility of describing a nonlinear function by means of
fuzzy logic (Kosko's theorem) [4], or by using artificial
Let us consider in more detail the artificial neural network
(ANN) as a universal approximator of a function of several
variables.
III.

ANN IN CAR ABS MODELING

When modeling the ABS of the car using ANN two
current tasks are indicated: identification of the road surface
and control of the braking process. Here, ANN will be on the
one hand a nonlinear model of the process that provides the
development of the corresponding control action and on the
other hand act as a cotrolling system that adapts to changing
environmental conditions [7]. The choice of the sigmoid
network "multilayer perceptron" seems adequate. The use of
wavelets is seen as the main principle of road surface
identification. The use of ANN as a control system ensures
the stability of the ACS, which is also an undeniable
advantage of ANN in comparison with classical regulators.
IV.

(2)
where the coefficients
are also tabular values
defined for a particular type of road surface [2].

SUMMARY

A new approach to the simulation of vehicle braking
ABS using ANN will significantly simplify and improve the
reliability of the automated control system in comparison
with the classical methods using numerical methods in the
integration and control PID type regulators.
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Multilayer perceptron reveals functional
connectivity structrure in thalamo-cortical brain
network
Nikita S. Frolov
Neuroscience and Cognitive Technology Laboratory, Center for
Technologies in Robotics and Mechatronics Components
Innopolis University
Innopolis, Russia
0000-0002-2788-1907

Abstract Artificial neural networks (ANNs) are known to
be a powerful tool for big data analysis. They are widely used
in computer science, nonlinear dynamics, robotics, and
neuroscience for solving tasks of classification, forecasting,
pattern recognition, etc. In neuroscience ANNs allow
recognizing specific forms of brain activity from multichannel
electro- (EEG) or magnetoencephalographic (MEG) data and,
therefore, widely used as a computational core in various
brain-computer interfaces. Another challenging problem is the
analysis of connectivity structures in big multivariate data. In
neuroscience restoring the functional brain network using
multichannel EEG/MEG signals uncovers mechanisms of
neuronal interaction during various physiological or cognitive
processes. In this report we use recent advances in the area of
machine learning known as feed-forward artificial neuronal
network to formulate a method for detecting functional
dependence in unidirectionally and bidirectionally coupled
systems without additional information about them. We apply
our method for the first time to reveal functional connectivity
structure in the thalamo-cortical network of epileptic brain
based on a rodent electrocorticography (ECoG) data set.
Keywords functional
connectivity,
artificial neural network, EEG, brain

I.

synchronization,

INTRODUCTION

Brain, being one of the most complex systems in nature,
exhibits well-pronounced network properties on both
anatomical and functional levels [1]. The latter implies the
existence of functional dependence between the states of
remote brain areas, which is believed to provide mechanisms
for neuronal. communication and information transfer within
a distributed brain network. According to the recent theories
[2-4], neural interaction between distant brain regions
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Innopolis University
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through emergent functional connectivity structures
determines normal brain functioning, including cognitive,
motor-related activity etc.
At the same time, abnormalities in functional brain
networks stand behind various types of brain disorders like
epilepsy,
etc. [5,6].
Thus, restoration of functional connectivity between
brain areas is a crucial approach for brain functioning
diagnostics in modern neuroscience [7].
In nonlinear dynamics, the presence of a functional
relation between the dynamics of coupled chaotic systems is
known as a particular type of synchronous behavior called
generalized synchronization (GS) [8]. This relation may be
very complicated, and its explicit form cannot be found in
most cases. The definition of the GS regime in the case of
unidirectional coupling accepted hitherto is the presence of a
functional relation
y(t) = F[x(t)]

(1)

between the drive x(t) and response y(t) oscillator states.
This definition has been generalized on mutual coupling
systems as:
F[x(t), y(t)] = 0

(2)

The concept of generalized synchronization may be
essentially applied in neuroscience for data-driven functional
connectivity restoration based on multichannel EEG/MEG
data. However, it has not been systematically used in this
context so far. In this context, machine learning, which has
already become a useful tool in nonlinear dynamics and

neuroscience [9-11], to infer functional links in terms of GS.
In this study, we use our feed-forward artificial neural
network (FANN) to analyze functional connectivity in small
thalamo-cortical network during the onset of epileptic seizure
in WAG/Rij rats with genetic predisposition to absence
epilepsy. Such seizures manifest as a hyper synchronization
of brain activity in thalamo-cortical network, thus they are
extremely suitable for demonstration of FANN approach
applied for experimental data. We show the emergence of
functional interdependence between cortical layers and
thalamic nuclei after epileptic discharge onset.
II.

METHOD

ANN is known to be a biologically inspired
computational system, whose main purpose is to fit unknown
and usually complex relationship between input and output
data32. Since functional connectivity in coupled systems
implies the existence of functional dependence between
them, ANN seems to be an essential tool in this context.
Considering two coupled processes, whose dynamics is
represented by multivariate signals x(t) and y(t), functional
connectivity implies y(t) = F[x(t)]. Since from a
mathematical point of view ANN defines a function f: x y,
one may use ANN to build a model of the unknown relation
F
y state based on the x state. Thus, if a
true functional relation y(t) = F[x(t)] exists, ANN is able to
approximate it and give a precise prediction y (t) of the y(t)
state based on x(t). On the contrary, if functional dependence
is not established, ANN fails to learn it and therefore is not
able to predict the y-state accurately enough. Summarizing
the above, the criterion for functional connectivity inference
is equality of predicted and actual values of y processes:
y (t) = y(t).

ANN-model of relationship between x and y we normalize
the data in range [0;1], shuffle it and keep 50% of the dataset
to train ANN and the other 50% to validate prediction
accuracy. To train the network we use a popular and efficient
Adam optimizer with learning rate 0.001 implemented in
Keras API33. To quantify the degree of functional
dependence establishment we use a metric called R2-score
(coefficient of determination).
III.

RESULTS

We analyzed a multichannel set of ECoG recordings
taken from Wistar Albino Glaxo from Rijswijk (WAG/Rij)
rats a genetic animal model giving rise to spontaneous
absence seizures [12]. In the experiments 6-month-old
WAG/Rij rats were chronically implanted with stainless steel
electrodes in layer 4 to 6 of the somatosensory cortex (ctx4
6), as well as in the (i) posterior (PO), (ii) ventral-posteromedial (VPM), and (iii) anterior thalamic nucleus (ANT),
respectively. Two weeks after surgery, ECoG signals were
recorded from these structures in freely moving animals.
Signals were filtered by a band pass filter with cut-off points
at 1(HP) and 100(LP) and a 50 Hz Notch filter and digitized
by WINDAQ-recordingsystem (DATAQ-Instruments Inc.,
Akron, OH, USA) with a constant sampling rate of 2048 Hz.
Experiments were carried out in accordance with the Ethical
Committee on Animal Experimentation of University of
Based on the considered approach for functional
connectivity diagnostics in experimental time series
identified on a pair of ECoG channels, we have reconstructed
the structure of functional links in the thalamo-cortical
network during background (3 s prior SWD onset) and
pathological (1 s after SWD onset) activity. To reveal the
functional network, we considered changes in R2-score in
pathological activity with respect to background via t-test for
-level =
0.003). One can see that the pathological activity shown in
Fig. 1 is accompanied primarily by the appearance of
functional links between between the thalamic nuclei and
cortical layers (ctx4-PO, ctx4-VPM, ctx5-PO, ctx5-VPM,
ctx6-PO, ctx6-VPM, ctx6-ANT). Notable, intra-thalamic
functional connectivity intensifies as well (ANT-PO, ANTVPM).
CONCLUSION
In conclusion, we have proposed a machine learning
based method for detecting functional connectivity in
unidirectionally and mutually coupled systems without
additional information about analyzed systems.
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Fig. 1.
For all presented plots, t is time, sec, with audio command placed
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We use the traditional FFANN architecture multilayer
perceptron
to build an ANN-model of functional
dependence F
of 2 hidden layers, each containing 10 softmax units. The
number of both inputs and outputs is determined by the
embedding dimensions of coupled systems. Output artificial
neurons have a linear activation function. To build a proper
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Abstract Today, this type of actuators as pneumatic muscles
has wide application. Pneumatic muscle is a one-way actuator
and has such advantages as the developed force, as well as
speed. Pneumatic muscles, compared to pneumatic cylinders,
have a non-linear structure that needs to be correctly
identified. In this paper, we study the dynamic processes of
pressure change in the working cavity of a pneumatic muscle
in order to build a mathematical model, which can later be
used to develop control systems, where the main actuator is
pneumatic muscle. As well as in order to accurately describe
and predict the geometric parameters of pneumatic muscles on
pressure of compressed air in the working cavity.

I.

INTRODUCTION

To ensure the quality of the automatic control system
(ACS), the main executive element of which is such a type of
actuator as a pneumatic muscle, a mathematical model of its
dynamic processes is necessary. In previous studies [1,2],
static characteristics were identified in the form of functional
dependencies describing the relative contraction, as well as
the diametric expansion of the pneumatic muscle, depending
on the pressure applied to the working cavity. In work [3],
non-linear characteristics of pneumatic muscles were
determined by the method of parametric excitation; in works
[4,5], characteristics of pneumatic muscles were studied in
an opposite pair configuration, such as stiffness, as well as
fundamental dependencies defined for a pneumatic muscle
with two degrees of freedom are considered in [6]. However,
these studies do not reveal the full mathematical model that
describes the dynamics of contraction of the pneumatic
muscle, taking into account such parameters as the value of
the developed force, as well as the movement depending on
the input pressure [7]. In order to obtain a complete
linearized mathematical model of pneumatic muscles, it is
necessary to know the force developed by the drive, which
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depends directly on the magnitude of the working pressure,
as well as on the cross-sectional area. Knowing the force
being developed, it is possible to make a transition to a
mathematical model that describes the dynamic process of
contraction of a pneumatic muscle rather fully [7, 8]. Thus,
to develop a complete mathematical model of the drive, it is
necessary to accurately describe the dynamic process of
pressure change in its working cavity.
II.

ASSUMPTIONS AND METHODS

In studies [6, 9, 10], dynamic processes of pressure
change in the working cavities of pneumatic muscles were
presented at an input pressure of 0.6 MPa. In this work, it is
assumed that the dynamic process of pressure change in the
working cavity of the considered actuator can be described
by a typical first-order aperiodic link, the temporary
implementation of which has the form (1), and the transfer
function W is (2):
(1)

(2)
where k-gain and T-time response of the transition process,
s-Laplace operator and t - time. It is also assumed in the
work that the gain coefficient k and the transient time
constant T are functions of the drive output pressure. Then
the proposed mathematical model will have the form, as
shown in Fig.1

carried out with the pressure reducing valves (3) and (5)
installed 0.1 MPa, in the second experiment, the valves are
adjusted to a pressure of 0.1 and 0.2 MPa, respectively, etc.
Thus, six independent experiments were carried out, as a
result of which, by means of a pressure sensor, transient
changes of pressure were recorded in the working cavity of
the investigated pneumatic muscle PM.
Fig. 1.Type of proposed mathematical model

III.

EXPERIMENTAL SETUP

To identify the dynamic processes of pressure change in
the working cavity of the pneumatic muscle, an experimental
setup was made, shown in Fig. 2.

Fig. 2.

Experimental setup

Compressed air enters the working cavity of the
pneumatic muscle (1) through pneumatic directional valves
(3) and (4). Pneumatic muscle movements are measured
using a displacement sensor (5). Data from the pressure
sensor (2) went to the NI 9203 input module (7) located on
the NI DAQ FPGA (6) connected to a PC via an Ethernet
cable. The processing and recording of data on the dynamic
processes of pressure change in the working cavity of the
pneumatic muscle (1) was performed using the NI LabView
software package.
The pneumatic circuit of the experimental setup,
presented in Figure 3. It includes a compressed air source
(1), a preparation unit, which consists of filter (2), a pressure
reducing valve (3) and a pressure gauge (4), a pressure
reducing valve (5), a pressure gauge (6), two pneumatic
directional valves (7) and (8), a pneumatic pressure test
muscle PM and pressure sensor recording the dynamic
process of pressure change in the working cavity of the
pneumatic muscle. Pressure reducing valves (3) and (5) are
adjusted so that a constant pressure drop of 0.1 MPa in the
interval from 0 to 0.6 MPa is created in the pressure line of
the pneumatic muscle PM, that is, the first experiment is

Fig. 3.

IV.

Pneumatic circuit

THE APPROXIMATION OF THE EXPERIMENTAL DATA

As mentioned earlier, in this paper it is assumed that the
obtained dynamic processes of pressure change in the
working cavity of a pneumatic muscle can be approximated
by a function of the time realization of an aperiodic type
element of the first order. Initially, for each of the six
transient processes obtained experimentally, the gain
coefficient k and the time response T were determined, after
which the functions of the time realization for the aperiodic
type element of the first order were derived, after which the
results of the approximation were verified. The verification
of the obtained mathematical dependences of the output
pressure on time with the corresponding average
approximation errors A is presented in Fig. 4.

Fig. 4.

The results of the approximation of experimental data

As a result of the approximation produced, the transfer
functions for each interval were obtained and are
summarized in Table 1.
TABLE I.

Interval

time response T, as well as the time response T itself, on the
output pressure Pout, as shown in Fig. 6.

THE RESULTING TRANSFER FUNCTIONS

Transfer Function

Fig. 5.

Fig. 6.

As can be seen from the obtained transfer functions, the
gain k and the time response T really have a functional
dependence on the output pressure of the pneumatic muscle.
Moreover, the function describing the dependence of the
time response T on the output pressure is monotonously
decreasing.
V.

MATHEMATICAL MODELING

The development of the mathematical model was made
in the software package Matlab Simulink. The resulting
mathematical model is presented in Fig. 5.
The Lookup Table blocks indicated the values of the
functional dependences of the ratio of the gain factor k to the

VI.

Mathematical model of pneumatic muscle in Matlab Simulink

Setting the Lookup Table blocks

VERIFICATION OF THE MATHEMATICAL MODEL

After building a mathematical model, its verification was
performed. The simulation results were compared with the
data obtained experimentally. It should be noted that the
simulation results are different from the results of the
approximation of the dynamic processes of pressure change
in the working cavity of the pneumatic muscle, which is
associated with setting the cubic algorithm of the
interpolation and extrapolation dependencies of the ratio of
the gain k to the time response T as well as the time response
T itself in the Lookup Table blocks. on the output pressure
Pout. The verification results for each interval with the
corresponding average errors A are presented in Fig. 7.

Fig. 7.

Verification of the resulting mathematical mode

Thus, the obtained mathematical model provides
acceptable accuracy, but this applies only to those cases in
which a small signal is sent to the input of the mathematical
model, corresponding to the pressure in the working cavity
of the pneumatic muscle of about 0.1 MPa. When a
mathematical model is applied to the input, the signal
corresponds to the maximum pressure in the working cavity
of the pneumatic muscle, there is a significant discrepancy
between the simulation data and the real data obtained
experimentally. In this case, the average error A was 37.5%.
Verification data are presented in Fig. 8.

ensures acceptable accuracy only when a low-level pressure
is applied to the input.
When applying a high-level pressure to the input, there is
a large deviation of the simulation data from the real data
obtained experimentally, which is presumably associated
with the manifestation of the integrating properties of the
object of study. The average error was 37.5%.
To build a complete mathematical model that provides
sufficient accuracy for any input pressure in the range from 0
to 0.6 MPa, it is necessary to have a large experimental data
base, as well as more sophisticated modeling approaches that
will provide a variable structure of the transfer function of
the pneumatic muscle as object modeling.
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CONCLUSION
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developed. The average error in the simulation was 5.79%.
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Abstract In this article EEG from 5 rats were analyzed by
three different methods: the linear Granger causality method,
the nonlinear adapted Granger causality method, entropy
transfer method.
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I.

INTRODUCTION

Absence epilepsy is a widespread form of epilepsy
among children and adolescents (up to 50% of cases [1]).
The main manifestations of this epilepsy are partial or
complete loss of consciousness for a short time - the duration
of the attack is, as a rule, about 5-10 s [2,3].
II.

EXPERIMENTAL DATA

The 130-minute records of intracranial EEG (signals of
local field potentials) from 5 male WAG Rij rats were
analyzed, with 28 seizures (L = 28) in each animal. All
discharges were spontaneous.
Each animal was considered individually. The length of
the selected seizures was at least 6 s, and it was taken five
seconds before and after the seizure. Each seizure was
divided into six intervals, at which the measures were
calculated. For convenience, the seizure onset is taken as 0
and the seizure termination is taken as T. Then, the studied
intervals, selected in accordance with the results of the work
[4], can be designated as follows:
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activity);
this time, as a rule, changes in connectivity leading to seizure
initiation are detected already [5,6];
3) [0; 2] s after the seizure onset (decoupling); this
interval corresponds mainly to the moment of decoupling
found in [4];
4) [2; 4] s after the seizure onset (seizure maintenance);
5) [T-2; T] s before the seizure termination;
6) [T; T + 2] s after the seizure termination (postictal
stage).
III.

COUPLING ANALYSIS METHODS

Data was analyzed by three different methods:
the linear Granger causality method [7],
the nonlinear adapted Granger causality method
[8],
entropy transfer method [9].
To test the results for significance, surrogate time series
for each animal were built separately by permuting
realizations [10]. 27 28 = 756 pairs.

It is combinations of all possible episodes for a channel
pairs, except when they are from one episode. This number
of surrogates allows us to get a high confidence level of
99.87% (p-value is equal to 0.0013), which is important
because there is multiple testing.
IV.

COMPARISON OF THREE COUPLING MEASURES

Consider the results of the coupling estimations in the
same animal. In figure 1, the calculation results of all three
coupling measures are shown: red color shows the transfer

entropy, blue color shows linear Granger causality, gray
color shows nonlinear Granger causality. The effect of which
brain area on which ones was evaluated is shown in the title
above each subplot. The studied intervals are shown along
the X-axis. The total number of seizures for which the
conclusion about coupling on this interval were significant is
shown on the Y-axis on the left. The same number, but as a
percentage of the total seizure number (28 for all cases
considered) is shown on the right.

Fig. 1 Comparison of three measures for rat No. 27, for all pairs of leads; entropy is shown in red, Granger linear causality is shown in blue, non-linear Granger
causality is shown in gray.
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Abstract
EEG signals of children were recorded during
cognitive load of various types in accordance with proposed
design of experiment. Obtained EEG data were analyzed with
methods of time-frequency analysis and statistics. Differences
in time-frequency structure of EEG signals and ratio between
frequency ranges was shown for background activity and two
types of cognitive activity.

are particular EEG features correlated with intelligence,
attention and other brain characteristics [9-12]. EEG-based

Keywords
cognitive task, children, electroencephalogram,
continuous wavelet transform, frequency ranges, attention state

A. Experiments
Seven healthy children (7-10 years), right-handed, with
normal or corrected-to-normal visual acuity participated at
the experiment. All of them were asked to maintain a healthy
life regime with an 8-hrs night rest during 48 hrs prior the
experiment. Parents of each volunteer provided informed
written consent before participating in the experiment. The
experimental procedure was performed in accordance with
the Helsinki's Declaration.

I.

INTRODUCTION

intelligence is to measure the mental speed, i.e. the speed of
information processing [1]. For this purpose, elementary
cognitive tasks (ECTs) are used and the reaction time to
perform them is studied [2, 3]. One of the most popular types
of ECT is so-called paper-and-pencil test due to simplicity of
its implementation and subsequent data analysis [2].
Elementary ECTs are based on the Hick paradigm [4]: there
is a linear correlation between the amount of processed
information and the reaction time of the subject. The reaction
time in its turn can be estimated with Sternberg memory
scanning task [5], according to which the reaction time
increases linearly with the memory set size. A similar idea
underlies the letter matching paradigm [6] which associates
reaction time with the speed of lexical access. Thus, there is
a direct correlation between mental speed and mental
abilities (intelligence), i.e., more intelligent individuals
exhibit lower reaction time and therefore higher speed of
information processing [7].
Another very promising approach to firmly extract
cognitive components is the use of information about
electrical brain activity. This information can be obtained
using number of experimental techniques, for example,
electroencephalogram (EEG) [8]. Studies suggest, that there

level would find social application, for instance, in
education.
II.

MATERIALS AND METHODS

For EEG recording we used electroencephalograph
Experiment was performed using tablet computer and design
included several phases in the following order: background
activity, cognitive task 2, cognitive task 1, cognitive task 2.
Background activity was recorded at the start of
experimental session for 90 s. During this phase subject sat
still with opened eyes and without performing any task.
Cognitive task 1 was to accomplish Schulte test - simplified
version of Zahlen-Verbindungs-Test (ZVT), widely used in
randomly arranged numbers from 1 to 25. The subject was
asked to find numbers in a descending order. by pointing
each found number with a pencil. All participants had to
complete R = 5 tables (50-90 s for each table) under direct
supervision of a professional psychologist. Between tables
subject had a break for 10-20 s. Cognitive task 2 consisted of

watching a video short cartoon with content appropriate for
children. Duration of each video was ~300 s.
B. Data analysis
We analyzed time-frequency representations of EEG
signals obtained via a continuous wavelet transform (CWT),
which has recently become a very popular technique for
studying dynamics of neurophysiological brain activity [13].
CWT is a convolution of EEG signal
with basic
function
as
,

III.

RESULTS

We analyzed EEG signals for each epoch in experiment
separately: background activity, Schulte tables each table
as individual epoch, video watching two separate epochs,
one for each video. Corresponding EEG fragments were
processed with CWT and following characteristics were
calculated:
,
,
,
. Examples of
acquired distributions are illustrated on Fig. 1-3.

(1)

where
is the number of EEG channel (
) and
r complex conjugation. As mother
wavelet of CWT we used the complex Morlet wavelet

where
frequency.

and

is the wavelet central

We analyzed wavelet energy spectrum as
in number of frequency bands: delta (2-4 Hz),
theta (4-8 Hz), alpha (8-13 Hz) and beta (15-30 Hz). For
these particular frequency bands averaged wavelet energy
was calculated as:

Fig. 1.

Results for background epoch: (a) distributions of
and
(blue and orange colors correspindingly); (b) distributions of
and
(blue and orange colors correspindingly)

The ratio between EEG signal energies in beta and alpha
frequency bands, especially in occipital area, is often used to
characterize attention and its stability. However, in some
instances the ratio of EEG energy for high frequencies (HF)
and low frequencies (LF) provides more evident results. For
example, Liutsyuk et al. [12] found that the subjects with
good working ability displayed relatively high values of
HF/LF ratio. Moreover, this ratio was greater in the right
hemisphere, that probably indicated stronger contribution of
neuronal activity in this hemisphere to provide stability of
attention.
Thus, we were interested in analysis and comparison of
following frequency ranges: alpha and beta, LF (
) and HF (
). The
ratio between HF and LF was calculated for each EEG
channel as following:
(4)
Then coefficients
were averaged separately for
channels in left and right hemisphere (13 channels for each
and
correspondingly. Wavelet energies for alpha and beta
rhythm were averaged for EEG channels in occipital area (6
channels) to obtain
and
correspondingly.
The wavelet analysis of EEG recordings was performed
withg home written C/Cuda software for increasing
computation performance [14].

Fig. 2.

Results for video watching epoch: (a) distributions of
and
(blue and orange colors correspindingly); (b) distributions of
and
(blue and orange colors correspindingly)

process. It also can be used in development of EEG-based
method for evaluation of intelligence and attention level.
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Abstract
Experimental design for recording of EEG and
fNIRS during performance of real and imaginary movement
was proposed. Set of experiments was conducted in accordance
with this design and obtained EEG and fNIRS dataset was
analyzed. Analysis allowed to introduce certain features in
time-frequency domain that can be used to separate real motor
activity from imaginary.

of physical exercises, and non-smokers participated at the
experiment. All of them were asked to maintain a healthy life
regime with an 8-hrs night rest during 48 hrs prior the
experiment. Each participant provided informed written
consent before participating in the experiment. The
experimental procedure was performed in accordance with
the Helsinki's Declaration.

Keywords
EEG, fNIRS, real and imaginary motor activity,
time-frequency analysis

In the first part of the study we recorded
electroencephalogram (EEG) - sum of electrical currents
generated by a small group of neurons in brain network [8].
For EEG signal recording we used electroencephalograph
-EEGTaganrog, Russian Federation). To obtain EEG signals we
cheme for EEG electrode placement with 31
EEG channels. Before EEG recording scalp was treated with

I.

INTRODUCTION

Motor activity and related mental tasks are widely used
in development of brain-computer interfaces (BCIs). BCI
performs an online detection of various features of electrical
signals, such as electroencephalograms (EEGs), including a
transformation of certain patterns into control commands for
the mechanical part, to provide special actions in the
surrounding world without the use of muscles [1]. Instead of
electrical processes, other sources of information about brain
can also be used, for instance, functional near-infrared
spectroscopy (fNIRS) [2,3].
The ultimate goal of BCI is possibility to generate control
commands without any muscular activity. In this case motor
imagery tasks (or imaginary movements without real
neuromuscular activity) become good candidates. Motor
imagery, sometimes is considered to be a conscious use of
unconscious preparation for an actualmovement [4].
Previous studies outlining the similarities between real motor
activity and motor imagery [5-7]. In terms of application in
BCI the main question is whether motor imagery follows the
same cortical layout as motor execution in the primary motor
cortex (M1).
II.

MATERIALS AND METHODS

A. Experiments
Twenty conditionally healthy volunteers (20-40 years,
men and women both), right-handed, amateur practitioners

conductivity, then cup adhesive Ag/AgCl electrodes were
The impedance of electrodes was monitored during the
experimental procedure with typical values of 2ground electrode N was located above the forehead near the
Fpz electrode location and two referent electrodes were
located on the earlobes. The EEG signals were filtered by
band-pass filter (high-pass at 0.016 Hz and low-pass at 100Hz) and by 50-Hz notch filter. Time resolution of the
recorded EEG signals was 250 Hz.
In the second part we used functional near-infrared
spectroscopy (fNIRS) - a noninvasive, relatively low-cost,
portable optical brain-imaging technique [9]. It uses nearinfrared light to measure changes in oxygenated (HbO) and
deoxygenated (HbR) hemoglobin levels due to the
hemodynamic response, the rapid delivery of oxygenated
blood to active cortical areas through neurovascular coupling
[10]. Despite lower temporal resolution and time delay of the
hemodynamic response compared to EEG signals, fNIRS
represents another approach to obtain information about
brain activity, which can complementary to information
provided by EEG analysis.

In the common configuration for fNIRS recording, light
sources and detectors are placed on the scalp and two
wavelengths of light are transmitted through skin, skull and
top layer of the cerebral cortex. fNIRS uses light with two
wavelengths: ~ 700 and ~900 nm, that can pass through skin,
bone, and water, but are highly absorbed by HbO and HbR
correspondingly [11]. Because HbO and HbR have different
light absorption properties, the relative changes in HbO and
HbR, and therefore the change in oxygenation of the tissue,
can be calculated from changes in the reflected dualwavelength light using the modified Beer-Lambert law [12].
Obtained distributions of HbO and HbR are analyzed for
different cortex areas to find ones that are activated during
particular real or imaginary movement. We used NIRScout
device by NIRx company (Germany) with 8 sources and 8
detectors and time resolution of ~7.8 Hz.

III.

RESULTS

We processed EEG signals with CWT and computed
wavelet energy spectra
along with wavelet energy
averaged over alpha frequency range
. Fig. 1
demonstrate results for real movements of left and right
hands on EEG channel C3.

Basic experimental design was the same for EEG and
fNIRS parts: subject was sitting in a chair with hands on
armrests and fee flat on the ground. The screen before
subject demonstrated text command. Each experiment
consisted of two parts: first, subject was asked to perform
real movement with left and right hand according to the
commands, then after a short rest he/she was asked to
imagine the same movements after corresponding commands
on the screen. In EEG experiment subject was given ~4 s to
perform one real movement after text command with 4-6 s
breaks between consecutive command. Time interval for
imaginary movement was ~7 s with 6-8 s breaks. In fNIRS
experiment subject performed or imagined movement for the
same time intervals of 15 s with 15 s breaks between them.
Hand movement consisted of curling the fingers towards the
palm as if squeezing an imaginary ball. In both experiments
subject performed 20 real and 20 imaginary movement for
each hand.
B. Data analysis
For time-frequency analysis of EEG signals we used
continuous wavelet transform (CWT), which has recently
become a very popular technique for studying dynamics of
neurophysiological brain activity [13]. CWT is a
convolution of EEG signal
with basic function
as

Fig. 1. Wavlet spectra for left (a) and right (c) hand movement,
distributions of averaged wavelet energy for left (b) and right (d) hand
movement

As one can see from Fig. 1 left and right hand
movements are accompanied by pronounced decrease of
,
(1) wavelet energy level in alpha frequency band. This can be
used to distinguish movement from background activity,
however, there is no essential difference in such dynamics
where
is the number of EEG channel (
for left and right hand movement.
) and
mother
wavelet of CWT we used the complex Morlet wavelet
Results from fNIRS experiment are illustrated on Fig. 2
and 3. As one can see, increase in level of HbO with
corresponding decrease of HbR mark each movement, real or
imaginary. Moreover, this dynamics is more pronounced in
right hemisphere for left hand and in left hemisphere for
where
and
is the wavelet central
right hand, which opens opportunity to distinguish different
frequency.
types of movement. These results can be used in further
research with synchronous recording of EEG and fNIRS in
Wavelet energy spectrum (
where
one experiment.
n is number of EEG channels) provides information about
time-frequency structure of the signal. We also analyzed
wavelet energy in alpha frequency range (8-13 Hz) For this
particular frequency band averaged wavelet energy was
calculated as:
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Abstract
The study of neurophysiological mechanisms
responsible for motor imagery is important for the
development of brain-computer interfaces (BCI). Here we
analyze the results of magnetoencephalographic (MEG)
experiments which confirm the existence of two types of motor
imagery, kinesthetic and visual imagery, distinguished by
activation and inhibition of different brain areas in motorrelated alpha (8-12 Hz) and beta (15-30 HZ) frequency ranges.
Kinesthetic imagery implies muscular sensation when
performing an imaginary moving action that leads to eventrelated desynchronization (ERD) of motor-associated brain
rhythms. By contrast, visual imagery refers to visualization of
the corresponding action that results in event-related
synchronization (ERS) of alpha/beta activity. A main
difference between kinesthetic and visual modes occurs in the
frontal brain area. The analysis of evoked responses shows that
in all kinesthetic imagery subjects the activity in the frontal
cortex is suppressed during motor imagery, while in the visual
imagery subjects the frontal cortex is always active. The
accuracy in classification of left- and right-arm motor imagery
using artificial intelligence methods is similar for kinesthetic
and visual imagery modes. The possibility to increase the
accuracy for visual imagery is in demand for BCIs.
Keywords brain-computer interface,
bioprosthetics, MEG, machine learning

I.

motor

imagery,

INTRODUCTION

The revealing features of brain activity during
imagination of the movement of different limbs are very
important for fundamental neuroscience and applied
neurotechnologies, such as BCIs which can help in
rehabilitation of patients after trauma or stroke, as well as
for noninvasive brain-controlled bioprostheses and
exoskeletons [1]. Mental imagination of movements referred
to as motor imagery [2] manifests as a result of the rehearsal
of a given motor act in the working memory without any
overt movement of the corresponding muscle. It is classified
into two categories, namely, visual and kinesthetic imagery
[3]. While visual imagery consists of visualization of the
subject moving a limb, that does not require any special
training or sensing of the muscles, kinesthetic imagery is the
feeling of muscle movement, that can usually be achieved
by athletes or specially trained persons [4].
To understand and classify motor imagery different
methods of time-frequency analyses are used, in particular,
the most common techniques are using ERS and ERD,
wavelet transform, empirical mode decomposition, common
spatial patterns, as well as their combinations [5-8]. Due to
good spatial and frequency resolution MEG was extensive

used for motor imagery studies [9]. However, to the best of
our knowledge, the MEG experiments with untrained
subjects were not carried out for classification of different
modes of imaginary movement.
Early, it was shown that kinesthetic and visual imagery
modes affect the classification accuracy, e.g., the accuracy
rate obtained for kinesthetic imagery were better than for
visual one [10]. In this context, taking into account that
untrained subjects often demonstrate the visual imagery
mode, the possibility to increase the accuracy rate for visual
imagery is in demand for BCI applications.
II.

EXPERIMENTS AND METODS

The experimental study consisted of ten untrained
volunteers. The subjects were sat in a comfortable reclining
chair with their legs straight and arms resting on an armrest
in front of them. All participants were required to imagine
moving their arms after being presented with audible beeps
as the cue. The whole MEG experiment was divided into
four series with one-fourth of the total number of trials in
each series. Each series consisted of equal number of trials
randomly chosen for each of two arms (left or right arm).
The imaginary movement of each arm was counted as one
trial. The beeps were presented with time gaps randomly
varied among the subjects from 16 to 28. All participants
provided a written informed consent before the experiment
commencement. The experimental studies were performed
in accordance with the Declaration of Helsinki. Methods
were carried out in accordance with approved guidelines.
The neurophysiological data were acquired with the
Vectorview MEG system (Elekta AB, Sweden) with 102
magnetometers placed inside a magnetically shielded room
at the Laboratory of Cognitive and Computational
Neuroscience, Center for Biomedical Technology,
Technical University of Madrid, Spain. The research was
approved by the Ethics Committee of the Technical
University of Madrid.
The time-frequency spectrogram (TFS) of the MEG
signals was analyzed using wavelet-based approach, a wellknown tool for the analysis of non-stationary time series
[6,7]. For each limb, we used the Morlet wavelet to evaluate
the TFS for all extracted epochs, and then averaged the
TFSs for the limb. Then, the TFS was also averaged over
the desired motor-related frequency ranges of alpha (8
repeated over the resting state using the same parameters. To
evaluate ERS/ERD, we took the difference between the

spectrogram for the trials and the averaged-over-time spectrogram
of the resting state and then normalized it to the resting state [11].
To classify MEG trials we have used two different
machine learning technics. First, to perform the cluster
analysis of kinesthetic and visual imagery, we applies the
hierarchical cluster analysis (HCA) [12], a widely-used
unsupervised machine learning technique. Using the HCA,
we found the hierarchy in considered data in a greedy way,
that allowed to uncover its structural properties, i.e.,
organize observed objects into subgroups. Second, to classify
the brain states associated with motor imagery, we used such type
of artificial neural network as multilayer perceptron (MLP) [13]
which is often used for classification of EEG trials [14,15].
III.

RESULTS

We analyzed brain dynamics in terms of ERS/ERD in
alpha (8
during the motor imagery performance, which allowed us to
classify the subjects into kinesthetic and visual categories.
We shown that the kinesthetic imagery subjects have
stronger ERD centralized near the inferior-parietal lobe,
while the visual imagery subjects tend to have ERS in the
superior-parietal and occipital lobes.
The obtained results of classification into kinesthetic and
visual imagery groups was confirmed by the analysis of the
evoked response, which is the average of time series over all
trials. The subjects from the visual imagery group are
characterized by neural activation of the occipital cortex in
contrast to the subjects from the kinesthetic imagery group,
who demonstrate activity in the premotor area, which is
absent in the visual imagery group.
The HCA results are present in Fig 1, where the
dendrogram with the arrangement of clusters obtained by
HCA is shown. One can see that all subjects can be well
separated into two large clusters with the exception of the
upper row of the dendrogram marked by the dashed lines,
i.e., subjects 3, 4, 5, 6, 7 and 8 are arranged into the
kinesthetic imagery group, while the rest of the subjects 1,
2, 9 and 10 are arranged into the VI group. It should be
noted, that the links between the subjects inside each group
are much smaller than the links between the clusters. This
confirms that HCA provides a good enough precision for the
clustering.

Fig. 1. Results of HCA illustrating the clustering of subjects belonging to
kinesthetic and visual imagery types. Here dendrogram shows the
formation of two subgroups (kinesthetic and visual imagery subjects) in
terms of Euclidean distance between clusters in ERD/ERS feature space.

The brain activity during motor imagery of the
kinesthetic subjects is characterized by well-pronounced
ERD in both alpha and beta frequency bands. Such a
behavior is similar to real movement when alpha- and betawave energies are suppressed in the motor brain area [16].
On the contrary, for the visual imagery subjects the motor
imagery process is accompanied by ERS in the alpha and
beta ranges, that determines a leading role of selfvisualization of the limb movement.
A multilayer perceptron was constructed and applied to
classify MEG time series trials associated with left-arm and
right-arm motor imaginery in these two groups of subjects.
Fig. 2 demonstrates the classification accuracy for each
subject. The average classification accuracy over all subjects
was about 70%. At the same time, the best accuracy reached
90% for subject 6.

Fig. 2. Results of ANN classification accuracy of motor imagery of left
and righ arm. Orange boxes correspond to visual imaginery subjects, blue
boxes kinesthetic imaginery subjects.

This is an important result, which shows that the
classification accuracy does not depend on the type of
imagination. We can get high classification accuracy for
both kinesthetic and visual types of imagination. This opens
up opportunities for improving the efficiency of the active
interfaces of the brain-computer, which exploit imaginary
movements as mental commands.
IV.

CONCLUSION

We analyze the results of MEG experiments with
voluntary participants which confirm the existence of two
types of motor imagery, kinesthetic and visual imagery,
distinguished by activation and inhibition of different brain
areas in motor-related alpha and beta frequency ranges.
Similar to real movement, kinesthetic imagery implies
muscular sensation when performing an imaginary moving
action that leads to ERD of motor-associated brain rhythms.
By contrast, visual imagery refers to visualization of the
corresponding action that results in ERS of alpha and beta
activity. A notable difference between kinesthetic and visual
modes of imagination occurs in the frontal brain area. The
analysis of evoked responses shows that in all kinesthetic
imagery subjects the activity in the frontal cortex is
suppressed during motor imagery, while in the visual
imagery subjects the frontal cortex is always active. The
accuracy in classification of left-arm and right-arm motor
imagery using maschine learning is similar for kinesthetic
and visual imagery modes. Since untrained subjects usually
demonstrate the visual imagery mode, the possibility to

increase the accuracy for visual imagery is in demand for
BCIs.
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Abstract In present study we compared two methods for
extraction of autonomic control signal from electrocardiogram.
First method is based on estimation of heart rate variability
and second technique is based on heterodyning. Comparison
was carried out for 3 mathematical models: linear oscillator
with frequency modulation; electrocardiogram signal with
variability of heart rate; complex model of autonomic control;
For the last two systems only the method of time intervals
estimation appeared to be applicable, but it also distort phase
and spectral characteristics of the control signal.
Keywords cardio-vascular system, autonomic
mathematical modeling, nonlinear dynamics
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control,

INTRODUCTION

Extraction of signal of heart rate autonomic control from
electrocardiogram (ECG) data is an important step during
fundamental studies and medical diagnostics [1].
It is widely accepted that 0.05-0.4 Hz frequency band of
heart rate variability signal represent the dynamics of both
sympathetic and parasympathetic control of heart rate [2].
However it is unknown what distortions are introduced to the
control signal during estimation of heart rate variability
signal from ECG. How this method functions is also yet to
be fully studied.
Autonomic control of heart rate changes its frequency
therefore one can suggest this control is somewhat similar to
frequency modulation. Method of heterodyning is commonly
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used to extract frequency modulation from signals of
radiophysical generators.
In this study we applied both methods to 3 mathematical
models, for which the signal of autonomic control is priory
known: linear oscillator with frequency modulation;
electrocardiogram signal with frequency modulation of heart
rate; complex model of autonomic control;
II.

DATA AND METHODS

We compared 2 methods for extraction of the autonomic
control signal from ECG. Firs approach is based on
estimation of heart rate variability signal which is sequence
of time intervals between heart beats. Heart beats are
commonly detected as R-spikes on ECG. Resulting
nonequidistant timesplines, according to the recommendations from [2].
Operation of heterodyning is based on following
trigonometrical identity (1):
sin( )sin( ) = 0.5(cos(

)

cos( + ))

(1)

According to (1) if ECG is multiplied by sinusoidal
signal with frequency of main cardiac rhythm then cos(
) - is signal of heart rate frequency modulation. Second
term cos( + ) can then be filtered by low-pass filter.

Methods were compared for 3 objects. First object was a
linear oscillator with sine frequency modulation. Frequency
of oscillations was set to 1.47 Hz and modulation frequency
was set to 0.1 Hz to simulate the sympathetic modulation.
Second object was a modified mathematical model of
ECG from [3] to which we added frequency modulation,
similar to the 1 object. Heart rate was also set to 1.47 Hz.
Third object was a complex model of circulation
autonomic control, based on [4]. Model consists of 5
ordinary differential equations and can simulate
combination of sympathetic and parasympathetic autonomic
control of heart rate and can generate ECG signals with
spectral properties similar to the real data. Full description
of the model and its parameters are presented elsewhere [5].
Euler method was used for numerical integration with step of
0.004 s. Time series obtained from the models were 7 000 second.
III.

RESULTS

Methods demonstrated similar results for linear
oscillator with sine frequency modulation. In both extracted
signals we observed multiple frequency harmonics of the
modulation frequency. Those harmonics were also present

in spectra of linear oscillator around its main frequency
which is typical for oscillators with frequency modulation.
From this one can assume that both methods are based on
the same principle and extract frequency modulation of
heart rate.
Approach based on heterodyning was found to be
unsuitable for analysis of signals from mathematical model
of ECG and from complex model of circulation autonomic
control. Analysis of ECG signals from complex model
demonstrated that method based on detection of time
intervals between R-spikes of ECG introduced some
distortions to the extracted signal: lowered spectral power
density in frequency band of 0.15-0.4 Hz, which has
significance for medical diagnostics [2].
Further evidences of this phenomenon were obtained from
experiments with mathematical model of ECG with modulation of
heart rate. We used several modulation frequencies ranging from 0
to 0.5 Hz. For modulation signal of each frequency we measured
the amplitude and frequency of the extracted signal. Form this data
we obtained amplitude-frequency response curve and phasefrequency response curve of the method. Both are represented in
figure 1.

Fig. 1. a - amplitude-frequency response (AFR) and b - phase-frequency response (PFR) for method for extraction of autonomic modulation of heart rate
from ECG based on time-interval detection between heart beats.

It is evident from amplitude-frequency response curve
(fig. 1(a)) that for frequencies above 0.15 Hz the amplitude
of extracted signal is lowered. Phase-frequency response
curve (fig. 1(b)) is also deviate from linearity for modulation
signals of 0.05 Hz and 0.45 Hz.
IV.

CONCLUSION

Obtained results suggest that estimation of heart
variability signal from ECG based on the same principle as
extraction of frequency modulation of heart rate with
heterodyning. It is evident from appearance of multiple
frequency harmonics in both signals.
It was shown that estimation of heart variability signal
from ECG introduces distortion to the signal of heart rate
autonomic control. Power spectral density is lowered in
frequency band of 0.15-0.5 Hz and phases are distorted.
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Abstract
A formalization procedure for realization of
technological processes and a methodology for finding
suboptimal decisions in system of planning for mechanical
production were presented here. Was shown that presented
model and methodology allow decreasing common production
time.
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Abstract Oscillations in the low-frequency range of heart
rate variability and photoplethysmogram signals are associated
with processes of autonomous control of the cardiovascular
system. We have previously shown that synchronization of such
processes may be a sensitive indicator of the development of
certain diseases. In the course of the study it was shown that
these processes are accompanied by a change in power spectral
density. The work compared the dynamics of power density in
healthy people and patients with hypertension.
Key words
Autonomic control, spectral analysis, heart
rate variability, photoplethysmogram

I. INTRODUCTION
Heart rate variability (HRV) processes and fluctuations in
the blood supply to the arterial vessels are distinguished by a
complex chaotic dynamics [1]. In a number of works, the
degree of irregularity of such fluctuations was associated
with the state of health [1-3]. For historical and technical
reasons, it was mainly the processes of heart rhythm
regulation that were investigated. At the same time,
fluctuations in the blood supply can carry important
information about the state of the arterial vessels and the
peculiarities of blood flow regulation. Such oscillations are
recorded, in particular, using the method of
photoplethysmography. In this case, using the open
optocoupler, oscillations of the light transmission of the
tissues of the limbs are recorded. This is a cheap and non-

invasive method. However, the amplitude of the received
signals is difficult to calibrate and its depends on many
factors. At the same time, the normalization of the oscillation
power to the intensity of the characteristic spectral
component allows comparing the results of studies of healthy
people and patients. In our works, it was previously shown
that the assessment of the degree of synchronization of the
low-frequency components of photoplethysmogram (PPG)
and HRV makes it possible to diagnose the development of
certain diseases [3], personalize the choice of therapy [4-5]
and predict the survival of patients after myocardial
infarction [6]. The purpose of this work is to study the
dynamics of the power spectral density in the low-frequency
range of the univariate signal of PPG in healthy people and
patients with hypertension.
II. MATERIALS
The study analyzed 12 records of healthy subjects and 12
records of patients with hypertension. The duration of each
entry was 10 minutes. The signal of PPG was recorded from
a finger sensor. The sensor contained the light-emitting diode
and a phototransistor which worked in the infrared range in
transmitted light.
Signals were recorded with a standard instrument with a
sampling rate of 250 Hz. The bandwidth for
-3dB power
levels was 0,016-30 Hz.

III.

METHODS

In the course of data analysis, signal power spectra were
estimated. The periodograms method of Welch was used for
this. Time series were divided into 9 windows with a
duration of 2 minutes, which shifted with an overlap of 1
minute along the signal. Periodograms were evaluated in
each window, which were then averaged. Further, the power
spectral density was estimated in the LF (0,04 0,15 Hz) and
HF (0,15 0,4 Hz) bands. In accordance with the work of [78], the LF range is associated primarily with the sympathetic
control of the arterial vessels, and the power in the HF range
is associated mainly with parasympathetic activity and the
respiratory process. Therefore, the comparison was carried
out for the normalized quantities LFn=LF/HF.

Fig. 2. An example of a typical PPG signal of a patient with arterial
hypertension. (a) - The time series of PPG and (b) - its power spectrum

V. CONCLUSIONS
The obtained results are interesting from the point of
view of understanding the work of a complex
multicomponent object of biological nature the
cardiovascular system. The results may also be relevant for
the development of medical diagnostic methods.
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Abstract Complex mathematical model of cardio-vascular
system was modified with addition of self-exciting time-delay
nonlinear loop of heart rate and arterial pressure autonomic
control. Taking into account nonlinearity of the control loop it
made it possible to simulate the complex dynamics of the real
system.
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INTRODUCTION

The Complex nonlinear dynamics is an important
characteristic of cardio-vascular system (CVS) [1]. Study of
this dynamics is not only important for fundamental
understanding but also perspective for medical applications
[2-4]. In a number of studies it was shown that development
of pathologies and aging causes decrease in complexity of
CVS behavior [1, 5].
Several hypothesis were proposed to explain chaotic
behavior of CVS. First hypothesis present CVS as dynamic
chaotic oscillator, and second hypothesis present CVS as a
complex network with many subsystems and dynamical
noise originated from other organs and changes in the
environment.
Development of mathematical models is a promising way
to obtain arguments in favor of one of the hypothesis, since
mathematical modeling is widely used to study various
systems of biological origin including CVS.
II.

MODEL

Proposed model is based on [6], it can simulate following
processes: heartbeat; autonomic control of heart rate,
contractility, vascular resistance; arterial pressure forming

during systolic and diastolic phases of cardiac cycle; Model
also includes influence of respiration on the aforementioned
processes.
Main feature of the modified model is inclusion of
nonlinear autonomic control loops which can produce
sustained 0.1 Hz oscillations that can be commonly observed
in spectra of heart rate variability and arterial pressure.
Addition of self-exciting control loops introduces the
possibility to reproduce such effects as synchronization and
dynamic chaos. More detailed description can be found in
[7].
III.

RESULTS

Projected space portraits for cc (noradrenaline
concentration in cardiac wall), cv (noradrenaline
concentration in vessel wall), p(t) (arterial pressure) are
represented in Figure 1(a, b). They were calculated from
time-series of 100 seconds long. To calculate ACF (Fig. 1
(c)) we used time-series of 100000 seconds long after
transition process of 10000 s.
Complex form of the projections of the phase portrait and
ACF decay argue for chaotic nature of the proposed model
dynamics. Presence of less-developed dynamic noise is also
affirmed by positive value of main Lyapunov exponent [8].
The proposed model is a dynamic system of 5 order, with
time delay in some of equations witch complicates
calculation of Lyapunov exponents. Therefore we restricted
ourselves to calculation of only main Lyapunov exponent in
3d space of cc (noradrenaline concentration in cardiac wall),
cv (noradrenaline concentration in vessel wall), p(t) (arterial
pressure). We used Wolf method and time-series of 10000
seconds. Time interval for phase trajectories to scatter was

0.5 s. Estimated value of main Lyapunov exponent was
0.045.
Twofold increase and decrease in length of analyzed time
series or time interval for phase trajectories to scatter resulted
in variations in main Lyapunov exponent

Fig.
projection of phase space on plane cv-p(t), (b) - on plane cccv, (c) ACF for p(t) signal.

IV.

CONCLUSION

It was shown that adoption of the nonlinear autonomic
control loops into mathematical model allows simulation of
chaotic dynamic of real system within a range of
physiologically grounded model parameters.
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Abstract we have developed a method for the detection of
directional couplings between the respiratory process, infraslow oscillations of electroencephalogram (EEG) and heart rate
variability (HRV), having a characteristic frequency close to
0.1 Hz. The technique is tested during the analysis of the
records of healthy awake subjects during spontaneous
breathing. It is shown that the use of nonlinear approaches
based on the analysis of phase dynamics provides a high
sensitivity analysis of the coupling between the elements of a
complex multichannel system of biological nature.
Keywords electroencephalogram, autonomic regulation,
cardiovascular system, respiration process, nonlinear dynamics

I.

Boris Bezruchko
Saratov Branch of the Institute of
RadioEngineering and Electronics of
Russian Academy of Sciences, Saratov
State University
Saratov, Russia
bezruchkobp@gmail.com

Vladimir Gridnev
Department of Innovative
Cardiological Information Technology,
Institute of Cardiological Research,
Saratov State Medical University,
Saratov State University
Saratov, Russia
gridnev@cardio-it.ru

INTRODUCTION

The study of the interaction of the infra-slow oscillations
of the EEG and the signals of the Autonomic Regulation of
Cardiovascular Function contours with a characteristic
frequency close to 0.1 Hz is important from a fundamental
and applied point of view [1, 2].
Recently we have studied the synchronisation in the
infra-slow oscillations of the EEG [3, 4], the respiration
process, and the signals of the Autonomic Regulation of
Cardiovascular Function contours [5, 6] in awake healthy
people during special active experiments.
In these studies, the respiratory frequency of healthy
subjects changed according to a given law. The staging of an
active experiment in combination with the use of methods

for analyzing phase dynamics made it possible to detect the
capture of frequencies and phases of infra-slow oscillations
of EEG by breathing, to reveal signs of the presence of
several self-oscillating structures in different brain regions
involved in the formation of infra-slow oscillations of EEG.
In [7], an analysis of the coherence function of the
studied processes was carried out.
The next step is to study the structure of the directional
connections between respiration, infra-slow oscillations and
elements of the vegetative regulation of the cardiovascular
system.
The purpose of this study was to evaluate the
opportunity of revealing the couplings between the
respiratory
process,
infra-slow
oscillations
of
electroencephalogram (EEG) and heart rate variability
(HRV), which have a characteristic frequency close to 0.1
Hz, in awake healthy people at rest during spontaneous
breathing using nonlinear methods of analysis of the phase
dynamics of the studied systems.
II.

EXPERIMENTS

The study involved three subjects, who simultaneously
recorded signals from non-invasive scalp EEG,
electrocardiograms (ECG) and respiration during
spontaneous breathing. Registration duration was 30
minutes.

For non-invasive registration of 19 EEG leads, the
EEG channels, the I standard ECG lead was recorded, as
well as a breathing signal by an abdominal strain gauge
sensor.

frequencies of spontaneous breathing (about 0.3 hz)
(Fig. 1 (b)).

Registration was carried out using a standard certified
device Encephalan EEGR 19/26 (Medicom MTD, Russia)
with a quantization of 16 bits, a sampling frequency of 250
samples per second per channel. The bandwidth for the EEG
channels was 0.0016-80 Hz, for the ECG channel - 0.003-80
Hz, for the breathing signal 0.003-80 Hz.

leads and HRV in the LF range between HRV and respiration

III.

METHODS

For the EEG leads and the respiration signal in the HF
range, the mean and standard deviation C(f) according to the

The distribution of the average values of the coherence
function over the scalp surface is shown in Figure 2. It is
seen that there is an increase in coherence in the region of
the vertex.

To increase the reliability of the analysis results, several
methods of diagnosing coupling were simultaneously used.
First of all, the coupling was diagnosed using an estimate
of the phase coherence coefficient [8].
Secondly, the coherence function C(f) was calculated,
which characterizes the coupling of the spectral components
of the analyzed signals using the cross-spectrum estimation
[9].
Thirdly, according to the experimental data, the analysis
of the directed couplings was carried out using the phase
dynamics modeling method [10].
We evaluated the intensity of the impact and the
analytical 95 percent confidence interval, as in [11].
In order to establish the fact of coupling, the difference
together with the 95 percent confidence interval, was verified
from zero. The calculation was carried out at a time shift
between rows
20 seconds.

=10 seconds and trial lag values
IV.

j

k

of 0-

RESULTS

For all subjects, an analysis of the coupling between the
respiration process, infra-slow oscillations of the EEG and
heart rate variability (HRV) was carried out using the
methods described above. Coupling between the fluctuations
of EEG leads and heart rate variability (HRV) was analyzed
in the 0.04 0.15 Hz band (so-called Low Frequency LF
range [12]).

Fig. 1. The coherence function of the lead Pz EEG and (a) HRV, (b)
respiration for subject # 9. Solid line is the value of the coherence function.
Dotted line is 95% significance level.

A quantitative analysis of the maximum values of the
coherence function indicates that regulation processes with
frequencies close to 0.1 Hz in EEG and HRV and EEG
processes and spontaneous breathing with characteristic
frequencies of about 0.3 Hz demonstrate high coherence,
which makes it difficult to interpret the results and determine
the direction of coupling, since the analytical formula for
estimations of the confidence interval with strong connection
does not work [9].
Therefore, the diagnosis of directional connections was
accompanied by the control of statistical significance by
generating surrogate data from the Amplitude Adjusted
Fourier Transform ensemble [13].
Diagnostics of directional connections revealed a
significant interaction of infra-slow oscillations of EEG with
HRV rhythms in the LF range, which is associated mainly
with the sympathetic regulation of blood circulation [7]. At
the same time, the effect from HRV to EEG (Fig. 3 (b)) is most
pronounced than the effect from EEG to HRV (Fig. 3 (a)).

Coupling between the oscillations of EEG leads and
respiration was analyzed in the 0.15 0.4 Hz band (High
Frequency - HF range [12]).
It turned out that in a typical case it is not possible to
identify any statistically significant values of the coefficient
of fluctuations of EEG leads in the LF and HF ranges. For
the EEG leads and respiration signal in the HF range, the
average and standard deviation of the coefficient
according to the statistics of all subjects and leads is 0.14
0.07. Coupling between HRV and respiration in the LF range
The coherence function C(f) significantly increases and is
statistically significant at frequencies close to 0.1 Hz when
analyzing the coherence of HRV and a number of EEG leads
(Fig. 1 (a)), is low and is observed on the verge of
significance level in the analysis of EEG with respiration at

Fig. 2. Topographic mapping of average values of phase coherence
coefficient during spontaneous respiration of EEG and HRV in the
frequency range of 0.05-0.15 Hz. Scale in units of coherence function.

The impact of respiration on the infra-slow oscillations in
the HF range that is primarily associated with the
parasympathetic regulation of blood circulation is usually
insignificant (Fig. 3 (c)). For most leads, it is possible to
identify the pronounced significant effect of infra-slow
oscillations of the EEG on the breathing process (Fig. 3 (d)).
As a result it was revealed that the interaction of the
HRV components with respiration in the characteristic for
respiration HF frequency range is quite strong. The most
pronounced effect is from respiration to HRV in the LF
frequency range.
The detected delays due to the order of a few seconds
(Fig. 3 (b), Fig. 1 (d)) may indicate the complex nature of the
interaction of the studied processes of the infra-slow
oscillation and HRV with breathing, including temporary
delays in the couplings. The technique was tested during the
analysis of the records of three healthy awake subjects during
spontaneous breathing in healthy people during spontaneous
breathing.
The most pronounced effect of the respiration on the lowfrequency components of HRV, the impact of the HRV on
the low-frequency components of the infra-slow oscillations
of the EEG, the impact of the low-frequency components of
the infra-slow oscillations of the EEG on the respiration
process. The results testify in favor of the fact that the
interaction of the processes under consideration is non-linear
nature and organized through a complex network structure.
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Abstract
In this article, trajectory optimization of an
inverted pendulum on a cart with machine learning tools is
analyzed. Reinforcement learning and Q-learning algorithm
are used for searching and optimization of trajectories. Results
show that combination of Monte Carlo update method with
TD(0) outperforms each of them
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Abstract
Based on the coupling analysis we analyze
electroencephalograms (EEGs) acquired in untrained humans
(operators) during real and imaginary movements, and show a
difference between the related EEG signals and the recordings
performed during real movements or the background electrical
brain activity.
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arms and legs, which the subject had to perform or imagine
10 to 15 times on commands at the moments of playing
special sound signals.
The

active

experiment

included

the

following

raising with the leg locked in the upper position for 0.5

INTRODUCTION

Diagnosing the connectivity parameters between leads is
an important task that attracts the attention of many
researchers [1-3]. However, often classical mathematical
methods based on time-frequency, wave or component
analysis do not allow to assess the degree of interaction
between the systems [4,5] due to significant complexity,
nonstationarity, noise and poorly structured data. Therefore,
the application of various measures of nonlinear dynamics to
these data is promising.
II.

Ekaterina Borovkova
Department of Dynamic Modeling and
Biomedical Engineering
Saratov State University
Saratov, Russia
0000-0002-9621-039X

DATA AND METHODS

Speci c dynamics of electrical brain activity is associated
commands. The study involved non-invasive EEG signals
registered from 15 healthy subjects with (19 electrodes with
a 10-20 arrangement) during special active experiments. All
experimental studies were conducted in accordance with the
Helsinki Declaration of the World Medical Association.
Each subject participated in one experiment lasting about 30
minutes. For each subject, the active experiment was
performed from 1 to 5 times. In active experiments, the
special software randomly generated on the screen one of
nine instructions about real or imaginary movements of the

right leg with fixing the leg in the upper position for 0.5
with fixing
of raising the left hand with fixing the arm in the upper
ination of raising the right hand with the fixation of the
conducting an active experiment, the background EEG
recording was recorded without the subject performing
special instructions. For further analysis we used theta band
frequency range 3-7 Hz [6].
For data analysis we used a method based on modeling
phase dynamics [7] between the signals of non-invasive
scalp EEG leads P3 and P4. The main idea of the method
consists in evaluating the impact measure to improve the
forecast produced using a joint model of the phase dynamics
of the systems under study, compared with the forecast
obtained using an individual model. Exceeding the estimated
coupling measure in the direction of impact from one of the
systems to another can be interpreted as the direction of the
prevailing influence in this case, the position of the
maximum in the dependence of the impact measure estimate

Direction P3-P4
Average Maximal
Coupling strength
delay

Standard
deviation

Right hand real

0,145455

0,015207

Right hand imaginary

0,156842

0,036011

Left leg real

0,127273

0,027107

Left leg imaginary

0,145263

0,013518

0,18

0,072

Left hand imaginary

0,191579

0,109141

Right leg real

0,138182

0,009917

Right leg imaginary

0,183333

0,083704

Background activity

0,391429

0,230204

Movement type

Left hand real

Direction P3-P4

Fig. 1 Maximal observed coupling strength values for a different movement
sessions. The box and whisker plot: the ends of the box are the upper and
lower quartiles, so the box spans the interquartile range. the median is
marked by a vertical line inside the box. the whiskers are the two lines
outside the box that extend to the highest and lowest observations.

can be used to estimate the delay in connection
corresponding to this direction impact. For the method of the
phase dynamics analysis, the values of the delay parameters
were selected equal to a single period and the range of the
analyzed time shift between the rows of 1 second.
III.

RESULTS

Maximal observed coupling strength values are shown in
Fig. 1. In a box and whisker plot: the ends of the box are the
upper and lower quartiles, so the box spans the interquartile
range. the median is marked by a vertical line inside the box.
the whiskers are the two lines outside the box that extend to
corresponds to the right hand real movement, RHM
right
hand imaginary, LHR
left hand real, LHM
left hand
imaginary, LLR
left leg real, LLM
left leg imaginary,
RLR
right leg real, RLM
right leg imaginary, BG
background activity. Statistical analysis of the absolute
values of the phase coupling showed that during the conduct
of active movement sessions, the magnitude of the bond is
equally likely to exceed or be less than the bond value in the
background part of the experiment. We revealed an increase
in the coupling strength force in the case of imaginary
movement. Mean delays corresponding to the maximal
coupling strength values are given in the Table 1. Statistical
analysis of the delay values showed that during the conduct
of active movement sessions mean delays are significantly
lower than during background activity.
TABLE I.

Average Maximal
Coupling strength
delay

Standard
deviation

Right hand real

0,145455

0,017851

Right hand imaginary

0,184211

0,087535

Left leg real

0,154545

0,046612

Left leg imaginary

0,18

0,082105

Left hand real

0,136

0,0096

Left hand imaginary

0,224211

0,159114

Right leg real

0,127273

0,029752

Right leg imaginary

0,16

0,062222

Background activity

0,368571

0,343673

Such asymmetry in the coupling strength and delay
between signals can be used to distinguish real and
imaginary movements based on short fragments of
experimental recordings that is important for potential
application.
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Abstract
We propose a modification of the mean phase
coherence method based on the statistics arrange of phase
difference data. The modification aimed towards better
analysis of data of coupled oscillators under influence of strong
noise inducing phase skips.
Keywords mean phase coherence, connection, coupling,
modification.

I.

INTRODUCTION

The task of determining the degree of interaction between
dynamical systems is an object of interest in various fields of
science[1 3]. One of the most simple and fast methods was
proposed in [4]. Nevertheless, it also has limits of
applicability, for the expansion of which a solution is
proposed in this work. To modify the mean phase coherence
index method, it is required to analyze the change in
synchronization properties of interacting systems in the
presence of noise. To analyze the behavior of the phase
difference signal in the presence of noise, consider an
example of particle motion in the presence of a potential
barrier: if the noise is strong enough, or if it is Gaussian, then
the particle occasionally jumps over the potential barrier and
fairly quickly comes to the next state of equilibrium 0 .
Physically, this means that the phase point makes an extra
part of the turn, as compared with the external force, along
the limiting cycle. These relatively fast changes in phase
difference are called phase skips [5].
In practice, there are often sit
is observed on a number of phase differences. In presence of
weak and limited noise, the phase fluctuates around a
constant value, i.e. overshoot is not observed. In presence of
strong and unlimited noise, phase skips are usually observed.
However, the probabilities of skipping to the right and left
are now different: naturally, the particle more often jumps
down than up. Therefore, although most of the time the
particle fluctuates around a state of equilibrium, on average it

slips down the potential. Therefore, the phase dynamics is
substantially non-uniform (at least with low noise): long
synchronization intervals alternate with phase skips
We now discuss the relationship between the phases of
self-oscillations and strength. It was noted that the phase
(unless the noise is limited and weak). Thus, for noise
systems, generally speaking, one cannot speak of phase
capture, since the phase difference is not limited. On the
other hand, the particle is more often at the minimum of the
potential, and therefore certain values
with greater probability. If we consider the phase difference
density, we will see that it is not uniform, but has a
pronounced maximum.
II.

DATA AND METHODS

Phases are calculated by rows of initial signals. Then, the
probability density in the range from 0 to 2 is calculated
from the series of the wrapped phase difference. Next, the
obtained values of the probability density distributions are
sorted. This range of values is approximated by an
exponential function in the form:
I

exp(bxi)

where xi are the initial values of the function, a, b are the
approximation coefficients determined using the least
squares method, in which the Levenberg-Marquardt
algorithm
was
used
for
optimization.
In the case when the synchronization level is high, the
coefficient b should also take high values in the limiting
cases for a series with a constant phase difference (limiting
case) with a length of 100 characteristic periods a value of
7.2 was obtained. For the case of no synchronization, the
coefficient b will take values close to 0.

In this modification, it we propose to calculate the
distribution of phase differences and divide the distribution
of phase differences into L bins. According to statistical
studies, the optimal number of cells is determined by the
formula:
L |e(0.626+0.4ln(N-1))|
where L is the number of cells in the plot of the density
of distribution of the function, N is the number of elements
of the series [6]. Next is the sum of the distributions, which
exceed the threshold value k, which is found by the
following formula:

In the course of the work, the possibilities of estimating
phase synchronization were studied, taking into account the
delay in coupling between systems, estimated using the
phase coherence index using the model and real data.
Namely, it was found out that in some cases it is possible to
recover the delay in the connection between the two
systems. It was determined that taking into account the
delay in case of an increase in dynamic noise allows us to
obtain a higher level of the mean phase coherence.

k

Fig. 2 The dependence of the mean phase coherence index (IPC) and
modified phase coherence index (IPCm) on the coupling parameter for a
number of phase difference of coupled oscillators in presence of noise.
Fig. 1 An exemplary dependence of the phase difference from the time in
case of switching to the synchronizatio and presence of noise when shifts
occur irregularly.

It is easy to notice that in the case of constantly and
monotonously increasing phase difference or if the phase
difference is a random value similar to white noise, the
height of all bins will tend to a constant value of N/L and for
real data it is reasonably to add scaling factor depending
on the signal/noise ratio.
III.

Thus, in this work we analyzed the possibility of
modifying the method of calculating the phase
synchronization between two oscillatory systems using
model time series for the case of a piecewise constant phase
difference and proposed methods for such a modification.
The performance check of the proposed modifications was
implemented on model data and demonstrated the potential
applicability for the analysis of time series obtained from
real systems.

RESULTS

We can take this value as a threshold, but due to short
time series and complex properties of the dynamics of real
systems requires a normalization factor. To check the
performance of the modified method of calculating the mean
phase coherence index using a threshold value, a system of
equations describing coupled phase oscillators with coupling
coefficients were taken [7].
Fig. 2 shows a graph of the phase synchronization index
versus the coupling parameter of two coupled oscillators.
With high noise coefficients and large lengths of series, the
phase synchronization indices of the proposed method show
more accurate indications for two oscillators that are not
fully synchronized with each other.
From the above, it can be concluded that the method of
calculating the phase synchronization index using the
approximating function, is more sensitive to the coupling
strength, but requires further study for application in real
systems.
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Abstract The
article
provides
general
practical
recommendations on the application of Markov queuing
models in technical systems. Queuing models can be used in
construction and reconstruction of various types of technical
facilities operating according to the principle of queuing
systems, even at the design stage. Such facilities include various
telecommunication
systems,
objects
of
transport
infrastructure: railway marshalling yards and freight
terminals, petrol-filing stations, service stations, etc. To make
such facilities work stable, it is important to compute not only
the necessary number of serving channels, but also storage
capacity for claims expecting service. Actually, this is the
capacity of entry lines in front of automobile stations or the
capacity of receiving parks of railway freight terminals and
marshalling yards. Accurate computation of these parameters
will avert frequent denials of service due to the system
overloading and, as a result, financial costs caused by loss of
customers or temporary delays in servicing.
Keywords queue, quality of service (QoS), queuing system
(QS), service facility

I.

INTRODUCTION

QS models presented in works [1-5] can be used in
construction and reconstruction of various types of technical
facilities operating according to the principle of queuing
systems, even at the design stage. Such facilities include
various telecommunication systems, objects of transport
infrastructure: railway marshalling yards and freight
terminals, petrol-filing stations, service stations, etc. To
make such facilities work stable, it is important to compute
not only the necessary number of serving channels, but also
storage capacity for claims expecting service. Actually, this
is the capacity of entry lines in front of automobile stations
or the capacity of receiving parks of railway freight terminals
and marshalling yards. Accurate computation of these
parameters will avert frequent denials of service due to the
system overloading and, as a result, financial costs caused by
loss of customers or temporary delays in servicing.
Mathematical queuing models presented in works [1-5]
allow the facilities of this sort to be described more flexibly
in comparison with the well-known classical QS models
since they consider the fact that claims received for service
can take a different number of places in the storage due to
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Kazan, Russia
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the type of a particular claim. For example, claims that have
different sizes depending on the number of carriages are
trains arriving at marshalling yards. Besides, railway cargo
carriages themselves have different capacities and different
dimensions. Cars and trucks of different capacities also
occupy a different number of places in the parking lot and on
entry lines before loading /unloading. In case when the
number of places for waiting of newly-arrived claims is
restricted, the number of particular claims that the storage
can contain will be different for each type of claims. A lot of
combinations are possible here in relation to the ratio of
different types of claims stream intensities. In other words,
due to the limited capacity of the storage, claims of different
types have different limits on the queue length which depend
on the intensities of the input claim streams and are
determined by the total number of claims of all types that can
accommodate the storage in each specific case. Since the
intensities of input streams of heterogeneous demand sare, as
a rule, the initial data, then the closely related limitations on
the queue length for claims of different types can also be
considered as initial data.
II. RECOMMENDATIONS FOR CALCULATING THE PARAMETERS
OF THE OBJECT

When computing the parameters of such a projected
facility as a QS, it is necessary to determine the initial data.
The intensity of input and output streams of claims are
regarded as basic data. The data on the intensity of the input
demand stream are collected statistically if there is such an
opportunity, or they are predicted with the real need for the
projected facility in view. The intensity of serviced claims
stream is determined on the basis of one service facility
performance which, as a rule, is known or predictable.
Further, possessing data on the intensities of the input
and output streams, it is required to specify whether the
mathematical QS model is suitable for describing the facility
under study. The queuing models presented in works [1-5]
have been obtained analytically, and they accurately describe
the QS work though they are based on the assumption of a
Poisson character of claim streams. Closeness of the
mathematical expectation and the variance of the number of
claims arriving within a certain period of time can be
considered as a simple engineering criterion for the closeness

of the real claim stream to a Poisson one. In case if the given
mathematical expectation and variance are commensurable,
then the claim stream can be considered Poisson, and the
mathematical model is suitable. Otherwise, presented
mathematical models can be used only for a rough estimation
of the QS performance.
Also, when collecting statistics on the number of claim
sentering the system, it is significant to divide all claims into
several types depending on their size, and, consequently, on
the occupied place in the storage, and to collect statistics for
each type of arriving claims separately. As a result, we
obtain the intensities of claims streams-components of all
types.
Further, based on the ratio between the intensities of the
input claims stream component sand the maximum possible
capacity of the storage, it is necessary to determine the limits
on the queue length for each type of claims. For the unity of
storage capacity one should take the capacity occupied by a
claim with minimum dimensions, or the greatest common
divisor between capacities occupied by claims of all types,
i.e. so as to obtain an integer.
The number of service facilities should be taken equal to
the ratio of the total intensity of the input stream to the
intensity of service done by one channel, rounded to the
integer.

Having indicated initial data, it is easy to compute the
QS performance characteristics from a mathematical model
and the number of service facilities necessary and sufficient
for a stable operating mode of the system as well. In case of
unsatisfactory results, it is possible to vary the number of
service facilities and the capacity of the storage until the
desired effect is achieved.
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Abstract Manipulators of a sequential structure with
redundant degrees of freedom are increasingly used in
engineering. An example is an articulated robot. It has a
structure similar to a human arm with three rigid links and
only rotational joints. Such a structure provides greater
flexibility, manageability and versatility. It is known that the
inverse kinematic problem for redundant manipulator has a
multivariate solution. In this case, the resulting solutions will
not be equivalent. Therefore, an optimization approach is
appropriate. As optimization criteria, the sum of angles, energy
consumption, torques, etc. can be taken. The article describes a
robot with 6 Degrees of Freedom. Mathematical dependences
are obtained and software implementation in the MATLAB
environment is implemented. It is proposed to use the sum of
the angles of the links of the manipulator as an optimization
criterion. The simulation showed that the optimal solution
provides for a reduction in the sum of the angles of rotation of
the manipulator approximately two times. Thus, productivity
increases and energy consumption decreases.
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I.

INTRODUCTION

Manipulator is a type of industrial robots. Manipulators
are composed of an assembly of links and joints. Links are
defined as the rigid sections that make up the mechanism and
joints are defined as the connection between two links. The
device attached to the manipulator which interacts with its
environment to perform tasks is called the end-effector.
The combination and mutual arrangement of links and
joints determines the number of Degrees of Freedom (DOF),
as well as the scope of the manipulation system of the robot.
Articulated robots can range from simple two-jointed
structures to systems with 10 or more interacting joints. It
has great amount of flexibility, manageability, and
versatility.

Manipulators are extensively used in the industrial
manufacturing sector and also have many other specialized
applications (for example, the Canadarm was used on space
shuttles to manipulate payloads). The study of robot
manipulators involves dealing with the positions and
orientations of the several segments that make up the
manipulators. First of all, it is necessary to determine the
Cartesian coordinates of the end-effector.
II.

1) Conditionally fixed system associated with the first
link of the robot the base (x0, y0, z0);
2) Moving coordinate systems associated with the first
and second links, respectively (x1, y1, z1) and (x2, y2, z2);
3) Moving coordinate system associated with point 0 1
the end-effector (x3, y3, z3).

MATHEMATICAL MODEL

The kinematic problem is to calculate the Cartesian
coordinates of an end-effector from its kinematic scheme and
given angles of links. The well-known solving methods are
constructed on coordinate transformations using the matrix
of direction cosines, Euler angles, quaternion apparatus, and
linear fractional transformations with Kayleigh-Klein
parameters. The direct problem has an unambiguous solution
and is described in sufficient detail in [1-5, 27-31]. The
inverse problem is to calculate the angles of the links for a
given position of the end-effector with a known scheme of its
kinematics. The inverse problem, in contrast to the direct
one, has many solutions, so it is advisable to solve it on the
basis of parametric optimization. To do this, you need to find
a set of solutions, and then choose one of them by some
criterion. Thus, the inverse problem is more complex than
the direct one. The actual question is the choice of criteria for
optimization.
Currently, existing methods for obtaining solutions to the
inverse problem can be divided into geometric, analytical,
and numerical. Finding generic coordinates explicitly is a
difficult task, since equations are non-linear. Therefore, an
analytical solution exists only for robots with a specific
design. In the Euler angle method, it is proposed to
successively multiply both sides of the equation by inverse
transformation matrices and determines the required angles
from the matrix equations thus obtained. The method of
transformations consists in transferring first one of the
unknown quantities from the right to the left side of the
equation, finding it and transferring it to the left side of the
next unknown and repeating this procedure until all variables
are found. It is also known to solve the inverse problem of
kinematics in the dual Rodrig
Hamilton parameters,
namely, using biquaternionic matrices [32]. The geometric
approach is associated with the use of an analytical solution,
taking into account the peculiarities of the kinematic scheme,
which makes it possible to reduce the number of independent
equations.
The disadvantages of the analytical solution include the
ambiguity of the result obtained, due to the trigonometric
functions used. This requires additional analysis of the
choice of the correct solution. Therefore, the article proposes
a new approach to solving the inverse kinematic problem
based on numerical methods and parametric optimization.
The mathematical model is a formula for the transformations
of the Cartesian coordinates of the links of the robot,
obtained for the direct kinematic problem. However, in the
formulas, the angles of rotation of the links are unknown and
are determined on the basis of parametric optimization. The
objective function is minimized as a sum of squares of the
difference between the specified and obtained Cartesian
coordinates of the end-effector. The article deals with a robot
manipulator with 6 DOF, which has only rotational joints.
We introduce the following coordinate systems (Fig. 1):

To determine the coordinates of the position of the
manipulator it is necessary to consistently find the
coordinates of the position of its entire links. The
expressions for the Cartesian coordinates of the position of
the first link will be:
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where l1 is the length of the first link of the robot; x 0, y0,
z0 coordinates of the base of the robot; 1, 2 the angles
of rotation of the first link around the axes Y and X,
respectively.
Formulas for the Cartesian coordinates of the second
link:
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where l2 is the length of the second link of the robot; x1,
y1, z1 coordinates of the first joint of the robot; 3, 4 the
angles of rotation of the second link around the Y and X
axes respectively.
Formulas for the Cartesian coordinates of the third link:
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where l3 is the length of the third link of the robot; x2, y2,
z2 coordinates of the second joint of the robot; 5, 6 the
angles of rotation of the third link around, respectively, the
axes Y and X.
The system of equations (3) gives a solution to the direct
kinematic problem
the determination of the x, y, z
coordinates for known angles . If in these equations to set

the values of x, y, z, and the angles
are considered
unknown, then we get the inverse kinematic problem.
To solve it, we use parametric optimization. The
objective function is the sum of the squares of the difference
between the specified and obtained Cartesian coordinates of
the end-effector:
F(

1

,

2

,

3

,

4

,

5

,

6

,

1

,

X 2 ) 2 (Y1 Y2 ) 2

(X1

2

,

3

,

( Z1

4

,

5

,

Z 2 )2 ,

6

)

(4)

The results in the form of the angles of rotation of the first
| 1- 1|+| 2- 2|, second | 3- 3|+| 4- 4|, third | 5- 5|+| 66| and all links of the robot are given in Fig. 3. It can be
seen from it that option 4 provides the sum of the angles of
rotation of the links about two times less than option 3.
TABLE II.
Calculation
option

where X2, Y2, Z2 the initial coordinates of the endeffector; X2, Y2, Z2 the required coordinates of the endeffector; 1, 2, 3, 4, 5, 6 the unknown angles of
rotation of the links of the robot.
The software implementation is performed in the
MATLAB environment (Fig. 2). The optimization method is
the Nelder-Mead simplex method.

THE ESTIMATED COORDINATES OF LINKS OF THE ROBOT
Final angles of rotation of links, degree
1

2

3

4

5

6

1

148.97

155.14

-101.34

41.32

-0.74

-0.17

2

-65.75

16.92

141.17

98.19

110.37

202.65

3

-61.52

9.90

-160.48

-9.67

7.46

204.23

4

-53.98

-0.18

186.77

0.14

-37.56

0.19

The conducted numerical experiment showed that the
solution of the inverse kinematic problem for a robot with 6
degrees of freedom is multivariate. There are many
equivalent solutions with different angles of joints.
Therefore, it is advisable to set an optimization problem. As
a criterion, the sum of the angles of all the joints of the robot
is proposed. Using the example of calculation, it is shown
that the optimal solution makes it possible to reduce the sum
of the angles by about 2 times and thereby to reduce move
the robot links.
600
500
400
300
200
100

III.

SIMULATION RESULTS

Perform the calculation of the inverse kinematic problem
for the previously considered 6 DOF robot manipulator with
link lengths l1 = 200 mm, l2 = 150 mm, l3 = 50 mm. Baseline
data are presented in Table 1. It shows the initial values of
the angles 1, 2, 3, 4, 5, 6 of rotation of the links, the
initial and final coordinates of the end-effector X, Y, Z.
TABLE I.

THE ORIGINAL COORDINATES OF THE LINKS OF THE ROBOT.

Position of Angles of rotation of links, degree
the end1
2
3
4
5
6
effector
Initial
Final

50.0 20.0 120.0 20.0
-

-

-

-

Coordinates, mm
X
Y
Z

5.0 40.0 -100.04 183.61 -1.00
-

-

0
option 1

Data analysis of Table 2 showed that different sums of
corners of the links of the robot correspond to different
versions of the solution of the inverse kinematic problem.

option 3

option 4
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Route optimization in measuring surface on
coordinate measuring machines
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Abstract
One of the current problems in measuring surfaces
on Coordinate Measuring Machines is currently increasing
productivity. A promising way to solve this problem is to
optimize the route of the touch sensor of Coordinate
Measuring Machines. Currently this task has no standard
mathematical solution. In this regard, we propose to optimize
the route of measurement based on the spatial Traveling
Salesman Problem. Traveling Salesman Problem can be solved
by exact methods (for example, by the Branch and Bound
Method) or by approximate methods (heuristic). It is known
that optimization time for exact methods is an exponential
function, and for a heuristic method it is a polynomial function.
The article proposes the use of an Ant Colony algorithm. With
the help of the developed program, a computer simulation of
the route of the touch sensor using the branch and bound
method and the adaptive Ant Colony Method was performed.
The accuracy and time of the solution were investigated for a
different number of measurement points on the plane, cylinder
and sphere. It has been established that the Ant Colony
Method gives a solution close to the optimal one and requires

Oleg V. Zakharov
Yuri Gagarin State Technical University
Saratov, Russia
zov20@mail.ru

5-6 times less time to search for it compared to the Branch and
Bound Method.
Keywords
Sphericity error;
Coordinate Measuring
Machines; Minimum Zone Sphere; Least Square Sphere;
Maximum Inscribed Sphere

I.

n

FORMULATION OF THE PROBLEM

For research, we chose the most commonly used surfaces
as the object of measurement: plane, cylinder, and sphere.
These surfaces were described by parametric equations in the
Cartesian coordinate system. A uniform distribution of control
points was specified with an analytical definition of the step
between the nearest points. To determine the coordinates of
uniformly distributed N points on a flat surface for ease of
calculation, the surface was aligned with the XOY plane and
bounded by four planes (x1 = -L/2, x2 = L/2, y1 = -L/2, y2 =
L/2) whose intersection lines form a square with side L. The
points are located on a plane with equal steps along the 0X
axis and the 0Y axis, respectively, hx = hy = L / N. To
determine the coordinates of uniformly distributed N points on
a cylindrical surface, the axis of the cylinder was aligned with
the axis 0Z, and the surface was bounded by the planes z 1 = L/2, z2 = L/2. The points on the cylindrical surface are
distributed with an angular step d
in the X0Y plane
and a linear step hz = L/N along the 0Z axis. The points on the
sphere were distributed with zenith d
and azimuth
d
angular steps.
The length of the sensor path for each surface depends on
the sequence of control points. For complete information on
the location of all points on the surface, it is enough that the
sensor touches each control point at least once. After
completing the full surface cycle, the sensor returns to the
starting point. In this case, the sensor path is a closed polyline.
The sensor route is represented as a graph, the vertices of
which are control points, and the edges of the graph are
trajectories of movement between two points. Then the
problem of route optimization is reduced to the search for a
Hamiltonian cycle having a minimum length, and is a wellknown Traveling Salesman Problem.
We describe the traveling salesman problem as an integer
linear programming problem. Imagine the movement of the
probe from the i-th control point to the j-th in the form of a
matrix of displacements Li,j, where i, j 1, n for a certain
number of control points n
. Imagine the direction of the
transition from the i-th point to the j-th in the form of a matrix
of numbers lij {0,1} for i, j 1, n , where lij 1 , if the
bypass route contains an edge (i, j ) , and lij 0 otherwise.
Then the problem is reduced to finding such a solution l, in
which the route will be the smallest:
G( x )

n n

L l
i 1 j 1 ij ij

min .

(1)

At the same time, it is necessary to take into account that
from each vertex of the graph represented by a control point,
only one edge leaves and only one edge belongs to each
vertex:

l
1, i 1, n
j 1 ij
n
l
1, j 1, n
i 1 ij

(2)

Depending on the surface, the elements of the Li,j
displacement matrix will be determined by the expressions:
- for the plane:
Lij

(x j

xi )2

(y j

yi ) 2 ( z j

2 (z
j

zi ) 2 ;

zi )2 ;

(3)

- for cylinder:
Lij

(R

ij )

(4)

- for the sphere:
Lij

R ar cos

xi x j

yi y j
R2

zi z j

,

(5)

where (xi, yi, zi) and (xj, yj, zj) are the coordinates of the i-th
and j-th control points of the surface.
Currently, various methods of solving the traveling
salesman problem are developed, which are classified
according to the method of finding a solution into exact and
approximate (heuristic). In comparison with approximate
ones, exact methods allow finding the best solution, but at the
same time they require more time for calculation.
Approximate methods require less time to calculate, but only
give an approximate, often local, solution. The problem of the
choice of methods and the appropriateness of their use for
searching the route of a CMM sensor is to establish how
significant the influence of the route difference on the
measurement performance is. To solve this problem, the
branch and bound method was chosen, attributable to exact
methods, and the ant colony method, attributed to heuristic
methods. Both of these methods are widely known and fairly
well studied [12-14].
II.

COMPUTER SIMULATION

For computer simulation, the following initial conditions
were specified. Surface areas are equal to S = 40000 mm2 for
any number of points. This condition corresponds to: a) the
side of the square bounding the plane is L = 200 mm2; b)
cylinder length R = 31.8mm, cylinder height L = 200 mm;
c) sphere radius R = 56.4 mm. The radius of the sensor is
assumed to be r = 2 mm. The value of the approach of the
sensor is 2r. The minimum number of measurement points for
each surface is determined from the geometry: for the plane
3 points; for the cylinder 5 points; for the sphere 4 points.
The maximum number of points for the plane and the cylinder
is 256 points, for the sphere 266 points.
To determine the values of the parameters of the Ant
Colony algorithm, preliminary testing was carried out. As a
result, the following initial conditions were accepted: the
number of iterations 50; pheromone evaporation rate of 0.3;
the degree of influence on the choice of pheromone route 7;
degree of wagging on the choice of route distance to the

nearest point 6; the number of ants is equal to the number of
control points. The program for searching the sensor route
using the Ant Colony algorithm was launched five times for
each value of the number of points. From the obtained results
the smallest route was chosen.
An illustration of the trajectories obtained for 64 control
points is shown in Fig. 1 for a plane, Fig. 2 for the cylinder,
Fig. 3 for the sphere. Dotted line corresponds to the base
route.
a

a

As a result of the simulation, the dependences of the path
length of the touch sensor and the duration of the calculation
on the number of control points for the plane (Fig. 4), for the
cylinder (Fig. 5) and for the sphere (Fig. 6).

a

a

using the Ant Colony algorithm is worse than the solution
found using the branch and bound algorithm by no more than
10%. Starting from 30 points, there is a significant decrease in
the calculation time for the Ant Colony.
CONCLUSIONS

a

The possibility of improving the measurement performance
by reducing the path of the CMM sensor path is investigated.
Based on computer simulations, it was found that the sensor
route is a Hamiltonian cycle, and the task minimum Hamilton
cycle is the traveling salesman problem. This problem can be
solved by exact and approximate methods. Comparison of the
exact Branch and Bound method and the approximate method
of the Ant Colony showed that the Ant Colony method allows
finding a solution that is no more than 10% worse than the
optimal one, requiring 5-6 times less time to search for a
solution.
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Abstract
the paper considers a simulation model of a
rotor-bearing complex with a bearing geometry control system
based on reinforcement learning algorithm. The simulation
results showed that reinforcement learning allowed to reduce
friction and vibration losses in a rotary machine by directly
controlling the clearance in the bearings and indirectly
controlling the resulting hydrodynamic force and the
trajectory of the rotor.
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Abstract Micro- and nano-sized panels and casings are
widely used in electromechanical systems, in medicine for the
manufacture of biologically compatible implants, venous
shunts. This leads to the need to create reliable mathematical
models of the behavior of such mechanical objects, based on

theories taking into account scale effects. Currently, there are
few works on this subject [1-4].
Keywords
micropolar
mathematical model

mesh

cylindrical

panels,

I.

INTRODUCTION

2

In this paper, a mathematical model of the behavior of a
shallow cylindrical panel, rectangular in plan, is constructed
under the action of transverse distributed pressure, which
occupies
a
region
in
space
R3
h
h
.
The
panel
c x c; b y b;
z
2
2
consists the sets of densely arranged edges of the same
material, which allows the use the G.I.Pshenichniy
continuum model [5]. The paper considers a nonclassical
continual model based on a Cosserat environment, where,
along with the usual stress field, momentary stresses are also
taken into account. It is assumed that the fields of
displacements and rotations are not independent.
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q.
Eh

Boundary conditions - rigid termination at all ends of the
panel:
w
w
u v w 0,
0,
0,
,
.
x
y
Initial conditions are zero.
The differential problem is reduced to a dimensionless
h
h2
h2
k ,
u, v
form as follows: u
v , ky
2 y
2c
2b
2b
q

Eh 4
2c

2

2b

2

2cx , y

q , x

2b y , w hw ,

h ,

a ha , l hl , where u, v, w - axial displacement of the
middle surface of the plate in the directions x, y, z ,
respectively, k y - geometric curvature parameter, E - Poisson's ratio, q

q0 - external

normal uniformly distributed load, q0 - its intensity.
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12 x 4
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Young's modulus,
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In the future we will consider the panel with two
families of edges
,
0o , 2 90o ,
1
1
2
a1 a2 a . Equilibrium equations in this case will take the
form:
2

2

w u
y x y

v

x3 y

vk y

kyw

w u
y2 x

v
2

where a j - distance between edges of the j-th sets, j edge thickness, stresses with index j refer to rods. The
physical relationships for the mesh plate are determined
based
on
the
Lagrange
multipliers
method:
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EQUILIBRIUM EQUATIONS

j
x

u
x y

v

y2

The equilibrium equations of the element of a smooth
panel, equivalent to the grid, the boundary and initial
conditions are obtained from the Lagrange energy principle
based on the Kirchhoff-Love hypotheses and Karman
theory. The stresses arising in the equivalent smooth panel,
associated with the stresses in the ribs making up the angles
with the x-axis, will be:
n

2

v

4

v

x3 y

w 2w
x x2
0;

l2 v 1
8

To reduce the partial differential problem to a system of
algebraic equations, we use the Bubnov Galerkin method:
u( x, y)

v( x, y)

ASin x Sin y ;

BCos

x
y
Cos
;
2
2

w( x, y) CSin2 x Sin2 y .
A study was conducted of the effect of the distance
between the grid edges a , the value of the additional
independent length parameter l , and the panel curvature
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III.

EXPERIMENT

Experiment parameters: c b 1 , h 0.02 ,
0.3 ,
h , q0 0; 450000 . A further increase in curvature
leads to the more pronounced "slamming" of the panel.
Increasing the distance between the ribs reduces the stiffness
of the system. Increasing the parameter l increases the
stiffness.
IV.

CONCLUSION
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Abstract In this paper, a theory of nonlinear dynamics
and contact interaction of a plate-beam nanostructure was
constructed taking into account the connectivity of the
temperature and deformation fields under the conditions of
external dynamic effects. The sought equations are derived
from the Hamilton-Ostrogradsky principle. Nanoscale is taken
into account by the modified couple stress theory. There are no
restrictions on the temperature distribution on the plate-beam
nanostructure. This is one of the key hypotheses. This
mathematical model is a system of integral-differential
equations of hyperbolic-parabolic type of different dimensions.
The constructed mathematical model describes the operation
of the constituent elements of the NEMS. Algorithms for
calculating plate-beam nanostructures have been created,
which are based on applying the Faedo-Galerkin method in
higher approximations, reducing partial differential equations
to the Cauchy problem, which is solved by Runge-Kutta-type
methods.
Keywords
coherence of temperature and strain fields,
contact interaction, plate-beam nanostructures, Faedo-Galerkin
method, Runge-Kutta-type methods.
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I.

INTRODUCTION

Nanobeams and nanoplates are components of NEMS.
The presence of small gaps between the elements of such
systems under the dynamic effects of various type (thermal
and mechanical loads) causes chaotic oscillations in the
system. At the same time, it is important to take into account
the contact interaction of elements. In [1, 2], a theory of
connectedness of temperature and strain fields for full-size
mechanical structures was constructed. In this paper, a
generalization of this theory is made taking into account
nanoscale parameters according to the modified couple stress
theory [3].
II.

FORMULATION OF THE PROBLEM

In this paper, a theory of nonlinear dynamics and contact
interaction of a nanoplate and a nanobeam with the
connection of the temperature and strain fields is constructed.
The nanostructure consists of a nanoplate, supported by the
center of the nanobeam, between them there is a small gap,
they are connected only through the boundary conditions.
For the nanoplate, the Kirchhoff kinematic model was
adopted, and for the nanobeam, Euler-Bernoulli. The sought
equations are derived from the Hamilton-Ostrogradsky

principle. There are no restrictions on the temperature
distribution on the plate-beam nanostructure. This is one of
the key hypotheses. To take into account nanoscale
parameters, a modified couple stress theory proposed by
Young was applied. The relationship between stresses and
strains in the nanoplate ( = 1) and nanobeam ( = 0) is
represented in the form:
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stress state, but functions
. The method of variable parameters of
elasticity of Birger I.A. [4] - volumetric deformation, strain rate,
- linear thermal expansion coefficient,
temperature increment for nanoplate ( =1) and
for nanobeam ( =0).
To obtain the initial differential equations for the
nanoplate and nanobeam, we use the variational principle:
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where
- variations of the generalized free
energy, dissipative function and kinetic energy, respectively,
F0, u0 - surface force and displacement, n is the external
normal, and A is the surface bounding the body. The entropy
displacement vector S is associated with the increment of the

div S ,
entropy s per unit volume according to the law: s
where kT - thermal conductivity, the dot denotes time
differentiation,
is the volume occupied by the body
(nanoplate or nanoscale), T0 is the initial temperature.
On the right side of the first addend in the variation
principle (2), the damping coefficient of the medium and q
will appear - the intensity of the transverse load. After
appropriate transformations according to the calculus of
variations from (2), we obtain the system of differential
equations for a two-layer nanostructure (3):
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Contact interaction is taken into account according to the
Winkler model [5]. If there is contact between the plate and
the beam, then
, otherwise
. The ratio qk
represents the Winkler connection between compression and
contact pressure. In system (3), w1 and w2 are the functions
of the deflections of the nanoplate and nanobeam,
respectively, K is the stiffness coefficient of transversal
compression of the nanoplate in the contact zone, hk is the
gap between the elements, g is the acceleration of gravity,
is the specific weight of the material G* - bulk compression
module. The thickness of the nano-plate h and the height of
the nanoplate h are the same, the width of the nanoplate is 1,
a is the length of the nanoplate and nanobeam, b is the width
of the nanoplate,
transverse loads acting on the
nanoplate and applied to the nanobeam. There are no
restrictions on the temperature distribution over the thickness
of the nano-plate and the height of the nanobeam. It is
possible to view different charts.
, describing the
dependence of stress for a number of materials on
deformation and temperature. To system (3) one should add
boundary conditions of the 1, 2, 3, and 4 kinds and initial
conditions for the heat conduction equations. Here we give
the equation only 1, 2 and 3 kind:
Boundary conditions of the first kind. Sets the
temperature distribution over the body surface.

(0

x

a), ( h / 2

z

h / 2)
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Boundary conditions 2 kinds. Sets the distribution of the
density of the heat flux on the surface of the body as a
function of the coordinates (x, z) and time Using the law of
thermal conductivity of Fourier, we write in the form
q
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Boundary conditions 3 kinds. On the body surface S, the
distribution of the heat flux density is specified, depending
on the temperature on the body surface and the temperature
of the medium
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As the initial conditions we take the distribution of the
deflections, the rates of the deflection and the temperature
increment at the initial moment of time t=0.
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Also, the boundary conditions for nanoplates and
nanobeam:
contour hinge support for the nanoplate and at the ends of
the nanobeam: wn M n 0
(7)
pinching along the contour for the nanoplate and at the
ends of the nanobeam: wn wxn 0
(8)
System (3) and boundary conditions (4-8) is a system of
integral-differential equations of different dimensions,
describing nonlinear oscillations and contact interaction of
coupled deformation fields and structure temperature with
physical nonlinearity, as well as temperature dependence of
material properties.

III.

ALGORITHM SOLUTIONS

Equations (3-8) are reduced to a system of ordinary
integral-differential equations using the Faedo-Galerkin
method in higher approximations. For this, the required
functions
are represented as follows:
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Equations (9) are substituted into the desired system (3-8)
and after the orthogonalization procedure, we obtain a
system of ordinary integral-differential equations with a
variable coefficient and contact interaction. In this case, at
the previous time step, the obtained temperature values are
substituted for the integral sign as a known function from the
previous step. The obtained Cauchy problem is also solved
by numerical methods of the Runge-Kutta type. The
convergence of the methods is investigated depending on the
number of members of the series (9) and the time step.
The constructed mathematical model is the most
common, since it takes into account contact interaction, the

relationship of temperature fields and deformations, physical
nonlinearity and the dependence of material properties on
temperature.
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Abstract It is known that neuronal populations of cortical
brain network are involved in the processes, related to
accomplishing of different tasks, e.g. processing of sensory
information and making decisions. Each particular type of
tasks is characterized by the specific features of neuronal
activity both in time-frequency and spatio-temporal domains.
These features of neuronal activity reflect the structure of
electrical activity signals (EEG) registered from the head
surface via noninvasive electrodes. EEG signals are composed
of the different rhythms of neuronal activity. While some
studies relate these rhythms to the particular basic brain
functions, other studies demonstrate that specific scenarios of
EEG rhythms dynamics can be associated with accomplishing
of cognitive task and affect human behavioral performance.
With this in mind we analyze the spatio-temporal dynamics of
alpha and beta rhythms of cortical activity during processing
visual task and relate the features of rhythms dynamics to
Keywords cortical network, visual task, reaction time,
wavelet analysis, spatio-temporal activity.

I.

INTRODUCTION

Modern concepts in neuroscience implies the key role of
the whole cortical network in accomplishing of cognitive
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tasks [1]. For instance, it is known that remote cortical
regions can interact during processing high amount of
condition, the same task can be accomplished via involving
neuronal populations in different cortical areas [3].
Activity of the neuronal population, belonging to the
particular cortical region can be captured by recording
electrical signal (EEG) from the corresponding area of the
head surface. The recorded EEG signals are composed of
different rhythms of neuronal activity e.g. delta (1-5 Hz),
theta (5-8 Hz), alpha (8-12 Hz), beta (15-30 Hz) and gamma
(50-100 Hz).
According to recent experimental works [4], while the
spiking activity of individual neurons in a particular area
appears in the high-frequency gamma-band, the lowfrequency activity modulates activity of single neurons and
serves for a communication between distant brain regions.
Thus, increase of the EEG spectral energy in particular
frequency bands in particular areas can be associated with
the involvement of these areas in cognitive process.
In this paper we consider the spatio-temporal neuronal
activity during visual task accomplishing by analyzing time-

frequency structure of EEG signals. We focus on alpha and
beta frequency bands since they are related to visual
information processing [5]. For instance, it is known that
changes in alpha-band activity are associated with the visual
attention [6] and changes of beta-band activity - with the
stimuli processing [7] and shift of the brain to an attention
state [8].
II.

MATERIALS AND METHODS

A. Participants
Twenty healthy unpaid volunteers, 11 males and 9
females, between the ages of 26 and 35 with normal or
corrected-to-normal visual acuity participated in the
experiments. All of them provided informed written consent
before participating. The experimental studies were
performed in accordance with the Declarationof Helsinki and
approved by the local research Ethics Committee of the
Innopolis University.
B. Visual task
The visual task was the classification of consistently
presented ambiguous Necker cubes as left- or right-oriented
[9]. The Necker cube is a 2D-image which looks like a cube
with transparent faces and visible ribs (Fig. 1).

where the mother wavelet function
wavelet.

was used to be Morlet

To analyze network activity in alpha and beta frequency
bands, we calculated wavelet coefficients averaged over the
corresponding frequency ranges (8-12 Hz and 15-30 Hz)
(2)
For these bands we considered the values of wavelet spectral
energy:
(3)
calculated for 1-s. EEG-trials, associated with processing of
visual stimulus.
III.

RESULTS

We have recorded 31 EEG signals via noninvasive
electrodes, arranged according to 10-10 layout (Fig. 2, a). At
the first stage, EEG-trials associated with visual stimulus
processing were divided into two groups according to
reaction time and S2 with short reaction time (Fig. 2, b).
Each group contained 20 trials.

Fig.1. The examples of presented Necker cube images with different values
of control parameter g

An observer without any perception abnormalities
perceives the Necker cube as a bistable 3D-object due to the
specific position of the inner ribs. The value g defining a
contrast of the three middle ribs is usually used as a control
parameter. The values g=1 and g=0 correspond, respectively,
lines. Each Necker cube image drawn by black and gray
lines was located at the center of the computer screen on a
white background. A red dot drawn at the center of the
Necker cube was used to attract the attention of subjectsand
prevent possible perception shifts due to eye movements
while observing the image. To demonstrate a stimulus, we
1920-1080 pixels and a refresh rate of 60Hz. The subjects
were located at a distance of 70 80 cm from the monitor
with a visual angle of approximately 0.25 rad. The Necker
cube size on the monitor was 14.2 cm. Bistability in the
cubeperception consists in its interpretation as to be either
left- or right-oriented depending on the inner ribs contrast.
The subject was instructed to press left or right button on
the joystick depending on the interpretation of the current
image (left- or right-oriented). The reaction time was
estimated for each stimulus as the time interval between
image presentation and button pressing moment.
C. Continuous wavelet transform
To analyze time-frequency structure of EEG signals we
used continuous wavelet analysis. Wavelet coefficients were
calculated via equation
(1)

Fig.2. (a) 10-10 electrode layout; (b) Reaction times for two groups of trials;
Differences between EEG spectral energy related to processing S1 and S2
stimuli in alpha (c) and beta (d) frequency bands

For groups S1 and S2 EEG spectral energy was averaged
over 20 trials. Then, for each channel the difference between
values, obtained for S1 and S2 was calculated and visualized
by a color map over the head surface. Results are presented
in Fig. 2 for alpha (c) and beta (d) frequency bands. One can
see that in both bands the obtained difference exhibits
negative value. It evidences higher value of spectral energy
for S2 trials, where the reaction time is small. It can be seen
that S2 is characterized by increase of beta-band energy in
parietal area (Fig. 2, d). According to works [10, 11], this
area is associated with the center of visual attention exciting
in beta-band frequencies. Along with the beta-band, the

spectral energy in alpha-band exhibits increase in frontoparietal area (Fig. 2, c). It can be associated with establishing
neuronal functional interaction between these remote cortical
regions for speeding up stimuli processing.
IV.
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Abstract We study the synchronization in a network of
delay-coupled nonidentical neuronlike oscillators described by
the FitzHugh Nagumo equations. The cases of constant
strength of couplings and adaptively controlled couplings
between the oscillators are considered. For the experimental
study and control of synchronization in the network of
neuronlike oscillators, we construct a radio engineering setup
in which it is possible to specify an arbitrary architecture and
type of couplings between the oscillators. It is shown that the
using of an adaptively controlled delayed coupling allows one
to achieve the in-phase synchronization of all oscillators in the
network even in the case of a large parameter mismatch.
Keywords
Adaptive control, network synchronization,
delayed couplings.

I.

INTRODUCTION

The study of synchronization processes and their control
in networks of coupled oscillators is an important task for
various scientific disciplines, which attracts the attention of
many researchers [1 7]. In recent years, when solving the
problem of controlling the collective dynamics in networks,
the emphasis has shifted towards considering large networks
with complex topologies and adaptive dynamical networks,
which are characterized by own dynamics in both nodes and
couplings. A lot of methods for adaptive control of
synchronization have been proposed that allow for tuning the
coupling parameters over time [8 13]. Such methods take
into account the plasticity of couplings between oscillators,
adjusting the coupling strength.

However, most of the methods for adaptive control of
synchronization have been applied to model networks of
coupled identical oscillators. In this paper, we experimentally
and numerically investigate the synchronization in a network
of delay-coupled nonidentical neuronlike oscillators. The
case of adaptively controlled coupling leading to the in-phase
synchronization of all oscillators in the network is
considered. A scheme is proposed that allows one to study
the synchronization in complex networks of neuronlike
oscillators in a physical experiment with electronic
oscillators.
II.

OBJECT OF INVESTIGATION

We consider a network consisting of delay-coupled
neuronlike oscillators, the dynamics of each of which is
described by the simplified FitzHugh Nagumo equations [9]:
ui t
vi (t )

ui t

ui3 (t )
vi t
3

Ci t

N

Gi , j u j t

ui t

j 1

ui (t ) ai ,

where i=1, ,N, with N being the number of oscillators,
ui(t) and vi(t) denote the activator and inhibitor variables,
respectively,
is the time-scale parameter, ai are the
threshold parameters,
is the delay time, which
characterizes the time the signal needs to propagate between
the nodes i and j, Ci(t) describes the coupling strength, and
G={Gi,j} denotes the coupling matrix that determines the
topology of the network. The matrix G is constructed by
setting the entry Gi,j equal to 1, if the j-th node is coupled to
the i-th node, and equal to 0, if there is no coupling between
the nodes j and i. In general case, all oscillators of the
network are nonidentical.
For a large number of oscillators in the network and a
large number of couplings between them, it is rather difficult
to construct such a network in a physical experiment. The
task is even more complicated if it is necessary to define
complex functional couplings between the network elements.
To solve the nontrivial problem of experimental study of the
system (1), we constructed an original radio engineering
setup, which allows us to specify an arbitrary architecture of
couplings between the oscillators and ensure the adaptive
adjustment of couplings during the experiment.
III.

RESULTS

First, we consider the case of two bidirectionally coupled
FitzHugh Nagumo systems. Both for the model and
experimental coupled systems, we construct the partition of
the parameter plane a1 , a2 into the regions of existence of
typical oscillation regimes. It is shown that in the case of
constant strength of couplings C1(t) and C2(t), the oscillators
exhibit anti-phase oscillations with close amplitudes at a1<1
and a2<1. To achieve the in-phase synchronization of
oscillators, we use the adaptively controlled couplings.
Then we consider a ring network consisting of 10
unidirectionally coupled nonidentical FitzHugh Nagumo
systems. Figs. 1(a) and (b) show the time series of ui(t) and
vi(t), respectively, for all oscillators of the model system with
the constant delayed couplings C1(t)= =CN(t)=0.3, =0.1,
=1.5, and ai=0.1+0.05i. In this case, the oscillations of both
ui(t) and vi(t) have close amplitudes, but they are not
synchronized in phase.

Fig. 1. Time series of ui(t) and vi(t) in the model ring system of 10
nonidentical FitzHugh Nagumo systems for the cases of constant delayed
coupling (a) and (b) and adaptively controlled delayed coupling (c) and (d).

The in-phase synchronization of oscillators cannot be
achieved even with large values of Ci(t). Figs. 1(c) and (d)
show the in-phase synchronization of oscillators, achieved
with the adaptively tuned strength of couplings.
For the same parameter values, we carried out the
experimental investigation of synchronization in the ring of
10 unidirectionally coupled nonidentical FitzHugh Nagumo
electronic oscillators for the cases of constant and adaptively
controlled delayed coupling. Fig. 2 illustrates the change in
the experimental time series of ui(t) at the transition from the
constant delayed coupling to the adaptive coupling. The
oscillators exhibit non-phase oscillations at t < 2 ms. After
the switching of the delayed coupling from the constant to
adaptive, a transient process is observed in the network.
After the completion of the transition process, all oscillators
in the ring show the in-phase oscillations.

Fig. 2. Experimental time series of ui(t) in the ring of 10 nonidentical
FitzHugh Nagumo electronic oscillators with the constant delayed coupling
at t < 2 ms and adaptively controlled delayed coupling at t 2 ms. The
moment of switching of coupling from the constant to adaptive is shown by
vertical dash line.

IV.

CONCLUSION

We have experimentally and numerically investigated
synchronization in the networks of delay-coupled
nonidentical neuronlike oscillators. It is shown that the using
of the adaptively controlled delayed coupling allows one to
pass from non-phase oscillations of nonidentical oscillators
to their in-phase synchronization.
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Abstract We apply artificial neural network (ANN) for
recognition and classification of electroencephalographic
(EEG) patterns associated with motor imagery for untrained
subjects. Classification accuracy is optimized by reducing
complexity of input experimental data. For multichannel EEG
recorded by the set of 31 electrodes, we select an appropriate
classification. We analyze the time-frequency structure of EEG
signals and find that motor-related features associated with
left- and right-leg motor imagery, are more pronounced in the
mu (8-13 Hz) and delta (1-5 Hz) brainwaves. Based on the
obtained results, we propose the optimization approach by preprocessing the EEG signals with a low-pass filter with different
cutoffs. We demonstrate that the filtration of high-frequency
spectral components significantly enhances the classification
Keywords EEG analysis, motor-related patterns, artificial
neural network, classification accuracy

I.

INTRODUCTION

EEG is a wide-spread inexpensive method for brain
research which gives a deep insight into brain functionality
related to various human activities. However, the treatment
of multichannel EEG signals is a very sophisticated task
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because they are non-stationary, high-dimensional and
extremely noisy. All these factors make difficult the
recognition and classification of specific motor-related or
percept-related patterns in a single-trial mode [1,2] and
require extensive statistical measures.
Among existing approaches for EEG data analysis, the
most promising and effective tools for classification of single
EEG trials are based on artificial neural networks (ANNs)
[3]. The successful application of ANNs requires careful
selection of their parameters which can significantly vary
depending on a particular task and different subjects [4]. The
optimization of EEG input data and channel selection are key
problems for the development of efficient ANN-based braincomputer interfaces (BCIs). Traditional methods of
dimensionality reduction include principal component
analysis (PCA) and linear discriminant analysis (LDA).
However, such methods are non-generic and require the
input data optimization for every subject due to strong intersubject variability [5] and a lack of association of on-going
optimization with physiological processes in the brain. These
problems are particularly relevant for untrained subjects
[5,6]. Indeed, many BCI studies involve specially trained
subjects, since the classification of brain activity patterns

during motor imagery of untrained subjects is significantly
more difficult and hence poorly studied [7,8].

support vectors in summary (1000 for each class). A linear
network (LN) was applied for more representative results.

A promising approach to solving the above problems is
the optimization of the input data set based on the knowledge
of the laws of the processes occurring in the brain when
making some action, such as motor imagery. The simplest
and intuitively clear method for the feature space reduction is
a decrease of the number of EEG channels, basing on the
time-frequency analysis.

The EEG trials were classified into two groups (left-leg
imagery and right-leg imagery) with the help of ANNs with
different configurations: SVM, MP, RBF, LN. In Fig. 1a, the
classification accuracy of each network was calculated for all
31 EEG channel.

III.

RESULTS

Here, we propose an approach for optimization of input
dataset based on the low-pass filtration of input EEG data
with different cut-off values and the selection of particular
EEG channels, with the aim to detect the most effective
spatial EEG configuration to obtain maximum classification
accuracy.
II.

EXPERIMENT AND METHODS

A. Design of the Experiment
The main part of experimental work involved 12
subjects, both males (8 persons) and females (4 persons).
Each subject participated in one experiment lasting about 30
minutes during which he/she had to perform two types of
tasks: 1) real movement of left/right leg (raising a leg in a
hip); 2) imaginary movement of left/right leg. The real
movements in the first task were performed in order to make
the subjects clearer how exactly they should imagine the
movement by performing the second task. Each task
proceeded by a whistle signal and followed by pauses of
random durations (5-10 seconds).
The multichannel EEG were recorded at a 250-Hz
sampling rate from P = 31 electrodes with two reference
electrodes placed at the standard ears positions of the
extended 10 10 international system. To register the EEG
data, we used a cup with Ag/AgCl electrodes placed on the
electroencepha
B. ANNs Application
Training and testing of the ANN were performed for
every subject using two datasets containing 6000 points each
for imaginary movements of the left and right feet. Each
dataset consisted of the combination of eight 3-s EEG trials.
Half of the datasets, chosen at random, were used to train the
ANN based on backpropagation algorithm, and the
remaining half to test it. For each subject, the ANN training
process was carried out anew. The number of ANN inputs
was equal to the number of used EEG channels. Different
combinations of used channels were considered in this
research. The number of neurons in the output layer was one,
because the output can only be 0 or 1. The recorded data
were low-pass filtered with cut-offs at fc1=4 Hz or fc2 =15 Hz.
The fastest and accurate recognition of motor imagery
EEG patterns can be achieved with the following machine
learning approaches: 1. radial basis function (RBF) network
with 251 neurons in hidden layer, 31 input and 1 output
linear neurons; 2. multilayer perceptron (MLP) with one
hidden layer consisted of 15 neurons with hyperbolic tangent
as an activation function, 31 input linear neurons and one
output neuron with logistic activation function; 3. support
vector machine (SVM-RBF) with nonlinear kernel based on

Fig. 1. (a) Classification accuracies (mean va
and LN averaged over all subjects; (b) position of electrodes according to
extended 10-10 international system on human head; (c) general model of
ANN, where each input neuron receives data from one of electrodes.

Having compared these ANN architectures, one can find
RBF to be the most optimal architecture, which classification
accuracy significantly exceeded the accuracy rates of both
SVM and MLP (n = 12, *p > 0.05 via paired-sample t-test).
The demonstrated accuracy score of 77.9% was achieved for
a non-optimized input, i.e., for the whole set of EEG
channels containing oscillations in a wide frequency range.
However, previous studies show that if one takes into
account all possible features of a multichannel EEG for the
classification task, the results have an extremely highdimensional feature space that significantly increases input
complexity and decreases the accuracy rate.
In order to reduce the number of EEG channels, we
analyze the RBF-based accuracy rate obtained for different
predefined sets of channels. In Fig. 2a, the values of
classification accuracy are shown for 9 most representative
configurations. One can see that the most accurate result is
obtained using combination S1 which corresponds to full
placement (31 electrodes) (see Fig. 2a). At the same time,
despite the best recognition performance, we cannot consider
this combination as optimal due to a large number of
channels (see Fig. 2b). Let us consider S5 corresponding to
the combination of frontal and temporal lobes. One can see
1), S5
provides the best recognition quality.
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Abstract The
conducted
magnetoencephalographic
(MEG) experiments with voluntary participants confirm the
existence of two types of motor imagery, kinesthetic imagery
(KI) and visual imagery (VI), distinguished by activation and
inhibition of different brain areas. Similar to real movement,
KI implies muscular sensation when performing an imaginary
moving action that leads to event-related desynchronization
(ERD) of motor-associated brain rhythms. By contrast, VI
refers to visualization of the corresponding action that results
in event- an
-wave
activity. A notable difference between KI and VI groups occurs
in the frontal brain area. The application of artificial neural
networks allows us to classify MI in raising right and left arms
with average accuracy of 70% for both KI and VI using
appropriate filtration of input signals.
Keywords MEG analysis, motor-related patterns, machine
learning algorithms, artificial neural network, motor imagery,
kinesthetic imagery, visual imagery

I.

INTRODUCTION

Mental imagination of movements referred to as motor
imagery (MI) [1] manifests as a result of the rehearsal of a
given motor act in the working memory without any overt
movement of the corresponding muscle. It is classified into
two categories: visual imagery (VI) and kinesthetic imagery
(KI). While VI consists of visualization of the subject
moving a limb, that does not require any special training or
sensing of the muscles, KI is the feeling of muscle
movement, that can usually be achieved by athletes or
specially trained persons [2].
To understand and classify MI, many methods of timefrequency and spatio-temporal analyses are used. Among
them, the most common techniques are using event-related
synchronization (ERS) and event-related desynchronization
(ERD) [3], power spectral density, wavelet transform,
empirical mode decomposition, common spatial patterns,
spatio-decomposition, as well as their combinations [4,5]. In
addition, for classification of brain states associated with MI,
the methods of machine learning and artificial intelligence
are also applied to analyze EEG and MEG time series [6-8].
Although in the majority of papers devoted to MI the
EEG approach was used, there was extensive research using
MEG [9]. The advantages of MEG over EEG is that MEG
provides a higher spatial resolution and less susceptibility to
artifacts. In particular, a relatively good accuracy was
achieved in classification between left-hand and right-hand
MI and between MI and a rest state using the combination of
a spatio-spectral decomposition and a common spatial
patterns analysis [10]. Furthermore, both MEG and EEG
were used in brain-computer interfaces (BCIs) for training
MI classifiers [9]. The authors demonstrated rather efficient
classification of MI even without separation of participants
into KI and VI categories. At the same time, it was shown
that KI and VI scenarios affect the classification accuracy,
e.g., the accuracy rate obtained for KI were better than for VI
[11]. In this context, taking into account that untrained
subjects often demonstrate the VI imagery mode, the

possibility to increase the accuracy rate for VI is in demand
for BCI applications.
So, the goal of the present work is following: to obtain
information about imagery-related brain activity for
developing optimal strategies based on machine learning
approaches which would provide maximal accuracy rate in
classification between left-arm and right-arm MI in both
groups of subjects.
II.

EXPERIMENT AND METHODS

A. Design of the Experiment
The experimental study consisted of ten untrained
volunteers, 8 males and 2 females between the ages of 20
and 31. The subjects were sat in a comfortable reclining chair
(see Fig. 1). All participants were required to imagine
moving their arms after being presented with audible beeps.
The design of the experiment is shown in Fig. 1. The beeps
were presented with time gaps randomly varied from 6 to 8
seconds. The number of trials per limb was varied among the
subjects from 16 to 28. We provided a 20-s gap after
finishing all trials for each arm and a resting 60-s interval
between each series.
The neurophysiological data were acquired with the
Vectorview MEG system (Elekta AB, Stockholm, Sweden)
with 306 channels (102 magnetometers and 204 planar
gradiometers) placed inside a magnetically shielded room
(Vacuum Schmelze GmbH, Hanau, Germany) at the
Laboratory of Cognitive and Computational Neuroscience,
Center for Biomedical Technology, Technical University of
Madrid, Spain.
Artifacts in the MEG recordings were removed using the
temporal signal-space separation method of Taulu and
Hari [12]. Once the events were marked at the beginning of
each limb movement imagination, we extracted the 5-s trials
just after these marks. Similarly, the 20-s trials
corresponding to the resting state with closed eyes were also
marked as the background activity of each subject.

Fig. 1. Design of the MEG experiment on motor imagery. Schematic
representation of experimental performance and design of the experiment.
RMIi_ and LMIi are time intervals corresponding to right-arm and left-arm
MI, respectively.

B. Artificial Neural Network Application
For classification of the brain states associated with MI,
we used the artificial neural network (ANNs) called
multilayer perceptron (MLP). Previously, the MLP
architecture was effectively used in the MEG study for
detection of human decision-making uncertainty [13] and the
EEG analysis of bistable image interpretations [6].
We constructed the MLP which consisted of an input
layer with selected number of MEG channels for
training/testing the network, followed by three hidden layers
with 30, 15 and 5 neurons, respectively. The output layer
comprises of a single neuron. We taught the MLP to classify
the brain states of the neural ensemble through optimization
of the weights of links and displacements by means of
minimization of the root mean square error. We used the
training algorithm called scaled conjugate gradient.
The input data were filtered by a low-pass filter of order
70 with a cutoff frequency Fc changing according to each
study. Mixing the input data usually improves the efficiency
of the machine learning algorithm. In this work, we used a
random mixing of the input signals corresponding to a
particular task. First, we trained the ANN using 75% of
MEG trials and then tested it with the resting 25% trials. The
ANN classification was carried out in MATLAB using the
Neural Network Toolbox. We applied MLP to classify MEG
time series trials associated with left-arm and right-arm MI.
III.

RESULTS

Figure 2 illustrates the variation of the maximal ANN
accuracy (in %) in differentiation between MI of the left and
right arms versus the cutoff frequency Fc of the low-pass
filter for KI (squares) and VI (triangles) subjects. In Fig. 2a
all 102 magnetometers were used for the analysis, while in
Fig. 2b we only used 13 most informative channels localized
near the left-parietal cortex. One can see that in the latter
case the maximal classification accuracy almost does not
change as compared with the case of using all 102 channels,
and for some subjects (subjects 8 and 10) reaches 78%.
However, the best accuracy is achieved by using all
channels; it reaches 90% for subject 6. In both cases, the
average classification accuracy over all subjects is about
70%. The obtained results demonstrate that high
classification accuracy can be achieved for all subjects,
regardless of which group they belong to, by the appropriate
selection of the cutoff frequency of the low-pass filter.

Fig. 2. ANN classification accuracy of MI of left and right arms versus cutoff frequency for KI (squares) and VI (triangles) subjects, obtained using (a)
102 and (b) 13 channels. Each data point indicates the maximal value of the
classification accuracy for every subject and the corresponding cutoff
frequency Fc, at which this maximal accuracy is achieved.

It should be noted that the results presented in Fig. 2 are
closely related to the ANN optimization problem, important
for classification of motor-related signals of electrical brain
activity [7, 14, 15]. It is known that including all possible
features of a multichannel neurophysiological data, e.g., EEG
or, more significantly, MEG, results in an extremely large
phase-space dimension, that has to be analyzed by the
classifier. On one hand, this is a critical issue for BCI, where
all calculations should be performed in real time by portable
computers and the calculation performance is of extreme
importance.
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Abstract The movement of center-pivot irrigation
machine as group of linked mobile robots is considered.
Variants of increasing and decreasing radius of movement for
mobile towers are presented. The algorithms needed to get to
configuration needed are given.
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STATEMENT OF THE PROBLEM

Obtained in [7] solution (1) presents two possible
variants of curve that depend on the sign of constant c:
convex and concave.

Keywords Center-pivot irrigation machine, self-alignment,
self-positioning, group of mobile robots, control of mobile robots.

I.

INTRODUCTION

where r the first derivative of angle as the function of
radius, r radius, c constant of integration,
Lagrange
undetermined multiplier.

A group of robots is a complex of identical or various
type robots united by main goal [1, 2]. A group of mobile
robots can perform a wide range of tasks including
transportation of big complex objects. The objects
themselves can be of constant or of variable geometrical
configuration. Center-pivot irrigation machine can be
described as group of mobile robots (mobile towers) linked
successively by several rigid rods (segments of pipe) with
pivot in the center of field.

In concave configuration the line that connect the most
remote mobile robot with pivot is moving ahead of the
machine. To get to this configuration every next robot must
outrun previous one.
In convex configuration the line that connect the most
remote mobile robot with pivot is moving behind of the
machine. To get to this configuration every next robot must
lag behind previous one.

According to [3] one of the disadvantages of center-pivot
irrig

Whatever the configuration is in steady set the machine
must rotate as solid object, which means that all the mobile
robots rotate around pivot with the same angular velocity .
Equation (2) is used to calculate needed linear velocities Vi
for each radius Ri.

the manufacturers of irrigation machines use corner irrigation
system [4, 5].
Nevertheless the problem of processing the field of
arbitrary shape is still topical. The shape of field depends on
numerous factors that include location of other fields, forest,
river, roads etc. The solution can be obtained if the rods can
rotate one around others. According to [6] this is the first
class control problem in fixed determined environment. The
problem of this class can be solved.
In [7] the possibility of processing non-circular fields was
shown and optimal by energy efficiency configuration was
found in case of continuous curve. In [8] the effects of selfalignment and self-positioning was discovered. These effects
allow to use only one drive per mobile robot to vary
configuration. The main focus of [9] was on self-alignment
effect. Criteria for optimizing the movement of center-pivot
irrigation machine sections for processing fields of complex
shape are considered in [10], and papers [11, 12] present the
experience of using walking towers for such machines.

V i= R i
To achieve the needed configuration using the effects of
self-alignment and self-positioning the control system of
mobile robots should be able to adjust the linear speed of
mobile robot.
In order to choose how to change configuration 4 cases
must be considered. In each case shown on Fig. 1 the
machine is undergoing planar movement, the part OK of the
machine is solid, rotates around the axis through point O and
the rod KM is rotating around the axis through point K. Both
axes are perpendicular to the plane of movement and
therefore are parallel.
I.

Concave radius reduction
As shown on Fig. 1.a in order to reduce the radius OM
the velocity Vk+1 must be increased or the all the velocities

Fig. 1.

The variants of mutual rods rotation

from first to K robot must be decreased. The greater the
then 0, the more point OK closer to the point K.
II.

Concave radius incresing
As shown on Fig. 1.b in order to increase the radius OM
the velocity Vk+1 must be decreased or the all the velocities
from first to K robot must be increased. All the changes in
velocities must be coordinated. The closer K to zero, the
closer OK to O.

III.

Convex radius increasing
As shown on Fig. 1.c in order to increase the radius OM
the velocity Vk+1 must be increased or the all the velocities
from first to K robot must be decreased. The greater the
then 0, the more point OK closer to the point K.

IV.

Convex radius reduction
As shown on Fig. 1.d in order to reduce the radius the
velocity Vk+1 must be decreased or the all the velocities from
first to K robot must be increased. All the changes in
velocities must be coordinated. The closer K to zero, the
closer OK to O.
As can be seen in concave configuration velocity of robot
must be increased to reduce the radius and must be decreased
to increase the radius. In convex configuration everything is
more intuitive. Increasing or decreasing velocity makes
accordingly change in radius. In the both cases after
reconfiguration the velocities must be changed to the values
matching (2).
III.

THE ALGORTHMS OF RADIUS CHANGING

The variants of getting to configuration needed are
presented on fig. 2. Concave configuration is presented on
fig 2.a and fig 2.b. The general algorithm of radius reduction
in each step (I - region) is following: until i < i0
Mi i m Vi=0

Mi m<i n Vi= Rmi;
where i current angle between Mi and Mi+1; i0 needed
angle between Mi and Mi+1; Mi robot with i-number; n
quantity of robots; m for fig 2.a equals current step
number, for 2.b equals (n current step number); Vmi
radius of Mi rotating around Mm.
In II region the velocity of machines is matched with (2).
The general algorithm of radius increasing in each step
(III - region) is following: until i > 0
M i i m Vi= R i
Mi m<i n Vi= Vm;
where m for fig 2.a equals (n
2.b equals current step number.

current step number), for

Convex configuration is presented on fig 2.c and fig 2.d.
The general algorithm of radius reduction in each step (I region) is following: until i < i0
M i i m Vi= R i
Mi m<i n Vi= Vm;
m for fig 2.c equals current step number, for 2.d
(n current step number).

equals

In II region the velocity of machines is matched with (2).

Fig. 2. The variants of getting to needed configuration

The general algorithm of radius increasing in each step
(III - region) is following: until i > 0

[2]

Mi i m Vi=0
Mi m<i n Vi= Rmi;
where m for fig 2.c equals (n
2.d equals current step number.
IV.

current step number), for

CONCLUSION

The effects of self-alignment and self-positioning make it
possible to change the configuration of center-pivot irrigation
machine using only one drive per tower. Type of
configuration plays a big role in control of the machine. As
shown convex configuration is more intuitive. But not only
that, if the velocity of any mobile robot changes the radius
will change accordingly. So when the velocity return to
needed value the radius will do the same.
The algorithms for both types of configuration are
presented. As seen from pairs (3) - (6) and (4) - (5), the laws
to calculate the velocities of machines are the same for
concave and convex configuration but are implemented vice
versa for increasing and decreasing of current radius.

[3]

[4]
[5]
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network acting under the influence of interferences
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Abstract The paper presents a description of the network
layer model of a protocol stack that allows one to implement a
distributed self-organizing wireless sensor network capable of
operating in the presence of interferences.
Keywords
wireless sensor network,
recovery, tree topology, interference

I.

WSN,

network

INTRODUCTION

The concept of the Internet of things, including such
concepts
become widespread today. The main idea is that different
devices are combined to interact with each other and with
users [1].
Within this concept, there are tasks of monitoring a
specific area or object in order to measure a number of
parameters of the physical environment and transmit this
data for processing to another device. To solve these
problems, wireless sensor networks (WSN) are used.
WSN is a network that consists of a set of nodes, which
in the general case are composed of a processor, sensors, and
a radio transmitter / receiver.
In this paper, the WSN model based on the four-tier
protocol stack (physical, medium access control (MAC),
network, application layers) is considered. The model of the
physical and MAC is determined by the IEEE 802.15.4
standard [2], while the upper layers are not regulated by the
standard, since their implementation depends on the specifics
of the applied problem being solved.
WSN may have different topologies. For the network
layer model considered in this paper, the tree topology was
chosen based on the following considerations:
tree topology provides good coverage and can be
distributed over a large area, which allows monitoring
of larger locations and objects (compared to the star
topology);
routing in the tree topology is fast and does not
require auxiliary traffic (as opposed to the mesh

topology), which allows you to receive data from
sensor nodes more quickly and more often.
This paper solves the problem of creating a model of the
network layer of the protocol stack for the tree topology. The
network implemented using this model must meet the
following requirements:
distribution - according to the principle of
distribution, none of the nodes should have
information about the global state of the network [3];
self-organization - the principle, which states that the
network formation and recovery must be carried out
without receiving commands from outside [4];
resistance to interference - the network must ensure
the preservation of health and recovery of
transmission routes in noisy environments.
II.

FUNCTIONAL DIAGRAM OF THE NETWORK LAYER

Consider the general functional diagram of the proposed
network layer (Fig. 1). It can be divided into the following
subsystems:
MAC layer communication subsystem
this
subsystem is responsible for receiving a data packet
from the MAC layer of the protocol stack, as well as
for transmitting the data packet to this level;
application layer communication subsystem
this
subsystem is responsible for receiving a packet from
the application layer and transmitting to the
application layer information about the packet with
useful data destined to this node;
message sending subsystem - is responsible for
generating data for transmission to the lower level,
filling in the network layer headers;
message receiving subsystem
this subsystem is
responsible for processing incoming messages from
the lower level, analyzing the network layer header
and redirecting the message to the processing of the
corresponding subsystem;

address assignment and routing subsystem determines the address of the next node in the route to
which this message is to be sent;
network formation and recovery subsystem
this
subsystem is responsible for scheduling the
distribution of network connection invitations and
keep-alive messages [5], generating the listed
messages, scheduling meter checking events, and also
taking measures to restore health in the event of an
error.
The subsystems of routing and address assignment and
the network formation and recovery are the most interesting.
These systems will be discussed in detail below.

the address AP of the parent of node A will be determined by
the formula:
AP= [(A-1)/m],
IV.

(2)

THE SUBSYSTEM OF NETWORK FORMATION AND
RECOVERY

The formation of the network, as well as its restoration
after damage to existed routes due to the influence of
interference, is carried out automatically by sending
broadcast auxiliary messages, which are interpreted
differently depending on whether this node is connected to
the network.
Nodes not connected to the network perceive the message
as a connection request and send a response request for
connection data.
Nodes connected to the network (direct descendants of
the sender) perceive the message as a keep-alive request (see
below). Nodes that connected to the network, but not direct
descendants of the sender ignore the message.
The coordinator sends this message periodically. When a
node receives such a message, it increases the keep-alive
message counter for its parent, and then sends a response to
it. Upon receiving a response, the parent node increases the
corresponding counter for its descendant. After processing
the message, the nodes retransmit it further, launching
similar broadcast messages.
After a certain time interval has expired (the period for
checking keep-alive message counters), the named counters
are checked for all neighboring nodes (parent and immediate
descendants). If the value of the counter is equal to zero, the
node is considered inoperative; if not, the node is considered
operational, and the counter is reset to zero.

Fig. 1. Functional diagram of the network layer

III.

THE SUBSYSTEM OF ROUTING AND ADDRESS
ASSIGNMENT

For the model discussed in this paper, a scheme for
assigning logical addresses was chosen, in which the address
of each node depends on the address of the parent. The
advantages of this approach are that all routes are uniquely
identified, and the process of finding the address of the next
node in the route requires a minimum number of elementary
calculations. Also, no additional commands are required for
message transmission, which significantly reduces the level
of traffic on the network.
Addresses are assigned to nodes as follows: the
address of the node AC, which is a descendant of node A, is
determined by the formula:
AC = Am+k, k=1,m ,

(1)

where m is the limit number of direct descendants of each
network node; k is the descendant number within the set of
parent addresses.
A route in a tree generally consists of ascending and
descending branches. In each of these cases, the address of
the next node in the route can be determined by calculating
the addresses of the parents for the nodes through which the
route passes. Suppose we have a node with address A. Then

Thus, if a node does not hear a response from its parent
for some time (the value is configured by the user when
creating the network), it disconnects from the network and
waits for new invitations. If the parent for some time does
not hear the answer from the descendant, it excludes it from
its list of descendants and releases the address for the new
nodes.
The given scheme provides automatic formation and
restoration of the network in cases of damage to routes due to
the influence of interference or the exit of individual network
nodes.
V.

SIMULATION

The developed model was implemented using the ns-3
simulator and the addition to it [6]. The channel and physical
layers according to the IEEE 802.15.4 standard are already
implemented in the ns-3 system as a separate module. The
network and application levels has implemented as a new
module with support for integration with the ns-3 system.
The interference modeling subsystem consists of two
parts, which are an extension of the model described above:
model of the interference physical device;
model of the interference application.
Interference operation is as follows: the interference
device constantly transmits messages to the channel, which
leads to the fact that no devices that fall within the

[2].
The interference channel must match the channel on
which the network devices operate. On one channel, several
interferences can work at once.
VI.

SIMULATION RESULTS

The performance of the presented model was tested on
the following task: 50 nodes were located on the area of 100
meters per 100 meters. The maximum number of direct
descendants for a tree was 3, the period for checking keepalive counters was 20 seconds, messages from each node
were sent to the gateway every 3 seconds, the size of one
message was 30 bytes (not including headers). All nodes, as
well as interference devices were located randomly.
One of the main parameters of the WSN is reliability (the
ratio of the total number of delivered messages to the total
number of sent messages), and this parameter is determined
as a result of simulation modeling. The parameters are
calculated within 800 seconds after the end of the network
formation (all nodes are connected); the interference starts to
work 400 seconds after the end of the network formation.
The entire measurement interval is divided into segments of
20 seconds, and the reliability is calculated for each segment,
which allows you to track the changes in reliability when you
turn on the interference and when you rebuild the network.
The study was conducted for 30 different locations. The
averaged results are shown in Fig. 2

From the above graph, it can be seen that immediately
after switching on the interference, the reliability drops
sharply, after which the network recovery process begins.
Reliability is quickly restored to an average value of about
0.8.
The above study allows us to conclude that the networklevel model does its job, quickly restoring the network in the
event of route outages.
VII.
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CONCLUSIONS

During this work, a model of the network layer of the
protocol stack for tree topology was developed and tested.
This model allows you to implement the WSN, which meets
the principles of distribution and self-organization, and is
able to restore the network quickly in case of errors that
occur during the operation of the network under the influence
of interferences.
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Abstract the modern trend in neuroscience and
engineering is the developing systems allowing increase human
physical and cognitive abilities through human-machine
controlled by a brain-computer interface and assistance is
activated when cognitive (or physical) performance decreases.
In the current paper we consider the system, where the
interaction with another human. The proposed interface was
tested at experimental sessions, in which the subjects were
asked for a long time to solve the problem of classification of
ambiguous visual stimuli of varying complexity. The proposed
interface allows to increase the average productivity of a group
of people due to the distribution of cognitive load between all
participants.
Keywords
brain-brain interface, workload distribution,
visual task, visual attention, mental fatigue.
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II.

MATERIALS AND METHODS

A. Participants
Twenty healthy volunteers, twelve males and eight
females, between the ages of 20 and 43 with normal or
corrected-tonormal visual acuity participated in the
experiments. All of them provided informed written consent
before participating. The experimental studies were
performed in accordance with the Declaration of Helsinki
and approved by the local Research Ethics Committee of the
Innopolis University.
B. Visual task
Visual task consisted in classification of the sequentially
presented ambiguous Necker cubes as left- or right-oriented.
The Necker cube [6] is a 2D-image which looks like a cube
with transparent faces and visible ribs.

INTRODUCTION

One of the main practical tasks of modern neuroscience
is the development of brain-computer interface (BCI). This
interface can be used for rehabilitation medicine and for
healthy subjects to enhance their cognitive abilities in
solving task under high mental workload. During the last
years, along with BCI, the brain-to-brain interfaces (BBI)
were proposed to enable direct information transfer between
the brains of interacting humans and animals.
BBI can be useful for improving the cognitive
performance of a group of people subjected to a common
work task that requires sustained attention and alertness. For
example, pilots of military [1] or civil aircraft [2] or
operators of power plants [3,4], whose work is associated
with a long monotonous activity and requires high
concentration of attention [5]. Brain-brain interface can help
a group of people interact more effectively by assessing and
controlling their physical condition. For example, as a result
of the assessment of the degree of alertness by the BBI,
workload can be distributed among all participants
depending on their current physiological state.
In this paper, we propose a BBI to enhance humanhuman interaction while performing collective tasks. The
proposed brain-brain interface is tested during experimental
sessions in which participants perform the long task of
classifying ambiguous visual stimuli with varying degrees of
ambiguity.

Fig.1. The examples of presented Necker cube images with different values
of control parameter g. Two sets of visual stimuli: with a high degree of
ambiguity, representing a task of high complexity (HC) and with a low
degree of ambiguity, representing a task of low complexity (LC)

An observer sees the Necker cube as a 3D object because
of the defined position of the cube edges. Ambiguity in the
perception of this cube is to interpret it as oriented to the left
(g=0) or to the right (g=1) depending on the contrast of the
various internal edges of the cube. The value of g is
considered as the degree of complexity of this classification.
Necker cubes with a value of g close to 1 or 0 can be easily
interpreted as a left- or right-oriented. the whole set of
presented stimuli was divided into two subtasks: the task of

high complexity of interpretation with (HC) and the task of
low complexity of interpretation with (LC) (Fig. 1) [7,8].
C. Experimental setup and design
The experimental setup is demonstrated in Fig. 2. Visual
stimuli were simultaneously presented to a pair of
participants (subject 1 and subject 2) using a special software
running on the corresponding client personal computers.
During these presentations, the EEGs of the subjects were
recorded and processed. The performance of each operator
was estimated using his/her stimulus-related brain response
to every presented i-th stimulus.
The brain responses
and
of subject 1 and
subject 2, respectively, were compared. Depending on the
result of this comparison, the control command, the
ambiguity range of Necker cubes was corrected for each
subject. For example, if
, then subject 1
received a stimulus with higher ambiguity, while subject 2
perceived a stimulus with weaker ambiguity.

The value of
intensity of the brain response on the appearing visual
stimuli. Large
is associated with a high response due to
more careful image processing by the subject, whereas small
is associated with a low response, which takes place
when the subject does not pay much attention on the
III.

RESULTS

Average individual performance
was calculated for
each session. This characteristic was calculated for each
subject by averaging his/her brain response
more than
200 demonstrations of the Necker cube. Then, individual
performance
of both subjects in the pair were averaged
to assess the performance of the pair
.
Fig. 3 presents the results of comparing the two sets of
experiments. The results are presented in the form of boxand whiskers diagrams which show average performance
in all pairs. It is seen that during the first experiment
(a
However, a significant increase is observed during the
session 2 of the second experimental set (b).

Fig.2. Schematic illustration of experimental setup

The subjects were randomly divided into 10 pairs and
participated in two sets of experiments. The both sets
contained two sessions, session 1 and session 2, each lasted
30 minutes. During session 1 in both experiments the cubes
with different parameters g were randomly presented to the
participants. Each stimulus was presented about 30 times.
During the session 2 of the first experiment the cubes were
demonstrated in a similar way with the session 1. During the
session 2 of the second experiment, the whole set was
divided into high ambiguity (HC) and low ambiguity (LC)
stimuli sets (Fig. 1). These different sets of stimuli were
presented to the participants according to their brain
responses amplitude. Namely, a subject whose brain
response amplitude exceeded one calculated for his/her
partner got stimuli with higher ambiguity.
The brain response amplitude was estimated based on the
spectral properties of EEG signals recorded using five
electrodes located in parieto-occipital cortices [9]. EEG
spectra were analyzed via the wavelet transformation [1011]. EEG signals were analyzed in alpha and beta frequency
ranges at 1 second interval preceding the stimulus
presentation and following the moment of stimulus
appearance. Electrical brain activity in alpha and beta bands
is associated with visual attention and stimuli processing
[12]. Brain response I was estimated for each image i via the
ratios of wavelet energies in alpha and beta bands before and
after the stimulus presentation. The high brain response
amplitude was achieved when alpha rhythm energy exhibited
decrease after stimulus presentation and beta rhythm energy
increased.

Fig.3. (a) Brain response amplitude mean in pairs
and the second (b) experiments for session 1 and session 2. (*p < 0.05 by
paired sample t-test, the compared distributions are tested with Shapiro Wilk
normality test).

IV.

CONCLUSION

In this paper, we the brain-to-brain interface in which a
cognitive performance is enhanced through cognitive
interaction between humans. It should be noted that the
study of the possibility of human interaction through the
brain-brain interface was carried out in other works [13]. It
was proposed to transmit motor information registered in the
cortical region directly to the motor area of the cerebral
cortex of another person by means of brain stimulation [1416]. However, this system did not improve performance,
because it did not take into account the state of the brain of
interacting people. The proposed system can be used in
cases where cognitive or physical activity should be
unevenly distributed among the participants in accordance
with their current psychophysiological conditions, such as
aircraft pilots or nuclear power plant operators
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Abstract
We considered a group of 50 patients with
lateral paresis in the acute period after the first stroke. The
EEG recordings in the group of post-stroke patients displayed
fundamentally different brain dynamics during real
movements of a conventionally healthy hand and a hand with
decreased muscle strength. While for the conventionally
healthy hand the brain activity in the sensory zone is quite

close to the dynamics observed in the control group, for the
paretic hand there is pathological activity associated with
increased activity in low frequency ranges (up to 12 Hz).
Meanwhile, the brain activity during imaginary motion is
similar for both hands and hence to the dynamics in the control
group of conditionally healthy subjects. The obtained results

can be used in rehabilitation techniques based on imaginary
motor activity with the help of brain-computer interface.
Keywords brain-computer
rehabilitation, EEG, motor imagery

I.

interface,

post-stroke

INTRODUCTION

The rehabilitation of patients with neurological
symptoms is very important for their adaptation to ordinary
life. The success of neurosurgical practice and pharmacology
allowed a large number of patients to return to normal
conditions, that became amatter of social and medical
rehabilitation services. However, no more than 20% of poststroke patients are able to recover their mobility functions.
The rest remain disabled with varying degrees of severity
and need medical and social support [1 4]. The most
frequent consequences of strokes are motor disorders in the
form of different paresis, occurring in 80% of patients after a
cerebrovascular catastrophe, in half of them the pathology
persists for life [5].

Fpz electrode location. The EEG signals were filtered by a
50-Hz Notch filter and a band-pass filter with cut-off points
EEGRsian
Federation) was used to record bioelectric signals. This EEG
recorder possesses the registration certificate of the Federal
Service for Supervision in Health Care No. FCP 2007/00124
of 07.11.2014 and the European Certificate CE 538571 of
the British Standards Institute (BSI).
During the experiment, each subject was sitting in a
comfortable position. The experiment began with the
registration of the state of passive wakefulness (rest state), 3
minutes with open eyes and 3 minutes with closed eyes.
During further (active) experimental stages, the subjects
were required do not close their eyes for a long time and
follow instructions on the screen. The subjects were
instructed to perform either real or imaginary movement of
one of the hands according to the command written on the
screen when they heard a beep.

In this paper, we consider the issues of primary III.
activity and suggest the brain-computer interface for
neurorehabilitation.
II.
I.

MATERIALS AND METHODS

Participants
Eighty subjects were involved in the experimental study
and formed two groups. The 57 control group (group I)
contained 30 practically healthy voluntaries selected on the
base 58 of their medical records and anamnestic data. The
test group consisted of 50 patients 59 with motor disorders
patients included in the test group had a 61 diagnosis of
atherothrombotic cerebral infarction in the pool of the left or
right middle cerebral arteries. The main neurological deficit
was represented by hemiparesis on the left or right side.
These patients were referred, respectively, to subgroup II and
subgroup III. The time from the onset of the disease to the
according to the British scale for assessing muscle strength
test group was the stabilityachieved by the patient in a poststroke condition. The average age of the patients under study
was 63.7 years in the range of 59 72 years. In the control
group, the 69 average age of the participants was 48 years
within the range between 39 and 68 years.

II.

Experimental setup
The experiments were carried out with each subject
independently. The electrical brain activity was recorded
using a monopolar registration method based on an extended
scheme which allows the evaluation of the activity of the
cerebral cortex from projections of all main zones. The cup
paste. Before the experiment started, we performed all
necessary procedures for increasing the skin conductivity and
impedances were monitored after the electrodes were
installed, and measured during the experiments. Usually, the
impedance values varied within the 2 5 k interval. The
ground electrode N was located in front of the head at the

Methods of the data analysis
Firstly, we have used empirical mode decomposition
method for mitigation of artefacts on registered EEG [6,7].
Second, we have used the continuous wavelet analysis for
estimation of time-frequency structure of EEG signals [8].
Standard tests were used for statistical analysis of
medical data to calculate mean, median, and the range of
variation for obtained assessments for the groups of subjects.
The separation of the obtained classes of patients was
additionally using the Wilcoxon nonparametric criterion.
III.

RESULTS AND DISCUSSION

In contrast to earlier studies, in this work we consider the
overall EEG activity in a wide frequency range, but not only
track changes in the dynamics of a sensorimotor rhythm
reflected electrical brain activity in the alpha band [9]. The
analysis of the brain activity in all frequency ranges allows
us to distinguish differences not only between post-stroke
patients, but also in the group of healthy subjects, as well as
to reveal 381 differences between EEG responses to motor
imagery of the left and right paretic and healthy hands
A debatable issue is the situation in which the imagined
motor activity of a paretic hand in the most acute period
exhibits dynamics in the sensory region similar to healthy
subjects. We considered the spatial distribution of changes
in the beta and gamma (f > 12 Hz) and low frequency (f <
12 Hz) range activity, which will allow us to assess changes
in the sensorimotor zone and compare them with the activity
of the remaining brain areas.
The qualitative analysis of the results for real movements
of the post-stroke patients allows us to treat the observed
patterns as a local change in the activity characteristics
during real movements, mostly the right and left hemispheres
are involved near the boundaries with the sensorimotor
region, close to the lesion zone visible in the MRI. This
results can be correlated with the results of the assessment of
the smallest fractal dimension in the lesions [10].
At the same time, the localisation of changes in motor
imagery of post-stroke patients is much more complicated.
These changes occur in the central, occipital and temporal
areas. Whereas, in the control group of practically healthy
subjects, the changes are mainly localised in the central zone,

similar to real motor activity. Such qualitatively different
dynamics of motor imagery of the right and left hands is
possibly associated with the activation of a compensatory
mechanism for circumventing the post stroke disturbances
of conductive paths.
Thus, early rehabilitation on the basis of imaginary motor
activity allows recuperating conditionally normal activation
of the sensorimotor brain area as for a hand with preserving
muscle strength, as for a paretic hand. Significant
improvement of the rehabilitation quality, especially in
clinical conditions, was obtained by using biological
feedback systems.
We have suggested the brain-computer interface (BCI)
developed in our group and tested during the rehabilitation
activity. Fig. 1 represents a block diagram of the BCI.
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Fig. 1.
brain-computer interface.
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Abstract To develop fully-featured brain-computer
interfaces it is crucial to study the behaviour of the brain in
ambiguous situations. In this study, we analyzed the EEG data
recorded during the perception of the bistable image - Necker's
cube with the varying intensity of the lines. The image was
demonstrated to the test person for one second and the person
was asked to decide whether the cube is right-oriented or leftoriented and to push the corresponding data. During these
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actions the brain activity was recorded using 31-channel EEG,
electrodes were placed according to the 10-20 system. The
analysis, which was performed with the application of joint
recurrence plots, suggests the existence of the synchronization
between the channels of the frontal and occipital lobes. We
believe that more rigorous research could reveal statistically
significant brain connections and their dependence on

physiological factors. Besides, this study may be significant for
the development of the self-learning adaptive control systems.

5) Calculating the mean value and mean squared error
for the recurrence rate of the channel pairs.

Keywords
analysis

6) Visualizing brain networks. For the picture to be not
to complicated the visualization is for the most
significant connections (for ones with at least 60% of
the maximum recurrence rate), where the weights of
the edges are the mean recurrence rate values.

brain, ambiguous images, EEG, recurrence

I.

INTRODUCTION

The brain is by far the most complicated organ for study
and yet it is one of the most important human parts that are
required to be studied. Understanding what lies under the
important processes happening in our brain is the key to
understanding the mechanisms of particular neurological
disorders. This understanding is crucial for designing the
rehabilitation methods, brain-computer interfaces for helping
people and, moreover, develop artificial intelligence systems
with human-like reasoning.
One of the aspects that require this study is perceiving the
ambiguous situations and reacting to them. We believe that
the study of the perception of bistable images may bring us
closer to this understanding.
We analyze the brain activity EEG recorded during the
perception of
the existence of two different scenarios based on the alphaand beta- waves activity [1-2]. In this study, we are trying to
find the correlation between the scenarios of brain activity
and the perceived orientation of the cube. For performing the
analysis we used the joint recurrence plot analysis [3-4].
II.

Secondly, previously analyzed data was aggregated and
visualized in quite the same way as the data for each person:
recurrence rates were summed up and the brain network was
built for the most significant connections.
IV.

RESULTS

On the cubes that were recognized as left-oriented: No
apparent connections were detected.
On the cubes that were recognized as right-oriented: The
connection was detected between several channels, which are
capturing frontal lobe and prefrontal cortex activity. The
synchronization was revealed between channels F3 and Ft8,
channels Fp2 and Fcz and channels Fp1 and Ft7 (the
recurrence rate is 0.4).

DATA DESCRIPTION

The data was collected on three persons. It contains
experimental EEG signals recorded during the perception of
ube). The data is stored with
the marks of the decision on the orientation of the cube.
Signals were recorded for three seconds: one second before
the demonstration of the image and two seconds after. In my
analysis, I extracted one-second interval and two-second
interval right after the image demonstration and choose 40
random experiments for each person.
III.

METHODS

The main used method of analysis is a recurrence plot
analysis. Firstly, the analysis was performed for data
recorded on each person separately.
1) Extracting one-second interval and two-second
interval data after the cube demonstration and
performing the same action sequence for both cases.

(a)Left-oriented cubes
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Fig. 1. Brain connectivity map for the one-second interval combined for all three
persons.
a) The strongest connections are located mainly on the frontal and central
lobes (channels Fz-Fcz, F4-Fc4, F3-Fz, Fp2-Fpz, all with the recurrence
rate
0.27 when the maximum possible recurrence rate is 0.4).
b) The strongest connections are found on the frontal and central lobes
(channels F3-Ft8, Fp2-Fcz, Fp1-Ft7 with the recurrence rate 0.29 when
the maximum possible recurrence rate is 0.4) and on the temporal lobe
(channel T6 connected with the channels on the frontal lobe).

2) Picking 40 random experiment samples.
3) Creating joint recurrence plots for each possible
channel pairs. Joint recurrence plot in this case is the
matrix, which is defined for channels
and
as
.
The
maximum
possible recurrence rate for each of the plots was
chosen to be 0.4.
4) For each channel pair calculating the sum of the
recurrence rates throughout 40 experiments. The
recurrence rate is defined as
,
where
is the recurrence matrix and for this case
for one-second interval and
for
two-second interval.
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Fig. 2. Brain connectivity map for the two-second interval combined for all three
persons.
a) The strongest connections are found on the frontal and central lobes
(channels Fp2-Fpz, F3-Fz, F3-Fc3, F4-Fcz, Fz-Fcz with the recurrence rate
0.275 when the maximum possible recurrence rate is 0.4).
b) The strongest connections are found on the frontal lobe (channels Fp2Fcz, F3-Ft8, Fp1-Ft7 with the mean recurrence rate

0.31 when the

maximum possible recurrence rate is 0.4), on the central lobe (C3
connected with the channels of the frontal lobe), on the temporal lobe (T6
connected with the channels of the frontal lobe) and on the occipital lobe
(Oz connected with the channels of the frontal lobe).

most connections are located on the right hemisphere (channels Fp2-Fcz,
Fpz-Fc4, F4-Fcz, F3-Ft8, P3maximum possible recurrence rate is 0.4).
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Fig. 3. Brain connectivity map for the one-second interval for the first
person.
a) The strongest connections are found on the frontal lobe. (channels F3-Fz,
Fp2-Fpz, F4-Fc4 with the
possible
recurrence
rate
is
0.4).
b) The strongest connections are found in the right hemisphere: frontal and
central lobes (channels F3-Ft8, Fp1-Ft7, Fp2-Fpz, Fpz-Fc4, C3-Ft8 with
maximum possible recurrence rate is
0.4).

(a)Left-oriented cubes

Fig. 6. Brain connectivity map for the two-second interval for the second
person.
a) The strongest connections are found on the frontal, central and parietal
lobes, all, except channels Fz-Fcz, are not on the midline (channels F4-Fc4,
C3-Fc3, C4-Fc4, F3-Fc3 with the recurrence rate 0.29 when the maximum
possible
recurrence
rate
is
0.4).
b) The strongest connections on the left hemisphere are found on the
occipital, parietal and temporal lobes (channels C3-Ft8, P3-Tp8, C3-Fz
is 0.4), on the right hemisphere - on the frontal and central lobes (channels
Fc4-Fz, Fp2-Fcz, F4possible recurrence rate is 0.4).

(b)Right-oriented cubes

Fig. 4. Brain connectivity map for the two-second interval for the first
person.
a) The strongest connections are found on the frontal and central lobes
(channels F3-Fz, Fp2-Fpz, F3-Fc3, F4-Fc4, C3-Fc3 with the recurrence rate
b) The strongest connections are found on the frontal lobe(channels Fp1Ft7, Fp2-Fpz, Fp2-Fcz, F3-Ft8 with t
maximum possible recurrence rate is 0.4), temporal lobe (T6 connected
with the channels of the frontal lobe) and occipital lobe (Oz connected with
the channels of the frontal lobe).
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Fig. 7. Brain connectivity map for the one-second interval for the third
person.
a) There is no certain area where the strongest connections are found (the
most significant are channels Pz-Cpz, P3-Cp3, F3-Fc3, O2-T6 with the
is 0.4).
b) The strongest connections are found on the frontal, central and occipital
lobes (channels Fp1-Ft7, C4-Cpz, Cz-Cp4, Fp2-Fcz, F3-Ft8 with the
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Fig. 5. Brain connectivity map for the one-second interval for the second
person.
a) There is no certain area where the strongest connections are found (the
most significant are channels Fz-Fcz, C4-Cz, F4-Fc4, C3-Fc3, Pz-Cpz with

Fig. 8. Brain connectivity map for the two-second interval for the third
person.
a) The strongest connections on the right hemisphere are found on the
occipital, parietal and temporal lobes (channels Pz-Cpz, F8-T6, O2-T6 with

0.4).
b) The strongest connections are found on the frontal and parietal lobes, the

0.4), on the left hemisphere - on the frontal lobe (channels F3-Fc3, F7-Ft7,
Fp1-

recurrence
rate
is
0.4).
b) The strongest connections are found on the frontal lobe (channels Fp1Ft7, Fp2-Fcz, F3-Ft8, F3maximum possible recurrence rate is 0.4) and on the temporal (T6-Fp1, T6he maximum possible recurrence
rate
is
0.4).

We firmly believe that the significance of our results is
images. The studied data may be crucial when designing the
self-learning adaptive control systems, particularly, when
designing the behavior when coming across mixed pictures.
ACKNOWLEDGMENT

V.

CONCLUSION

We analyzed the EEG data recorded during the
synchronization of the activity on the occipital and the
frontal lobes was revealed. This can be explained by the
receiving visual information by the occipital lobe (the cube
image) and transferring it to the frontal lobe as it is
responsible for the conscious decisions (in our case, whether
the cube is left-oriented or right-oriented).
Just as important, we found that EEG channels with the
strongest connections are the same when perceiving the cube
as the right-oriented. Contrariwise, when perceiving the cube
as the right-oriented, the channels with the strongest
connections may vary from person to person.
However, current discoveries require an in-depth study.
The next steps are: analyzing data on more people and
applying the nonparametric statistical test (the permutation
test) to reduce the false alarm rate. Furthermore, research
should be done to reveal whether there is a correlation
between the dominant eye and brain activity when perceiving
bistable images.
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Abstract The study is focused on velocity control of a
manipulator motion in the case when the precise execution of
commands cannot be guaranteed because of the imperfection
of the control system or interaction with the robot
environment. The proposed approach combines the real-time
state estimation with a trapezoidal velocity profile to optimize
the performance of the linear Cartesian and point-to-point
motions.
Keywords

(Fig. 1). Such velocity profile could be calculated in
advance and then applied to the manipulator [1].

robot manipulator, trajectory, velocity profile

I.

INTRODUCTION

Manipulator trajectory often could be described as a
sequence of motions in joint (point-to-point) and Cartesian
(linear, circular) spaces. Because of design constraints, the
robots are characterized by maximal velocities vmax and
accelerations amax. If the goal is to achieve maximal
performance, the simplest strategy is to move with maximal
acceleration, deceleration and velocity when it is possible

Fig. 1. Velocity profile for the performance maximization.

A trapezoidal profile is well known and widely used in
the industry. First of all, it is energy efficient [2],[3].
Modification algorithms for varying the velocity profile

during execution can be found in [4]. The desired motion
behavior could be achieved by the asymmetric S-curve
velocity profile [5].
In some cases, an exact execution of the predefined
trajectory could not be guaranteed, for example, if the
controller has a big error or when the collaborative robot
stops after interaction with the environment. The current
command velocity, in this case, could be too big and cause
the error in the controller. The problem can be solved using
online parameters monitoring. However, if the current state
is different from the expected one, all the rest points should
be recalculated.
II.

TRAJECTORY PLALLING

A. General method
Our goal is to define the method of command velocity
calculation without a time reference. Assume, that we know
such parameters as current state and the rest of path
,
current velocity v and controller time step
. Then
command velocity could be obtained from equation

C. Point-to-point motion
In the case of point to point motion in joint space we
usually want the joints to start and stop execution at the
same time. It makes the problem of applying the proposed
approach not trivial because the independent motion of the
joints does not guarantee the specified condition. The task
can be solved if the motion of the joints is considered as a
vector in multidimensional space. But the problem here is
that the velocity and acceleration are defined for separate
joints and should be mapped into the obtained space. The
solution is to find such a vector that its maximal projection
into joint space is inside the available limits.
First, consider the situation when the maximal velocities
and accelerations for all joints are the same. If
is a path
vector in joint space from current to the goal position, then
maximal velocity and acceleration should be applied to that
joint which has a maximal path
. Current limits can be
found from projection to this axis:

(1)
The first element corresponds to uniformly accelerated
motion (left line in Fig. 1), the second is the maximal
available velocity (horizontal line). The last element
describes uniformly decelerated motion with zero final
speed and can be obtained by excluding the time variable
from equations for velocity and path. It corresponds to the
right line in Fig. 1.
B. Cartesian linear motion
motion in Cartesian space, where velocity
and
acceleration
are defined. Current cartesian velocity
could be obtained using the system Jacobian
(2)

(5)

Then command velocity is calculated from (1) and can be
projected back to vector
in a way similar to (4).
In general, each joint has its own limits, but the problem
could be reduced to the previous case by stretching joint
angle difference proportional to velocity (or acceleration)
ratio. Weight matrix W could be obtained from the condition
of time equality in original and modified spaces and is equal
to a diagonal matrix such that
, where
index i denotes a joint number, index
means velocity
weights,
is a common velocity in modified space,
for example, maximal value among all the joint limits. The
stretched path vector can be defined as

(6)

where is joint state vector,
is joint velocity vector [1].
Rest of the path
can be found using forward kinematics
method
as
(3)
Here
is the goal point in Cartesian space. Then
absolute value of command velocity can be found from
application of method (1) to Eucledian norm of Cartesian
velocity. The result vector can be found from projection to
:

Limits in such modified space can be obtained from
equation (5), where parameters
and
become
equal to
and
consequently. If the
obtained vectors are projected back to initial space, the
result could be written as

(7)

(4)
Finally, joint velocities could be obtained using matrix
product with inverse or pseudoinverse of the robot Jacobian.
If some limits are violated, joint velocities can be
proportionally decreased.

MODELING
The proposed technique was verified using numerical
modeling in Matlab. Trajectory for each joint in case of
point-to-point motion is shown in Fig. 2. The model includes
errors in the controller and the sudden stop at the 4-th

second. All joints had their own goal distances and
limitations.

and point-to-point
motions. Numerical
demonstrates the workability of the concept.

modeling

There are some limitations as well. The proposed
technique considers only the simple trapeze-like velocity
profiling and it is difficult to expand it for acceleration or
jerk profiling. The problem can be with the division on a
variable which tends to zero. It could be solved, for
example, if this variable is used as the condition for
evaluation braking.
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Abstract In this paper, we investigate the effectiveness of
the method of coupling detection based on phase dynamics
modeling in the analysis of the etalon systems whose phase
dynamics properties are similar to the properties of the EEG
signals from epilepsy patients who are in a coma state. On the
example of the etalon model, a method of pre-filtering of
signals is proposed, it provides a low level of errors while
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maintaining high sensitivity of the method. For the test
systems, the optimal value of the method parameter and the
length of the series are found.
Keywords EEG, coma, epileptic seizure, phase dynamics,
detection of the couplings, the direction of the coupling.

I.

INTRODUCTION

intensity indices

In neurophysiology, the study of the interaction between
brain structures by EEG records is important for solving
many fundamental and applied problems. In this paper, we
consider the problem of analyzing the couplings between
brain structures according to the EEG signals during an
epileptic seizure in comatose patients. Various methods of
statistical physics, information theory and nonlinear
dynamics are actively used for EEG analysis [1,2]. In this
paper, for the analysis of interactions between EEG
oscillations we used the method based on the phase
dynamics modeling [3,4]. Since the phase is a variable
sensitive to the presence of influence, it can be expected that
this approach will allow to identify weaker interactions. The
approach is based on the construction of a phase dynamics
model from the time series of phases. The model coefficients
are used to estimate the intensity and direction of the
interaction. The applicability of this approach was previously
shown in etalon systems with different dynamics properties
(small-size chaos, intense noise) and in solving real problems
in climatology and medicine. But, using this method for real
signals, the important question of the limits of its
applicability and possible errors arises. The complexity
(chaotic) and noisiness of EEG signals can prevent the
identification of cause-effect relationships based on this
method. Therefore, in this paper we investigate its
effectiveness in the analysis of time series from test systems,
which phases properties are similar to the assessment of the
properties of the EEG signals from patients during an
epileptic seizure in coma.
II.

METHOD

To assess the presence and direction of the interaction,
we used the proposed and developed in [3] method, which is
based on the construction of an empirical phase dynamics
model of the observed processes x1 (t ) and x 2 (t ) . For this,
the time series of phases 1 (t1 ),..., 1 (t N )
and
2 (t1 ),..., 2 (t N ) are calculated using the observed time
series x1 (t ) and x 2 (t ) , where t i i t , t
sampling
interval, N
series length. It is assumed that the phase
dynamics is adequately described by stochastic differential
equations of the first order:

d 1 (t ) dt

1

d 2 (t ) dt

2

here the parameter
frequency,

k

k (t )

G1 ( 1 (t ),

2 (t ))

1 (t ),

G2 ( 2 (t ), 1 (t ))

autocovariation function

zero-mean

k (t ) k (t ' )

noises

D

k

with

(t t ' ). For

the analysis of discrete time series it is convenient to
consider the difference model equations corresponding to
integration (1) over a finite time interval :
k (t

)

k (t )

Fk ( k (t ),

j (t ))

k (t ),

(2)

t

here k , j 1,2, j

k,

k (t )
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Gaussian zero-mean noises with variances
j)
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polynomials,

k
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j
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d kd

j

defined

as

2

. Here

2 1-

0 0

index of the influence x2 (t )

x1 (t ) , and

on

1 2

-

conversely, index of the influence x1 (t ) on x2 (t ) . In [3] for
indices j k the authors proposed formulas for 95%
confidence intervals based on estimates of the variance of the
model Fk ( k , j ) coefficients. The applicability of described
method for assessing the presence and direction of couplings
is limited by the properties of the phases. The method is
effective for systems with a well-defined phase, and can give
erroneous conclusions in cases where there are difficulties in
phase extraction due to noise or complex spectra of the
signal. In this paper we investigate the applicability of this
approach to the analysis of etalon systems, phase dynamics
properties of which are similar to the properties of EEG
signals phases during an epileptic seizure in patients with a
reduced level of the consciousness.
III.

THE PROPERTIES OF EEG SIGNALS OF PATIENTS
DURING AN EPILEPTIC SEIZURE

Experimental data, obtained at the N.V. Sklifosovsky
Research Institute of Emergency Medicine, represent hourslong records of 8 leads of EEG according to the standard
scheme of electrodes 10/20 (recorded leads: FP1, FP2, T3,
T4, C3, C4, O1, O2) from patients in a coma. For several
hours, while the signals were being recorded, the patients had
several epileptic seizures. To analyze the properties of EEG,
we considered only the parts of signals corresponding to
seizures.
Figure 1.a shows the periodogram of T3 for the patient
during the seizure, the main frequency is 2 Hz. For other
leads of this patient periodogram similar.

Fig.1. Periodogram of T3 of the patient during an epileptic seizure.

Also, histograms of phase increments (for the interval of
one characteristic period), estimates of the varience,
asymmetry and kurtosis of phase increments, phase diffusion
coefficient of all leads were obtained.
IV.

2
k

,

whose

coefficients are estimated from phase time series. Influence

THE MODEL SYSTEM

The system of two linear stochastic oscillators was
chosen as a test model:

d 2 x1 / dt 2
2

t

Fk ( k ,

2

1 2

(1)

2 (t ),

defines the angular oscillation
white

1

2
j k

and

2 1

2 2

d x2 / dt

2

1dx1 / dt
2 dx2

/ dt

2
1 x1 (t )
2
2 x2 (t )

K ( x1 (t ) x2 (t ))

1 (t ),

2 (t ),

(3)

here

k (t )

function

white zero-mean noises with autocovariation
k (t ) k (t ' )

D

k

(t t ' ) , parameters

D

2 1 (here f is the number of false conclusions about the direction

of coupling); b) for
k

determine the noise level, K - coupling coefficient, angular
frequency
to the main
1 11.3, 2 12 (corresponds
frequencies of EEG leads of patients during seizure (1.8 and
1.9 Hz, respectively)), dissipation parameter k determines
the quality of oscillations and the individual width of the
power spectrum. Equations (3) were integrated by the Euler
technique with a step 0.0001. The signals with a sampling
interval
t 0.002 (250 points per period) of length
N=40000 points (about 150 characteristic periods) were
analyzed, the phases were calculated using the Hilbert
transform. The parameters k and D k in (3) were chosen
so that when =0, the periodogram and the phase
increments histogram, estimates of phase diffusion
coefficient, variance, asymmetry and kurtosis of phase
increments, calculated from the patient's EEG were similar
to the ones, calculated from the time series of the model. As
a result, the parameters k =3, D k =0.2 were selected.
The effectiveness of the investigated method of coupling
detection was tested as follows. We generate a 100
collection of time realizations of (3) with fixed parameters.
From each time series in a collection, we estimate 2 1 and
1 2 . Then we calculated the number of time series f, for
which the estimates j k are considered significant with
the confidence interval exceed zero. In the absence of
coupling f is the number of false conclusions. In K 0 the
value f is the number of correct conclusions about the
presence and direction of coupling (determines the
sensitivity of the method).
V.

a) for

RESULTS

Fig.2 shows the dependence of the f value on the
coupling coefficient K for 2 1 (fig.2.a) and for 1 2
(Fig.2.b). The method demonstrates a large level of
erroneous conclusions both about the presence of coupling
and its direction. To reduce the number of errors, three
methods of filtering of the initial time series were applied: a
low-pass filter with a cutoff frequency of 5 Hz (Fig.2.,
dotted line), bandpass filter from 1 to 3 Hz (Fig.2., solid line
with circles) and bandpass filter from 1.5 to 2.5 Hz (Fig.2.,
solid line with triangles).

Fig.2. The frequency of positive conclusions about the presence and
direction of coupling depending on the coefficient of coupling in model (3):

1 2 (here f is the number of correct conclusions

about the coupling direction if K

0 ).

The most optimal is the use of low-pass filter - with this
method of filtering, the lowest level of errors is achieved,
while maintaining a high sensitivity of coupling detection
(fig.2.b). Also, dependences of the value f on the method
parameter and on the time series length were obtained.
The lowest level of errors, while maintaining high
sensitivity of the method is achieved at
equal to one
characteristic period and at the length of a series of 40
characteristic periods.
VI.

CONCLUSION

In this paper, we investigated the applicability of the
method of coupling analysis based on the phase dynamics
modeling on the example of etalon systems, the phases
properties of which are similar to the properties of the
phases of EEG signals in patients with reduced level of the
consciousness during an epileptic seizure. It is shown that
the efficiency of the method is significantly increased if one
uses a low-pass filter as a preprocessing of the signals in
this case, it is possible to achieve the lowest level of errors
with high sensitivity of the method. It is also shown that for
the used model systems, the method parameter should be
taken equal to the characteristic period, the minimum length
of the analyzed series should be 40 characteristic periods.
The obtained results are necessary for further analysis of
couplings between brain structures in patients during
epileptic seizure in coma.
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Abstract The work is devoted to mathematical modeling
of NEMS elements in the form of flexible round plates
connected to the electrode. The influence of the dimensiondependent parameter on the oscillations under the action of
Casimir force is investigated.
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I.

parameter,

II.

where ij the Cauchy stress tensor, ij is the stress tensor, mij
is the deviator component of the moment stress tensor, and
is the symmetric curvature tensor. The scale parameter
ij
of the material length l, which is related to the material
microstructures, was developed in order to interpret the size
effect in the non-classical Kirchhoff-Love shell model. These
tensors are determined by the formulas

INTRODUCTION

ij

In recent years, interest in physical phenomena,
commonly known as the Casimir effect, has continuously
increased. This effect is observed between two parallel
plates, the distance between which is about 100 nm. This
distance imposes a limit on the range of wavelengths,
allowed wavelengths (virtual particles) inside the space
between the plates. The density of energy between them
falls in comparison with that in external space, where the
birth of virtual particles is not limited by anything. As a
result, negative pressure is created between the plates, which
attracts the plates to each other. The closer surfaces to each
other, then the greater the range of forbidden wavelengths of
virtual particles, the greater the negative pressure and the
stronger the attraction force. A literature analysis [1-4] has
shown that the effect of Casimir force on the behavior of
mechanical dimension dependent nanoplates is little studied

region, the strain energy
ij ij

is expressed by the formula

mij

ij

d

i, j 1, 2,3 ,

(1)

tr

mij

ij

I

2l 2

ij

ij

,

,

1
2

ij

ij

u ( u)T ,
(2)

1
2

T

where u is the displacement vector, =
= /2(1+ )
the Lame constants, ,

,

(3)

/(1+ )(1-2 ) and
are the Young

respectively. l is a parameter of the scale of the material
length, understood as a material property, characterizing the
moment strain effect, is the rotation vector represented as
1
rot(u i ) .
i
2
In a cylindrical coordinate system, the area
written as
(r , z ) r [0, a],

FORMULATION OF THE PROBLEM

In the classical theory of elasticity, the work strain and
the strain energy depend on the stress tensor and do not
depend on the rotation vector due to material independence.
However, the gradient of the rotation vector can be a
significant factor in the equations of state. Based on the
modified theory of moment stresses, presented by Yang et al.
[5], the strain energy density is a function of both the stress
tensor (coupled with the strain tensor) and the curvature
tensor (coupled with the moment stress tensor). In a
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According

to

the

h
h
z
2
2

Hamilton

will be
.
principle

t1

( K

. Here K,

kinetic and potential

t0

energy, respectively, 'W - the work of external forces.
Using the methods of calculus of variations, a differential
equations system of the flexible plates theory is obtained on
the basis of the moment theory of elasticity in a
dimensionless form:
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IV.

1
,
2r r

r

r

For an axisymmetric problem the boundary conditions
for a hinge-moving contour in the meridional direction will
be written as follows:
2

w
r2

w

v
w 0, with r
a

a.

(5)

0,0 t

NUMERICAL EXPERIMENT

Consider the oscillations of a round nanoplate under the
Casimir force. Analysis of the results shows that oscillations
occur at the same frequency. With an increase in the
dimension-dependent parameter, the oscillation frequency
increases: for = 0, the frequency 0 = 4.1; when = 0.1, the
frequency 0 = 4.2; when = 0.3, the frequency 0 = 5;
when = 0.5, the frequency 0 = 6.1.
V.

Initial conditions:

w 0, w

CALCULATION ALGORITHM

To reduce the distributed system (4) - (6) to the system
with lumped parameters, we use the finite difference method
with approximation O(h2). The Cauchy problem will be
solved by several Runge-Kutta methods

qk

1
r r

2

2 3w
r r3

w

.

(6)

In addition, the following relations hold in a small
neighborhood of the vertex of an axisymmetric spherical
shell:
A w B Cr 2 , w 2Cr, w 2C ,
Ar
w
0.

CONCLUSION

A mathematical model of a flexible axisymmetric round
as
constructed. It is shown that under the action of the Casimir
force the plate oscillates. The oscillation frequency of the
plate increases with increasing dimension-dependent
parameter.
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Abstract The problem of characterizing the dynamics of
nonlinear systems from experimental data is considered in the
presence of switching between oscillatory processes. Errors of
computing the scaling exponent of the detrended fluctuation
analysis (DFA) caused by data fragments corresponding to
different dynamical modes are investigated. It is shown that
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switching between the modes has a much stronger effect on the
diagnosis of anti-correlated dynamics.
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I.

INTRODUCTION

Diagnostics of complex dynamics of nonlinear systems
from experimental signals is often complicated by the
presence of noise, artificial segments [1] and nonstationarity,
which may include changes in control parameters and
transitions between distinct types of oscillations [2]. Unlike
additive fluctuations and corrupted segments of data,
transitions between distinct oscillatory modes are more
difficult to distinguish and exclude at the pre-processing
stage. The related types of dynamics can be characterized by
similar statistical properties, and the time series under study
may be wrongly associated with a stationary dynamics.
In this study, we consider the effect of switching between
distinct types of oscillations in two coupled
on the correlation properties of signals reflecting their
functioning.
II.

MODEL AND DATA PROCESSING

A. Detrended Fluctuation Analysis
DFA is a variant of the correlation analysis of a data set,
which assumes a construction of the signal profile with its
further root mean square analysis [3, 4]. This method
involves four steps: (1) building of the profile y(k); (2)
segmentation of the profile into non-overlapping parts of size
n and fitting a local trend yn (k) within each segment; (3)
estimation of the root mean-square fluctuation F(n); (4)
performing these estimations in a wide range of n to get a
power-law dependence [5, 6]
F (n) ~ n .

(1)

The scaling exponent is related to quantities describing
the behavior of the correlation function or the spectral power.
B. Model
systems, which is described by the following six ordinary
differential equations
dx1, 2
dt
dz1, 2
dt

1, 2

b

y1, 2 z1, 2

z1, 2 ( x1, 2

( x2,1
c),

1, 2

x1, 2 ),
0

dy1, 2
dt

x

1, 2 1, 2

ay1, 2 ,

Fig. 1.
The scaling exponent depending on the N2/N1 ratio related
to the cases when synchromous and asynchronous chaotic oscillations
are considered as the main mode, respectively.

Similar results are obtained for transitions between
hyperchaotic oscillations ( c =7.2, =0.0094) which occur
after the merging of synchronous chaotic attractors with
different phase shifts between the variables, and
asynchronous chaos ( c =7.2, =0.0098) Figure 2.

(2)

,

where 0 =1, a =0.15, b =0.2, =0.02, and the remaining
parameters are varied to consider switching between
different types of oscillations. Analysis of intermittent
dynamics was performed using sequences of return times
x1 =0.
III.

( =0.80) dynamics, respectively [5, 6]. The appearance of
anti-correlations is typical for attractors appeared because of
the period-doubling cascade. The chaotic oscillations arising
from the destruction of quasi-periodic oscillations
demonstrate a correlated structure of the sequences of return
times. If the data set under study includes transitions
between oscillatory modes, the offset of the scaling
exponent depends on the relative duration of time,
associated with each mode. In the case of similar durations,
the scaling exponent approaches the value of =0.63 (Fig.
1). Thus, the displacement of the scaling exponent is
asymmetric: the anti-correlated mode changes the scaling
exponent by 0.61, while the correlated mode shows the
offset of 0.17. In Figure 1, the N2/N1 ratio characterizes the
relative number of return times associated with the main
process (oscillatory mode, in which the system spends most
of the time, N1) and with the additional data set (N2).

RESULTS AND DISCUSSION

We analyzed transitions between various types of
periodic, quasi-periodic, chaotic and hyperchaotic dynamics.
Consider switching between a synchronous chaotic attractor
( c =6.8, =0.0096) and an asynchronous chaotic attractor (
c =6.8, =0.0098) in model (2). These oscillatory modes
represent the anti-correlated ( =0.02) and correlated

Fig. 2.
The scaling exponent depending on the N2/N1 ratio related
to the cases when hyperchaotic and asynchronous chaotic oscillations are
considered as the main mode.

By analogy with Fig. 1, an asymmetric displacement of the
scaling exponent takes place when dealing with data sets
composed from segments related to both types of attractors.
Analogous results are obtained for simpler dynamics
transitions between periodic and quasi-periodic oscillations
(Fig. 3).
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Abstract In this paper, we propose a mathematical model
of public opinion, taking into account external influences, from
the point of view of the author's socio-energy approach, as well
as explaining its basic principles. The expression for the flow of
social energy through the system is used as the basis equation,
then the model is presented basing on the nonlinear dynamical
system using the ideas of fractal geometry to calculate the
individual elements of structures, as well as the Langevin
equation (for the Wiener processes) in order to consider
fluctuations in the social and political processes. With the help
of this equation, the author creates the communication field
model, which describes the interaction of individuals in society.

This model is proposed to be used to predict structural changes
in society in the conditions of information warfare.
Keywords
modeling, socio-energy approach, complex
social systems, nonlinear dynamical systems

I.

INTRODUCTION

Even though mathematical models are so widely used in
natural sciences, still they are not so applicable while
conducting political, social or historical research.
Nevertheless, remarkable success has been achieved in the
field of creation of social and political history models [1].

The models available to date can be divided into three
groups:
1) conception models, which are based on the
identification and analysis of the general historical
patterns and present them in the form of cognitive
schemas describing logical connection between
different factors affecting the historical processes
(G.Goldstein, I.Wallerstein, L.N.Gumilev, N.S.Rozov
et al.). These models have a high degree of
generalization, but do not have a mathematical and
purely logical, conceptual nature;
2) special mathematical models of simulation type,
devoted to the description of specific historical events
and phenomena (D.Medouz, Y.N.Pavlovsky,
L.I.Borodkin, Forrester et al.). These models focus on
careful consideration and description of factors and
processes that influence phenomenon under
consideration. Such models are usually applicable in a
rather narrow spaceparticular historical event and cannot be extrapolated
over a period of time;
3) mathematical models that are intermediate between
the types mentioned above. Those models describe
certain category of social processes without detailed
description of peculiarities of each historical event.
The task of such models is to find basic mechanisms
characterizing the processes flow of the examined
type. According to this, such models are called basic
[2].
The socio-energy approach is based on a systematic
approach and view at the state system in terms of energy.
This view allows us to represent the intra and extrasystematic processes such as modification or redistribution of
energy within the system and between systems. It also allows
to present intra-processes through physical analogy, e.g.
Weiner processes. In the theory of random processes Wiener
process is a mathematical model of Brownian motion (it is
described through the Langevin equation) or a random walk
in continuous time [3,4].

that characterizes the potential of the social system to do the
work. Attempts to introduce such a concept have been made
before, but without further use for the creation of a
mathematical model, while limiting to general discussions
[5].
II.

of energy within a system and between systems. In a
complex social system, there are two types of primary
energy (as introduced above the notion of social energy),
which includes all the others:
Material energy of system, where:
- resources energy (if there is any) of social system
and its material (tangible) property.
- energy of material savings and property of the
people living in the system.
- scientific and technical progress and
system development.
- a number of parameters, defining scientific and
technical progress in the system.
- transfer
exchange.

function

of

intersystem

information

- social activity coefficient of moral and
ethical society condition.
Coefficients
and
exist separately for each
individual in the system and cumulative coefficient of the
system as a whole is generated through fractal
transformation of all individual values and clusters of the
system.
N - number of individuals in the social system.
- a set of parameters that define the spiritual and moral
development and moral state of society and social
environment.
The labor energy of people constituting the social
system:

- total labor energy of the family members, which
depends on N (number of individuals).
Thus, the total social energy of the system has the
following formula:
Taking it into account, we obtain a model based on
differential equations:

BASIS OF MATHEMATICAL MODEL

This value, which is social energy or E, gives us a
evaluation of potential energy of human labor, resources
that have not been produced, etc. This very moment is vitaly
important for model-building, because in order to evaluate
the social system we must take into account all the factors,
which are capable to influence it, and parameters such as,
for example, human labor, are often obtain a determinative
role in the system, but at the same time they are very hard to
be classified in terms of standard physical concepts.
This view allows us to represent the intra and extrasystematic processes such as modification or redistribution

where
(1)
I.e. energy flow per unit of time in the system, or change
the energy used, is subject to an intra-laws. In fact, we use
the concept of power that considers the work (energy
change), but in our case, since we are interested in the
change in energy, it is the same.
- unit vector of the energy flow direction.
Thus:

E

Where

(t )

, P (t )

is the probability space of a

(t ),
E
Then, in accordance with (3):
random variable

Then, taking into consideration (1):

is an elementary event.

(t )

t

s (t )

As a result

s0 e

kt

e

k (t t ')

(4)

(t ')dt '

0

We can suppose, that the initial given value
(2)

s0

is a

random value with the probability space
E0 , P0 . In this
v) is a random value with a probability
space E (t ) E0 , P (t ) P0 , where v E0 .
By averaging (4) we get the following formula:

Or, without external influence:

s

(t )

[ s(t )]( , v)dP ( t ) ( ) P0 (v)
E

( t ) E0

t

s0 (v)e kt dP0 (v)
The expression that we get is the basic equation of the
socio-energy approach, which expresses the flow of social
energy passing through the system. It is assumed that it is
valid for large social systems (e.g., a state), and for the
smaller ones (for example, business systems). Regarding the
calculation of coefficients for the social system - in other
works [6].
III.

E0

Social and political processes are characterized by the
fact that they cannot be strictly specified. They are always
subject to small changes and fluctuations. By resorting to
analogy, the social process is similar to Brownian particles,
i.e. particles move along well-defined path, but on closer
inspection, the path is seen much winding, with many small
breaks. These small changes (i.e. fluctuations) are explained
by the random motion of other molecules. In social
processes, the fluctuation can be interpreted as a
manifestation of the free will of its members. [7]
Description of the social process in terms of the math is
required to use a stochastic process.
In mathematics
the Langevin equation is used to describe the Brownian
motion:
Where s(t) = (s1
n(t)) is the vector field,
describing social process (information exchange on this
case). The Langevin equiation for s is the following:

ds
dt

ks

(3)

Where
(t) is a random power influencing the social
system. It can be determined by a number of factors, such
as, for example, the level of social unrest in the society
(determined by the
and
parameters).
The average value as follows:
(t )

M (t )

[ (t )]( )dP ( t ) ( )
E

(t ) (t ')

0

k ( t t ')

(

0

[ (t ')]( ) dP ( t ') ( ))dt '
E

( t ')

t

s0

e

kt

e

k ( t t ')

(t ')dt '

s0

e

kt

0

It means that:

ACCOUNTING FLUCTUATIONS IN THE SOCIAL AND
POLITICAL PROCESSES

e

s

(t )

s0

e

kt

Accordingly, the stochastic process s(t) with
becomes quasi-stationary, close to balance s=0.

t

In general case, the Langevin equation is the following:

ds
dt

ks F (t )

(5)

Where the external force F(t) can be a potential one, i.e.
F
V , where V=V(x,t) vector field. As we can see
from this case, s=s(x,t). Thus, the social process s depends
on additional parameters, included in the phase space [7],
which are important to take into account while the process
modeling.
IV.

FORMATION OF COMMUNICATION FIELD INSIDE THE
SYSTEM

Let us suppose that we have a social system A, with a
determined distribution of coefficients
and
(each
individual i has a corresponding coefficient ki). How their
interaction will occur, and how the change will affect the
impact on the system from the outside?
Holyst J.A., Kacperski K., Schweiter F. offered a
suitable model of public opinion on the basis of
representation of interaction between individuals, in the
form of Brownian motion [8]. Applying this model to our
case, i.e.to the coefficients, it is necessary to make some
significant changes. The individuals are involved in this
process by interacting through the communication field
hk ( x, t ), x S R2

(t )

(t t ')

This field takes into account the spatial coefficients
distribution and is distributed in a society, modeling the

transfer of information. However, we must understand that
we are talking about the social space that has the physical
attributes, but in terms of information means it is clear that
the impact of one individual on another is not necessarily
exercised while being physically close. Thus, this space is
multidimensional, social and physical, characterizing the
his\her communication field, that is, to influence him\her,
his\her coefficients and ability to move. It is understood
that, in addition to actually physical and spatial coordinates,
there will be social coordinates as well (characterizing the
social status of the individual).
Spatial and temporal variation of the communication
field is considered by the equation:
t

hk ( x, t )

( x xi )

N

f (ki , kn ) ( x xi ) Dh hk ( x, t )

i 1

Dirac

(6)
-function

the number of individuals.

Each individual in the point xi, constantly contributes to
the development of the field hk ( x, t ) in accordance with the
values of their coefficients (that also determine the force of
influence of an individual on the surrounding individuals as
well as the radius of this influence).
The field hk ( x, t ) influences the individual i in the
following way. While being in the point xi, the individual
gets into the influence of the communication filed of another
individual (or several of them). Depending on its difference
from the coefficients and the coefficients of individuals
acting on it, i-individual may react in the following ways:
1. He\she can change the value of his\her coefficients
while being under influence of other individuals
2.
Move towards the area where the coefficients
difference is relatively minimal in the moment of action
Let us suppose that pij (ki , k j , t , xi , x j ) - the probability of
impact on the communication field of i-individual (or the
whole cluster of individuals) j in such a way, that can
change the coefficients
and
(together or separately) in
the time period t. Then, the probability of move of the
individual-i to the field with relatively minimal coefficients
difference in the moment of action is 1 pij (ki , k j , t , xi , x j ) .
Then the change of the given probability is the
following:
( ki ki' ) pij (k 'i , k ' j , t , xi , x j ) ( xij kij )
k 'i

(k 'i ki ) ( xij , kij' )

pij (ki , k j , t , xi , x j )

characterizing

induction

change per time unit:

ki

(ki' ki )

ki'

exp hk ' ( xi , t ) hki ( xi , t ) / Q
i

ki

ki'

(8)

0

Where Q is the social freedom parameter,
characterizing the degree of the movement freedom of
individuals in social and physical space.
The movements of individuals in social and physical
space is described by the Langevin equation:

dxi
dt

ki ( xij kij )
Dn

x

h ( xi , t ) x

i

2 Dn i ( xi , t )

(9)

is the spatial diffusion coefficient of

individuals, h ( xi , t ) is the resulting field of communication,
that impacts on individual-i.
Random fluctuations and impact are modeled through
the stochastic force

Dh
the diffusion coefficient, characterizing the
distribution of the communication field.

d
pij (ki , k j , t , xi , x j )
dt

Parameter,

(ki ki' ) is conditional probability of coefficient

Where

Where

function that determines the strength of
f (ki , kn )
influence of the individual on the other specific individual,
depending on their coefficients.
N

( xij kij ) -

influence of the communication field.

ki'

(7)

i ( xi , t ) , in such way that
i is flat
noise, which also depends on the location of the individual,
(it is assumed that the influence of random external and
internal factors on the social position of the individual in
different parts of the system is different) with

i

( xi , t ) j ( xi , t ' )

ij

(t t ' )

Thus, this model allows the calculation of the
coefficients of variation in the social system under external
influence or changes the system itself and its global
parameters [6].
V.

RESULTS OF COMPUTER MODELING

Initially, a system has a certain hierarchy or a certain
structure that reflects its status and intra-social processes.
The process of society clustering leads to the creation of
certain social and political education, intra-social links in the
system, in which information and energy exchange goes
much faster and more often. We can assume this division as
class, caste, hierarchical, stepwise divide, depending on the
assessment of the state of society, which is the distribution of
the individuals in their cluster must be set, so you see the
changes. In some cases, certain elements of the system can
be observed in chaos (for example, during the civil war or
revolution), and other structures are unstable and are in
constant motion, but in general, in the short term (1-2 years),
long-term structural changes are shown, typically only while
a strong external interference.
The method of specifying structural distribution of
individuals in the society by means of fractal patterns and
cognitive algorithms seems to be the most promising [6].
- social energy of an individual or a single subsystem,
x, y - the social and physical coordinates.
It is necessary to further clarify what are the social and
physical coordinates.

Specially introduced social and physical space is a multidimensional one, characterizing the possibility of one
individual to "reach out" by its communication field to
another one, that is, to influence it, its coefficients and its
ability to move.
However, how we can express it mathematically? To do
this, we created an abstractive illustration of axes of social
and physical space, presenting them in 3-dimensional form.
Thus, the x- and y-axis are both 3-dimensional physical
coordinates, as well as two relative parameters, which are
information and social permeability (I, S), which are
characterized by the distance on a graph, how difficult (both
in terms of energy and socio-psychology) for an individual or
a subsystem to transmit information or energy to another
individual or subsystem. The greater the distance is the more
difficulties arise for such contact.
For simplicity, we define the axis as follows:

Fig.1. Peak structural distribution of coefficients and material component in
general case. The z-axis
E, social energy of individual, x,y
sociophysical coordinates.

social permeability of society S.
y is the sum of information permeability and coordinate I
The main social resources are concentrated at a relatively
small part of its population. Fractal type of distribution also
defines the structure of a certain position in the social and
physical space that allows us to make judgments about the
relationships among individuals and subsystems that have
significance for the entire system resources. However, the
clustering of elements according to social (or class) basis is
not surprising, and the fractal method allows us to
demonstrate this more clearly.
However, in further calculations the fractal type of
distribution of the society structure is not used because of
insufficient author`s ECM capacity for its computer
simulation. The fact that fractals require a huge number of
iterations to reconstruct the general picture and,
consequently, the numerous elements involved in the
communication interactions, and the same number of
intersecting communication fields.

.

Having such parameters, the simulation requires
considerable computer power, and further optimization of the
code written for the system. The author considers that it is
necessary to note that this distribution is the most effective
for the task and for future; hence it is supposed to work with
it.

The Fig.2 demonstrates a bit changed peak distribution.
These changes are not important for structural architecture,
but they can help to get rid of negative value of coordinates
that exist in mathematics, but, of course, cannot exist in real
life. We also displaced the peak location.

However, due to the reasons mentioned above, the socalled "peak" distribution has been used in order to
demonstrate the model; it represents society in the form of
several or one peak or undulating areas, whose sharpness,
and quantity are highly dependent on the given initial
parameters (simulation was conducted in the system MatLab
2009b) - Fig.1.
Convenience of such structural distribution also lies in
the fact, that it is very clearly demonstrates changes in the
general field of communication, which are demonstrated in
the next section.
Graph axis remained unchanged and the location of
individuals or subsystems of society are defined by points;
interpolation was held to demonstrate the whole picture.

Fig.2. Peak structural distribution of coefficients and material component in
Russia. Introduction perturbation. The z-axis
E, social energy of
individual, x,y socio-physical coordinates.

By changing the initial parameters, we can set the type of
a system that is mostly correspondent to the results of
political analysis.

This was made exclusively for visualization, the energy
and coefficients distribution do not change because of such
movements, and the only thing that changes is nominal
system parameters.
However in this way we can easily see the changes in the
bulk of society, not fenced by peak.
E = 1, i.e.the subsystem energy that has a maximum
resource relative to other subsystems in society.
Fig. 2 demonstrates perturbation that is placed in the
other corner of the chart, opposite to the main peak which is
the exposure of influence of the external system on the given
one.
Hereby we set the parameters of interaction:

Let us suppose that the system A with coefficients K_s
and K_sc that are both equal to 0.95 influences the system
B with coefficients that are equal 0.80 and 0.20 respectively.
The given influence, that caused change in the
coefficients, provokes the beginning of the energy
redistribution. The system interaction is also based on the
energy exchange, due to which the perturbation is visible on
the graph. The impacting system (the subject) is used for
certain spending power to influence a part of society and the
impact of the object passes it.
Fig. 3. demonstrates that some sort of "ripple" is going
through the society as response on the external system
influence.
What does this mean in terms of policy analysis? That a
number of subsystems and individuals have begun to
redistribute the system energy, often spontaneously, with
permanent reverse, resulting in a kind of "ripples."

subsystem energy (and therefore power). As a result, they are
the least stable.
So, referring to the history, we can notice that often (but
certainly not always) collapse of states, revolutions and
chaos start from the periphery, as well as from the outskirts
of states. That is especially acute today. This is the most
unstable element of social system, and it is not surprising that
another system seeking ways to destroy or seriously annoy
another system will aim its strike at such "weak" territories
or elements, trying as quickly as possible to destabilize the
situation.
In many cases, Russian geopolitical opponents rely
primarily on the North Caucasus separatism and antiCaucasus reaction in Russian society in accordance with this
theory. However, suddenly in 2011-2012 separatists in other
regions of the country began actively express themselves, for
example, in Siberia.
Further development of the disturbance in the system is
evident, ref. Fig. 4.
The system comes to a condition of deterministic chaos;
the system energy is lost, as well as being randomly
redistributed among the rapidly emerging and endangered
structures. Russia was in a very similar condition was in
Russia after the collapse of the Soviet Union. However, such
situation lasts for a very limited period of time, as the
number of subsystems seek to control the maximum total
energy of the system and try to do it by any means.
Taking our variant of modeling system is relatively
stabilized in this form Fig. 5.

Fig.3. Peak structural distribution of coefficients and material component in
Russia. Development of perturbation in the system. The z-axis E, social
energy of the individual, x, y - social and physical coordinates.

In this regard, it is also necessary to understand why the
disturbance started in the opposite corner of the chart from
the main peak of social energy.

Fig. 4. Peak structural distribution of coefficients and material component in
Russia. System disbalancing. Constant flow of E from one subsystem to
another. The z-axis E, social energy of individual x,y socio-physical
coordinates.

Subsystems lying there are rather distant from social and
territorial or spatial perspective from controlling most of the

There appeared several subsystems in different
coordinates of social and physical space of society, which
control most of the entire social energy. At the site of peak
that existed prior to the impact of the external system, we can
notice only a relatively small increase in energy in relation to
the total weight. It is important to note that a large part of
society as a result reduced its average energy level, losing it
in the process of moving and energy metabolism.

Fig. 5. Peak distribution of structural factors and the material component in
Russia. The final picture of the simulation. The z-axis E, social energy, x,y
socio-physical coordinates.

This is similar to the situation in Russia in the 90s, when
the society gradually lost its last tangible savings, and basic
resources accumulated in the hands of a few "clans", groups
of people and subsystems.

VI.

CONCLUSION

Thus, the current article presents the basis of the
mathematical model through which the author further plans
to develop the approach and model social system. It has been
demonstrated that it is possible to take into account
fluctuations and the factor of "accidents" in the mathematical
model using the physical analogues, in particular by applying
to Wiener processes through the Langevin equation.
We can calculate the general energy condition of a
system by specifying parameters on the basis of this model,
as well as predict the changes of its coefficients K_s and
K_sc and calculate the outflow of energy from the state
system or its inflow in it as well as calculate the total energy
in a particular period of time. This makes it possible to
determine the external influence on a given system and
predict the further development of the process and change its
parameters.
Computer modeling of information and energy influence
of one system on another was held on the basis of the
gathered data, i.e. information and psychological war in a
special case.
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Abstract In present paper we consider structure of
recurrence
plot
(RP)
of
human
motor-related
electroencephalography
(EEG) signal
recorded in
somatosensory cortex and filtered in mu-band (8-13 Hz). We
show that in averaged EEG signal background activity is
mostly characterized by the diagonal lines, while motor task
execution is associated with increase of recurrence points
density and the emergence of vertical and horizontal lines.
We also demonstrate that these features of RP structure also
observed in single EEG trials.

spatio-spectral decomposition and machine learning [2-6].
Many of the existing methods require high computational
costs therefore it is hardly possible to use them in real-time
applications. This problem is of strong demand and
development of new methods of identification of motorrelated EEG pattern is essential for effective therapy. In
this context, analysis of recurrence properties of EEG
signals may provide the efficient tool motor patterns
recognition. This study considers features of recurrence
plots (RP) structure observed in averaged EEG data as well
as in single EEG trials.

Keywords EEG, recurrence plots, motor-related brain
activity, event-related desynchronization, single-trial analysis

I.

INTRODUCTION

Neurorehabilitation of post-stroke and disabled patients
based on biological feedback is a demanding technology
[1]. Effective application of biological feedback requires
advanced methods for precise detection and quantification
of motor actions quality based on brain activity signals.
Usually, brain motor activity is analyzed from
multichannel magneto- and electroencephalography
(M\EEG) signals by time-frequency and event-related
desynchronization analysis, common spatial patterns,

Recurrent behavior is a fundamental property of
dynamical systems, which can be used to distin
, recurrences are now applied to the analysis of
various processes in different areas of science and
technology. One of the well-known methods is recurrence
plots (RP) reconstruction
a visual representation of
system recurrences obtained from nonlinear non-stationary
data which is widely used in finance and climate research
[7,8], astrophysics [9,10], physiology [11] etc. In context
of neuroscience, Refs. [12,13] show that RPs are quite
useful in identification of N100 and P300 event-related

potentials (ERPs). Based on these results, we conclude that
recurrence analysis might be extremely helpful in
identification of motor-related brain activity associated
with event-related desynchronization (ERD) of mu-waves
(8-13 Hz) in somatosensory cortex.
With this goal in mind, we consider features of RP
structure of EEG segments recorded in somatosensory
cortex and related with motor executions. We demonstrate,
that motor actions are accompanied by recurrence points
density increase and emergence of vertical and horizontal
lines, while pre-motor activity is characterized mostly by
diagonal lines in RP.
II.

MATERIALS AND METHODS

A. Experimental data
During the experimental session subjects sat in a
comfortable chair with their hands relaxingly lying on the
table and squeezed their hand into fists on the audio
command. We used long (1 sec) and short (0.5 sec) signals
as a command to execute movement with left and right
hand, respectively. Subjects were instructed to squeeze
hands after the first signal and hold it until the second one
(approximately 4-5 sec). Electrical brain activity was
-EEGRcompany, Taganrog, Russian Federation) with 250 Hz
sampling rate using 10-10 international EEG scheme. For
further analysis we used only recordings from motor cortex
sensors (Cp3, Cp4, Cpz, C3, C4, Cz, Fc3, Fc4, Fcz). In
order to match brain activity EEG data with motor
execution, we also recorded electromyograms (EMG) on
both hands.

B. Filtering and segmentation
After signals acquisition, EEG data was preliminary
filtered by th 5th order band-pass Butterworths filter with
lower and higher cut-off frequencies of 8 and 13 Hz
respectively, which corresponds to the boundaries of mufrequency band. EMG signals were filtered with band-pass
Butterworth filter with lower and higher cut-off
frequencies of 10 and 70 Hz respectively. Filtered EMG
signal shows high-frequency electrical signal fluctuations
associated with muscle tension during the movement
execution.
Filtered multichannel EEG recordings were further cut
into EEG segments in accordance with experimental
protocol. In these segments time moment 0 corresponds to
movement command. Also, each segment contains 2
seconds of pre-motor baseline and 6 seconds of motorrelated brain activity signal after command.
Along with single trials we considered EEG segments
averaged over trials, representing most pronounced motor
related ERDs.
C. Recurrence quantification analysis
Recurrence plot evaluates recurrences of the phase
space trajectory of the dynamical system by considering
the -neighborhood of the current state. For each segment
we reconstructed phase trajectory with embedding
parameters: d=4 and T=0.03 sec.

Fig. 1.
Upper row represents signals of averaged filtered EMG (a), averaged mu-band filtered EEG recorded from C4 sensor (b), single mu-band filtered
EEG recorded from C4 sensor (c). Lower row illustrates correspoding RP structures. Horizontal and vertiacal bold red line indicates start of the audio
command, grey areas in (b,c) upper row highlight motor-related ERD, green dashed line squares in lower rows of (b,c) show RP structures associated with
ERD.

Here, d is an embedding dimension and T is an
embedding delay. The parameters were defined using
standard methods for phase trajectory reconstruction: false
nearest neighbors and mutual information.
Thus, we construct binary recurrence matrix R with =15
mV as follows:

(1)
where x is a reconstructed phase trajectory of original EEG
signal segment.

III.

RESULTS

Fig. 1 represents the results of RP reconstruction of EMG
and EEG data recorded during motor task accomplishment.
Averaged filtered EMG shows start of movement execution
approximately 1 sec after audio command (Fig. 1,a). It is also
seen from corresponding RP, that recurrence properties of
EMG signal during movement execution differ from the
background the recurrence matrix becomes sparse, which
is an indicator of noisy dynamics. Note, that properties of
motor-related RP block of EMG signal (1-6 sec after
command) do not change in time. At the same time, RP
analysis of motor-related averaged EEG trials recorded from
C4 sensor in somatosensory cortex clearly indicate change of
brain dynamics associated mu-rhythm suppression (ERD).
identification of the squeezing action, which is not seen from
muscle signal. One may observe, that motor-related area of
RP reconstructed from averaged EEG signal has a few
pronounced properties: increased recurrence points density
and emergence of vertical and horizontal lines. These
features of RP structure are referenced to as holding a phase
point in a small volume of embedded phase space. In terms
of considered EEG signal, mentioned RP properties clearly
indicate suppression of mu-oscillations in somatosensory
cortex, which emerges during motor task execution.
Described RP features found during analysis of averaged
EEG segment are observed even in single trials of motorrelated EEGs (see Fig. 1,c). RPs of single EEG trial also
contain a well-defined block with similar properties as
observed in averaged EEG signal and allowing clear
detection of motor-related ERD in mu-band.
IV.

CONCLUSION

In present paper we used recurrence plots structure
analysis to detect changes in motor-related EEG and EMG
segments. While EMG analysis shown differences between
hand movements and resting state, RP reconstruction of EEG
activity in somatosensory cortex provides direct
identification of motor execution. We observed, that RP of
averaged EEG signal contains well-defined block associated
with ERD in mu-band and characterized by increase of
recurrence points density and emergence of vertical and
horizontal lines. Interestingly, such properties of RP are
observed even in single trials, which may clearly define the
region of motor-related task accomplishment.
We believe that results presented in this study will be
useful for fundamental science, as well as for the developers
of EEG processing methods for brain-computer interfaces.
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Abstract
In present paper we consider application of
recurrence quantification analysis (RQA) in detection of
motor-related electroencephalograms (EEG). Particularly, we
apply RQA to reveal transitions of mu-rhythm dynamics
extracted from multichannel EEG recorded in motor cortex.
The results show that the considering RQA measures of EEG
in time-frequency domain one can effectively reveal dynamical
features of motor-related brain activity.
Keywords EEG, recurrence quantification analysis,
recurrence plots, continuous wavelet transform, motor-related
brain activity, event-related desynchronization

I.

INTRODUCTION

Analysis and accurate detection of brain motor-related
activity is crucial in neurorehabilitation of post-stroke and
disabled patients based on biological feedback [1].
Traditional techniques for motor activity extraction from
multivariate magneto- and electroencephalography (M\EEG)
include time-frequency and event-related desynchronization
analysis, common spatial patterns, spatio-spectral
decomposition and machine learning [2-6]. This problem is
of strong demand and development of new methods of
identification of motor-related EEG pattern is essential for
effective therapy. In present paper we investigate the
application of recurrence quantification analysis (RQA),
recently used in inference of financial and climatic changes
from data [7], to detect transitions of brain behavior induced
by motor executions.

, recurrences are now studied in
various areas of research. In particular, one of the wellknown methods is recurrence plots (RP), which is widely
used in astrophysics [8,9], physiology [10], climate research
[11] and other areas, allowing to detect and visualize the
repeating temporal states in nonlinear and non-stationary
data. However, there is a lack of systematic studies of the
biological and neurophysiological signals in terms of
recurrence analysis. RQA has been predominantly used for
analysis of well-pronounced patterns, such as epileptic
seizures, wakefulness or sleep stages and event-related
potentials during attention tasks [12-15].
However, the motor action causes less reproducible
pattern on EEG highly dependent on individual
characteristics of participants. With this goal in mind, we
propose an approach based on combination of time-
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frequency and recurrence quantification analysis. RQA
provides quantitative interpretations of various structures
observed in RPs. By applying RQA measures to the murhythm (8-13 Hz) energy time-series extracted via wavelet
transform, we reveal the event-related desynchronization
(ERD) in motor cortex, which is a well-known hallmark of
motor-related brain activity. We show that RQA measures
are highly sensitive to the start of limb movement execution.
II.

MATERIALS AND METHODS

A. Experimental data
During the experimental session subjects sat in a
comfortable chair with their hands relaxingly lying on the
table and squeezed their hand into fists on the audio
command. We used long (1 sec) and short (0.5 sec) signals
as a command to execute movement with left and right hand,
respectively. Subjects were instructed to squeeze hands after
the first signal and hold it until the second one
(approximately 4-5 sec). Electrical brain activity was
-EEGRcompany, Taganrog, Russian Federation) using 10-10
international EEG scheme. For further analysis we used only
recordings from motor cortex sensors (Cp3, Cp4, Cpz, C3,
C4, Cz, Fc3, Fc4, Fcz). In order to match brain activity EEG
data with motor execution, we also recorded
electromyograms (EMG) on both hands.
B. Continuous wavelet transform
At the first step, we applied CWT to the 14 sec trials,
each corresponding to a single movement. Wavelet
coefficients were calculated as follows:
(1)
with Morlet wavelet as a mother wavelet function .
Since we were focused on the motor-related brain
activity, we calculated wavelet coefficients averaged over the
mu-rhythm (8-13 Hz), which contains valuable information
about EEG motor-related dynamics:
(2)
Obtained time series were used on the next step for RQA
measures evaluation.
C. Recurrence quantification analysis
By definition recurrence plot evaluates recurrences of the
phase space trajectory of the dynamical system by

considering the -neighborhood of the current state. Thus, we
construct binary recurrence matrix R with =2 as follows:
(3)
As stated above, RQA allows to quantify the RP by
analyzing the structures formed by vertical/horizontal and
diagonal lines. In our study we use these three basic
measures
determinism (DET), laminarity (LAM) and
recurrence rate RR)
to evaluate the dynamics of murhythm wavelet energy of motor-related EEG.

where
diagonal line.

is a minimal considered length of

On the contrary, LAM characterizes laminar or stationary
states of considered process and measures the
vertical/horizontal lines ratio in RP:
(6)
where
is a minimal considered length of
vertical/horizontal lines.
III.

RESULTS

Fig. 1 represents the results of CWT and RQA for one of
the subjects, which has pronounced ERD of mu-rhythm
corresponding to the movement execution. We show the
results of left-hand movement quantification form EEG
signals recorded from C4 sensor. In Fig. 1b,c,e one can see a
considerable suppression of mu-rhythm during motor action
execution. It is also seen from Fig. 1c, that mu-rhythm
behavior preceding the audio command is characterized by
the deviations of mu-rhythm oscillatory energy, while more
stationary mu-rhythm behavior is peculiar to the motorexecution.
Fig. 1d shows RP constructed from time-series presented
in Fig. 1c. One may notice that background activity and
motor execution represent two separate blocks in RP. Fig. 1f
shows corresponding quantifications of RP with RQA
measures of DET, LAM and RR (top-down). Indeed, one can
see that chosen measures clearly indicate start of motorexecution associated with short-term depression of murhythm. Decreasing of DET, along with increase of LAM
and RR is interpreted as definition of ERD in terms of RQA.
A negative dynamics of determinism indicates that the
system becomes less correlated and deterministic, which is
consistent with the known effects of ERD. Consequently, the
density of the recurrent points grows. It is notable that
laminarity starts growing slightly before movement onset,
which indicated that actual motor activity causes the
emergence of laminar states in mu-rhythm energy, including
the movement itself and short preceding period, which can
also be interpreted as a preparation to the movement.
IV.

CONCLUSION

In present paper we used recurrence quantification
analysis to study mu-rhythm dynamics of motor-related
EEG.
Fig. 1.
For all presented plots, t is time, sec, with audio command placed
in 0 and marked with red line. (a) Raw EEG signal corresponding to the
movement; (b) wavelet surface of corresponding EEG signal; (c) averaged
mu-rhythm energy
; (d) recurrence plot of considering time series; (e)
matched EMG signal; (f) RQA metrics.

RR estimates the density of recurrence points in RP:
(4)
DET represents a relevant measure of signal complexity
and predictability of the process. Determinism is defined as
the percentage of recurrence points that form diagonal lines
in RP:
(5)

In general, obtained results are consistent with known
facts about motor-related ERD in mu-rhythm. Proposed
method is novel in neuroscience, which applications for
brain-computer interfaces for rehabilitation is rather poorly
studied. However, present paper revealed the ability of RQA
to provide a deeper insight into the dynamics of EEG signal
associated with motor action, which can be used for
detection of motor pattern. We believe that results presented
in this study will be useful for fundamental science, as well
as for the developers of EEG processing methods for braincomputer interfaces.
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Abstract This study is focused on the problem of robot
physical interaction with environment. Physical interaction in
case of collaborative industrial robots means one or more
physical contact with robot and work piece, robot and another
robot, robot and human, robot and environment. Depending
on location on the robot surface where this contact or collision
happened, robot reaction should be different in order to
provide safety and increase work cell performance if possible.
In this work, algorithm for multiple contact point identification
is presented. The algorithm is capable of running with 100 Hz
loop and 1.09 cm RMSE. The approach was tested in the
simulation with KUKA iiwa but can be extended to any robot
with torque sensing capabilities.

Keywords
collaboration
estimation

physical human-robot interaction (pHRI),
robot, collision localization, external force
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Abstract
This paper discusses the stiffness parameters
identification for an anthropomorphic walking platform. The
robot stiffness model build using a virtual joint model by
introducing additional springs, then the parameters of these
springs are determined using identification algorithms. Two
variants of a model are considered: taking into account the
links and joints compliance and only joints. Numerical
experiments were performed on the AR-601M robot model.
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Abstract
The methods of operation of the orthogonalturning mechanism of a walking mobile robot are discussed.
The criteria of optimal motion are formulated. The results of
design and prototyping are presented.
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control
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Abstract This article provides an overview of the three
most promising methods of lane detection based on the neural
network: SCNN, E-NET and LaneNET. A comparison was
made based on the trained models on our own dataset to
identify the robustness of these methods. Also, the evaluation of
the speed of execution of the algorithm and the comparison of
the masks obtained.
Keywords
lane detection, computer vision, driverless
vehicle, neural network.

I.

INTRODUCTION

Nowadays the area of autonomous vehicles is one of the
most promising and fast growing. A number of cars
manufactures announced plans to release vehicles with builtin advanced driver assistance systems (ADAS). Such
systems include a variety of modules such as adaptive cruise
control, collision avoidance, traffic light, traffic signs and
pedestrian detection. Lane keeping system is also a part of
ADAS. This system is based on road lane marks detection.
The result of lane m
intelligent system for prediction of lane changing to
maneuver efficiently as well as for informing a driver about
the tendency to leave the lane.
Such a system can be built by means of cameras, GPS of
LIDAR sensors. Each of these approaches have to take into
account such challenges as parked and moving vehicles,
shadows, bad quality of road lines, irregular lane shapes,
merging lanes, bad weather conditions, illumination, snow
and others. The road in most scenarios is not fully visible and
is filled with other traffic users, which imposes additional
issues in a lane detection task.
A wide variety of algorithms of representation, detection
and tracking techniques have been proposed. There is a
variety of techniques for lanes determining based on both
classical computer vision methods and various structures of
neural networks. Generally, there are two main computer
vision approaches for lane detection: a feature-based or
model-based approaches [1], [2]. The feature-based approach
works with low-level features such as lane edges [3-5]. In
such a manner, it is not robust as it is very sensitive to lane
quality and noise. The model-based approach works with
lanes representing them in the form of curves which can be
determined by means of geometric parameters [6 - 10]. Such
an approach is less sensitive to noise and lane quality.
However, a model-based approach is not adaptive: model

Salimzhan Gafurov,
Laboratory of autonomous transport
systems, Innopolis University,
Innopolis, Russia
s.gafurov@innopolis.ru

constructed for one image frame may not work for another
one. Methods which are based on neural networks can be
adopted for a wide range of road configurations and lanes
quality.
Conducted literature overview as well as the results of
CULane and TuSimple competition [13] we have chosen 3
most powerful approaches for lane detection which are based
on neural networks: SCNN, E-NET, LaneNET. Our paper is
focused on the practical aspects of each algorithm: accuracy,
speed, availability, ease of use of the proposed approaches.
The comparison of these methods is also provided.
II.

APPROACHES DESCRIPTION

A. SCNN
Spatial convolutional neural network (SCNN), a
generalization of deep convolutional neural networks to a
rich spatial level [11]. In a layer-by-layer CNN, a
convolution layer receives input from the former layer,
applies convolution operation and nonlinear activation, and
sends the result to the next layer. The main structure of this
algorithm is presented on fig. 1. The algorithm won the
TuSImple lane detection challenge in 2017. This algorithm is
publicly available. For our comparison, we have chosen the
TensorFlow implementation.
Presented SCNN model is based on developed by the
images for training, 9,675 images for validation, and 34,680
B. E-Net
The main structure of the E-Net model is presented on
fig. 2. It is heavily based on SCNN model. The main
difference is in the neural network structure. E-Net model
consists of five components, i.e., the binary segmentation
branch (B), the drivable area detection branch (D), the lane
point regression branch (P), the lane pixel embedding branch
(E) and the clustering branch (C) [12]. The encoder and
decoder of the first four branches are the same but only the
encoder is shared. This approach is mainly focused on
increasing of the multi-band algorithm speed with precision
saving.
Research [12] has shown that the E-Net algorithm has the
working speed in 10 times higher than SCNN model with a
comparable level of accuracy (0.003% less than the SCNN).
This algorithm is publicly available on Github [12].

C. LaneNet
A lane detection method called LaneNet is proposed in
work [13]. This method is supposed to be more general with
low computational cost, and real-time vehicle-based

Fig. 1.

implantation. The proposed LaneNet breaks down the lane
detection task into two stages, i.e. lane edge proposal and
lane mark localization, respectively; and each involves an
independent deep neural network.

SCNN structure

Fig. 2. E-Net main schem

On the lane edge proposal stage, the proposal network
runs binary classification on every pixel of an input image
for generating lane edge proposals, which are served as the
input to the lane mark localization network on the second
stage. This method also allows achieving high accuracy
(0.001% less than that of SCNN) and high speed of work (26
fps on Jetson TX1).
This algorithm is publicly available on Github.
III.

COMPASION OF ALGORITMS

A. Speed comarsion
Speed tests were conducted on the server with:

collected in the city of Innopolis (Russia). The total dataset
contains 9,276 images with a resolution of 1280 x 512.
According to work [12], E-Net should be the fastest
approach in terms of fitting the model. But on the practice,
we are more interested in prediction speeds of algorithms.
Therefore, we checked this parameter on hardware be means
of datasets describing above. The result is presented in Table
1.
TABLE I.

Algorithm

SPEED TEST RESULT

Frame per second

SCNN

16,77

Ubuntu 16.04.6 LTS

E-Net

5,72

CPU: Intel(R) Xeon(R) Gold 6148 CPU @ 2.40GHz

LaneNet

25GB RAM
GPU: Nvidia Quadro P4000 with 8GB
In order to investigate the efficiency of the algorithms in
case of scenarios which were not trained, we used the already
trained models proposed by the authors of the method.
For this test meshing dataset was created which contains
80% of KITTI dataset images and 20% of our own images

10

In such a manner, on practice we have not obtained the
speed result for E-Net approach shown in work [12].
Moreover, this algorithm showed us the worth prediction
performance. Even though low speed may be associated with
implementation the method presented in [12], we consider
this as the disadvantages because we could not achieve the
results presented in the paper.
This also applies to the LaneNet method. According to
the original research, this method should provide 26 frames

TABLE II.

per second on Nvidia Jetson TX2. However, during our tests,
we have not obtained the same results on the hardware that
exceeds the performance of Jetson TX2. In such a manner,
SCNN method has shown the best result in prediction speed.
B. Accuracy
For accuracy estimation we used the benchmark
Tusimple. The results for the proposed algorithms are
presented in Table 2 [13]. SCNN method is shown to be the
most accurate.
Also, in our work, we conducted the comparison of 100
images from CULane dataset driver_100_30frame /
05251517_0433.MP4 parts.

Algorithm

SPEED TEST RESULT

Accuracy

SCNN

96,53%

E-Net

96,29%

LaneNet

96,4%

This part of the dataset is characterized by slightly
framed images, with highlights and a fuzzy dividing strip, so
that it can be classified as complex. The tests were conducted
on the hardware presented in Section III A. Example is
presented on fig. 3.

Fig.3. Example of sample from CULane dataset
[2]
TABLE III.

Fmeasure

SCNN

Precision
0,305556

E-Net

0.299003

LaneNet

0.285714

Algorithm

Using B2004.

F1 SCORE RESULT
[3]

0,335512

Recall
0,371981

0.354331

0.434783

[4]

0.331984

0.396135
[5]

Based on this dataset, an assessment was made, the
results of which are presented in Table 3, where are the green
best results for metrics.
As we can see, the results are rather ambiguous,
according to the metric, precision is in the lead of the SCNN,
and according to the metrics of recall and F1 the E-Net
model.

RESULTS

According to our comparison, we have obtained that the
SCNN algorithm is easy to set up, has an implementation on
modern libraries (python and tensorflow), is quite fast in
predicting the mask of road lines, and it is the most accurate
in terms of benchmark TuSimple and metric precision in our
tests. Thus, according to the criteria considered, the best
algorithm is the one considered above.
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Abstract In this paper, a mathematical model of nonlinear
oscillations of a closed cylindrical size-dependent shell under
the action of an external band-variable alternating load is
constructed. The size-dependent parameter is taken into
account based on the modified moment theory. The equations
of motion of the shell are obtained on the basis of the
Hamilton-Ostrogradskiy variational principle based on
Kirchhoff-Love kinematic hypotheses. The scenario of
transition of the oscillations of the shell from harmonic to
chaotic is investigated.
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II.

To account for the size-dependent parameter, a modified
moment theory was used.
Using the standard procedure of the calculus of
variations, we obtain the equations of motion of the shell and
the equation of compatibility of deformations, taking into
account the Kirchhoff-Love kinematic hypotheses, in the
form:
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Attach to the system (1) the boundary conditions for the
hinge support at the ends:
w

0;

)

2

w
x

0; F

0;

F

0 for x

x2

0;1 .

w
p( x, y, t );
y
for y 0;2 .
F
F u ( x, y, t );
v ( x, y , t )
y
(2)
In addition to the boundary conditions, we add the initial
w

The shell is isotropic and flexible. Geometric nonlinearity
is taken into account according to the T. von Karman model.
The shell has a distributed alternating load:
q x, y, t q0 sin( pt ) , where q0 - is amplitude,
p -

2

1

2

2(1

2(1

Fig. 1 Settlement scheme
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INTRODUCTION

Closed cylindrical shells are widely used in various
sensors and devices, which determine the relevance of this
work, where the nonlinear dynamics of a flexible sizedependent closed cylindrical shell under the influence of an
external band-wise alternating load is investigated [1-2]. The
object of study is a closed cylindrical shell occupying a
region
in
R3
space
The
{x, y, z | ( x, y, z) [0; L] [0;2 ] [ h; h]} .
coordinate system is entered as shown in Figure 1.

l2
21

1

cylindrical shell, Bubnov-Galerkin method, chaos

I.

EQUATIONS OF MOTION

g ( x, y , t );

conditions to equations (1)

wt

0

w0 , w t

0

0.

Equations (1-3) are reduced to dimensionless form using
the following parameters: w

x

/ ,

frequency of load. The width of the load band is determined
by 0 .

q

q

Eh 4
2

L R

2

,

Lx ,
LR
h

y

Ry ,

Eg

Eh 2 F , t

hw , F

, M

ky

ky

ky2 ,

h
R2

( kx

t0 t ,

0 ),

L
, where L
R

and R

R y - shell length and radius,

- Poisson's ratio, l

- is a scale parameter of the length of the material taking into
account the effect of higher order moments, w - deflection,
F - function of effort, t - time, - the resistance coefficient
of the medium in which the shell moves,
0.3 . The bar
above the dimensionless values is omitted for simplicity.
TABLE I.

DYNAMIC CHARACTERISTICS AT

q0

0.377

FFT

w

N1 N 2
i 1j 0

F

N1 N 2
i 1j 0

Aij (t ) sin(i x) cos( jy),

Bij (t ) sin(i x) cos( jy) .

The obtained Cauchy problem is solved by RungeKutta-type methods with second-order approximation. The
obtained results were processed by nonlinear dynamics
methods, signals are built, power spectra, wavelet spectra,
Poincare sections, phase portraits, signs of Lyapunov's
largest indicators are determined.
TABLE II.

DYNAMIC CHARACTERISTICS AT

FFT

2D phase portrait

2D phase portrait

Wavelet spectrum

Wavelet spectrum

III.

SOLUTIONS METHODS

For information of the obtained system of partial
differential equations to the system of ordinary differential
equations, the Bubnov-Galerkin method is used in higher
approximations.

q0

0.379

IV.

V.

NUMERICAL RESULTS

The convergence of solutions has been preliminary
studied depending on the number of members of the series
(N) in the Bubnov-Galerkin decomposition [3] and N = 9
L
20.3 ,
1,
for further calculations,
1,
p
R
0.5 . In table 1 we give the dynamic
0 5.98 , l
characteristics of the shell at q 0
q0

0.377 .

0.37 -

appears 2

p

p

/ 11 . q 0

0.377

- 7

p

/ 2 . q0

/ 11 and 9

In this paper, the scenario of vibrations transition of a
closed flexible size-dependent shell from harmonic to chaotic
is studied through a combination of Feigenbaum and RuelleTackens-Newhouse scenarios.
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Abstract This paper is focused on a problem of using
reaction predictors in the control pipeline of walking robots.
The use of such predictors has been proposed for bipedal
robots and the main advantage of this proposal is that it allows
to exclude unknown reaction forces from the dynamics
equations, and hence from model-based control formulations
for those robots. In this paper, an additional benefit of
predictor-based control formulation is discussed, namely the
possibility of using it to predict changes in the contact
interaction scenario, such as slipping or take off from the
supporting surface.
Keywords walking robots, reaction forces, mechanical
constraints, predictors, linearized model

I.

INTRODUCTION

Walking robots are one of the most promising directions
the modern robotics, aiming at solving a number of
problems, from mobility over uneven and challenging
terrain, to attaining biomorphic locomotion. There are
bipedal, quadruped and multi-legged robot designs, crawler
robots, in-pipe walking robots and even underwater walking
robots [1-3]. It particular, anthropomorphic bipeds
(humanoid robots) are interesting, because they should

additionally provide benefits of easy integration into existing
social and urban infrastructure.
In modern humanoid robotics, the issue of vertical
balance of the robot remains to be important. There are
classical approaches relying on assumptions about flatness of
the supporting surface and the sufficient friction, such as
zero-moment point (ZMP) formulation [4-5]. There are also
methods that allow to directly reason about contact reaction
forces, such as contact wrench cone (CWC) method [6].
Both rely on the assumption that the contact interaction
regime with the supporting surface is accurately captured by
the proposed model.
There had been works on introducing experimental or
simulation data on the contact interaction regimes directly
into the control formulation. This can be done in a variety of
ways, from the use of reinforcement learning [7-8], to
augmenting criteria for choosing parameters for the existing
methods based on their performance in simulation [9]. The
use of machine learning techniques appears especially
interesting, as it allows easily integrating additional data, is
flexible with respect of the types of data (experimental or
based on simulation), and since it produces predictably (in

terms of computational time) operating software modules
which can be analyzed with statistical tools.
In the paper [10], it was proposed to use dense neural
networks to train a contact reaction forces predictor. The data
for the training was collected in simulation, and the system
was built using standard tool, such as Tensorflow and Keras.
The trained agent was able to predict reaction forces with
acceptable accuracy, allowing its use in control pipeline.
In paper [10], it was also proposed to use the agent to
build a locally linear model of the robot contact interaction.
The linear model can be used to substitute in place of
reaction forces into the control formulations. This can allow
the use of classic control algorithms designed for systems
without explicit mechanical constraints for constrained
systems. This allows avoiding the problems related to
generating desired control actions for constrained systems,
described in [11-12]. In this work, this model is additionally
used to predict changes in the contact interaction regimes.
That allows to predict changes in friction force mode
(slipping), breaking of contact and other.
II.

LINEARIZED CONTACT MODEL

Assume that the model of the robot is described by
equations:

where the resulting system of equations is no longer DAE
(differential-algebraic equations), but only ODE.
III.

PREDICTION OF THE CONTACT REGIME CHANGE

Observing expressions (3)-(6), we can note that the
choice of
should correspond to the expected difference
between
and 0 . Assume that the contact regime
undergoes a rapid change at a point (q0 , q0 , 0
c k),
where c is a critical value of . This can happen due to
the crossing friction cone boundaries, for example. Then it is
important to observe that for control that generates
generalized torques
0
c k , the correct linearization is
different than for control that generates generalized torques
0
c k .
Let us consider the problem of recognizing that scenario,
naming the fact that the contact interaction model underwent
a rapid change near the current point in the sate-action space.
First, we produce two linearization, for two different choices
of : for min and max . We denote linearization matrices
of these models as max and min . Then we can introduce
an additive criterion 1 given as follows:
||

1

Hq c
where H is a generalized inertia matrix, q are generalized
accelerations, c is a generalized bias vector,
are
generalized torques, F is the constraints Jacobian, and
is
the vector of reaction forces.

max

min

||F

where || ||F is the Frobenius norm of a matrix.
Alternatively, a multiplicative criterion
2

||

max

min

2

can be used:

||F

Then a reaction predictor is given as follows:
P( , , )
With predictor (2) we can find a linearized model about
point q 0 , q 0 , 0 :
1

[

1

m

P( 0 ,

0

i

0

P( 0 ,

0

0

,

,

0

0

0

IV.

]

)
i

Values of
or
can be compared against
1
2
experimentally found threshold value c . Then the problem
of prediction contact interaction regime change can be
simplified to the problem of finding correct threshold values
c , which can be done experimentally, theoretically, or via
simulation, using manual tuning or via machine learning.

)

where i is a basis vector in the orthonormal basis in the
space of reaction forces,
is a scalar coefficient which
determines the localness of the linearization. Then a local
linearized model of reaction forces is given as:

In this paper, a problem of using reaction predictor in
order to identify the possibility of contact interaction
scenario change, was discussed. The proposed idea is to
measure the difference between local linearizations, as
parametrized by a scalar variable, acting like a discrete step
length, for different discrete steps. The difference can be
measured in the additive or multiplicative sense.
This approach is simple in formulation, however it
suffers from the lack of information about the direction (or
location) where the change of the contact interaction scenario
will occur.

0
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Abstract Characteristics of directional coupling between
0,1 Hz oscillations in heart rate variability and blood filling of
vascular bed are studied for healthy subjects and myocardial
infarction patients at 2-5 days after acute infarction and 1 year
after. It is evident that statistically significant two-directional
coupling is present in healthy subjects with dominant influence
of heart on vessels. It was shown that 1 week after infarction

the coupling in this direction is stronger for the patients than
indices approach normal healthy values.
Keywords: time series, directional coupling, data analysis,
autonomic regulation, myocardial infarction

I.

INTRODUCTION

Present date data support the presence of 0,1 Hz
oscillations in heart rate variability signal (HRV), arterial
pressure, and blood filling of vascular bed [1-6].
Investigation of circulation autonomic control via
mathematical modeling [7-9] demonstrated that 0,1 Hz
oscillations in HRV and arterial pressure are caused by
functional characteristics of baroreflectory control of
systemic arterial pressure (response time ~2,1 s, feedback
loop time-delay~2,6 s) [10].
Functional independence of 0,1 Hz oscillations in HRV
and blood filling of vascular bed was also proven [11-13]. It
is known that in healthy subjects the 0,1 Hz oscillations are
coupled for a significant portion of time [13]. Also
development of myocardial infarction (MI) correlates with
significant decrease in coupling level between 0,1 Hz
oscillations in HRV and blood filling of vascular bed. It
increases somewhat during recuperation. Previous studies
[14-15] demonstrate importance of the coupling
characteristics between the 0,1 Hz oscillations for medical
prognosis in patients after acute MI. However to this date
there are no information on characteristics of coupling
between 0,1 Hz oscillations in HRV and blood filling of
vascular bed. Considering that coupling between control
loops that responsible for the 0,1 Hz oscillations is present in
healthy subjects [13] one can suggest that one oscillating
process dominates the other, or in other words is leading and
defining the dynamics of the driven oscillator. Interaction
between 0,1 Hz oscillations in heart and vascular bed can be
described in terms of time-delays and coupling strengths.
II.

MATERIALS AND METHODS

120 MI patients (70 males and 50 females) age 30-83
participated in the study. Control group consisted of 33
healthy subjects (23 males, 10 females) age 20-46 years.
The patients received full course of medical therapy,
corresponding to modern recommendations for treatment of
acute MI. The patients were observed for 1 year after the
infarction. Checking time was set to 2-5 days after acute MI
and 1 year after. During the checkups we assessed coupling
strength and time-delay between 0,1 Hz oscillations in HRV
and blood filling of vascular bed.
To estimate tone of circulation autonomic control we
made synchronous 10 min records of electrocardiogram
signals (ECG), photoplethysmogram (PPG) and respiration
via strain gauge sensor in supine position.
Recording of ECG, PPG and respiration was conducted
with multi-channel electroencephalograph analyzer EEGA-131Russia) with standard set of sensors, 250 Hz sample
frequency and 12 bits resolution. PPG was measured from
nail bone of middle finger with transmitted light
pulseoxymetry sensor.
We excluded spontaneous influence of respiration on
circulation by controlling respiration: preventing forced
inspirations and delays in respirations. Therefore the study
was conducted in presence of relatively spontaneous
respiration. Then we selected ECG and PPG without
artifacts, extra systole, noticeable linear trends, and transition
processes. Sequence of RR-intervals was extracted from
electrocardiogram (ECG) and then extrapolated with cubic
splines to create equidistant cardiointervalgram with 5Hz

sample rate. The 0,1 Hz oscillations were extracted from
cardiointervalgram and PPG with 0,05-0,15 Hz band-pass
filters. We applied technique of phase dynamics modeling to
cardiointervalgram and PPG signals to estimate the coupling
strengths for various time-delays between signals. Resulted
dependencies were ensemble-averaged to estimate average
time-delay between 0,1 Hz oscillations in HRV and blood
filling of vascular bed.
III.

RESULTS

During initial analysis of the 10 min signals it became
evident that influence from heart to vessels is prevalent
between 0,1 Hz oscillations in HRV and blood filling of
vascular bed in healthy subjects, and also in patients 2-5 days
after MI and 1 year after MI.
coupling strength
in patients 2-5 days after MI resulted in the higher indices
respectively). However the delay-time for patients 2-5 days
after MI was also higher than in healthy subjects
s and 2,7
respectively). 1 year after MI time-

we found differences between patients in acute period of MI
and healthy subjects. In patients 1 weak after MI the
coupling strength is higher than in healthy subjects
0,13 and 0,25 0,13 respectively), the time-delay is
also higher, although not statistically significant (2,89 0,98
s and 2,62
d
strength tends to lower and approach healthy levels
(0,25 1,15 and 0,25 0,13 respectively).
IV.

DISCUSSION

Results we obtained from initial data analysis relate to
debating topic about myogenic or neurocirculatory origin of
the 0,1 Hz oscillations related to autonomic control of blood
filling of vascular bed.
From our study of the coupling strength in healthy
subjects and patients after MI the coupling in direction
dominant role of the 0,1 Hz oscillations in HRV. It accepted
that such coupling direction typical for hemodynamic control
of cardio-vascular system [16]. From this one can suggest
that dominant role in cardiovascular control belongs to
hemodynamic, regardless to presence or absence of the acute
coronary conditions. We also concluded that in the patients
in early stages of disease (2-5 days after MI) hemodynamic
control is more prevalent than in healthy subjects.
the patients during acute stage of the disease the coupling
strength is higher in comparison to healthy subjects. It can
mean more active role of autonomic control during early
stages of the disease.
Overall obtained results allow assuming activation of the
nonspecific adaptation under stressing factors from cardiovascular system in patients with developed acute coronary
condition. Hemodynamic component assumes leading role.
According to H. Selye concept of stress and adaptive
mechanisms [17] return of the coupling-strength indices (in
both directions) to healthy values after 1 year of monitoring

in conjunction with normalization of clinical score gives
positive prognosis and argues for effectiveness of the
adaption.
V.

[5]
blood pressure variability in normal subjects compared with data from
beat-to05-318.
[6]

CONCLUSION

According to our results directional coupling between 0,1
Hz oscillations in HRV and blood filling of vascular bed is
presence or absence of acute myocardial infarction. In other
words hemodynamic factors prevail in cardiovascular
autonomic control. During acute stages of the disease activity
rises for both vegetative and hemodynamic component of
circulation control. It is likely due to activation of the
adaptation processes in response to stressing factors from
cardio-vascular system. 1 year after acute myocardial
infarction the coupling strength indices return to healthy
values. It can argue for effectiveness of the adaptation
mechanisms and gives positive medical prognosis.
ACKNOWLEDGMENT
This work was supported by the Russian Science
Foundation, Grant No.19-12-00201 (development of the
method), as well as the grant of the President of Russian
Federation, Grant MD-418.2019.7 (registration, preliminary
analysis and processing of experimental data).

baroreflex control of the peripheral circulation during exersice in
-684.
[7]
heart rate
72, p. 041904.
[8]

L. Bernardi, C. Passino, G. Sp
determinants of 0,1 Hz and respiration-related changes in blood

Integrative Comp. Physiol., 2001, vol. 280, pp. 1105-1115.
[10] A. S. Karavaev, V. I. Ponomarenko, M. D. Prokhorov.
f scalar timePhysics Letters, 2001, vol. 27, pp. 414-418.
[11] A. S. Karavaev, M. D. Prokhorov, V. I. Ponomarenko, et al.
-frequency oscillations in the human
. 033112.
[12]
of statistical characteristics of interaction between the low-frequency
oscillations in heart rate variability and photoplethysmographic
waveform variability in healthy subjects and myocardial infarction
[13]
0,1 Hz oscillations synchronization in cardiovascular system during
the treatment of acute myocardial
Medical Informatics, 2011, vol. 28, pp. 1-10.
[14]
estimation of synchronization strength between low-frequency
oscillations in heart rate variability and photoplethysmographic

rate analysis, 1997, pp. 241.
[2]

ationship between
Res., 1989, vol. 37, pp. 16-27.

[15] A. R. Kiselev, V. I. Gridnev, M. D. Prokhorov,
five-year risk of cardiovascular events in patients after acute
myocardial infarction using synchronization of 0.1-Hz rhythms in

[3]
microcirculatory fluctuations as evidence of sympathetic dysfunction
in insulin185-191.
[4]
skin
355.

microvessels

assessment

by

power

spectrum

of
-

-term autonomic control of
cardiovascular function: a mini review with the help of mathematical
-247.

[9]

REFERENCES
[1]

Phys. Rev. E, 2005, vol.

17, pp. 204-213.
[16]
delay times in coupling between autonomic regulatory loops of
human heart rate
Open Hypertension Journal, 2017 , vol. 9, pp. 16-22.
[17]
-631.

Choosing parameters for the analysis of
synchronization of the autonomic regulatory
contours of blood circulation in newborns
Viktoriia V. Skazkina
Department of Dynamic Modeling and
Biomedical Engineering
Saratov State University
Saratov, Russia
skazkinavv@yandex.ru

Anton R. Kiselev
Department of Innovative
Cardiological Information Technology,
Institute of Cardiological Research
Saratov State Medical University
Department of Dynamic Modeling and
Biomedical Engineering
Saratov State University
Saratov, Russia
antonkis@list.ru

Yurii M. Ishbulatov
Laboratory of Nonlinear Dynamics
Modelling
Saratov Branch of the Institute of
RadioEngineering and Electronics of
Russian Academy of Sciences
Department of Innovative
Cardiological Information Technology,
Institute of Cardiological Research
Saratov State Medical University
Department of Dynamic Modeling and
Biomedical Engineering
Saratov State University
Saratov, Russia
ishbulatov95@mail.ru

Elena N. Mureeva
Department of Innovative
Cardiological Information Technology,
Institute of Cardiological Research
Saratov State Medical University
Saratov, Russia
elena040493@mail.ru

Anatoly S. Karavaev
Laboratory of Nonlinear Dynamics
Modelling
Saratov Branch of the Institute of
RadioEngineering and Electronics of
Russian Academy of Sciences
Department of Innovative
Cardiological Information Technology,
Institute of Cardiological Research
Saratov State Medical University
Department of Dynamic Modeling and
Biomedical Engineering
Saratov State University
Saratov, Russia
karavaevas@gmail.com

Ekaterina I. Borovkova
Laboratory of Nonlinear Dynamics
Modelling
Saratov Branch of the Institute of
RadioEngineering and Electronics of
Russian Academy of Sciences
Department of Innovative
Cardiological Information Technology,
Institute of Cardiological Research
Saratov State Medical University
Department of Dynamic Modeling and
Biomedical Engineering
Saratov State University
Saratov, Russia
rubanei@mail.ru

Olga S. Panina
Department of Innovative
Cardiological Information Technology,
Institute of Cardiological Research
Saratov State Medical University
Saratov, Russia
olga.panina.74@mail.ru

Yulia V. Popova
Laboratory of Nonlinear Dynamics
Modelling
Saratov Branch of the Institute of
RadioEngineering and Electronics of
Russian Academy of Sciences
Department of Innovative
Cardiological Information Technology,
Institute of Cardiological Research
Saratov State Medical University
Saratov, Russia
doctorup@mail.ru

Abstract In this paper, we studied the features of the
autonomic regulatory system of the heart rate and the tone of
the arteries in newborns. During the experiment, we obtained
15 records of synchronous electrocardiograms and
photoplethysmograms of newborns. A spectral analysis was
conducted, the results of which revealed a number of features,
including the presence of an LF peak at a lower frequency than
is common in adult subjects. Based on these results, we have
chosen new parameters to assess the degree of synchronization

of the autonomic regulatory contours of the blood circulation
in newborns, which contribute to the greater significance of the
results.
Keywords
newborns

autonomic regulatory system, blood circulation,

I.

INTRODUCTION

Recently, more and more attention has been attracted to
methods of analyzing functional diagnostics of body
systems. In turn, the state and degree of interaction between
the subsystems of the regulation of the cardiovascular system
(CVS) is a sensitive indicator, reflecting the degree of
development of various pathologies both in the CVS and in
the organism as a whole [1-5]. So, the method of estimating
the degree of synchronization of the contours regulating
blood circulation with characteristic frequencies of about 0.1
Hz has proven itself in practice [2-7]. When analyzing the
state of the autonomous system of blood circulation
regulation, special attention should be paid to the choice of
method parameters, including the need to correctly determine
the frequency ranges related to the influence of the
sympathetic regulation system. This issue is important
because the authors of this work, as well as other colleagues
have identified features of the interaction of regulation
systems in newborns, which makes it impossible to use the
recommended methods of analyzing signals from adult
patients with standard parameters and requires their
correction in order to analyze the condition of this category
of patients as newborns and children [9-10].
II.

MATERIAL AND METHODS

In a study of the features of the autonomic regulation of
blood circulation in newborns, we conducted a series of
experiments and carried out 15 records of electrocardiogram
and photoplethysmogram signals during the first 3 days after
birth. The ECG was a signal recording in 1 lead, the sensor
of the signal of the PPG was placed on the head of the
newborn. For the analysis of heart rate variability, a sequence
of RR intervals (cardiointervalogram - CIG) was extracted
from the ECG signal.
Analyzing the power spectrum of CIG and PPG signals
in newborns, we determined the LF-peak, mainly associated
with the influence of the sympathetic system, in lower
frequency range (about 0.04-0.1 Hz). In adult healthy data,
the LF-peak is typically located around 0.1 Hz (the
recommended range is 0.04-0.15 Hz) [8].
For the method of estimating the degree of
synchronization of autonomic regulatory contours of heart
rate and arterial tone of adult subjects, the experimental
signals are pre-filtered by band-pass filters in the range of
[0.05-0.15] Hz, which allows to select only those
components that are mainly associated with the influence of
the sympathetic control loop in adults.

analysis of the degree of synchronization of the circuits of
the sympathetic regulation of blood circulation in newborns,
two filtration bands were chosen: 0.05-0.15 Hz and 0.04-0.1
Hz. The tables below show values of the total percentage of
phase synchronization for all subjects, along with the level of
TABLE I.
THE VALUES OF THE TOTAL PERCENTAGE OF PHASE
SYNCHRONIZATION BETWEEN CONTOURS OF THE AUTONOMIC REGULATION
OF HEART RATE AND VASCULAR TONE IN NEWBORN
Filtration band

Filtration band

[0.05-0.15] Hz
S (%)

p

[0.04-0.1] Hz
S (%)

p

1

33.16

0.06

34.30

0.81

2

25.15

0.23

40.68

0.37

3

27.37

0.46

46.18

0.35

4

14.21

0.94

31.33

0.88

5

22.80

0.83

34.29

0.90

6

19.51

0.63

50.41

0.10

7

17.22

0.82

31.55

0.65

8

13.07

0.95

28.55

1.00

9

19.97

0.86

33.14

0.76

10

24.06

0.51

57.91

0.02

11

23.03

0.53

78.19

0.01

12

18.32

0.84

20.43

0.92

13

18.40

0.74

24.84

0.89

14

16.37

0.83

55.17

0.04

15

45.47

0.01

33.26

0.59

significance for the two filtering options.
It should be noted that when selecting the shifted filtering
band [0.04-0.1] Hz, the number of significant values of the
total percentage of phase synchronization increases
S
(20% significant for the [0.04-0.1] Hz band and 7%
significant for the [0.05-0.15] Hz band).
The average value of S is equal to 40.01 at the [0.04-0.1] Hz
band and 22.54 at the [0.05-0.15] Hz band.
III.

RESULTS

Based on the obtained results on the shift of the LF-peak
to a lower frequency range, we have chosen new parameters
for estimating the degree of phase synchronization of the
autonomic regulation of heart rhythm and vascular tone in
newborns. The selection of new filtration band [0.04-0.1] Hz
increases the significance of the results.
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Abstract The work is devoted to the study of the dynamics
of assessing the degree of phase synchronization of the
contours of the autonomic regulation of blood circulation with
characteristic frequencies of about 0.1 Hz using long-lasting
electrocardiogram and photoplethysmogram signals of healthy
subjects. The main task is to study the effect of humoral
regulation and immobilization stress on the work of the studied
systems.
Keywords phase
immobilization stress

synchronization,

I.

autonomic

system,

INTRODUCTION

The study of the synchronization of biological objects
attracts considerable interest of researchers. In particular,
studies of the interaction and synchronization of the elements
of the human cardiovascular system have fundamental
interest, aimed at developing ideas about the structure of
complex systems of biological nature [1-2].
Such
example,
(the total
of the

studies have also practical importance. For
we earlier proposed an integral numerical index
percentage of phase synchronization) on the basis
method of diagnosing intervals of phase

synchronization for non-stationary signals from the
cardiovascular system [3-4]. It was shown that this index is
important for solving problems of medical diagnostics of
various pathologies [5], predicting the survival of patients
after myocardial infarction [6-7], and choosing drugs for
treating heart and vascular pathologies [8-9]. Moreover, due
to technical, organizational and ethical limitations, most
studies were carried out in the analysis of 10 minute
recordings of signals from the cardiovascular system and did
not consider the effect of signal's duration on the assessment
of the synchronization degree of the studied regulatory
contours. In our previously published work, we studied
synchronous 2-hour recordings of electrocardiogram and
photoplethysmogram signals of healthy subjects [10]. We
studied the statistical properties of the method for estimating
the degree of synchronization of the 0.1-Hz circuits of blood
circulatory regulation and found some evidence of the
development of immobilization stress. This work is a
continuation of the study of long records. In the new series of
experiments, the record duration was increased by 2 times,
which made it possible to study the dynamics of the
synchronization degree of the autonomic control contours at
even lower frequencies.

The purpose of this work is to study the assessment of
the degree of phase synchronization of the autonomic
regulatory contour of heart rate and the contour of
baroreflex regulation of arterial vascular tone, which
term (four-hour) records of healthy subjects.
II.

MATERIAL AND METHODS

Three conditionally healthy volunteers aged from 19 to
21 years took part in experimental studies. We carried out a
simultaneous recording of the electrocardiogram (ECG) and
vascular photoplethysmogram (PPG) signal with a sampling
frequency of 250 Hz for each volunteer. An infrared sensor
(radiation wavelength of about 960 nm) of the reflected light
hand.
The experimental data was recorded in a calm atmosphere,
the volunteer was in a prone position. The duration of each
record was 240 minutes. For the analysis of heart rate
variability, RR-intervals (CIG - cardiointervalogram) were
isolated from the electrocardiogram signal. Typical examples
of experimental signal sections are presented in Fig. 1.

Fig. 1.
Examples of the experimental signals of the subject A (a)
ECG, (b)
PPG, taken from the finger of the right hand. The signal of
PPG is given in dimensionless units.

At the first stage of the analysis of the synchronization of
the studied regulation processes using our developed method
the intervals of phase synchronization were determined
throughout the entire recording duration. In Fig. 2 shows a
typical dependence of the lengths of synchronous intervals
(Duration, s) on time by the example of test A and B. The
maximum length of the phase synchronization interval was
108 s.
A study was conducted aimed at identifying changes in
the statistical properties of the calculated values during the
recording, which could lead to a potential trend of S in
healthy subjects during experimental observations. To
analyze the nature of the calculated S, we calculated the
dependence of the averaged median values of the total
percentage and the values of the first, third quartile on the
recording time for all experimental data. This information is
presented in Fig. 3. The values of the total percentage of
phase synchronization were estimated in non-overlapping
windows with a length of 1000 seconds. The graph also
shows the presence of fluctuations S, a decrease and an
increase in the trend value in the second part of the records
(due to last 2 hours).

Fig. 2. The dependence of the duration of synchronous intervals on time
to subjects A and B.

Fig. 3. Dependence of the median of the S values over the entire records
on time (solid line) and the first and third quarters of the S values (dashed
lines).

III.

RESULTS

The results obtained (Fig. 2) indicate that the sequence of
the durations of the phase synchronization intervals show
signs of a weakly correlated random process.
This also confirms the conclusions made in [10] that
there are no pronounced slow periodic components
depending on S.
The results of the statistical analysis of the trend S
indicate that the value of S fluctuates over time, especially
note a decrease, and then a sharp increase in synchronization
in the fourth hour of the experiment may indicate signs of
immobilization stress and confirms the results obtained in
[10-11] .
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Abstract We present a study of the formation of selforganized quasiperiodicity, as well as multistability in two
dynamical systems of different nature. Multistability between
torus and synchronized cycles is observed.
Keywords
quasiperiodic oscillations, multistability, gene
regulatory networks

I.

INTRODUCTION

Quasiperiodic oscillations represent a kind of oscillations
that can be characterized by two or more incommensurable
frequencies. This class of oscillations is found in many areas
of science and technology [1]. It is the simplest way to
implement quasiperiodic oscillations in a non-autonomous
system or an ensemble of coupled oscillators. As a rule, the
occurrence of quasi-periodic oscillations is associated with a
non-identity in the ensemble. With a small frequency
detuning or other parameter, synchronization is observed.
With an increase in detuning as a result of saddle-node
bifurcation limit cycles disappear and quasi-periodic modes

Edward Hellen
Department of Physics and Astronomy
University of North Carolina
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ehhellen@uncg.edu

occur. On the parameter plane, one can observe the typical
Arnold tongues surrounded by quasi-periodic regimes. In
systems with a large number of incommensurable
frequencies, variation of the parameters responsible for
nonidentity leads to the formation of the Arnold resonance
web [2].
In papers [3-5], the concept of self-organized
quasiperiodicity was introduced. The distinctive property of
self-organized quasi-periodicity is that it occurs in ensembles
of identical oscillators due to a special choice of the type of
coupling. Quasiperiodic dynamics were also found in the
system of identical ring oscillators (repressors), with the
coupling between them constructed in the same way as the
mechanism of the so-called "sense of density" (quorum
sensing), which bacteria use to communicate in a growing
population [6-7]. Depending on the implementation scheme,
such a interaction can lead to diverse collective modes in
populations of identical elements. In ensembles of synthetic
genetic oscillators, this interaction leads to important applied
results. Of interest is that quasiperioidcity of this type tends

to co-exist with multistable resonance cycles. The same
properties were observed in a simple radio-physical model of
autonomous quasiperiodic oscillations [8]. A set of
autonomous quasiperiodic generators was proposed in [9]. In
[8], for a generator of this type, the possibility of coexistence
of autonomous quasiperiodic oscillations with both periodic
cycles and chaotic attractors was shown.
In this work, we will present a study of the details of the
formation of self-organized quasiperiodicity, as well as
multistability in the above systems: the simplest generator of
quasi-periodic oscillations, and two genetic repressilators
with quorum-sensing coupling. We provide comparative
analysis of the observed phenomenon for models of different
nature. First, we describe a relatively simple model of radiophysical generator and then consider the same aspects in the
genetic repressilators.
II.

saddle-node bifurcation. In this case limit cycles occur on the
torus surface, the invariant curve for this case was described
in [8]. Then at 0
the limit cycle disappears and the
torus emerges again. If the scan direction is reversed (Fig.
1a, red arrow), we see that, in addition to the cycle, a twofrequency torus emerges in the system at 0
. At
lower 0, the torus coexists with the base limit cycle of
period-7. As can be seen from the bifurcation diagram Fig.1b
the limit cycle of period-7 arises via saddle-node bifurcations
(LP).

THE SIMPLEST RADIO-PHYSICAL GENERATOR

A. Mathematicla model of generator
The generator model is a three-dimensional dynamical
system described by the following system of differential
equations:
x

y,

y

(z

z

x2

0.5 x 4 ) y

2
0

x,

(1)

x2

This model is a generator with hard excitation hybridized
with a generator of relaxation oscillations, which is described
by variable z. Formally the system is autonomous, but
relaxation oscillations are a kind of external force, which
manifests itself as an internal property of the system. Model
(1) has a number of features: firstly, it has no equilibrium
states, and secondly, it has symmetry with respect to the
replacement:

(x

x, y

y, z

z) .

(2)

Let us consider the features of quasiperiodic dynamics
and multistability in this model using numerical simulations.
B. Numerical Simulations
In [9] the diversity and richness of the dynamics of model
(1) were shown. The tongues of synchronization which is
limited only from the one side in the parameter space were
presented. In this paper we concentrate on a relatively simple
case and consider the model dynamics using as an example
the co-existing two-dimensional torus and limit cycle of
period-7 limited by two saddle-node bifurcations from both
sides on the parameter interval.
Figure 1 shows a fragment of the bifurcation trees near
the domain of limit cycle of period-7 (Fig.1a) and bifurcation
diagram for the limit cycle of period-7 obtained with XPP
AUTO (Fig. 1b). The trees were constructed with adiabatic
initial conditions (which means that for each new parameter
value we take the final point of the previous step as the initial
conditions for integreation) and different scannng directions
of the parameter interval (red and black colors). Thus, we
can visualize the co-existence between limit cycle and torus.
Let us discuss the bifurcation tree evolution with
decreasing parameter 0 (Fig.1a, black arrow). For 0= 2.95
a two-frequency quasiperiodic oscillations are observed. At
a limit cycle of period-7 appears as a result of
0

Fig. 1.
a) numerical
integration with different scanning of parameter interval; b) diagram
obtained with XPP AUTO for limit cycle of period-7. LP are points of
saddle-node bifurcations.

Numerical bifurcation analysis allows us to identify the
bifurcations of the cycles; however, only direct numerical
integration can be used to locate and analyze the torus. Let us
basins of attractions during torus formation and destruction,
taking into account its coexistence with limit cycle.
In [8] we suggested two routes toward torus destruction,
one proceeding through synchronization and the other,
through crisis of torus. They differ in details of evolution of
the torus invariant curve: (i) synchronization on the torus
surface is associated with saddle-node bifurcations. When a
bifurcation occurs, a pair of limit cycles (stable and unstable)
are born. Before bifurcation the phase trajectory is condensed
in the vicinity of each xed point. Thus, before the
bifurcation we observe smooth turns of invariant curve near
the areas with high density of the phase points; (ii) torus
undergoes crisis, which means a collision of the phase
trajectory with the basin of attraction of a coexisting regime,
or with some unstable cycle. In this case invariant curve
breaks down as a result of smoothness loss, and before the
crisis sharp bends of the invariant curve are observed.
In Fig. 2, the phase portraits of limit cycle of period-7
(f
section are given along with the basins of their attraction
(olive) and the basin of torus (grey). Fig. 2a corresponds to
the value of parameter 0 near saddle-node bifurcation point,
where torus and limit cycle are co-exist. The torus invariant
curve has six smooth-turns. The fixed points of the limit

cycle are situated very close to the boundary of basin of
attraction. It means that limit cycle in this case disappears as
a result of boundary crisis. In Fig.2b the phase portraits of
limit cycle of periodthe parameter value, at which the co-existing torus
disappears. The invariant curve has six sharp bends instead
of the seven smooth-turns.The xed points are located in the
center of their basins of attraction. The torus undergoes crisis
after the invariant curve touches the basins of attraction of
the limit cycles.
Fig. 3. Principle scheme of repressilator with quorum-sensing feedback.

is determined according to quasi-steadystate approximation
by S produced by both repressilators (S1 and S2) and a
dilution factor Q:
S ext

Fig. 2.
co-existing limit cycle of period-7 and two-frequency quasiperiodic regime.
a 0=2.7761; b 0=2.8083.

III.

TWO GENETIC REPRESSLATORS WITH QUORUMSENSING COUPLING

A. Mathematical model
We use the reduced version of the model for two threedimensional repressilators coupled via the production of
the principle scheme of a single repressilator. Here a, b, c are
mRNAs, A, B, C are expressed protein repressors. S is
autoinducer molecule which diffuses through the cell
membrane.

Q

S1
2

S2 .

(4)

The model parameters are fixed in accordance with what
was prop
1
2
3 = 0.1, n = 3, kS0 = 1, kS1
the coupling strength Q. In [6], it was shown that the
coexistence of a torus and a synchronous cycle is possible in
model (3).
B. Numerical simulations
In Fig. 4a two bifurcation diagrams are presented,
constructed with the adiabatic initial conditions, with
different scanning directions of the parameter interval. At Q
= 0.7618 and Q = 1.0258 we observed the appearance of the
symmetric limit cycle with winding numbers 5:5 (Fig. 4a),
,
the limit cycle of period-5 is continuously stable and
coexists with the torus over the extent of the limit cycle.

The resulting equations for the protein concentrations and
the concentration S are
Ai

1

( Ai

Bi

2

( Bi

Ci

3

( Ci

Si

k S 0 Si

1 Cin
n
i

1 A

1 Bin
k S1 Bi

),

(3)

),
Si
),
1 Si
(S i

S ext ),

where i = 1,2 for the two repressilators, j (j = 1,2,3) are the
ratios of the protein decay rate to mRNA decay rate,
accounts for the maximum transcription rate in the absence
of an inhibitor, and n is the Hill cooperativity coefficient for
inhibition. For the quorum sensing pathway ks0 is the ratio of
the S decay rate to the mRNA decay rate, and as previously
mentioned, ks1 is the rate of production of S and gives the
strength of S activation of protein C. The diffusion
coefficient depends on the membrane permeability to the S
molecule. The concentration of S in the external medium Sext
Fig. 4. Bifurcation diagrams of mod
1
2
3 = 0.1, n = 3,
kS0 = 1, kS1
a) numerical integration with
different scanning directions of parameter interval; b) diagram obtained
with XPP AUTO for limit cycle of period-5. LP are points of saddle-node
bifurcations.

In Fig.4b bifurcation diagram obtained with XPP AUTO
is presented. The limit cycle of period-5 occurs as a result of

saddle-node bifurcations. We also consider a simples case,
when limit cycle is stable and doesn't undergo any other
bifurcations. As it was for model (1), the coexistence can be
observed only within some intervals, however, for model (3)
there are two intervals near each point of saddle-node
bifurcation.
Let us analyze transformations of the invariant curves
near saddle node point and in the area of bistability. In Fig.5
the phase portraits of limit cycle of period-5 (fixed points)
Fig. 5a corresponds to the value of parameter Q near saddlenode bifurcation point, where torus and limit cycle co-exist.
The torus invariant curve has four smooth-turns. Fig.5b
shows the phase portraits of limit cycle of period-5 and torus
existing torus disappears. Invariant curve losses smoothness,
and shows five sharp bends instead of the four smooth-turns.
The torus undergoes crisis after the invariant curve touches
basins of attraction of limit cycles. The structure of the
invariant curves near another saddle-node bifurcation point is
the same.
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Abstract Preprocessing of ECG signals allows increasing
efficiency and effectiveness of diagnosis of socially significant
heart diseases. Development of algorithms and programs for
digital processing of ECG signals should ensure preservation
of informatively significant components, adaptability to
individual features and parameters of a patient, as well as the
possibility of using online daily monitoring in mobile systems
during human free movement activity. To solve the indicated
problems, it is proposed to use the Hilbert-Huang transform,
which will allow ensuring the reduction of the level of the
most characteristic interference with minimal distortion of
the useful component of the ECG signal.
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I.

interference;

Hilbert-Huang

INTRODUCTION

Electrocardiogram (ECG) signal is a complexly
structured signal consisting of cyclically repetitive pulses,
which are combinations of simple impulses of different areas
of the heart. Pulses of ECG signal are called waves, and their
combinations are called cycles [1].
ECG signal has a structure consisting of three main areas:
P wave, QRS complex and T wave. P wave and T wave
consist of one or two pulses, and QRS complex can contain

several bipolar pulses [2]. The amplitude and temporal
characteristics of the main areas of ECG signal are fairly
stable in one patient, but at the same time they may have a
large variation of values in other patients. It is associated
with individual features of the heart functioning system [3]
and the presence of congenital [4] or acquired pathologies [5]
in the process of life.
One of the common reasons for ineffective diagnosis of
heart diseases, especially in the conditions of daily or multiday monitoring [6], are interferences different in appearance
and intensity [7]. The most characteristic interferences in
ECG signals are low frequency (baseline drift and motion
artifact shown in Fig. 1), and high frequency (network and
muscle interference shown in Fig. 2).

HHT is an integrated approach, which includes the
decomposition of ECG signal into amplitude-time
components (ATC), and performing of Hilbert spectral
analysis (HSA) based on the obtained ATC [9]. A
characteristic feature is the signal decomposition only within
its extremes at each time point, which does not require the
formation of additional analytical functions for the signal
under study [11].
III.

ANALYSIS OF KNOWN HHT-BASED ALGORITHMS FOR
INTERFERENCE SUPPRESSION

An algorithm to remove low-frequency interferences in
ECG signals using HHT, carrying out signal decomposition
into ATC components, complete removal of individual ATC,
corresponding to low-frequency interferences, and reverse
restoration of ECG signals, is shown in [12].
The disadvantage of this approach is the removal of the
useful component of ECG signal with the complete removal
of some ATC. Research results have showed that there is
reduction of low-frequency interferences when removing the
last three components, but the useful information about the
signal is distorted.

Fig. 1.

Low frequency interferences in ECG signal.

According to another algorithm [13], the signal is
decomposed into components, one ATC is completely
removed and the others are processed with the subsequent
recovery of the original signal. Threshold processing in the
known method [13] is performed by soft thresholding.
In the known method, ATC with the frequency value
which does not exceed 2 Hz, and the threshold processing
which does not exceed 30 Hz, are subject to removal.
However, in [14], it was proved that from three to five ATC
of ECG signal fall into the threshold frequency range from 2
to 30 Hz. It can lead to the selection difficulty of removal or
threshold processing of individual components that fall into
the specified range.

Fig. 2.

High frequency interferences in ECG signal.

Effective interference suppression in ECG signals will
allow increasing the efficiency of diagnosis of heart diseases.
In addition, the technology of signal separation from
interferences can be widely applicable in other medical
applications, for example, to separate fetal and maternal
ECG signals in pregnancy [8].
II.

METHODS OF DEVELOPMENT

Despite significant advances in the development of
digital data processing methods, there is a problem of their
effective implementation related to nonlinearity and nonwith a clear analytical function in various time, frequency
and energy concepts, and makes it difficult to effectively
suppress interferences.
To solve these problems, it is proposed to use the HilbertHuang transform (HHT) [9], which will allow ensuring the
level reduction of the most characteristic interferences with
minimal distortion of the useful component of ECG signal.
The first application of HHT for ECG signal processing
was noted in [10] in 2002.

There is another algorithm [15], the disadvantage of
which is the impossibility of simultaneous signal processing
for solving problems of robust processing in presence of
various high frequency and low frequency interferences. In
addition, the known algorithm has limitations concerning
duration of the processed original signal (less than 10 s),
which is unacceptable for the purposes of long-term online
monitoring.
There is an algorithm for ECG signal preprocessing [16],
based on the addition of individual ATC, the construction
and transformation of the Hilbert spectrum into a binary
code, and the calculation of its fractal dimension (FD) [17].
Based on the construction results, the average value of
the signal energy is calculated, and the comparison of the
obtained value with the threshold value is made, which
indicates the presence of high or low frequency interferences
in the signal.
The known algorithm is original in terms of detecting
interferences but not their suppression in the signal.
The research conducted by the authors of this article
regarding the analysis of the amplitude-time components of
ECG signal [18] have showed that with the appearance of
low-frequency interferences in ECG signal and the
subsequent signal decomposition into ATC, new components
can be formed that are not characteristic to an ideal ECG signal.

IV.

IMPROVING AN ALGORITHM FOR INTERFERENCE
SUPPRESSION

To solve the formulated tasks, an original algorithm for
ECG signal preprocessing (Fig. 5), based on the allocation of
the TP segment of the ECG signal, its decomposition into
amplitude-time components and the surface of energy
density (SED) using HHT, is proposed.
Let us consider each stage of the algorithm in detail.
Stage 1. Input of the ECG signal is carried out via
interface facilities (blocks 1, 2): certified medical devices, a
doctor database (DB), and the Internet DB.
Stage 2. The allocation of the TP segment of the ECG
signal (block 3) is carried out using the known method [24].
The TP segment is the time period from the end of the T
wave to the beginning of the P wave of the next cardiac
cycle. During this time period, the electrical activity of the
heart is absent. Consequently, the U wave and any other
informative signal components are absent in the baseline area
[TP/2, P] from the middle of the TP segment to the
beginning of the P wave of the next cardiac cycle, and only
interferences are present.
Start

Input of
ECG signal

Stage 3. The decomposition of the ECG signal (block 8)
and the TP segment (block 4) into ATC is carried out
according to the HHT.
As a result of decomposition of the TP segment of the
ECG signal, the final signal envelope is removed from the
ECG signal, and the amplitude-time components of the
signal are subjected to further analysis to suppress low
frequency interferences, which contain frequencies below 30
Hz [13].
Stage 4. Threshold processing of the investigated ECG
signal (blocks 9-12) and the TP segment (blocks 5-7). To
suppress high frequency interferences in the ECG signal, a
volume threshold processing of SED is performed. To do
this, the average value of signal energy is calculated:

SED (t )

1
N

I

SED (ti ) .

i 1

Then, the distribution function of the mean value of
energy over frequency is calculated:
SED( F ) f (SED(t )) .
According to the calculation results of the distribution
function of the average value of energy over frequency, a
volumetric threshold surface of energy density is
constructed:

SEDthr (t ) SED( F )

t,

where t is the duration of the ECG signal [t1, tI].
Allocation of TP
segment of ECG signal

Decomposition of ECG
signal into ATC

Decomposition of TP
segment of ECG signal
into ATC

Hilbert spectral analysis
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Fig. 3.

The result of previous calculations is the formed
threshold surface.
Stage 5. The ECG signal restoration (block 13),
calculation of the level of interferences and the verification
of its compliance with the permissible level (block 14) are
carried out by determining the statistical criteria. In case of
unsatisfactory recovery, there is a change in the cutoff
frequency of the filter (blocks 6, 11) and the threshold
processing stage of the investigated ECG signal is repeated
(blocks 6, 7, 11, 12).
V.

EXPERIMENT

To assess the quality of suppression of intensive
interferences of various types in ECG signals, it is necessary
to use criteria that allow obtaining a calculated characteristic
of a difference signal. Such criteria include statistical ones,
applied for direct quantitative assessment of interference
suppression in the studied signal section at a given signal-tonoise ratio. Statistical criteria for assessing the quality of
interference suppression include: SDNN, SDANN, RMSSD,
NN50, PNN50, CV, D, As, Ex. A detailed description of
these criteria is presented in [20].
Among the above assessment criteria, the standard
deviation (SDNN) is the simplest and most sufficient
procedure for this case of statistical data analysis/

Output of
ECG signal

The calculated SDNN for a signal with high frequency
interference is 5%, and it is 8% for a signal with low
frequency interference.

End

Ensuring the effectiveness of interference suppression in
ECG signals will lead to an increase in reliable conclusions
and an increase in the efficiency of determining BMD signal

Algorithm for interference suppression in ECG signal

marke
long-term monitoring.
VI.

CONCLUSION

In the present article, an algorithm for ECG signal
preprocessing based on the Hilbert-Huang transform is
proposed and developed. It includes the steps of TP segment
allocation, decomposition of the recorded signal and TP
segment into ATC, threshold processing and SDNN
calculation for making a decision that allows reducing the
level of the most characteristic high frequency and low
frequency interferences to 5 and 8%, respectively. The
proposed algorithm can be applied in systems of long-term
monitoring, as it is able to make a decision about the level of
interferences and intensity of the studied signal.
The Hilbert-Huang transform is capable to perform ECG
signal processing recorded with a sampling rate of 500 Hz,
with a sliding window of at least 10 s during the period of no
more than 8 ms. Therefore, the integrated ECG signal
processing is the most promising solution in terms of speed
and ensuring a low level of residual interferences in the
signal with a minimum level of distortion of useful
information.
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Abstract The article substantiates the relevance of the
design of a neural network personalizing food for people with a
genetic predisposition to diabetes. Existing models and
forecasting methods for solving this problem are considered.
When developing an information system for personalizing food
products, it is justified that the development focuses on
modeling the digital twin of the product and the consumer, as
well as defining the technologies that form the basis of a
personalized nutrition model to create an accurate, properly
functioning system.
Keywords neural network,
susceptibility to diabetes.

I.

nutrition

personalization,

INTRODUCTION

Currently, the incidence of diabetes has increased
significantly, according to the International Diabetes
Federation, currently more than 246 million people live in it.
In this disease, the pancreas produces an insufficient amount
of the hormone insulin, which is necessary for the body to
assimilate sugar. Diabetes can develop in obese patients and
in older people, who have it more often as a result of stress.
In diabetes, nutritional therapy plays an important role,
despite the fact that currently there are many medications that
reduce blood sugar levels. Proper, rational and carefully
balanced diet is a key factor in maintaining a stable systemic
compensation of carbohydrate metabolism. When the form of
diabetes mellitus is mild, treatment with a diet is generally
required. With moderate severity and severe form,
therapeutic nutrition should be combined with insulin or
other drugs.
Obviously, in the individual selection of food it is
necessary to take into account two factors: the effect of food
on metabolism and the effect of the genotype on the
development of metabolic pathology. And this other
knowledge makes sense only in relation to the person to
whom recommendations for proper nutrition will be
addressed. It is necessary to introduce a food personalization
system with the ability to control blood sugar levels. That is
why in the modern world the problem of personalizing
nutrition for people with a genetic predisposition to diabetes
is very relevant.
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As a rule, individual nutrition is individual nutritional
recommendations aimed at strengthening, maintaining health
and preventing diseases. These recommendations take into
account the different reactions to individual nutrients that
arise as a result of the interaction between nutrients and
biological processes. These include interactions between
internal factors, such as genetics, microbiomes, metabolic
interactions, as well as external factors, such as dietary habits
and physical activity.
To understand the basic dynamics of health when
considering interpersonal variations and the implementation
of personalized interventions related to nutrition, it is
important to focus on developing prognostic methods that
tr
perspective can help doctors adapt targeted treatment,
understand the differences in treatment responses, and
develop individualized nutritional approaches.
Individual nutritional approaches can initiate the creation
of information processing processes for digestion, absorption
and metabolism. They provide a link between molecular
events and health outcomes through: integrating data of all
significant scales; combining multicurrency models with
health outcomes using modern machine learning models;
generation of non-intuitive hypotheses; experimental testing
using preclinical and clinical trials with standardized dietary
interventions.
With the advent of big data, you can extract data related
to the consumption of standardized products, functional
products and beverage sales reports. Medical informatics
initiatives can be used to collect and extract data from
electronic medical records (EHR) and an insurance claims
database. EHR data can be combined with knowledge gained
in the field of nutrition and data science to create
computational models and synthetic patient groups. These
synthetic patients can be used as avatars, which reflect interindividual variations for preformal predictive analysis and
evaluation of the systemic response to personalized
nutritional recommendations. These predictive data can be
used to determine the complex regulatory mechanisms of
food interventions at the border of immunity, metabolism and
intestinal microbiome. In general, modern computational

methods and data analysis platforms can help shape
healthcare platforms.
The use of artificial intelligence systems for effective
decision making in a food personalization system has
significant potential. This can significantly reduce the time of
normal exercise and the time of choosing food and
controlling blood sugar levels. The general idea of using
artificial intelligence systems for the food industry was
reviewed and reflected in the literature earlier; however, the
use of artificial intelligence systems was not considered that
way. As a result, it becomes necessary to introduce a system
of food personalization using neural network technologies.
The scientific novelty of the study lies precisely in the
development of a digital food personalization system for
people with a genetic predisposition.
II.

RESEARCH

A number of scientific publications [1], [2], [3], [4]
consider one of the most common forecasting models - an
integrated moving average with an external factor
(ARIMAX). In work [5] there are more than 100 classes of
prediction models. Thus, the intuitive group is used in two
cases, if the object of forecasting is very simple or so
complex that it is impossible to analyze analytically the
influence of external factors. The intuitive group does not
develop forecasting models, it reflects the individual
judgments of experts regarding the development prospects of
the process. This group is based on the mobilization of
professional experience and intuition. The methods of the
intuitive group are used to analyze the process, the
development of which is not amenable to mathematical
formalization, the article [6] indicates that such methods
include methods of expert assessments, prediction in the
image, historical analogies. Currently, the use of expert
systems, including the use of odd logic, is widespread [7]. A
detailed description of the method of intuitive forecasting is
discussed in the article [8]. The review [9] considers models
of structural and statistical forecasting. There are also
forecasting models for highly specialized tasks. For tasks
such as predicting the level of sugar in human blood, models
based on differential equations [10] are used, hydrodynamic
models [11] are used to predict traffic flow, and models
based on nonlinear cells based on external factors are used to
predict natural phenomenon. fields that have an internal state
that changes over time under the influence of this field [12].
Such models are developed and applied for special systems
and processes. In the framework of this work, the last
specified class of formalized models is not considered.
Based on the review and comparative analysis of the
prediction models, the neural network model was chosen due
to its high adaptability, design uniformity, scalability and a
wide range of applications.
III.

RESULTS OF THE STUDY

When developing an information system for
personalizing food for people with a genetic predisposition to
diabetes, it is necessary to take into account that the
development focuses on modeling the digital twin of the
product and the consumer, as well as defining technologies
that form the basis of a personalized nutrition model to create
an accurate, properly functioning system.
The digital twin is a virtual prototype of a real object,
group of objects or processes. This is a complex software

product that is created on the basis of a wide variety of data.
The digital twin is not limited to collecting data from
development projects
it continues to collect and analyze
data throughout the entire life cycle of a real object.
In the model of personalized nutrition, a large number of
different technologies play an important role, since it is they
who ultimately form its basis. To develop such a model, it is
necessary to unambiguously identify technologies and their
composition.
Food and processing technologies:
dietary supplements are necessary for a balanced diet,
since in most cases a person can receive less of the
substances he needs for proper functioning and good
health;
canning technology - designed to process food
products to suppress the activity of microorganisms
that spoil the products, as well as to increase the shelf
life of food products;
product enrichment - it is necessary to add to the
products any missing necessary nutrients and minor
components;
design and construction of products - it is necessary to
obtain products that are not only safe for humans, but
also their genetic structures, which protect them from
the negative impact of the external environment and
have healing properties;
Information Technology:
BigData - tools, approaches and methods for
processing huge amounts of data included in the
information system of food personalization for people
with a genetic predisposition to diabetes;
personal data protection is necessary to protect
consumer data;
digital twin of the product and the consumer necessary for virtualization and storage of the product
and the consumer in the system.
Service technologies: platform; Delivery; Cooking;
escort.
Medical technologies: genomic research; analyzes.
Also in the model of personalized nutrition, it is
necessary to remember the individual goals and limitations of
the consumer, as they will help to improve the accuracy and
functionality of the information system for personalizing
food for people with a genetic predisposition to diabetes.
After analysis, it is necessary to form an idea of the
model visualization. To begin with, let's write out the main
process, which mainly concerns our work, with the help of a
special process modeling program - Ramus. The input
information model is the consumer's need for personalized
nutrition, product information and data on the effects of
products and various substances on human health. The
-

In order for the model to form the recommended
(personalized) food, it is necessary to go through 3 stages:

1. The formation of the digital twin of the consumer, for
its further use in the machine logical inference. In order to
form a digital twin of a consumer, it is necessary to
determine individual limitations of the consumer himself, as
a result of which we obtain the values necessary to fill in an
electronic medical record. Next, a survey is conducted about
the consumer's taste preferences and the identification of his
individual goals, to which he aspires. And after all these
steps, the data is processed. At the output of such a
subprocess, we get a digital analogue of the consumer, which
is necessary for the logical inference machine.
2. Formation of a digital twin of a product for its further
use in the logical inference machine. Detailing this process is
not required, since the formation of the digital twin of the
product occurs by entering values into the system database.

MIM) in each of them. From the R-MIM, following the same
rules, get the final description of hierarchical messages
(HMD), from which, in turn, messages are built.
Next, you need to describe one of the standards HL7,
designed to standardize the structure and ensure the semantic
compatibility of medical systems in the exchange of medical
information and / or medical documents. This is the standard
clinical document architecture (CDA).
The second edition of this standard ensures the
availability of seven characteristics of a CDA document,
such as:
the security of the information provided;
management of the information provided;
support authentication requirements for all submitted
information;

3. Inference machine. At this stage, there is a preliminary
processing of data obtained from the digital twin of the
product and the consumer, and data on the effect of food and
various substances on human health. After processing, a
trained prediction model is applied to the obtained data,
which will be introduced into the digital food personalization
system. Next, the forecast results are processed, forming
recommendations for nutrition.
When creating medical systems, it is necessary to take
into account that the electronic medical record of the patient
is not the only category of these systems. There are three
categories in total:
Electronic patient record - this includes what applies
to a specific patient. Applications are not limited to
keeping patient demographics and patient records.
Public health information networks
systems of this
level abstract away from individual data and
aggregate quantitative data from a multitude of
patient-oriented systems to predict the development of
events such as epidemics and bioterrorism.
Support for clinical research - this group includes
systems for making decisions and modeling drugs.
There is no clear boundary between the categories
presented; incoming data is transferred from one to another,
processed, supplemented and returned. Using the Health
Level 7 (HL7) standard as a database structure will help to
store all received messages from any other system.

support of the context of the information provided;
maintain the integrity of information;
ability to read information provided by man;
Support for binary information such as multimedia
components, PDF, images and more.
Due to these characteristics, CDA becomes extremely
flexible for use in various areas. And, despite the fact that
among the developers of medical systems, CDA is
considered to be an extremely difficult standard, it has
become one of the most successful HL7s designed to
integrate medical data. Most medical systems currently
encode information in one of nine possible CDA document
templates, for example, the Medical Assistance Continuity
Document (CCD) is one of these templates.
The Medical Care Continuity Document is an XMLbased standard designed to encode the structure and
semantics of a patient's medical record for later exchange.
Thus, to create a digital twin model of a consumer, it is
necessary to use not only data on individual goals and
restrictions of the consumer, but also data from electronic
medical records.
As part of the study, the following aspects and processes
were reviewed, described, modeled and developed:
identified problems that may arise in the development
of a digital food personalization system;

You can see that RIM is based on 4 main classes: Entity,
Role, Participation and Act, and two additional classes for
describing relationships: Role Link and Act Relationship.
The use of the concept of "class" is connected with the fact
that RIM follows the basic principles of inheritance in OOP.
The standard clearly states:

an interface has been developed for both users and
specialists;
developed a personalized nutrition model, a digital
twin of the product and the consumer;

Generalization (generalization) - when the class of the
heir includes all the properties of the class of the
parent;

describes the database structure of the digital food
personalization system for people with a genetic
predisposition to diabetes;

Specialization (specialization) - the class-successor
redefines some functions of the parent, and also
defines additional properties for even more
specialization.
To obtain the required messages, HL7v3 uses the
refinement process (refinement process), which leads to the
creation of several domain information models (D-MIM) for
domains and a set of refined information message models (R-

neural network introduced;
approbation of the model and analysis of the
possibilities and limits of its use in practice.
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Abstract This paper presents the results of a study of the
nonlinear dynamics of a system with several electron beams. A
review and analysis of the latest results obtained in this area.
In this case, the main emphasis in this work is made on
controlling the generation characteristics in such a highly
nonlinear system. The main dynamic modes typical for this
kind of systems are shown.
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Introduction
Virtual cathode generators (vircator, reditron, virtod,
etc.) are one of the most popular devices in superpowerful
beam-plasma microwave electronics and are currently being
actively studied [1-11]. One of the main advantages of these
devices is the generation of heavy-duty electromagnetic
radiation with the extreme simplicity of design. At the same
time, this type of microwave devices is characterized by
strongly nonlinear dynamics. The disadvantages are low
efficiency, usually of the order of one percent, and low
generation frequency.

Numerical modeling was carried out using the PIC method
[12, 13].
Taking into account the peculiarities of such sources of
ultrahigh-frequency microwave radiation as devices with a
virtual cathode, a circuit is proposed in which the power of
each of the oscillating virtual cathodes is added in a
common resonator (drift chamber) - a multi-beam vircator
circuit in which several beams with supercritical currents are
loaded on a common resonator [10]. Such a scheme has
shown its effectiveness, in terms of increasing the frequency
of generation.
Thus, this work is devoted to the continuation of the
study of the processes of interaction of several intense
electron flows with supercritical current. In this case, the
main emphasis in this work is made on controlling the
generation characteristics in such a highly nonlinear system.

Results
When several electron beams with a supercritical current are
injected into the general drift space, a Bursianos instability
begins to develop in each of the beams, leading to the
formation of a virtual cathode (VC).

One of the possible mechanisms for increasing the
frequency of the generation of vircator systems is to
increase the density of the injected electron beam. Recall
that the generation frequency of this class of devices is
directly proportional to the plasma frequency of the injected
electron flow, which is determined by its density.
Nevertheless, an increase in the frequency in this way leads
to a sharp drop in the generation efficiency, due to the
existence of an optimal value of the injected current in all
known vircator circuits. What makes it unacceptable to use
this method to significantly increase the frequency.
A possible solution to this problem is the development
of new oscillator circuits on a virtual cathode. In particular,
in [10], the question of the synchronization of several virtual
cathodes in the drift space region was studied in detail. At
the same time, multipath klystrons are very common. The
use of several electrons beams in them in place of one is
connected with the aim of improving the grouping and,
therefore, efficiency, by reducing the forces of the space
charge.
The experimental analysis of such systems causes a
number of difficulties associated primarily with the high
cost of creating a full-size experimental layout. At the same
time, modern numerical methods make it possible to solve
these problems with a high degree of accuracy of reliability.

Fig. 1.
Dependence of the output power of electromagnetic radiation on
the magnitude of the injected currents.

It is well known that the dynamics of a VC is
characterized by strong nonlinearity and is determined by
the current density [2-4, 13-17]. In the systems under study,
electron flows have different current magnitudes. This leads

to the fact that the formed VCs have different temporal and
spatial scales, as well as different power of electromagnetic
radiation. At the same time, the beams interact with each
other through the common field of the drift chamber. In
view of the differences in the dynamics of each of the beams
and the nonlinear coupling between them, it is possible to
implement various collective dynamics modes.
In particular, the interaction of electron flows can lead to
synchronization of the oscillations of part of the beams and
to an increase in the amplitude of their vibrations. The
reverse situation is also possible, namely, desynchronization
of VC oscillations and, as a result, suppression of each
other's oscillations. Note that it was previously shown that
the interaction of several beams due to strong nonlinearity
can lead to the randomization of the generated
electromagnetic radiation [15].
Figure 1 shows the dependence of the power of
electromagnetic radiation on the current value of the
injected beams. The black dotted line marks the region
characterized by high output power. This area corresponds
to the mode of synchronization of oscillations of several
VCs. The white dotted line marks the region corresponding
to the oscillation desynchronization mode and is
characterized by a sharp drop in the output radiation power.
Thus, the control of the oscillation regimes in this system is
mainly determined by the ratio between the injected
currents.
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Abstract The process of visual information classification
includes different states of brain activity, such as sensory
processing and decision-making. The stage of sensory processing
is usually short and occurs in the occipital and parietal areas of
the brain, while the decision-making stage is more pronounced
over time and includes the parietal and frontal areas. In the
current paper, we consider the brain activity during the
classification task using ambiguous visual stimuli with varying
degrees of ambiguity. We show that with increasing ambiguity of
the visual stimulus, the brain engages neuronal populations in
the distributed cortical regions in 15-30 Hz frequency band,
including the frontal area at the early stages of information
processing.
Keywords
analysis.
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Introduction
The task of visual information classification includes
two steps: sensory processing and decision-making [1]. The
decision-making is associated with the choice of one option
from a set of alternatives based on available sensory data.
To make a decision, the received sensory information must
be processed and interpreted.
The processes of sensory processing and decisionmaking are actively studied in rodents and monkeys using
implanted microelectrodes [2]. In this paper, we analyze
these processes in the human brain using noninvasive
electrical activity recordings. The recent review [3]
highlights the important role of large-scale cortical
interactions in human perceptual decision-making. At the
same time, according to a recent review [4], most studies
have focused on a limited number of recording sites and
therefore the current understanding of how different areas
coordinate sensory processing decision-making in the brain
is limited.
In the paper we consider the classification task implying
classification of bistable visual stimuli with varying degrees
of ambiguity. It is clear that increasing the ambiguity of the
visual stimulus affects the complexity of the decision.
However, it is unclear how the change of ambiguity affects
the neural activity dynamics of the brain at the stage of
sensory processing.
We focus on the beta (15-30 Hz) frequency bands, since,
on the one hand, it is associated with the processing of
visual information, and on another hand, the activity of the
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beta-band plays an important role in human decisionmaking.

Materials and Methods
Participants
Ten healthy volunteers, twelve males and eight females,
between the ages of 20 and 43 with normal or correctedtonormal visual acuity participated in the experiments. All
of them provided informed written consent before
participating. The experimental studies were performed in
accordance with the Declaration of Helsinki and approved
by the local Research Ethics Committee of the Innopolis
University.

Visual task
Necker cube was used as bistable visual stimuli [5].
Visual task consisted in the classification of the sequentially
presented ambiguous Necker cubes as left- or right-oriented.
The Necker cube [6] is a 2D-image which looks like a cube
with transparent faces and visible ribs.
An observer without any perception abnormalities
perceives the Necker cube as a bistable 3D-object due to the
specific position of the inner ribs. The value g defining a
contrast of the three middle ribs is usually used as a control
parameter. The values g=1 and g=0 correspond,
of the middle lines. Each Necker cube image drawn by
black and gray lines was located at the center of the
computer screen on a white background. A red dot drawn at
the center of the Necker cube was used to attract the
attention of subjects and prevent possible perception shifts
due to eye movements while observing the image.

Signal Analysis
To analyze time-frequency structure of EEG signals we
used continuous wavelet analysis. Wavelet energy spectrum
was calculated for each EEG
channel in the frequency range
Hz. Here,
is the complex-valued wavelet coefficients
calculated as
(1)

where n
N is the EEG channel number (N = 31 is
the total number of channels used for analysis). The symbol
"*" denotes complex conjugation.
The Morlet wavelet was chosen as the mother wavelet.
This wavelet is often used to analyze neurophysiological
data [7] is defined as
(2)
where
function.

is the parameter of the mother wavelet

For beta-frequency band the wavelet amplitude
was calculated via the following equation
(3)
where

Hz.

All demonstrations of Necker cubes were divided into
two groups in the accordance with image ambiguity:
1.

Low ambiguity stimuli, including the Necker cube
images with

2.

High ambiguity stimuli, including the Necker cube
images with

For each value of g we selected I = 20 presentations of
Necker cubes. As the result, for each set of cubes (low
ambiguity and high ambiguity) the number of Necker cubes
presentations was M = 80.
The values of the wavelet energy (3) calculated for the
whole time of the experimental session were then averaged
over all M presentations of Necker cubes separately for low
ambiguity and high ambiguity images as

Fig.1. (a) Change of EEG channel number and (b,c) topographical plot of
the distribution of EEG spectral power in the beta-band

(4)
This value was calculated for each EEG channel. After
that, were allocated the time intervals and , where - 500
ms before the Necker cube demonstration,
500 ms after
the Necker cube demonstration. Using statistical analysis,
we identified EEG channels with the most significant
changes. Finally, the difference between the number of
channels demonstrating increase and decrease of beta-band
energy was calculated for the cubes of high and low
ambiguity

Results
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Abstract The following novel schemes of relativistic
generators with virtual cathode were proposed and
investigated in terms of nonlinear dynamics analysis,
enhancing output power, efficiency and generation frequency:
multibeam vircator, vircator with elliptical resonator, vircator
with photonic crystal. The carried-out analysis and obtained
results have shown efficiency of the proposed vircator schemes.

analyzed. The results of global optimization were obtained
by changing the control parameters of the system. We have
studied the influence of the electron beam current and the
geometric parameters of the elliptical resonator (radii of
semiaxes) on output power of the vircator on the working
mode. We have found the optimal values of these
parameters.

Keywords vircator, virtual cathode, high-power microwaves,
relativistic electron beam, photonic crystal, multibeam vircator

I. INTRODUCTION
Relativistic generators with virtual cathode (vircators,
virtodes, reditrons, etc.) are one of the most promising and
actively investigated extremely high-power sources of
electromagnetic signals in the microwave and sub-THz
ranges. Such devices can be used in systems for acceleration
of ion beams, for studying electromagnetic compatibility,
probing the atmosphere, etc. [1]. The main advantages of
vircators are very high output power, easy control of spectral
characteristics, low requirements for the electron beam
quality, in certain modes wide frequency band of generated
signals, and simplicity of design, including the possibility of
operating without external magnetic field.
However, the main disadvantages of generators with
relativistic electron beams with supercritical current are their
low efficiency and relatively low generation frequency.
Many researchers have been making constant attempts to
enhance the energy conversion efficiency of vircators [2-9].
One of the possible solutions to the problem of low
efficiency and advancement to the millimeter-wave band is
the development of novel vircator schemes and the
modification of old ones. This paper is devoted to the
presentation of the results of investigation of complex
nonlinear processes in the following prospective systems
with intense relativistic electron beams: multibeam vircator,
vircator with elliptical resonator, vircator with photonic
crystal.
II. MAIN RESULTS
A three-dimensional particle-in-cell (PIC) electromagnetic
code was used to simulate complex non-stationary processes
of electron-wave interaction in the considered systems.
A. Vircator with Elliptical Resonator
The scheme of vircator with elliptical resonator is shown in
Fig. 1a. The dynamics of electron beam in this scheme was

XXX-X-XXXX-XXXX-

Fig. 1. Schemes of the proposed vircators. (a) Multibeam vircator. (b)
Vircator with elliptical resonator. (c) Vircator with photonic crystal.

We have carried out optimization of power output of the
vircator and proposed a variant of matching of cylindrical
working chamber of the vircator with coaxial power output
based on a smooth increase of the inner conductor radius
from 0 in the chamber to Rc in the waveguide (Rc is the inner
radius of the coaxial waveguide), thus enhancing vircator
efficiency. We have investigated the dependence of output
power of the vircator with elliptical resonator on Rc at the
presence of the matching that demonstrates also the existence
of optimum.
Also, we have analyzed dynamics of relativistic electron
beam in the proposed scheme. We observed a significant
increasing of spatial amplitude of virtual cathode (VC)
oscillations in the investigated model compared to the
classical vircator. This effect is caused by the intense
interaction of virtual cathode with high-Q eigenmode of the
electrodynamical structure. We have found out that virtual

cathode should be formed directly in the resonator to achieve
maximum output power.
We have shown that elliptical type of the resonator makes it
possible to provide a better efficiency of interaction of the
relativistic electron beam with electromagnetic field due to
better localization of the field being excited in elliptical
resonator. It leads to a significant increase in the efficiency
of the vircator up to 5-7%. At the same time, vircator with
elliptical resonator demonstrates the regimes with intense
higher harmonics of the fundamental frequency of virtual
cathode oscillations.
B. Multibeam Vircator
Multibeam scheme of vircator is the system, in which several
electron beams with supercritical currents are loaded onto
common resonator (Fig. 1b). This scheme is considered as
promising for increasing generation power and frequency
[10]. The possibility of effective interaction of several virtual
cathodes in a single interaction space was analyzed, and
conditions of effective addition of powers of each beam at
the output load were determined.
The effect of synchronization of virtual cathodes in the
model of a multibeam relativistic vircator [11] was
discovered for the first time. This effect is important both
from the fundamental and applied points of view because it
can allow shifting relativistic vircators to a higher frequency
range without substantially increasing the total current in the
system. This result can be achieved using one relativistic
electron beam with the highest current as the beam that
determines the frequency, and the remaining (N-1) beams
necessary energy into the system.
Thus, to increase the vircator generation frequency (which is
determined by the plasma frequency) and the power at a
given frequency, it is not necessary to increase the total
current injected into the system, compared with the single
beam. However, it is sufficient to increase only the current of
one of the N beams (base beam). As a result, due to
synchronization, VCs in all electron beams will oscillate at
one frequency, which is set by the VC oscillations frequency
in the base beam, which will lead to an increase in the output
signal power at this frequency (Fig. 2).

in a virtual cathode oscillator with a photonic crystal
composed of metal grids. Our simulation results show the
high efficiency of photonic crystal structure utilization in
comparison with the standard scheme of an axial virtual
cathode oscillator: operation efficiency reaches 20% at the
optimal parameters [12]. We have shown that the dispersion
characteristics of the photonic crystal make it possible to
synchronize the phase velocity of electromagnetic wave with
electron beam propagating after a virtual cathode, that
increases substantially the efficiency of vircator generation.
We have revealed that photonic crystal located in the drift
tube of the axial vircator permits us to significantly improve
the efficiency of microwave generation due to a number of
factors: (i) high interaction impedance with passing REB, (ii)
distributed electromagnetic feedback with VC, and (iii)
efficient electromagnetic energy output compared to the
traditional cylindrical waveguide.
The obtained results demonstrate that the virtual cathode
oscillator with a photonic crystal can be considered as a
prospective high-power microwave source where the vircator
operation mechanism and photonic crystal properties
complement each other to produce high-power
electromagnetic radiation.
In conclusion, the carried-out analysis and obtained results
have shown efficiency of the proposed vircator schemes in
terms of increasing of efficiency and generation frequency
[13]. Actually, relativistic vircator with elliptical resonator or
photonic crystal demonstrate efficiency up to 10-20 %.
Operation at higher harmonics in these devices or using the
virtual cathodes synchronization effect in the multibeam
vircator allow to achieve generation frequency of 80100 GHz.
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