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September 9, Monday
9.00-9.30 — Opening of the School
Room 107
Time, Speaker Title of talk
Room
9.30- Prof. Jiirgen Kurths Lecture
10.15, Humboldt University, Berlin, Predictability of extreme climate events
Room 107 | Germany via a complex network approach
10.15 Prof. Claudio Franceschi Lecture
e IRCCS Institute of Neurological Systems biology of ageing: dynamics,
11.00, ) . . . . 2.
Sciences Bologna and University of | nonlinearity, and stochasticity
Room 107
—— | Bologna, Italy
} } gg_ Coffee Break
Prof. Stefano Boccaletti Lecture
11.30- ISC-Institute for Complex Systems, Collective states of networked phase
12.15, Italy oscillators: explosive synchronization,
Room 107 dynamically interdependent networks
and Bellerophon states
12:15- Section 1 of the Young Scientists
13:45, Dr. Nikita Frolov
Room 320 '
V.V. Skazkina, E.N. Mureeva, Choosing parameters for the analysis of
12:15- A.S. Karavaev, A.R. Kiselev, synchronization of the autonomic
12:25 E.I. Borovkova, O.S. Panina, regulatory contours of blood circulation in
Yu.M. Ishbulatov, Y.V. Popova newborns
V.V. Skazkina, Yu.M. Ishbulatov, Slow trends in the degree of
12:25- E.I. Borovkova, B.P. Bezruchko, synchronization of the elements of
12:35 A.R. Kiselev, A.S. Karavaev autonomous control of blood circulation in
healthy subjects
E.I. Borovkova, Yu.M. Ishbulatov, Synchronization of the process of
12:35- A.R. Kiselev, A.V. Tankanag, autonomous regulation of blood circulation
12:45 G.V. Krasnikov, A.S. Karavaev with low-frequency components of the laser
Doppler flowmetry signal
E.I. Borovkova, E.P. Chernets, Experimental observation of Arnold
12:45- Yu.M. Ishbulatov, V.V. Skazkina, tongues in the analysis of the signal from
12:55 A.S. Karavaev contour of the autonomous regulation of

heart rate and respiration
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Yu.M. Ishbulatov, E.I. Borovkova,

Comparing methods for extraction of

g(s)g_ A.S. Karavaev, A.R. Kiselev, autonomic control signals from
) B.P. Bezruchko electrocardiogramm
E.V. Navrotskaya, M.V. Sinkin, Development of a method for coupling
13:05- A.N. Khramkov, D.M. Yezhov, detection based on the phase dynamics
) B.P. Bezruchko modeling for analyzing EEG rhythms
13:15 Juri A ) ) :
uring an epileptic seizure in patients with a
reduced level of consciousness
. A. Badarin Development of a digital software platform
13:15- . .
for the study of nonlinear dynamics of
13:25 )
electronic systems
13:25- S. Kurkin Investigation of complex nonlinear
13 :3 s processes in systems with intense
' relativistic electron beams
V.B. Baiburin, A.S. Rozov Poisson equation numerical solution
13:35- method based on bidirectional multiple
13:45 passage of grid cells and parallel
computations
12:15- . C .
Section 2 of the Young Scientists
13:55, Prof. Semen Kurkin
Room 305 '
12:15- V. Khorev, E. Borovkova, Yu. Asymmetry of coupling between the P3 and
1 2: 25 Ishbulatov, V. Gridnev, A. Karavaev P4 electroencephalographic leads during
) the motions
. A.V. Kochetkov, D.R. Malakhov, Optimization approach for inverse
12:25- . . . .
0O.V. Zakharov kinematic problem for manipulator with
12:35
redundant degrees of freedom
12:35- A.V. Kochetkov, P.M. Salov, Route optimization in measuring surfaces
12:45 0.V. Zakharov on coordinate measuring machines
. E. Pitsik, N. Frolov Time-frequency and recurrence
12:45- . . . )
12:55 quantification analysis detect limb
' movement execution from EEG data
12:55- A.R. Miftahova, A.E. Hramov Reccurence plot analysis of functional brain
: connectivity during bistable visual
13:05 .
perception
A.A. Grishchenko, T.M. Medvedeva, Application of directed connectivity
13:05- C.M. van Rijn, M.V.Sysoeva, measures for identifying the evolution of
13:15 I.V. Sysoev the interaction structure in WAG/Rjj rats
brain at absence epilepsy
. A. Kuc, V. Nedaivozov Influence of the sensory information
13:15- .. ) :
ambiguity on the brain state during the
13:25 .S .
decision-making task
13:25- A. Andreev, A. Pisarchik Modeling of a brain neuronal network
13:35 under visual stimulation
13:35- A. Andreev, V. Makarov, A. Balanov, Chaos and hyperchaos in a chain of coupled
13:45 A. Hramov Rydberg atoms
13:45- O.N. Pavlova, N.M. Kupriyashkina, Characterization of intermittent dynamics
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13:55 A.N. Pavlov | from experimental data with DFA
ig}g_ Section 3 of the Young Scientists
Rooom,3 08 Prof. Mikhail Prokhorov
12:15- M.D. Prokhorov, D.D. Kulminskiy, Controlling Synchronization in Networks of
12:30 V.I. Ponomarenko Nonidentical Neuronlike Oscillators
V.I. Ponomarenko, A.S. Karavaev, Interaction of slow oscillatory processes in
12:30- Yu.M. Ishbulatov, A.R. Kiselev, the human cardiovascular system and their
12:45 E.I. Borovkova, V.V. Skazkina, mathematical modeling
M.D. Prokhorov
A. Karavaev, E. Borovkova, A. Kiselev, | Interactions between the processes of
12:45- A. Runnova, V. Prokhorov, regulation of the cardiovascular system and
13:00 V. Ponomarenko, A. Hramov, the brain structures
V. Gridnev, B. Bezruchko
13:00- A. Karavaev, A. Kiselev, E. Borovkova, | Dynamics of low-freqqency c'omponents of
1 3:1 s Y. Popova, V. Gridnev, O. Posnenkova | photoplethysmogram signals in
) hypertension
us
14:45- Section 4 of the Young Scientists
15:45, Dr. Viadimir Maksimenko
Room 305 ]
N. Frolov, A. Hramov Invited Talk
14:45- Multilayer perceptron reveals functional
14:55 connectivity structure in thalamo-cortical
brain network
A K. Alimuradov, A.Yu. Tychkov, A novel approach to speech signal
14:55- P.P. Churakov segmentation based on empirical mode
15:05 decomposition to assess human psycho-
emotional state
15:05- A. Tychkov, A. Alimuradov, The empirical mode decomposition for
15:15 P. Churakov ECG signal preprocessing
15-15- A. Petukhov Modeling the; distortions of public opiniop
1525 under conditions of external influence using
. differential stochastic equations
15:25- A K. Alimuradov, A.Yu. Tychkov, A method for noise-robust speech signal
) P.P. Churakov processing to assess human psycho-
15:35 :
emotional state
15:35- V. Khorev Mean phase coherence modified for
15:45 piecewise constant phase difference data
iggg_ Section 5 of the Young Scientists
Ro.om, 308 Prof. Mikhail Prokhorov
14-45- M.A. Simonyan, A.S. Karavaev, Y:M. Directional coupling between the low-
15:00 Ishbulatov, V.V. Skazkina, V.I. Gridnev, | frequency control of heart rate and vessels

B.P. Bezruchko, A.R. Kiselev

tone in myocardial infarction patients
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S. Salem, V. Tuchin

Theoretical study for a mixture from

15:00- o )
1515 magnetic mlcrocapsple suspensions and
blood under magnetic field effect
15:15- S. Salem, V. Tuchin Numerical simulation for blood flow in a
15:30 tube under magnetic field effect
September 10, Tuesday
9.00- Prof. Vladimir Nekorkin Lecture
945, Inst. Of Appl. Phys., Nizhny Dynamics of oscillatory networks: from
Room 107 | Novgorod, Russia simple to complex links
9.45- Prof. Alexander Fradkov Lecture
10.30, Inst. for Problems of Mech. Eng., St. | Cybernetical physics and cyber-physical
Room 107 | Petersburg, Russia systems
1(1)88- Colffee Break
11.00- Prof. Ulrike Feudel Lecture
11.45, Carl von Ossietzky Universitdt Tipping phenomena and resilience: two
Room 107 | Oldenburg, Oldenburg, Germany sides of the same coin?
11:45- Prof. Eugene Postnikov Lecture
. 2: 45 Kursk State University, Kursk, Russia Spectrgl and Wavelej[ gpproaches for
7 revealing state transitions from
Room 107 e . .
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A method for noise-robust speech signal processing
to assess human psycho-emotional state

Alan K. Alimuradov
Research Institute for Fundamental and
Applied Studies
Penza State University
Penza, Russia
alansapfir@yandex.ru

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
successfully tested in actual conditions of an “aggressive” noise
environment to assess a person’s psycho-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
situation it “encodes” the emotional state of a person into
certain relevant informative parameters [1]. In the
conditions of free human activity and current “aggressive”
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].

1L 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.
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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]:

x(n) = Xi-y IMF,(n) + 1;(n) (M

where x(n) is an original signal; IMF(n) is an IMF; r(n) is a
residue, i=1,2,...,1 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.

II1.

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.

DESCRIPTION OF THE METHOD

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:

T(n) = (IMFi,PF(n))Z — IMF; pp(n — 1) X IMF;pp(n — 1) (2)

where T{(n) is the function of the Teager operator; IMF; p(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:

P, = Tmax(n+2)=Tmax(n)
oT T

where P, is the pitch; fj is the PF; Tpa(n), Thax(n+2) are the
maxima of the Teager operator function; f; is the sampling
rate.

Iv.

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, 20dB, 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.

INVESTIGATION OF THE METHOD

TABLE L RESULTS OF DETERMINATION OF PSYCHO-EMOTIONAL
STATES
Predictable Determination result, pers. Errors. %
result Pathology | Norm >
Pure speech signal
Pathology 184 36 Ist, o 16.36
Norm 18 202 2nd, B 8.19
Noisy signal, SNR = 30 dB
Pathology 182 38 Ist, & 17.27
Norm 22 198 2nd, 10.00
Noisy signal, SNR = 20 dB
Pathology 168 52 Ist, & 19.10
Norm 31 189 2nd, S 14.09
Noisy signal, SNR = 10 dB
Pathology 154 66 Ist, a 30.00
Norm 45 202 2nd, B 20.45
Noisy signal, SNR = 0 dB
Pathology 121 99 Ist, a 45.00
Norm 58 157 2nd, 8 26.36

V. DISCUSSION AND RESULTS

The obtained results show that the values of the Ist (&)
and 2nd (f) kind errors are within acceptable limits (< 25%
and < 20%) for noisy signals, including high values of noise
intensity (SNR is 10 dB and 0dB). Fig. 1 (left column)

3)
“4)
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shows oscillograms of noisy voiced sections of a speech
signal. The reliability of a and f error values obtained is
confirmed by an analysis of the power spectral density of
the IMFs, containing the pitch, derived from the
decomposition of pure and noisy speech signals (Fig. 1,
right column).
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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).

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
“aggressive” noise environment in systems for assessing
human psycho-emotional state.
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A novel approach to speech signal segmentation
based on empirical mode decomposition to assess
human psycho-emotional state

Alan K. Alimuradov
Research Institute for Fundamental and
Applied Studies
Penza State University
Penza, Russia
alansapfir@yandex.ru

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 short-
time 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:

e Industry Cooperation with BMW AG, project
“Sentiment Analyses”, May 1, 2018 - May 31, 2021.

e EU H2020 Marie Sklodowska-Curie Innovative
Training Networks FEuropean Training Networks
(MSCA-ITN-ETN: ENG), project “Training Network
on Automatic Processing of Pathological Speech”
(#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:

e The analysis of short-time energy (STE) and zero-

crossing rate (ZCR).
e 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:

x(n) = Xi_; IMF,(n) + r;(n)

where x(n) is an original signal; IMF(n) is an IMF; r(n) is a

residue, i=1,2, ...,/ 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:

x;(n) = x(n) + wn)
x;(n) = Xi—y IMF;(n) + 1, (n)

IMF ;;(n)
IMFy(n) = ¥, 2

rj(n)
r(n) = ¥, 2L

where j=1,2,...,J is the amount of white noise
reahzapons;.xj(n) are noise copies of a speech signal; w/(n)
are white noise realizations.

III. BRIEF DESCRIPTION OF A NOVEL SEGMENTATION

TECHNOLOGY

Fig. 1 structurally presents a method for speech signal
segmentation based on the proposed technology. Blocks 1-3
represent the first stage of the method in which the
following steps are carried out: the linear division of a
speech signal into short-term fragments of 30 ms duration;
decomposition of fragments into IMFs; determination of
IMF parameters. In the framework of the second stage
(blocks 4, 5), direct segmentation is carried out: the
formation of threshold values for the parameters of IMF
fragments corresponding to the initial pause; determination
of voiced, unvoiced and pause sections.

J °  Determination

L Segmentation ‘ Jz Empirical mode
| of IMF parameters

into fragments ‘ | decomposition (IMF)

5 Determination ‘
of informative =
sections ‘

Formation &
of threshold values

Fig. 1. The structure of the segmentation method of speech signals into
informative sections.

Fig. 2 shows an example of the functioning of the
segmentation method based on the proposed technology. In
accordance with the novel approach, each short-term
fragment of a speech signal is represented by a set of IMFs

Q)

2
3

(4)

)
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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:

e Logarithm of energy:

LEg; = log, (ZN2(IMFy;(m))°) ©6)

where LE;; is IMF energy logarithm of the speech signal
fragment; s is the fragment number;
e The ratio of the IMF short-term energy to the zero-

crossing rate of the IMF signal:

_ S (mMFgm)*

(7

Zsi ZCRg;
ZCRg; = 0,5¥N_1 |sgn (IMFS,i((n —1DN+n+ 1)) _
sgn (IMFS,i((n — 1N + n))l

®)

where ZCR;; 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).

Applying the averaged values of IMF parameters LE and
Z for fragments of the initial pause (200 ms), one can
determine the threshold values of LE,.g, and Z,.,. Fig. 2h
and 2i (left column) present a graphical interpretation for
determination of threshold values for the first six modes.
Dashed red lines indicate the values of the IMF parameters
of the initial pause, and the averaged threshold values of the
IMF parameters are marked with a thick red solid line.
Fig.2h and 2i (right column) provide a graphical
interpretation for threshold processing. A thick solid green
line indicates the IMF parameters of the voiced speech
fragment, and a thick blue line is for the unvoiced fragment.

Fig. 3 shows the result of speech signal segmentation
into information sections (pauses are in red colour; voiced
and unvoiced speech are in green and blue colour,
respectively).

IV. RESEARCH AND SEGMENTATION RESULTS

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
efficiency was estimated by the detection rate (DR) [8],
being a dimensionless quantity equal to the ratio of correctly
defined fragments to the total number of fragments. Speech
signal segmentation was used as a reference in a manual
mode of a specialized sound editor.
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Table 1 presents the averaged results of speech signal

segmentation into voiced, unvoiced speech and pauses in
comparison with other methods.

TABLE L SEGMENTATION RESULTS
DR, %
Segmentation methods Voiced Unvoiced
Pauses
speech speech
Method based on the analysis of
STE+ZCR 88.6 46.4 78.5
Method based on the analysis of
the Mahalanobis distance 785 902 38.6
Method based on the novel 975 773 914
technology

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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Chaos and hyperchaos in a chain of coupled
Rydberg atoms
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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 atoms, chaos,
nonlinear dynamics.

hyperchaos, qubits,

I. 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].

24

Alexander Balanov
Department of Physics,

Loughborough University,
Loughborough, United Kingdom
A.Balanov@lboro.ac.uk
Alexander Hramov
Neuroscience and Cognivite Technology Lab, Center for
Technologies in Robotics and Mechatronics Components
Innopolis University
Innopolis, Russia
hramovae@gmail.com

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 many-
body 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.

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

MODEL

H=XiH;+ X< U, )]
with
1
H = =5 gof +8;0"], Uy =Jjofof. @
Here the Pauli operators, Jja describe the transitions

between qubit states, €; and 5j are, respectively, the bias and
the tunneling matrix element in the j-th qubit, and /j is the
qubit-qubit coupling. Expressing the Pauli matrices in terms
of projectors to ground and excited states of the qubits, |g),

le).

V4

af = |g)gl; — leXel; = 1; — 2le)el;;

g = leXgl; + lg)Xel;; 1; = |g)gl; + leXel; 3)
we can rewrite (2) as
H; = _%Ejij + €jle)el; _%Sj[le)(glj + lg)el;],
Hj = [1; — 2le)el;]®[1x — 2leXelx]. @

The resulting form of the Hamiltonian (1),

~.



H =3 {le — 2 ispilleNel; — 5 5[leXal; +

19Xl 1}
1
+4 ¥k jk |eXel j®le)ely + [—521 € + ij]jk]-
Up to the irrelevant total energy shift, AE =

1 . .
[_52 i€+ 2] jk]a 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].

H =S [~leXel; +2 (le)gl; + lgXel)]

+#Zj<k|e)(e|j® le)elk ©)

where A = w; —w, is the detuning between the laser and
transition frequencies, and Q 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 w; = (pj)11 - (pj)oo (population

inversion of the j-th qubit) and q; = (pj)lo = (pj):;l (its
coherence) the following set of equations

Wj = -20 lmq] - (W] + 1)

. . 1 . Q
qj = i[A = cXpewjwy + D]a; =z a5 +i5w; (©)

where w;j is the inversion, g j is off-diagonal element,
QO=Q/y, A=AJy, c =dV/y, where d is the lattice

dimension.

I11.

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
control parameters Q and A using Lyapunov exponents
calculation.

RESULTS

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

j-1 3l

Fig. 1. The model of circular chain of 10 Rydberg atoms.

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.

M
40

30
20

40 60 80 N
Fig. 2. The dependance of maximum number of positive Lyapunov
exponents for Rydberg atom chains from chain length.
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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
regimes. The area of parameters  and A of oscillatory
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
biological neuron, visual stimulus, coherent resonance.

network,

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 [5-
8]. 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.

IL.

The system under study represents the networks of N™*=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 N* neurons from the first network, we
inject the external current I of constant amplitude
simulating the visual stimulus.

MODEL

The time evolution of the transmembrane potential of
each HH neuron is given by

av
Cm

i —gnam3h(V — Vi) — gxn* (V — V) —

gV =V + 1+ 159" (1)



where C,, = 1uF/cm? is the capacity of cell membrane,
I¢%* is an external bias current injected into a neuron, V is the
membrane potential of a neuron, gy, = 120 mS/cm?,
gk = 136 mS/cm? and g, = 0.3 mS/cm? receptively
denote the maximal sodium, potassium and leakage
conductance when all ion channels are open. Vyy, = 50 mV,
Vk =—=77mV and V}, = —54.4mV are the reversal
potentials for sodium, potassium and leak channels
respectively. m, n and A represent the mean ratios of the open
gates of the specific ion channels. n* and m’h 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) depending on rate functions o (7) and B(V) are
given:

d
= a1 =0 = fuVx + E(0)
x=mnh @

&, (t) is independent zero mean Gaussian white noise
sources whose autocorrelation functions are given as below

2amPm

Em(OEm()) = b5t —t) ()
nO () = st =) @)
EnOE()) = o Ess(E=t) )

where Ny, and Nk represent the total number of sodium and
potassium channels within a membrane patch, and are

calculated as Ny, = pnaS, Nk = pxS where pya
60 um=1 and pg =18 um=! are the sodium and

potassium channel densities, respectively. S is the membrane
patch area of each neuron.

External stimulus

n

50

100 150 tms

Fig. 1. Network model. The external stimulus with amplitude A4 is applied
to N™=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 V,. averaged aver all these neurons. Each
element has its own Gaussian noise.
syn . . . .
I;7" is the total synaptic current received by i-th neuron.
We consider coupling via chemical synapses. The synaptic
current takes the form
syn _
7 =

|
ZjEneight(i) gce (t=t0)/Tsyn (Erev - Vi) (6)

where the alpha function o(f) describes the temporal
evolution of the synaptic conductance, g, is the maximal
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conductance of the synaptic channel, t(J) is the time at which
presynaptic neuron  fires, Tgyn = 3 ms.

II1.

We analyze the signal averaged over all N neurons from
the second network Vi, = Z{V=1 Vi/N. The example of
characteristic neuron dynamics one can on the Fig.1.

RESULTS

To investigate the dynamics of the system we analyze the
coherence of a signal. For that, we can calculate the signal-
to-noise ratio (SNR) derived from the energy spectrum using
the Fourier transform.

The maximum energy in the spectrum £, appears at the
average frequency of spiking neurons f;. Therefore, this
spectral component reflects the contribution of regular
behavior, while the noise contributes mainly to the
background component Ey at the same frequency f;. The
signal-to-noise ratio can be calculated from the power
spectra as SNR = EI%aX—Eﬁ (dB) at the dominant
frequency f;.

Another way to measure of coherence of the system is the
calculation of characteristic correlation time defined as

TC = Z;rlo C(T)za (7)
where ¢, is the transient time, 7 is the total time, C(7) is the
autocorrelation function given as

_ A aurM)=(xavr) X gur M+ D = (X 7))
¢ = Coarr M—Earr)?) ’

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-to-
noise 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
I¥=10.0 pd/sm” they start to decrease, so the dependencies
have resonance at this amplitude value.
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Fig. 2. The dependencies of signal-to-noise ratio and characteristic
correlation time from external stimulus amplitude for &=0.1.

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

28

Ivan Artyukhov, Vadim Alekseev
Department of Power Supply and Electrotechnologies
Yuri Gagarin State Technical University of Saratov
Saratov, Russia
ivart54@mail.ru, alekseevvs_sstu@mail.ru

L 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.

IL. 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
electricity. If the temperature difference AT between the two
ends is small, then the thermoelectric voltage AU at the
terminals is defined as:

AU ==S,-AT, (1)

where S, is the Seebeck coefficient.

There are two major types of thermoelectric cells: solid-
state 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
boasts a Seebeck coefficient of up to 230 pV/K.

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 thermo-
electrochemicals 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,
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electrolyte and redox chemistry and various features of the
cell design.

Developed cells [5] have a Seebeck coefficient up to
1.4 mV/K. Fig. 1 shows the TEC’s scheme. Cell body
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 distance frame. The electrodes size was 10 x 10 mm
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 1-2 pm.

Electrodes

Current
collector
—_ %

\Cell-body

Current
collector
—

Fig. 1. Schematic representation of TEC

I-V curves of TEC for different values of electrolyte
concentration and electrode’s temperature difference were
obtained. Fig. 2 shows the I-V curves of TEC with an
electrolyte concentration of 0.3 mol/l.
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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 AT on
the electrodes is changed. The open-circuit voltage Ugc
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 Ergc is equal to the open-circuit voltage Ugc, and
the internal resistance is determined by the formula
(2

Rsource = Uoc /I s,

where Igc is short-circuit current.



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

1
/= 2 L,C’ 3)

where C is the load capacitance on the secondary winding.
This is comprised of the input capacitance C2 at pin 14 in
parallel with the transformer secondary winding’s shunt
capacitance.

AC voltage produced on the secondary winding of the
transformer is boosted and rectified using an external charge
pump capacitor C1 (from the secondary winding to pin 13)
and rectifiers internal to the LTC3108. The rectifier circuit
feeds current into pin 2, providing charge to the external
capacitor C,yx and the other capacitors.

The capacitor’s Coyr value is dictated by the load current,
duration of the load pulse, and the voltage droop the circuit
can tolerate. The capacitor Csrorg 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:
Cp=220pF, Cl=1 nF, C2=330 pF, Cipo=2.2puF,
Caux=1pF, Cour =470 pF. The two series connected
supercapacitors ESHSR-0005C0-002R7 are used as an
energy storage unit CsroRrg-

The power supply system of wireless sensors at several
voltage values Uj, 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 (pinl3). The
voltage diagrams were experimentally taken with digital
memory oscilloscope Fluke 196C with two galvanic isolated
channels.

LTC3108

TEC

—| Sensors |
RF Link j

| Micro-
processor

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



P

—

0.5

Voltage (V

-0.5 j= -
1.0

Uin=32 mV

2.0 : ol
Time (5 us/div)

8.0 i

[T
wjll‘ I 8 ir&b‘ : rI1 I%].,u-»« f
! l:" @E ]

S e I~ L/

-4.0 — :

6.0F ] | Uin=42 mv ’»

Time (5 ps/div)

v—'_)<

O‘
e ———

-8.0
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In the voltage range Ui, up to 40 mV, the voltages U2
and Ul3 are sinusoidal. With a further increase in the input
voltage, the U13 voltage is limited to 5.52 V. In this case, an
increase in the input voltage is accompanied by a decrease in
the oscillation frequency of the generator from 62.3 to
34.9 kHz.

It is important that the design of the LTC3108 is such
that as Uj, drops, the input resistance increases. This feature
allows the LTC3108 to adapt reasonably well to TECs with
different source resistances.

IVv.

Supplying wireless sensors with energy that can be
harvested and stored at the sensor installation site is an actual

CONCLUSION

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



Keywords— PIC, non-stationary processes of electron-wave
interaction; numerical simulation; optimization; digital platform;
electron-plasma devices.

I.  INTRODUCTION

The development and optimization of efficient high-
power 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. [2-
5] 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 full-
scale 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 self-
consistent 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

32

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,
most commercial codes are a “black box”, where it is
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 non-
standard 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:

oF U (E+%[ﬁ,ﬁ])%= 0,

—+i—=+e
at or
p=effdp, J=e[fidp,
. 10H
70t E = ———,
c ot

e 16E>+47r#
TR E T T

divE = 4mp,
divE =0
here f = f(7,p,t)— is the electron distribution function, p
and j — re the charge and current densities of the electron
beam, E and H — are the electric and magnetic fields,
respectively, ¢ — is the speed of light, e — is the electron

charge, , 7, ¥ and P — 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.
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Fig. 1. The algorithm of the method "particle in a cell" at one time step.

To solve this system of equations, the "particle in a cell"
method is used. The essence of the method consists of
dividing the problem into two parts: the solution of the
kinetic equation is modeled using a large number N of
“large” particles with the same charge-to-mass ratio; The
solution of the field part of the problem is carried out using
the Yi algorithm. In this case, the transition to the integral
values of the charge density and current from the distribution
of particles occurs by weighing the Ilatter on the
computational grid. The algorithm for finding the evolution
of matched fields at one time step is presented in Figure 1.

Note that when using the concept of “large” particles,
such characteristic parameters of the electron flow as the
plasma frequency o, and the Debye distance A4 do not
change in the model system compared to the real one, which
indicates that the proposed mathematical model can correctly
reproduce collective phenomena. However, the mean free
path and the Debye number (the number of particles in the
sphere of the Debye length radius) in the model are reduced,
and the frequency of collisions of "large" particles increases
in proportion to the weight factor Z, which can distort pair
interactions. In order to avoid this, the developed model uses
two approaches.

The first is to increase the number of “large” particles so
that their number is much larger than the Debye number ng:
N > ng > 1. The second approach is based on a sharp
decrease in the near (pair) interactions of “large” particles
due to the transition to particles of finite own volume (finite
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size) in terms of computational grid. In this case, each
particle is a “cloud” of 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 n, = n0d3p, where ng is the
concentration of “large” particles, dp is the length of “large”
particles. Thus, the longer the cloud length d,, 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.
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I. 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 saddle-
node 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 semi-
stable 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 Hodgkin-
Huxley 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.
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II. NUMERICAL SIMULATION OF MODEL WITH BLUE SKY

CATASTROPHE

A. Mathematicla model
In our paper we consider a model with hyperbolic chaos.

The model can be written as follows:
X =0 =067 +3,) 3007 + 30
_%(%4 +2x12y12 + y14)]x1 +8X,0,,
V==X, +[1—(x22 +y22) +%(xl2 + ylz)
=350t 2070+ 0O
Xy =00y, + [0+ 37 - pr 5+ 0))

4 2 2 4
—55(x, +2x,7y, + 3, )X, +ax,

(M

Vy ==X, +[(x12 +y12)_/“ +%(x22 +J’zz)

- %(Xz4 + 2xzzyz2 + y24)]y27

where x|, x, and yy, y, are dynamical variables representing
the real and imaginary parts of complex variables a; and a;.
The papers [8-10] presented the corresponding interpretation
of the model. ¢ is a coupling coefficient, ®, is basic
frequency of the self-oscillations and the parameter p
responsible 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
plane (wo, p) there is line of the blue sky bifurcation:
u“=3.125. Firstly we chose parameters before bifurcation of
blue sky catastrophe: €=0.5, wy=2m, p=3.12. Fig. la shows
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.

Then we fixed parameter p greater then bifurcation:
£=0.5, wp=2m, u=3.15. In Fig.1b corresponding phase portrait
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.
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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
variables, a) € = 0.5, @ =2%, n=3.12; b) £ = 0.5, 0o =27, p=3.15.

I1I.

Then let us turn to development and study circuit, model
of this generator. With this aim we can write equations (1) in
integral form:

CIRCUIT SIMULATION

% = [{ogy + 1= 057 + 2,7+ 5 (57 + 37
—%(xl4 + 2xlzyl2 +y14)]x1 + &x, ¥, tdt,

= o + 1= (57 + 2+ 557 + 07
— 505" +2x7 " + 3Oy,

%, = [{ouy, +[007 +37) = u+ 40,7 +3,)

2

—%(xz4 + 2)622)/22 + yz4)]x2 + &x, }dt,
Y, = I{_woxz + [(x12 + ylz) —H+ %(xzz + yzz)

— 35 (x24 + szzyz2 + y24)]y2 ydt,

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
conference. The role of the control parameter p of system (2)
in the circuit is played by the source, the voltage of which is
regulated with potentiometer R.

When the resistance of the potentiometer R changes,
various periodic and chaotic oscillatory regimes are
observed. In Fig.2 an examples of attractors obtained in
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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.

o

-4

Fig. 2. Phase portaraints in Poincar¢ section and basins of attraction for
co-existing limit cycle of period-7 and two-frequency quasiperiodic regime.
p=0.7, a: ®,=2.7761; b: ®,=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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on bidirectional multiple passage of grid cells and
parallel computations
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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
calculations; cell

The need to solve the Poisson equation arises in many
arcas 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 time-
consuming 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:

& Uy)/ox’ + &U(xy)/ey’=f(x.y) (D

Where U(x, y) — unknown function, f(x, y) — known
function. The proposed numerical algorithm based on the
assumption that the unknown function U, 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 ¢ (x, ).

Ulxiyi) = Uy, ,f(xiyyl):ﬁj:¢p (xyi) = ¢ei,j 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.
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Fig. 1. Example domain

Consider cell number 1. We calculate U, and define it as
the average value of the known values at the boundary nodes
Uis, Uss, Uy

Usy= (Uss+ Usst Upy/3 3)

Next, we will clarify the value of the function U*,,, as
the average value, taking into account f5:

U*24= (Usy + f24)/2 4
As a result, we obtain:
Ut = (Ups+ Ups + Uy +3 £24)/6 Q)]

Next, moving from left to right, go to cell number 2 and
knowing the values Uss, Uss, U*, we find U*;,:

U*3y = (Ups +Uss + U*py+3f34)/6 (6)

Repeat this algorithm until cell number 5.



U(xy)
v

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
parallel computations, namely, moving “from right to left”
from cell number 5 to cell number 1 and also “from left to
right” from cell number 16 to cell number 20, as well as
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 f; ; = f, = const.
The analytical solution of the Dirichlet problem for the
Poisson equation has the form [5].

isfat chifIm 4 1Wb = yim/2a)

) el
| _I'\-.:.'I = 11F

iy, vl

Jl,.‘-'n " Ilni
sin v
2

chi{n + 11hx 2}

(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 » = 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 sought-
for 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. 3. Domain with random numbers in internal nodes
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TABLE L COMPARASION BETWEEN METHODS
Time of solution in sec
Domain dimension Proposed FEM
method
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 f; ;
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.
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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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Three-coordinate definition of color mark and
distance to objects according to strereo image
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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.
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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 re-
calculated. The shift of the pixels in the right image and the
calculation of the level difference continue until the value is
reached d=0...d .-

m=bn=b m=bn=b m=bn=b
SAD(x,y,d)= Y. R > G Y B[L(x+my+n)-L (x+m+dy+n),

m=-bn=-b m=-bn=-b m=-bn=-b

where I, I, 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
equal 3x3 pixels; R, G, B — 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
dinax, 1n the modified SAD algorithm finds the minimum
value of D(X, ¥)sap:

D(X, y)ssp =argmin SAD(x,y,d). (1)
de[ .

++Bmax

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 sterco
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(x, y)sap. 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 d,,,,. 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.

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);

undefined , f MAX = MIN
ox#‘lgm\ﬁo" if MAX =Rand G=> B
e 60xﬁ+360°, if MAX =Rand G < B;
60><MA§_1;41N+120°, if MAX =G ;
6 MAf;_(;INuw, if MAX =B;
G —as6. 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:

2!
if I, =1 then X=-2—,
count

1.
]
ifI,=1 thenY=-+—,
count

h
=1

where I; 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; / 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; /4 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:

length = X Wi , 2)
w

where w,,,; 1s 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).

Fig. 1. Mechatronic complex for sorting parts

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, 10 20 30 35
sm
Calcufrtgd size, 1003 | 2007 30.08 35.15
A“k}fwy’ 99.47 99.68 99.88 99.76




Fig. 4. Stereo images after depth mapping

TABLE 2. RESULT DETERMINATIONS OF DISTANCES FROM THE CAMERA TO

was found that the average accuracy of calculations is equal
t0 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 non-
invasive 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.

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
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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.

1L

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.

METHODS

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{fi) 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 ft,
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 p in sliding
windows [11]. The calculation of p was carried out in
windows with a duration of 100 seconds, the offset step was
10 seconds. Statistical significance was monitored by
comparing p values with a full 95% significance level,
constructed by generating pairs of surrogate AAFT
(Amplitude Adjusted Fourier Transform) signals [12]. When
p 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 p 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].
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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.

a)

e 0.54
U T T T 1
0.05 0.1 0.15 0.2 0.2
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Fig. 2. The results of the analysis of the phase and frequency locking
between 0.1 Hz oscillations of RR interval sequences and signal of
respiration with a frequency linearly increasing with time. (a) — Dependence
of the fundamental frequency f in the spectrum of 0.1 Hz RR interval
sequences oscillations on the respiration rate fr. (b) — Dependence of the
phase coherence coefficient on the respiration rate fi, the horizontal line
marks the p=0.05 significance level. The vertical dashed lines indicate the
diagnosed synchronization interval near the natural frequency, where p
remains above the level of significance. The dashed line indicates the
corresponding respiration rates.
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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 low-
frequency rhythm in CIG with a comfortable depth of
breathing was 1120+322 s (mean + standard deviation), with
a forced depth of breathing was 1234+260 s. An analysis 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
range of laser Doppler flowmetry.
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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.

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.

EXPERIMENT

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.

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
HRYV 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.

METHODS

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].
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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 a. The areas of phase
synchronization in which the dependence A@(t) has an
almost horizontal view should correspond to areas with a
small value of |a|<a, where a is the threshold value of the
slope o, equal to +a. The duration of synchronous sections
must be at least /.

The values of the method parameters: /=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 10-
minute 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 long-
term 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.
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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)).
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Fig. 2. The result of the study of the phase capture of low-frequency
components: (a) - CIG-FIG, (b) - CIG-LDFL, (c) - CIG-LDFpr. The solid
line is a graph of the phase difference versus time. The time points
corresponding to the phase capture are highlighted in blue.
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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
0f 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 closed-
loop feedback control is applied for neural rehabilitation.

The important task of BClIs 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
(VD) 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 one-
dimensional 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).

IIL.

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.

MATERIALS AND METHODS

The experimental study consisted of ten (nine right-
handed, 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 well-
functioning 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.
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The experimental protocol was designed as shown in Fig.
1. 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.

06 |t 1R | 1[R[t LR [RHRH L (R[] LR L]

Series-1 Series-2 Series-3 Series-4

(a) Order of presentation.

o2 [ 30 [asos [oms|—27s | oos
LH

(b) Ml 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. 7(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 MlI-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 Mli-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 wvalidation
purposes. Multilayer perceptron (MLP) was chosen as the
network architecture to classify between LH and RH MI-
trials. 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), (10-
20), (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 MlI-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).

II1.

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
(Omunoka! McTOYHUK CCHIJIKM He HaiimeH.(a)), while the
VI subjects showed ERS.

RESULTS AND DISCUSSION

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 (Ommo6ka! UcTounuk cebuiku He HaiigeH.(b)). In
addition, the VI subjects exhibited the distributed non-
uniform activity without any preference for a particular
region. The method used to evaluate ERS/ERD was as
explained in section II.
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(a) ERS/ERD distribution for mu-frequency range averaged over all
trails and trial time.

| B
P

(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 MI, 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 (Ommnoka! McTOUHNK CCHIJIKU He HaligeH.). 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 mu-
frequency 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. 3. Neuronal pathway for KI. During K1, 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. 4 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.

49

Connectivity between IP and vPFC

Mean squared coherence

40

3:5
Frequency (Hz)

15 20 25 30

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 phase-
amplitude 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 gamma-
cycles 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.

We therefore suggest that motor commands involve mu-
waves 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 classification-
task 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. Omméka! McTo4HNK CCHUIKH He HaiifeH.
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 Ommnoka! UcTOYHHK CCHUIKN He
HaiigeH.. 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.

Bandpass filtering

Accuracy (%)
@2

46 = B 1 B + 4 1 1 i
10 15 20 25 30 35 40 45 50 55
Frequency (Hz)

Fig. 5. ANN accuracy in classification between LH and RH MI
averaged over all subjects, versus bandpass frequency range on the input
MEQG signal to ANN. Each data point on the x-axis represents a central
frequency of the 10-Hz bandpass frequency range.

IV. CONCLUSIONS

In this work we identified a neuronal pathway for motor
command propagation during both kinesthetic imagery (KI)
and real movements. We also revealed parts of the encoding
details and signal disruption to avoid overt action. During KI,
desynschronised neurons prevent brain activity in gamma
(32, 45, and 48 Hz) carrying specifics of the movement to
propagate from inferior parietal lobe to the prefrontal cortex
which can blindly relay the signal to the motor areas for
execution. All motor related communications are performed
in the mu (10-Hz) frequency range using phase-amplitude
coupling. Delta waves also participate in this circuit and
definitely play an important role in the prefrontal cortex. We
aspire that the identification of these motor related
frequencies and the areas where they communicate through
will turn out to be radical in developing BCIs henceforth.
The insights about neural communication and inhibition may
benefit research on controlling human inhibition towards
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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 ma-
nipulators 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.

Keywords —Shortest path; obstacle avoidance; robotic ma-
nipulator; 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
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Kai-Tai Song showed with practical experiments that the 6-
DOF robot arm can effectively avoid an obstacle in a
constrained environment and complete the original task [2].

Recently a lot of research was done in the field of collab-
orative 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



[71-[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.

Controller
o
H ROS H 3. Robot

Fig. 1. Mixed reality based robots control system architecture

User interface
‘&' Hololens

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
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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,
Workspace Radius
Output: Path
Initialisation :
1: Path<— 0O
2: N < WorkspaceRadius * 2 / Cellsize
Fill environment map
3: for every cell in 3D area do

ControlPoints, CellSize,

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:  LocalPath < Astar(ControlPoints[i],
ControlPoints(i+ 1))
12: Path <— Path + LocalPath
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 - corre-
sponding 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. 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: glnit

Output: Tree
1: initializeTreeRoot(Tree, qlnit)
2: while not reached goal do
3: qRand «— RandomState()
4: Extend(Tree, gRand)
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 algo-
rithms we had run them in simulation. A virtual environment
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Fig. 3. One of paths generated by RRT algorithm

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.

/’
/X

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, three-
mode generator

Annomayua—MWccneayemasi B JaHHOW padoTe Monenb
npeacrtasjasier coboii renepatop Ban nep Iloass ¢ aByms
JAOMOJTHUTEJbHBIMH Ko0J1e0aTeJIbHBIMH KOHTYypaMu B LeNnu
oOpaTHoii cBA3U. MeT0A0M Me1eHHO MEeHSIOIUXCS aMILIUTYA
MoJiydeHa YKOPOUYeHHAsl CHCTeMa YPaBHEHMii, ONMICBHIBAIOILNX
aMIUINTYHO-(a30ByI0  AMHAMUKY  JaHHOii CHCTEMBI.
BudypkaunoHHblii aHaIM3 CHCTeMbl MO3BOJUJI YCTAHOBUTH
MeXaHU3Mbl, Jie)Kalle B  OCHOBe TepexoJ0B  MekKAY
KBAa3UMEPHOAUYECKUMH  peXKHMaMH, Ha0JoJaeMbiMH B
MoJTHOI cucteme. OnucaHbl 0CO0EHHOCTH Mepexoaa K Xaocy.

Knwuegvle crosa—ananu3 ycmoituusocmu, oOudypkayuu,
KOleOaHuA, mpexmoooeulil 2eHepamop

.  BBEJEHHUE

HccnenoBanue JMHAMUYECKUX MEXaHU3MOB
BO3HUKHOBEHHUs HEJIMHENWHBIX SABJICHHMN, XapaKTepHbBIX Ui
CHUCTEM, COCTOSIIIIMX K3 AaBTOr€HEPATOPOB U MAaCCHBHBIX
OCIMJIIATOPOB, WrpaeT BaXHYIO pOJIb B TMOHUMaHUH
3aKOHOMEPHOCTEM, Jie)KaluX B  OCHOBE  TOBEICHHUS
HIMPOKOTo criekTpa cucteM [1]. B ToMm uucie, omHUM U3
Hamboree wmcciexyeMbrx 3((eKTOB, SBISETCS YIpaBICHUE
Xa0COM.

HenaBHo Hamu Obuta McclleloBaHAa MOJIHAs CHCTEMA,
onuceiBaromass rewepatop Bam pmep Ilona ¢ mByms
JOMOJIHUTENbHBIMA JIMHEHHBIMU KoJie0aTeIbHBIMU
KOHTypamMH, BKIIOYCHHBIMU B IeMb 0OpaTHOW cBszm [1].
bblIo mokazaHo, YTO B HAHHON cHcTeMe NpH Bapvaluud
YIPaBSIONIMX [apaMeTpoB MOTYT ObITh pealu30BaHbI
MYJNbTUCTAOMIBHOCTh W TIEPeXOJ K Xaocy depe3 Kackal
oudypkaumii ynBoeHusi IByMEpHbIX TOpoB. B HacTosiueii
paboTe METOAOM MEMJIEHHO MEHSIOIIMXCS aMIUIUTYH MBI
BbIBOJIMM YKOPOYEHHYIO CUCTEMY YypaBHeHui. JlaHHbIi
MOJXO0/ MO3BOJISIET UCCIea0BaTh OMypKaunuy yCTOMIMBBIX U
CEIUTOBBIX JBYMEPHBIX TOpOB B HCXOoAHOW cucteme. C
MOMOINBI0  OM(ypKAaIMOHHOTO  aHANMW3a  yYKOPOUYEHHOI
MOJEIY Mbl YCTAHOBWJIM MEXaHH3MBI, JIEKAIIUE B OCHOBE
KaUeCTBEHHBIX MEPEXOJ0B MEXAY KBa3UNEPUOAMYECKAMU
pexxuMamu, HaOmojaeMblMH B MOJHOW cucreme. B
YaCTHOCTM, B YKOPOYEHHOH CHCTEME B SBHOM BUJIE
MoKa3aHbl OudypKalyyd YABOGHUA MNEepUOAa MNpenesbHbIX

LUKJIOB, a Takke Oudypkaumn AHzponosa-Xomda,
COOTBETCTBYIOIME OUpypKaluusM YABOGHHS TOPOB U
oudypkammsim  Heiimapka-Cakepa  MONHON  CHCTEMBI
YPaBHEHMH.

II. HCCIENYEMASI CUCTEMA
A. Mooens

Hccnenyemas B naHHOI paboTe OUHAMHUYEcKas cHCTEMa
npeacTaBiseT codoii reneparop Ban nmep Iloms, B wems
00paTHOW CBSI3M KOTOPOrO BHECEHBI J1BA JOMOJHUTENBHBIX
KoneOaTeNbHbIX KOHTypa. J[laHHas MoJelb MOXET ObITb
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peau30BaHa B BUJE SJIEKTPOHHON CX€Mbl, MPEACTaBIECHHON
Ha Puc.l. Ilocne mepexona K HOPMUPOBAHHBIM (ha3OBBIM
NMepeMeHHbBIM W HOPMHUPOBAaHHOMY BPEMEHH, METOAOM
MEIJIEHHO MEHSIOLIMXCA aMIUIUTYI A JaHHON CXeMbl
TOTyYrM cucTeMy anddepeHunanbHeIX ypaBHeHnit (1).

L]

R =

L 9

M., M
prn
L:

u C R =

e

1 L

u C

%

%
R =

A
Ay

W

Puc.1. DnexkTpoHHas cXeMa HCCIelyeMOoro reHeparopa. 31ech CUMBOIAMH i
0003Ha4YeHBl TOKM B KOJEOATEIBHBIX KOHTYpPaX, U — HaNpsHkKeHHs Ha
koHzeHcaropax C. L - HHIyKTHBHOCTH Ieneil, M — B3auMOMHIYKIHs, R —
OMMYECKHE COMPOTUBICHHS.

b. ﬂuHClMult€CKu€plecuﬂflbl 8 cucmeme

OudypKanmmoHHyIO
Ha

PaccmoTpum
NpeICTaBIEHHYIO

IUarpamMmmy,
Puc.2.

 § T

stable cycle
unstable cycle = = = =
stable cycle
unstable cycle = = = = o

0.08

Puc.2. OpHomapamerpuyeckas JAuarpamMma UCCIEIYEeMOHl  CHCTEMBL.
VYceroituuBblii LMK TpeTepreBaeT MOCIEA0BATENbHOCTh  OnypKarmii
yasoenust nepuopa (PD) mpu 3Hadenun napamerpa p=2. CIHIOIIHBIMU
JMHUAMHM ~ O0O3HAYeHbl  YCTOHUMBBIE  LUKIBL,  [OYHKTUPHBIMU  —
HEYCTOHYUBBIE.

Ilpy mamoM 3HaueHWM TMapaMeTpa A B CHCTeMe
CYLLECTBYET  YCTOWUMBBIA  mpenenbHblii  wukia.  Ilpu
YBEIMUEHUHM  TapamMerpa A  [WKI  TpeTeprieBacT
nocJieq0BaTeNbHOCTh Oudypkaluii yABO€HHUS Nepuoaa, uTo
BEI€T K BO3HMKHOBEHHIO XAOTHMYECKHMX  KoJieOaHMIl.
ITonoGHast kapTHHa HabioAanack ¢ KackagoMm Oudypxaluit
yIBOEHHS JBYMEpHBIX TOPOB B TOJHOW CHCTEMe,
3aBepIIAIOLLYOCS (opMHpoBaHUEM Xa0TUYECKOTO
aTTpakTopa [2].

Ilpn 3TOM naHHAs cUCTeMa OEMOHCTPHPYET pPa3BHUTYIO
MmynbTHcTabuIbHOCTh (Puc.3). B ee ¢azoBom mpocTpaHcTBe



MOTYT
Jaxe

COCYIIECTBOBATH YCTOﬁqHBBIe MPEOCITBbHBIC HTUKIIBI U
Xa0THYCCKHE aTTPAKTOPHKI.

1 T

HBeyde-1
HBeyde-2

0 1 1
0 0.5 1

1.5 2

P
Puc.3. JIBynapamerpuueckas auarpaMma HMCCIIEIyeMOil CHCTEMBI TpU
3HaueHnu mapametpa A=0.05. OOmacTH, OTMEUCHHBIE YKa3aTelsIMH,
OTBEYAIOT ~ 00MacTAM  CYyMIECTBOBAHMA  YCTOMYMBOTO  COCTOSHHUS
pasHoBecuss. HB — nmnum Oudypkaimii AnapoHora-Xoda mnepBoro
YCTOIYHMBOTO COCTOSHUS PABHOBECHS U BTOPOTO.

III. 3AKJIIOYEHME
CpaBHUBasi pe3yibTaThl OM(YpKALMOHHOTO aHaIHU3a
CHCTEMBI YKOPOYECHHBIX YpaBHEHUM TPEXMOJOBOIO

OCLMIIATOpa C MepeKpecTHOW o0paTHO CBA3BIO ¢

pe3yiibTaTaMM, MOJYYCHHBIMU paHEE IJIA TOJTHO M CUCTEMBI,
MOXHO CACJIaTh CJCAYIOLIUE BBIBOADBI.

B wuccnenoBaHHON YKOpOUEHHOW cucTeME YpaBHEHUIt

ObuiM  BbIABNEHbl Oudypkauum AHIpoHoBa-Xomnda u
ondypranm YABOEHUS peaeabHbIX [MKJIOB,
cooTBeTcTBylolne Oudypkaumsam Heiimapka-Cakepa u

OndypKanusaM yIBOCHHUS TOPOB TIOJTHOW CUCTEMEI.
BJIATOJIAPHOCTHU

Pabora BeITIONTHEHA NpH Mo Iepskke rpaHTa Poccuiickoro
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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
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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.

ontology, product



Annomayua—PaccmoTpena  3a4a4a OHTOJIOTHYECKOro
MO/Je/IMPOBAHHA € MPHMEHEHHEM KOHLENTYaJbHbIX METOA0B
mogeanpoBanus UML B o0jacTu ynpabiieHUsl 5KU3HEHHBIM
HUKJIOM usaeaust B pycie HHKHHHPHHTa
MAIIMHOCTPOUTEIbHOI Koprnopauuu. PaspaGoTaHbl mpocThie
OHTOJIOTMM HAa OCHOBE OTHOIIGHUH  BJOKEHHOCTH U
nepekpbiTusi.  IlocTpoen  psa  oHToJIOrMiIE  THMOBOro
NpeanpUsATHA KOpNopauuH, obecrne4nBAOIIHIl cOriacoBaHHe
pa6ot pasnauuHbIX npeanpusituii. IIpencraBiieHbI OCHOBHBIE
KJAcChl U MOAKJIACCHI OHTOJIOTUH MPEeANpPUSTUS, JUATPAMMBI
COCTABHOH CTPYKTYPbl KU3HEHHOr0 LHUKJA, H3deaus H
npeanpusitust (UML auarpammbi).

Kniwouegvie  cnosa UHMCUHUPUHZ — npeonpuaAmuil,
OHMONOCUA, YNPAGIEHUE HCUZHEHHBIM UUKIoM u3zdeaua, UML
Modenupoeanue.

I. BBEJEHUE

B pabore rJIaBHOE BHUMaHNe YAEJIEHO
VHTEJUIEKTYJIN3all METOA0B MHKMHUPUHTA TPEANPUATHUS
C MOMOIIBIO OHTOJIOTMYECKOTO MOJEIUPOBAHUS B UHTEPECAX
pa3paboTki  3(PEKTHBHBIX METOOOB M  TEXHOJOTHH
YOpaBJIEHUS] KA3HEHHBIM LMKIOM MPOAYKIMH, a B
pesynbrate, cozganuu PLM-cuctem HOBOTO TIOKOJIEHHMA —
WHTETPUPOBAHHBIX WHTEIUTEKTYalbHBIX cucteM [[PLM [1,2].
B pabore mocTpoeHa cucTeMa OHTOJIOTHI  THITOBOTO
MAIIMHOCTPOUTENILHOTO MpeINpusTHS — KOpHopauuu. OTa
3aj1aya ABIISAETCSA KpyTHOMacITaOHOM,
MEXIUCLUIUIMHADHON M BECbMAa BaXHOU IS pasIMYHBIX
oTpaciieil BBICOKOTEXHOJIOTUYHOTO TIPOU3BOJICTBA.

s TIOCTPOEHUST CHUCTEMBI OHTOJIOTHI WCTOJIH30BAHBI
KOHLIENTYaJIbHbIE METO/IbI MOJEIMPOBAHUS UML:
Humarpamma coctaBHOU cTpykTypsl (Composite Structure
Diagram), nuarpammsl kiaccoB (Static Structure Diagram), a
Takxke s3Ik onucanug OWL.

II. OHTOJOTI Ut MALLTMHOCTPOUTEJLHOI O MIPEAIPUSATUSA

MainnHocTpouTeabHas  KOpHoOpauus 9TO eauHas
CUCTEMa KOHCTPYKTOPCKUX OFOpPO, OMBITHBIX M CEPHIHHBIX
3aBOJOB, 00€CNEYMBAIOLIAs BECh KM3HEHHBINM LUK U3EHs
(ero pa3paboTKy, NPOU3BOICTBO, UCIIbITaHUs,
NOC/ENPOAAKHOE 00CILy)KUBAHKE, PEMOHT, MOJEPHU3ALUIO U
YTUIN3ALINIO). OHToJI0rNYeCcKoe MOJIEIUPOBAHKE
MpeAMETHON 00JacTy 1 3a1a4 HEOOXOIUMO ISl MOBBILIEHUA
s dexTuBHOCTH COBMECTHOI  paboTbl  pasIWUUYHBIX
NPEANPUATUNA B paMKaxX €IMHONW KOpIIOpaLuu.

O0111ast OHTOJIOT Sl MALIMHOCTPOUTEILHOTO NPeANpUATUSL
noctpoena B ¢opmare .owl u mpexncrtaBieHa Ha puc. 4. E&
6osee monpoOHas Bu3yanuzauus MMeeTcs Ha pecypce [3].
@aiin B ¢opmare .owl u comyrcTByromue (aiiabl MOXKHO
MOJIYYMTh 1O cchlike [4].

A. Cozoanue onmonozuu

Mai1HOCTPOUTENIbHbIE OHTOJIOTHH TpeIHa3HAYEeHbI IS
yTpaBJIeHUs KOpPNOpPaTUBHOM nHpopmanmeit 00
OopraHuzalyu u OpraHM3alMOHHBIX CTPYKTYpaXx,
HEOOXOAMMBIX U TMOJJAEPKAHUSA JKU3HEHHOTO IMKIa
MPOAYKUMH. 3A€Ch OHTOJOTHS BKJIIOYAET YHHBEpCallbHOE
SIAPO MHOTOKPATHOTO MCIIOJIb30BAHUS, KOTOPOE MOXKET OBITH
pacuIMpeHo WK CrelHUalu3MpoOBaHo IJIsl UCMOJIb30BaHUS B
KOHKPETHBIX cHuTyamusx [5, 6]. ba3oBeiMu TOHATHAMU
SIBJISIFOTCSI: OpraHu3alys, u3jenue, Ku3HeHHsli umkn (OKLT),
nepcoHan  (pacnpenenéHHbII UYENOBEUYECKMH  KaruTan),
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nporiecc (pacmpeneneHHble OusHec mpomecchl) [7]. Kaxkmprit
W3 MEePEeUHCICHHBIX KJIACCOB MOAPA3IENACTCS Ha MOAKIACCHI.

b. JJuacpamma cocmagnoii cmpykmypbl JHCU3HEHHO20
yukaa, uz0enus u npeonpusimus

JHuarpamma coctaBHOM cTpykTyphl (Composite Structure
Diagram) — craruueckast CTpyKTypHasl [arpamMma, KoTopas
JOEMOHCTPUPYET BHYTPEHHIOIO CTPYKTYpY KJIaccoB H, TO
BO3MOXXHOCTH, B3aWMOJICWCTBHE  D3JEMEHTOB  (JacTeif)
BHYTpeHHel CTpyKTypbl knacca. OHM ynoOHBI TNpH
MOJIEJTMPOBAHNY IIA0IOHOB MPOEKTHPOBaHMSA. J(marpamMMsl
KOMMO3UTHON CTPYKTYPbI MOTYT MCMIOJIb30BaThCsl COBMECTHO
¢ IMarpaMMaMi KJ1acCoB.

OCHOBHBIE AnuarpaMmbl KJIaCCOB

npeacTaBiieHbl Ha puc.1-3.

NpeanpuATUs

Ha puc. 1 nokasana nuarpaMMa COCTaBHOM CTPYKTYpbI
KL. Ona penmuTca Ha CTaauu: MPOEKTHPOBAHME,
MPOMU3BOJICTBO M 3KcILTyaTauus. Kaxnas U3 HUX COCTOMT M3
3TamoB.

WL Iran
HCToMmoTe - double
+Bpema - Date

Cragur

+Crommoct | double
+Bpemn : Date

-flenuTcA Ha -NenuTch Ha

+CronmocTs | double
+Bpemna | Date

Puc. 1. JImarpamma coctaBroit cTpykTypst JKLI.

W3penue nenuTcs Ha OTCEKH, KOTOpPBIE COCTOAT W3
COOPOUYHBIX €IUWHHIL, a COOPOYHBIC eIUHWIBI — U3 JIETAJICH.
Kaxplii U3 KJ1accoB MIMeeT CBOU aTpuOyTHI (pHC. 2).

Wapenve

[+Bpea uaroroanerin : int
HTun : string

|+3aTpare: : double

[+CpoK cyws : int 1

Orcex CBopra Jerans

-CocTonT u3 -CocTouT u3 -CocToHT H3

+0603naveHue < int
+3aTpath
1Bpema naroTos/esa

tHomep
Bpemn
»  [F3aTpatel 1

+3aTpathl
Bpend
106o3asenne  string |

*

Puc. 2. Jlnarpamma coCTaBHOI CTPYKTYpBI H3IEIHSA.

Tawke Obula cocTaBieHa JuarpaMma COCTaBHOM
cTpykTypsl mpeanpusitus (puc. 3B). Ilpeanpusitue umeer
MHOXECTBO  MOJpa3feieHuil, B KOTOpPbIX padoTaloT
coTpyaHukd. Kaxnablii Knacc Takxke uMeeT psl aTpuOyTOB.
Hanpumep, ans knacca “Tlpeanpustie” 310 — Ha3BaHUe (THUI
string) u Tum (TUm string).

CoTpygmmk

Npeanpuatve Noapaspenenve

“Hmeer

o +Hazaanme : string

+Cneunann3auyma ; string

-Cacrout 13

+.14.0. : string

p————+[onkHocts : string
1 +  [HD:int

+Ha3zsanme : string
+Tun @ string

Puc. 3. JlnarpaMma coCTaBHOI CTPYKTYPBI NPEANIPUSATHS.

B. Ocnognvle knaccol u noOKAaccyl OHMON02UY
npeonpusimusi

Ilocne  w3yueHus  OEATENBHOCTH U CTPYKTYpPbI
MpeANPUSTUS ObUTM  BbIENIEHbl CHayala TMpOCThbie
OHTOJIOTMH, 3aTEM COCTABJICHBI AKCUOMBI, KOTOPBIE OTIMCAHBI
MpaBUJIaMH Ha SI3bIKe ECKPUIITUBHOM NOTUKW. B pe3yibrare
pa3pabOTKM TPOCTBIX OHTOJIOTMH  OBTM  COCTaBJICHBI
onronoruu: KL wm3menus, Oprcrpykrypa, Ilpoiecchi,
ITepconain.

Knace «KL» coaepkur crueayromue MOIKIACCHL:
u3jlenye; 3aKa3uuk; 00beM M CTOMMOCTb IPOU3BOJCTBA;
TEXHUYECKOE  3aJlaHue;  TEeXHHYECKOe  MpeAsOKeHHUe;



KOHLENTYAJIBHBII MPOEKT; 3CKU3HbINA MPOEKT; TEXHUYECKUI
MPOEKT; paboumii MPOEKT; TEXHOIOTMIECKOE 000PYAOBAHUE;
OPraHU3alMOHHO-TEXHUYECKAsd [IOKYMEHTALMs; OIbITHBIIA
oOpazel;  cepuilHbIf  JK3EMIUIAP;  TEXHOJOTHMUYECKOE
OCHAIllEHWe;  OCHACTKa;  OKCIUTyaTaluus;  TEXHUYECKOE
00CITy)KMBaHNE; KalTUTAIbHbI PEMOHT; yTHIN3ALHSL.

Knacc «Oprcrpyktypa npeanpusiTis» Moapa3aeseTcs
Ha crenyoue Tnoakuaccel: apxu, Oyxrantepus (b),
IUpeKIs 3aka3zunka(/[3), ombITHOE KOHCTPYKTOPCKOE OFOpO
(OKB), otmen raaBHoro TtexHosora (OI'T), otamen Mo
COCTaBJICHHIO JIOTOBOPOB, otaen TEXHUIECKOTO
koHTpossI(OTK), otnmen oskoHomukun u Tpyna (O3T),
mpaBoBoii nemaptament ([1/]), mpodxom, MPON3BOACTBEHHO-
texHuueckoe ympapneHue (IITV), cekperapuat, ciyxba
kauectBa(CK), ynpaenenne ¢uaancamu (YP), ynpaieHne
oxpausl Tpyma (YOT), weHtp WH(OPMAIMOHHBIX
texHonoruit (LUUT), skcmiyaTauMOHHO-PEMOHTHBIN OTHeN
(OPO), exa.

Knace «Ilepconan» BKITIOYAeT MOJKIACCHI: TeHepalbHbIN
JUPEKTOp, 3aMECTUTENb TeHEPANBHOIO IUPEKTOpa, BedyLIuil
KOHCTPYKTOD, TJ1aBHbIN KOHCTPYKTOD, WHXEHep-
KOHCTPYKTOpP, HHXXEHEP-TEXHOJIOT, TeXHUK-KOHCTPYKTOD,
TEXHUK-TEXHOJIOT, HaYyaJbHUK OTHeJa, HadajbHUK LEexa,
3aMecTUTellb HadalbHUKA OTAENA, 3aMECTUTENb HauaJbHUKA
Lexa, HayalbHUK Opurampl, KOHTpOJIEp, TNPOTPaMMMUCT,
CHCTeMHBIN aJAMUHUCTPATOP, OOCITY)XMUBAIOLIWK TEepCoHa,
9KOHOMHUCT, paboynii.

Knacc «[Ipoueccel» mnonmpasgensieTcss Ha MOIKIACCHI:
W3TOTOBIICHUE NIETalleli, HalicaHue POTPaMMBbl UCTIBITAaHHH,
HalMcaHWe  TeXTMpollecca, HAcTpPoWKa  MPOrpaMMHOTO
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obecrieuenns (I10), oOyueHne COTpPYyIHWKOB, NPOBENECHHUE
UCTIbITAHMM, MPOBEPKAa KOHCTPYKTOPCKOM JOKYMEHTALMU
(KM), paspadotka KJI, pacuer Ha mpoYHOCTb, pacueTsl MO
MarepuaabHbIM, TPYAOBBIM M (PUHAHCOBBIM 3aTpartam,
peMOHTHBIE paboThI, COOpKa W3EIHiA, CO3IaHNe N3BEIICHUIA,
cornacosanne KJI, conpoBoxpenne KJI, cocraBieHue
oTdyeta 0 paboTte Opwranbl, Lexa W OTHENA, COCTABJIECHHE
miaHa paboT, cocTaBieHue TexHuueckoro 3aganusa(T3), yuet

K.
I Ilpumepvl npagun Ha 0cHOGe NPOCMBIX OHMONO2UT

B Bume mpocteix oHTOJNOTHI [8] BBIMICOTMCAHHBIC
KIacchl W OTHOLIEHWS MeEXIy HHMH 3aluChIBAlOTCA
cremyromuM odpaszoM: M3rorosnenne neraneit € Ilpoueccsl,
Hanucanne nporpammsl  ucnelTannii S Iponeccst,
Hanmcanune texnpouecca € Ilpoueccrl, Hactpoiika [10 €
IMpoueccer, ApxuB & OprerpykTypa, bByxraatepus <
Oprcrpyktypa, Oprerpykrypa & Ilpennpustue, XKL
mnenua € llpennpustue, Ilepconan & Ilpenmnpusrue,
Iponeccer € Tlpenmpusarue, Hammucanne TeXHOIOrMYECKOTO
npouecca WmxeHep — TexHonmor +J, Hanmcanue
TEXHOJIOTHYECKOro mpouecca N TexHWK — TexHosor #J,
UsrotoBnenune neraneit N Pabouwit = u mp.

Jlanee Ha OCHOBE HAMHUCAHHBIX TPaBUI CTPOSITCS
onrtonornu: KL wm3menusi, OprcTpykTypa NpeanpusTs,
ITpoueccel, [lepcoHanm B cucTteMe MOIEIUPOBAHUS OHTO-
noruii Protégé. 3atemM moyrydeHHbIE OHTOJOTHUU C MOMOIIBIO
MpaBUJI W OTPaHWYEHUH OOBEOWHSIOTCS B  EIUHYIO
OHTOJIOTHIO MaIIMHOCTPOMTETBHOTO MpeAnpuaTus (puc. 4).
Co BceMHM MpaBWIaMHd U OTPAHUYEHUSMH  MOXKHO
03HAKOMUTBCA Ha pecypce [4].
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Puc. 4. JlnarpamMmma cocTaBHOI CTPYKTYpPBI IPEANPUATHS.
III. 3AKIIIOYEHHME BJIATOJIAPHOCTH

B HacTosLIei cTathe paccMoTpeHa 3a7aua
OHTOJIOTUYECKOTO ~ MOJENHMPOBAHUA C  NPUMEHEHUEM
KOHIIETITYaJIbHBIX MeTO0B MoaenupoBanust UML B obmactu
yIpaBJeHUs IKM3HEHHbIM LMKIOM M3Jelus B pycie
VHXUHUPUHIA MAIIMHOCTPOUTENBbHON Kopropatuu. [Ipumep
OHTOJIOTUYECKOTO ~ WHXMHUPWUHIA  TMPEANpUSTUS — JaeT
BO3MOJKHOCTh MOBbILIEHUST 3(PPEKTUBHOCTU yHpaBIEHUs
KU3HEHHBIM 1IMKJIOM TMPOJYKLHMU 3a CYET CHUCTeMaTH3aln
3HAHUN OPEANPUSITUSI U O MPEANPUSITUU B BUJAE CUCTEMbI
B3aMMOCBS3aHHBIX ~ OHTOJIOTWI, a Takke MpOBEACHHs
aBTOMATV3MPOBAHHOTO  aHajM3a  OOIIETO  COCTOSTHUS
npennpustus. laaHas padoTa mpeacTaBiseT co0oil mepBbIit
mar Ha nyTH CO3JaHus [OJIHOMACIITAOHOM
VHTEJUIEKTYaJIbHOW  CUCTEMbI  YMpPABJIEHUS IKU3HEHHbIM
LIMKJIOM CJIOKHBIX TEXHUYECKUX CHCTEM.
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Ann 1n car antilock braking systems modeling

Alexey Fedin
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Abstract— this article presents the rationale for using
ANN in car antilock braking system models.

Keywords — ANN, wavelet, control, identification, ABS,
car, braking

[. 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 S. The greatest efficiency
of the anti-lock braking system (ABS) is achieved if the
argument S corresponds to the maximum of the function
@ = f(s). Compliance is achieved through the control action
by applying or reducing the braking force to the wheel of the
vehicle [1].

IL.

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

MATHEMATICAL MODELING OF ABS

by Weierstrass — using polynomials (A. A. Revin’s
formula):
_ foxS
¢ = a*S2+b*S+c’ (1

where the coefficients a, b, ¢, f, are tabular values defined for

each particular type of road surface, or Fourier — using
harmonic functions (Pacejka’s formula):

u(S) = C; *sinx * (C xtan™ (C3 * S, — Cy *

(C3 % Sy —tan™ (C3 * Sy))) (2

where the coefficients C, ...C, are also tabular values
defined for a particular type of road surface [2].
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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
neural networks (Hornik's and Cybenko’s theorems) [5], [6].
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.

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.

SUMMARY
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Multilayer perceptron reveals functional
connectivity structrure in thalamo-cortical brain
network
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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

synchronization,

I. 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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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, Parkinson’s and Alzheimer’s diseases, brain tumors
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(@) = Fx(1)] (1

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

F[x(9),y(0] =0 @)

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(f) and y(?), functional
connectivity implies y(?) F[x(f)]. Since from a
mathematical point of view ANN defines a function f: x — vy,
one may use ANN to build a model of the unknown relation
F[*] and predict the y state based on the x state. Thus, if a
true functional relation y(7) = F[x(¢)] exists, ANN is able to
approximate it and give a precise prediction y’(¢) of the y(?)
state based on x(¢). 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’ () =y().

thalamic nuclei

cortex layers

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-thythm energy W,,; (d) recurrence plot of considering time series; (e)
matched EMG signal; (f) RQA metrics.

We use the traditional FFANN architecture — multilayer
perceptron to build an ANN-model of functional
dependence F[¢] between interacting systems. MLP consists
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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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 R’-score
(coefficient of determination).

II1.

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-postero-
medial (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
Miinster.

RESULTS

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 #-test for
related samples with Bonferroni correction (critical a-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, ANT-
VPM).

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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Mathematical modeling of changes in geometric
parameters of pneumatic muscle
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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.

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):

ASSUMPTIONS AND METHODS

P(t) = k [1 - e—ﬂ, (1)

W(s) = 2

Ts+1
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
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Fig. 1. Type of proposed mathematical model
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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.

EXPERIMENTAL SETUP

‘ I
I

[ -~

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
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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.

(P
oo

ul

4 5 3 4;

Fig. 3. Pneumatic circuit

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

TABLE 1. THE RESULTING TRANSFER FUNCTIONS
Interval Transfer Function
0...0,1 MP W (s) L27
...0, a =
S T 01105 +1
0,1...0,2 MP W (s) L18
,1...0, a =
5 = 01095 + 1
0,2...0,3 MPa W(s) = 1,08
o 5 = 01065 +1
0,3...0,4 MPa w(s) = 1,005
ce 5 T 00745 + 1
0,4...0,5 MP W (s) 1039
4...0, a =
) = 0,064s + 1
0,5...0,6 MP W(s) 1036
,5...0, a = -
5 = 0,057s + 1

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

|
1-D T(u)

:
/*/\ KIT(Pout)
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N
TP out)
1-D T(u)

v,

Fig. 5. Mathematical model of pneumatic muscle in Matlab Simulink
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Fig. 6.  Setting the Lookup Table blocks

VL

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.

VERIFICATION OF THE MATHEMATICAL MODEL
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Fig. 7. Verification of the resulting mathematical mode
Thus, the obtained mathematical model provides ensures acceptable accuracy only when a low-level pressure

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.
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Fig. 8. Pneumatic circuit
VII. CONCLUSION

Mathematical model of the pneumatic muscle was
developed. The average error in the simulation was 5.79%.
The resulting mathematical model of the pneumatic muscle

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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Abstract—In this article EEG from S 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].

IL.

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.

EXPERIMENTAL DATA

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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1) [-5; —3] s before the seizure onset (background
activity);

2) [-2; 0] s before the seizure onset (preictal activity); at
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).

I11.

Data was analyzed by three different methods:
e the linear Granger causality method [7],

COUPLING ANALYSIS METHODS

e the nonlinear adapted Granger causality method

(8],
e 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.
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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.
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I.  INTRODUCTION

One of the common ways to estimate subject’s
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
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are particular EEG features correlated with intelligence,
attention and other brain characteristics [9-12]. EEG-based
method for estimation of subject’s intelligence and attention
level would find social application, for instance, in
education.

II. MATERIALS AND METHODS

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.

For EEG recording we used electroencephalograph
“actiCHamp” by Brain Products (Germany). EEG was
recorded for 31 channels according to “10-20” system.
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
Russia. Schulte test consisted of matrices (tables) of 5 x 5
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 x(t) with basic
function Y (7) as

Wa(f,0) = 2 (O 9° (f, 0)dt,
where n =1,2..N is the number of EEG channel (N =
31) and ‘*’ stands for complex conjugation. As mother
wavelet of CWT we used the complex Morlet wavelet

1 i -
W) = qzef@one ) @
wheren = f(t —ty)and w, = 2w is the wavelet central
frequency.

We analyzed wavelet energy spectrum as E™(f,t) =

JW2(f,t) 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:

n _ 1 n
EB,G,a,ﬁ(t) - Af ffef&ﬂ,a,BE (f: t)df

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 (E[%(t) =
E§(t) + Eg(t) + Ez(t)) and HF (Ef(t) = Eg(t)). The
ratio between HF and LF was calculated for each EEG
channel as following:

Efp(t)
E[%(6)

e"(t) = 4)

Then coefficients €™(t) were averaged separately for
channels in left and right hemisphere (13 channels for each
hemisphere according to “10-20” system) to obtain ££(¢) and
eR(t) correspondingly. Wavelet energies for alpha and beta
rhythm were averaged for EEG channels in occipital area (6
channels) to obtain EZ (t) and Eg () correspondingly.

The wavelet analysis of EEG recordings was performed
withg home written C/Cuda software for increasing
computation performance [14].

(M

(©))
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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: e"(t), eR(t), EJ(t), Ef(t). Examples of
acquired distributions are illustrated on Fig. 1-3.

RESULTS
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Fig. 1.  Results for background epoch: (a) distributions of &'(t)and
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Fig. 2.  Results for video watching epoch: (a) distributions of &*(t)and
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E9(t)and E[‘,? (t) (blue and orange colors correspindingly)
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Fig. 3. Results for Schulte table epoch: (a) distributions of &X(t)and
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By comparing Fig. 1 with Fig. 2 or Fig. 3 one can see,
that see that during background epoch alpha rhythm is
dominating (see Fig. 1b), which also leads to lower values of
eL(t) and £R(t) (see Fig. 1a). These features can be used for
simple separation of background epochs from ones with
cognitive tasks.

However, this method ca not be used to distinguish
Schulte table epoch from epoch with video: values of X (¢),
ef(t), EZ(t), EF(t) on Fig. 2 are very close to
corresponding ones on Fig. 3.

For better comparison of energy in different frequency
ranges we calculated difference between HF/LF ratio in right
and left hemisphere as &R7L(t) = eR(t) —el(t) and
difference between beta and alpha rhythm in occipital area as
E[?_a(t) = E[? (t) — E2(t). Then these characteristics were
time-averaged for each epoch separately ({(e®7L) and
(Eg-,)). We found, that (¢®7") = 0.09 + 0.1 for Shulte
tables while for epoch with video (£8~L)~0.11. In terms of
(E[?_a) difference between Schulte table and watching of
video is more pronounced: 1.5+ 2.1 and 0.6+ 1.1
correspondingly.

Revealed differences between background activity and
cognitive tasks of different types can be used in further
research on fundamental properties of brain related to
cognitive activity in children, especially during educational
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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.

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

I. INTRODUCTION

Motor activity and related mental tasks are widely used
in development of brain-computer interfaces (BCls). 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
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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.

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
“Encephalan-EEG-19/26” (Medicom MTD company,
Taganrog, Russian Federation). To obtain EEG signals we
used “10-10” scheme for EEG electrode placement with 31
EEG channels. Before EEG recording scalp was treated with
the abrasive “NuPrep” gel in order to increase skin
conductivity, then cup adhesive Ag/AgCl electrodes were
noninvasively placed on scalp with help of “Ten20” paste.
The impedance of electrodes was monitored during the
experimental procedure with typical values of 2-5 kQ. The
ground electrode N was located above the forechead 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 100-
Hz) 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 near-
infrared 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 dual-
wavelength 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.

Basic experimental design was the same for EEG and
fNIRS parts: subject was sitting in a chair with hands on
armrests and feee 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 x(t) with basic function (1) as

W, ) = JF [77 %, 9 (f, ),

where n=1,2..N is the number of EEG channel (N =
31) and ‘*’ stands for complex conjugation. As mother
wavelet of CWT we used the complex Morlet wavelet

W) = gz e/ ome 2 6)

wheren = f(t —ty)and wy = 2w is the wavelet central
frequency.

Wavelet energy spectrum (E™(f,t) = /W2(f,t) where
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:

EX®) = 3 oo, E"(f 0)AS

M
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74

II1.

We processed EEG signals with CWT and computed
wavelet energy spectra E™(f,t) along with wavelet energy
averaged over alpha frequency range EZ(t). Fig. 1
demonstrate results for real movements of left and right
hands on EEG channel C3.
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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
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
for left and right hand movement.

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
right hand, which opens opportunity to distinguish different
types of movement. These results can be used in further
research with synchronous recording of EEG and fNIRS in
one experiment.
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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 motor-
related 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 event-
related 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 BCls.

Keywords—brain-computer  interface, motor
bioprosthetics, MEG, machine learning

imagery,

I. 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 Dbioprostheses 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
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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.

IL.

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 from 6 to 8s. The number of trials per limb was
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.

EXPERIMENTS AND METODS

The time-frequency spectrogram (TFS) of the MEG
signals was analyzed using wavelet-based approach, a well-
known 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—
12 Hz) and beta (15-30 Hz) bands. The same process was
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].

II1.

We analyzed brain dynamics in terms of ERS/ERD in
alpha (8-12Hz) and beta (15-30Hz) frequency bands
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.

RESULTS

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.
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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.
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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 beta-
wave 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 self-
visualization 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.
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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
BCls.
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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 control,
mathematical modeling, nonlinear dynamics

I. 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

XXX-X-XXXX-XXXX-X/XX/$XX.00 ©20XX IEEE
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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 time-series is then interpolated with cubic B-
splines, according to the recommendations from [2].

Operation of heterodyning is based on following
trigonometrical identity (1):

sin(a)sin(f) = 0.5(cos(a— f) —cos(a+ f)) (1)

According to (1) if ECG is multiplied by sinusoidal
signal with frequency of main cardiac rhythm then cos(a —
p) - is signal of heart rate frequency modulation. Second
term cos(a + f) 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 phase-
frequency response curve of the method. Both are represented in

figure 1.
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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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OnTumuzanus yrpaBieHUs pealnu3aluen
TEXHOJIOTHYECKUX MPOIIECCOB C YUETOM JTUHAMUKHU
MHOTOHOMEHKJIATYPHBIX IPOU3BOJICTB
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Abstract— A formalization procedure for realization of npousBoacTBoM. I[loka3zaHo, 4YTO mNpeaJiolKeHHble MoAe]b H

technological processes and a methodology for finding MeTOA  MOMCKAa  MO3BOJST  MNOJYYMTh  3HaYMTelbHOe

suboptimal decisions in system of planning for mechanical yMeHbllleHHe o0uero BpeMeHH padoTbl MPOU3BOACTBEHHOI

production were presented here. Was shown that presented CHCTeMBl.

model and methodology allow decreasing common production

time. Kniouesvie cnosa— nnanuposanue npou3goocmea, Mooesb
MENIKOCEPUTIHO20 npou3seoocmea MexaHooopadomku,

Keywords— Production scheduling, model of small-scale Peanuzayua mexHo102u4ecKux npoueccos
production  of mechanoprocessing, implementation  of
technological processes I. BBEJEHUE

O¢¢pekTuBHOCTh (PYHKIMOHMPOBAHUS MEJIKOCEPUITHBIX
MHOTOHOMEHKIATYPHBIX MeXaHo00pabaThIBaIOLIMX

cy0onTMMaJbHOIH peaaM3auuMu B CHCTeMe IJIAHHPOBAHMSA HpOHBIEOﬂCTB (MMII) B Poccnu ocraercs ewe oueHb
TeXHOJIOrHYEeCKHX npoueccos s yrpasjaeHust HH3KOMU. Pe3epBH NOBBIIICHUSA HX C-)Cb(i)eKTI/IBHOCTI/I IIOMHUMO

MHOFOHOMEHKJIATY PHBIM MexaHooGpabaTbiBajomum  [IPOYEr0  BHIATCA B PaspabOTKe  HOBBIX  COCOOOB

Annomayus— Ilpeacrabiaena ¢opmaausauus npoueaypsbl
peaau3aluy TeXHOJOITHYeCKHX MPOLEecCOB U METOANKA MOUCKA
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yhpaBJI€HUA MTPOU3BOACTBOM, 0CO0EHHO TaKuX, KOTOPbIE
CITOCOOHBI YYUTBIBaTh AWHAMUKY TIPOM3BOACTBA B BHUIC
KOHTPOJIA W3MEHEHUH B HpOH3BO,Z[CTBeHHOI>i CUTyaluH.

B HacTosmee BpemMs B HauOoibLIed CcTemeHW 3STOH
KOHIIECTIWH yIOBJIETBOPAET CUCTEMa aBTOMATH3MPOBAHHOTO
mnanupoBanus CAIUI-TIT [1], pa3pabareiBaemas Ha Oaze
CI'TY. OcHOBHOE €€ NpeuMYLIECTBO 3aKJIIOYaeTcsi B
BO3MOKHOCTH OTEPAaTHBHOIO PEarpoBaHWs Ha H3MEHEHHE
MTPOU3BOJCTBEHHON CUTyallM! 3a CYE€T MHOTOBAapHAHTHOCTHU
pewieHnid Ha Beex JTanax IaHupoBanus TII, m envHOM
KPUTEPHATBHOM MOAXO0/E Ha CTAANH Pa3pabOTKU U peaTH3aLH.

[Tpn ryGokoit nmpopaGoTke 3Tama MPOEKTHPOBAHHUS, B
CAIUI-TIT ®e BeIMoNHEHa TmpopabOTKa 3amavyd 3Tamna
peanu3alu — onpefeieHue ONTUMAILHOTO YIpaBieHHs
peamusaumeii TII 3apaHHONM HOMEHKNATyphl AeTayleil it
MPOW3BOACTBEHHOM CUTYaLlMM HA MOMEHT 3aIycKa.

II. TIOCTAHOBKA 3AJIAUU
KauecTBennas MOCTaHOBKa Takou 3a7auu
MpeacTaBigeTcss — cleAylomuMm  obpasoM. Ha  Bxong

MIPOM3BOJICTBEHHON CHCTeMBI, Il 00paboTKW, MOCTymaeT
HEKOTOPBI 3aKa3 W3 MHOXECTBA Pa3HOTUITHBIX IeTajeif,
06’LGZ[I/IHCHHBIX B TIApTHUH. TIT 14 KaXO0TO TUIa ACTalIn

onpenengetrcs B CAIUI-TII, wucxoms w3 Tekyulei
TPOM3BOJACTBEHHON  CHTyalum. TIT COCTOHT n3
MOCJIeI0BATENILHOCTH  ONepanuii, KOTOpble NOJIKHBI OBbITh
MOJTHOCTBIO ~ BBITMOJIHEHBI ~ HAa ~ KOHKPETHOM  THIIE

TexHonornyeckoro odbopynosanus (TO). [TponsBoacTBeHHAS
CHUCTEMA COCTOMT W3 MHOXECTBA Pa3MuuHbIX TUMOB TO,
o0benuHeHHbIX B Tpynmbl. TO opHOW rpynmsl B 0O0IIeM
clydyae HMMEIOT pPasHyl0 CKOpocTh o0pabotku. Kaxmoit
ormepanuu Ui 00paOOTKM Ha3HayaeTcsd Tpynna WiIn
MHOkecTBo rpymn  TO. Kaxkgad omnepanust noikHa
oOpabaTeiBaThcsi Tosbko omHuM TO w3 rpymmsl. Bcee
omepalMu  JOJDKHbl  OBbITb  BBIIOJHEHBl B CTPOroi
mocienoBatenpHOoCTH ¢ 3amaHHRIM  TII.  OGpaboTka
onepauuii TIT npoucxonut 6e3 npepblBaHUii, NepeHaNaa0K 1
nepexoaa Ha apyroe TO. Ha kaxmom TO B mo0oit MOMEHT
BPEMEHHU JOKHO 00pabaThIBaThCs He 0oJiee OMHOMN AeTali.
Kaxnoe TO TpeOyeT Bpems Ha nepeHanaaKy Npu nepexozie
K chenylomeil omepauuy, KOTOpO€ Takke 3aBUCHUT OT
MOCJIeI0BATENbHOCTH U THIIA onepauuii. MicxonHble naHHbIE
IUIsl IocTaBiIeHHoM 3amaun ¢opmupytorces B CAIUI-TII Ha
MOMEHT 3amycka. [I3MeHeHne Npon3BOACTBEHHOI CUTyauun
(moomku 000pyHOBaHMS, U3MEHEHHE CTAaTyca 3aKas3a v Ip.)
HE BXOJUT B NOCTAHOBKY 3amauyu, mockoibky CAII-TII
00pabaTbiBaeT TaKyl0 CHUTYalMIO MyTeM IEpeornpeaesieHus
BXOJIHBIX J@HHBIX M BOCCTAHOBJIEHHs CIIOCO0A peaau3alun
TII nmna wHoBoil cutyauun. Kpurepuem ontuMmsanuu
SBISIETCA ~ MUHHAMM3aUMsA  OOLIEro  BpeMEHH  PaboThl
MPOU3BOJICTBEHHON CHCTEMBI, T.K. OHA MPUBOJNT K MAKCUMyMy
sarpy3kn  TO, CHWXKEHHMIO CeOECTOMMOCTH W TOBBIICHHO
PpeHTabeNnbHOCTH, YTO [0 CHX MOp SIBIISIETCS OTHOM W3 OCHOBHBIX
3a7a4 B MEXaHOO0pabaThIBALOLLEM POU3BOJICTBE.

I11.

B pesynbrate mpoBeneHHON Hay4yHOW paboThl, Ha 0Oaze
KJIacCUYECKOW  MOIEIM  CUCTeMbl C  «Pa3iMYHbIMU
(¢rKCcMpOBaHHBIMU) TOPAOKAMHU TPOXOXKAEHUsD (job-shop)
Obuta monyvyeHa oOoOIleHHas Mopnens peanuszauuu TII,
YUUTHIBAIOIAs TaKUEe KJIHOYEBble OCOOEHHOCTH IpoLecca
Kak: TCpYNNUpOBaHUE TEXHOJIOIHYECKOro 000pynoBaHus,
TPyHLOEMKOCTb  mnepeHanagok TO npu  BbINOJHEHUU

MO/IEJTb VITPABJIEHUSI PEAJIU3ALIMENA TIT
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KOHKPETHOTO MPOW3BOJCTBEHHOTO 3a/IaHusl, a TAKXe ydeT
PEIMPKYIIALUH U BpeMeH 3arpy3ku/pasrpysku TO.

[TonyyenHas mogens ¢Gopmaiauzyercss B TepMHUHax
CMeEIIaHHOTO LEJOYMCIIEHHOTO JIMHEWHOTro
MPOrpaMMHUPOBAHUSA CIIEAYIOINM 00pa3oM:
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CJIOXHOCTh MOJIEIMPYEMOro Mpolecca U CHOpMUPOBATH
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rpadoaHanuTHUECKUii TIOAXOM K ee pelleHuo. B
pe3yibTaTe OBLI pa3paboTan CrieIaTbHbBII
METa’BPUCTUUYECKHI allrOpUTM Ha 0a3ze MeTolda MOMCKa C
3ampeToM, OCOOEHHOCTBIO KOTOPOTO cTaja ajanTauus
MeTOoJa TOWCKa C 3alpeToM K HOBOW CJIOKHOW 3amade —
3apade peanusauuu TII. IlpensiosxeHHbI METOA MO3BOJSET
HCMOJIb30BaTh CUJIbHBIE CTOPOHBI W3BECTHBIX AJITOPUTMOB
([2] u [3]), npumeHABLIMXCS AL MeHee TPYIHBIX 3amad, U
CKOMITEHCHPOBaTh WX HEIOCTaTKu. B pesynbrare ObLTH
pa3paboTaHbl  OpUTHMHANBHBI  crocod MOCTPOEHUS
HavyaJIbHOTO pacnucaHus, OpUTMHAJIbHBI croco0
MOCTPOEHUS OKPECTHOCTH TMOMCKA IOMYCTUMBIX pean3auuii
TII v cneuuanbHbBIE METOAUKHN YCKOPEHUS TIOUCKA.

Iv.

Pe3ysnbTaThl TPOMBIIUIEHHBIX 3KCTIEPUMEHTOB MOKa3alH,
YTO NpeAoKeHHbIe Moaenb peanusauuu T, a Taxxe meTon
Ha 0a3e METa’BPHUCTUYECKOr0 METOJa MOWCKA C 3arpeToM,
TO3BOJISIFOT COKPaTHTh BpeMsi 00pabOTKM MOCTYTMBILETO B
MMIT 3aka3za ot 10% mo 40% mo cpaBHEHUIO C MPUHATHIMU
Ha MPOM3BOICTBE METOWKAMH TUTaHWpoBaHusL. [IpuMeHeHme
B CAIUI-TTI pa3paboTaHHBIX MOZeJel U METOAOB MO3BOIUT
co3nath Oonee 3(h(EKTHBHYIO CHCTEMY HWHTEIUICKTYaTbHOM

3AKJIIOYEHUE

MOANEPKKA  TIPUHATHA  PEIIEeHWH NpU  pealnsaniu
TEXHOJIOTHYECKNX TMPOLeccoB MexaHooOpaboTkn B MMII ¢
Y4eTOM JTMHAMUYECKOTro COCTOSTHUSA
MHOTOHOMEHKJIATypHOTO IPOU3BOJICTBA.
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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-
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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.



1L

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 [7-
8], 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.

METHODS

(a) (b)

0 0102030405

ts 1 Hz
Fig. 1. An example of a typical PPG signal from a healthy subject. (a) -
The time series of PPG and (b) - its power spectrum

IV.

A typical PPG signal and power spectrum for a healthy
subject are presented in Figure 1. Figure 2 shows a typical
PPG signal and power spectrum for a patient with
hypertension. The spectra are normalized to the maximum
power in the HF band. It is seen that the patient power in the
LF range is significantly lower than in healthy.

RESULTS

Statistical analysis of the results shows that LFn values in
patients with 0,59+0,42 (mean and standard deviation) are
significantly lower than in healthy 2,34+1,92. Thus, it was
shown that the normalized power of LFn in the low-
frequency region of the PPG spectrum is significantly
reduced in patients with hypertension.
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(b)

10 0 0102030405

f,s 1. Hz
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.

ACKNOWLEDGEMENTS
Work was carried out within the grant of the President of
RF MD-2202.2019.8 and the framework of the state task.

REFERENCES

Wu, G.Q. et al. “Chaotic signatures of heart rate variability”. PLoS
One, 2009, vol. 4(2), pp. e4323.

Valenza, G. “Complexity variability assessment of nonlinear time-
varying cardiovascular control”. Sci. Rep., 2017, vol. 7, pp. 42779.

Kunz, V. C., Borges, E. N., Coelho, R. C., et al.” Linear and nonlinear
analysis of heart rate variability after myocardial infarction in
patients”. Braz. J. Med. Biol. Res., 2012, vol. 45(5), pp. 450-458.

Kiselev, AR., Karavaev, A.S., Gridnev, V.I, et al. “Method of
estimation of synchronization strength between low-frequency
oscillations in heart rate variability and photoplethysmographic
waveform variability”. Russ. Open Med. J., 2016, vol. 5, pp. e0101.

Kiselev, A. R., Gridnev, V. L., Prokhorov, M. D., et al. “Effects of
antihypertensive treatment on cardiovascular autonomic control.
Anadolu Kardiyol”. Derg., 2014, vol. 14, pp. 701-710.

Kiselev, A. R., Gridnev, V. L., Prokhorov, M. D_, et al. “Evaluation of
S-year risk of cardiovascular events in patients after acute myocardial
infarction using synchronization of 0.1-Hz rhythms in cardiovascular
system”. Ann. Noninvasive Electrocardiol., 2012, vol. 17(3), pp. 204-
213.

Bernardi, L., Radaelli, A., Solda, P. L., et al. “Autonomic control of
skin  microvessels:  assessment by power spectrum  of
photoplethysmographic waves”. Clin. Sci. (Lond.), 1996, vol. 90, pp.
345-355.

Middleton, P. M., Chan, G. S., Steel, E., et al. “Fingertip
photoplethysmographic waveform variability and systemic vascular

resistance in intensive care unit patients”. Med. Biol. Eng. Comput.,
2011, vol. 49, pp. 859-866.

(1
(2]
(3]

(4]

(3]

(6]

(7]

(8]



Dynamics of mathematical model of cardio-vascular

Anatoly Karavaev
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,

system

Anton Kiselev
Department of Innovative
Cardiological Information Technology,
Institute of Cardiological Research,
Saratov State Medical University,
Saratov State University
Saratov, Russia

kiselev@cardio-it.ru

Ekaterina Borovkova
Department of Innovative
Cardiological Information Technology,
Institute of Cardiological Research,
Saratov State Medical University,
Saratov State University
Saratov, Russia
rubanei@mail.ru

Saratov State University
Saratov, Russia
karavaevas@gmail.com

Yurii Ishbulatov

Department of Innovative
Cardiological Information Technology,
Institute of Cardiological Research
Saratov State Medical University
Saratov Branch of the Institute of
RadioEngineering and Electronics of
Russian Academy of Sciences

Saratov, Russia

ishbulatov95@mail.ru

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.
control,

Keywords—cardio-vascular autonomic

mathematical modeling

system,

I. 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
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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 Fig. 1. (a) — projection of phase space on plane ¢,-p(#), (b) - on plane c.-
0.045. ¢,, (¢) — ACF for p(f) signal.

Twofold increase and decrease in length of analyzed time IV. CONCLUSION
series or time interval for phase trajectories to scatter resulted

) et . ) It was shown that adoption of the nonlinear autonomic
in variations in main Lyapunov exponent of +0.02.

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, infra-
slow 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. 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
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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.

The study involved three subjects, who simultaneously

EXPERIMENTS

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
standard “10-20” scheme was used. Simultaneously with the
EEG channels, the I standard ECG lead was recorded, as
well as a breathing signal by an abdominal strain gauge
sensor.

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.

II1.

To increase the reliability of the analysis results, several
methods of diagnosing coupling were simultaneously used.

METHODS

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
between the estimates of the “strength” of coupling and,
together with the 95 percent confidence interval, was verified
from zero. The calculation was carried out at a time shift
between rows [ =10 seconds and trial lag values Ajok of 0-
20 seconds.

IV. 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]).

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
1 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
[T according to the statistics of all subjects and leads is 0.14
+ 0.08, for the EEG leads and HRV in the LF range is 0.16 +
0.07. Coupling between HRV and respiration in the LF range
is 0.18 = 0.12, in the HF range 0.16 = 0.02.

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

For the EEG leads and the respiration signal in the HF
range, the mean and standard deviation C(f) according to the
statistics of all subjects and leads is 0.59 + 0.05, for the EEG
leads and HRYV in the LF range - 0.62 + 0.08. The C(f) score
between HRV and respiration in the LF range is 0.90 + 0.04,
in the HF range 0.16 = 0.02 [17].

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.

(a)

1F (b)

fl(Hzl) 0,5 fl(Hz‘) 0,5

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
HRYV 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)).

1.0

0.2

0.0

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 low-
frequency 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.

,12 0,12

“~RR«C4
GRRAC4

~Caer

PO T SR R [ T w1111 PR T T T T T W1
0 5:(s) 10 0 5 ¢ (s) 10
Fig. 3. Analysis of the interaction of EEG leads, HRV and respiration
during the spontaneous breathing of the subject # 9. Results of
diagnostics of directional coupling based on modeling the phase
dynamics of the lead C4 of EEG and (a, b) - HRV, (c, d) - respiration.
Solid line is the value of the G. Whiskers marks the 95% confidence
interval for the difference between G and 0, calculated using an
analytical formula. The arrows in the title of the vertical axis indicate the
direction of the coupling being tested. A zero G value is indicated by a
horizontal dotted red line. On the horisontal axes of the graphs, the tested
lag between the signals was postponed.
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IIOMOIIBIO O0YUYEHHUS C MOJKPEIICHUEM HAa IPHUMEPE
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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

Keywords— reinforcement learning, underactuated system,
cart-pole

Annomayua— B 310l cTatbe ucciaeayercssi BO3MOMKHOCTb
ONTHMH3ALMU TPAEKTOPUH MASITHHKA HA TeJIesKKe ¢ MOMOIIbI0
MeTO/10B MALUUHHOro 00y4eHus. /sl moMcKka ¥ ONTUMHU3ALMH
TPAaeKTOpHii ucnoab3yercs: o0y4yeHHe ¢ moakpenyieHuem u Q-
learning aaroputmbl. IlokazaHo, uyTo npu KoMOMHAUMHU
metoa0oB Monte-Carlo u TD(0) npouecc 06y4yeHus1 npoucxoaut
ObIcTpee, YeM NMPH HCMNOJbL30BAHMHM KAa:KA0I0 W3 METOAOB IO
O0TAEeJILHOCTH

Kniouesuvie cnoea— odyuenue c nookpenienuem, cucmema ¢
deuyumom ynpaenawoujezo 6030eiicmeun, MAAMHUK HA
menejicke

I. BBEJEHUE

CoBpemMeHHasi poOOTOTEXHUKA BCe CHUJIbHEE OMupaeTcs
Ha QIrOPUTMbl MAIIMHHOTO OOyueHms. JlocTwkeHus,
MOJIy4eHHblE B 00JAacTAX KOMIBIOTEPHOIO 3peHHs U
IBWKEHNS aBTOHOMHOTO TPAHCMOpPTa [alOT OCHOBAHMS
noJsiaraTh, YTO KJIACCMYECKME METO[bl YMpaBJE€HUS MOTYT
ObITb 3((PEKTUBHO NOMOIHEHBI HMHCTPYMEHTAMU MALIMHHOTO
o0yueHus. OOHUM U3 TaKUX MOAXOJOB ABIAETCS O0yUEeHHeE C
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nonkperuienueM (reinforcement learning) [1]. OOyuenue c
MOJKPEIJIeHNeM — 3TO METOJ MAIIMHHOTO OOy4YeHUs, Mpu
KOTOpPOM MPOUCXOOUT 00ydeHHe areHTa, KOTOPbIii He UMeeT
CBEICHUI O cpele B KOTOPOM TOT (pyHKUMOHHpPYET
(MozmensHOM MMpe, B aHIVI. JIMTEpaType environment), HO
MMeeT BO3MOXXHOCTb MPOU3BOAUTH KaKue-ITM00 NEeWCTBUS B
HeM. JIelicTBUS MepeBOAAT areHTa B HOBOE COCTOSHME, a
MOJIeIb BO3BpAalllaeT BO3HArPaXKAEHHE, HCIONb3yeMOoe B
npornecce oOyueHns [2].

II. TIOCTAHOBKA 3AJIAUYU

PaccmatpuBaeTcs Tenexka C YCTAaHOBIICHHbIM Ha Hei
00paTHBIM OJTHO3BEHHBIM MAATHUKOM U TIPETISITCTBUE B BUIC
cteHbl. CTeHa HAXOIUTCA HWKE TPACKTOPUU JBUKEHUS
TENeKKH M SIBISIETCA TPEIATCTBHEM Uil MasTHUKa. Ha
TENIEXKKY MPOUCXOOUT JAUCKPETHOE BHELlHee Bo3leiicTBue
(cuna, TpUHWMAIOIIAs OJHO W3 HECKOJIBKUX BO3MOXKHBIX
3HayeHuil). CTeHa HaXOOUTCA B Hayasle KOOPMHAT, TelexKa
Ha (PMKCUPOBAHHOM PACCTOSHUAU OT CTCHBL.
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Puc. 1. UnmocTtpanus 3axaun

A. 3aoaua

Haiitin 3akoH BO3JEHCTBUS Ha TENEKKY CO CBOOOIHBIM
MasTHUKOM, TIEPEBOSIIIMI €€ U3 HadaJIbHOIO COCTOSIHUSA A B
CUMMETPUYIHOEC OTHOCHUTEJIBHO TIPEMATCTBUA (I)I/IHaJ'ILHoe
cocTosiHue B, m30eras CTOIKHOBEHHH MEXIy MasTHUKOM W
CTEHOM.

b. Mooens

JInst poCTOTHI BBIYMCICHUH MPHUMEM DS YHPOIIECHHIA:
Macca TeNnexKu - 1 Kr, Macca cTepHsS - | Kr, JinHa
MasTHHUKA - 1 M, BBICOTa CTEHBI - | M, PACCTOSHUS OT CTESHBI
oo crepkHs - 1 M. CBOOOIHBINM KOHEN MasTHUKA HYXHO
niepeBe3TH u3 Touku A(-1, -1) B Touky B(1, -1).

HpI/I TaKUX Ha4aJIbHBIX YCJIOBHUAX HNaHHasA 3ajaqa 6y,Z[CT

OIMCBIBATHCS CleIyIOIUMU g depeHInaTEHEIMA
YpaBHEHUSAMU:
25+ cos(6)—6sin(@) = f
¥cos(@)+6 - gsin(6) =0
I'ne f 3TO IUCKPETHOE BHELIHEE BO3AEHCTBUE. JlaHHYIO

cucremy nu¢GepeHINANbHBIX YPAaBHEHUN MOXKHO 3aIicaTh

M

B BEKTOPHOM (opme Kak, Tak Ha3bIBaEMBIE,
MaHUITYJISATOPHBIC YPAaBHCHUS:
M(q)q+C(q.q)q +G(g) =T (@)
rae q= [x 9] BCKTOp 0606HICHHLIX KOOleI/IHaT, M(q)

Clq.q)

WHEPUUOHHBIX CWUIJI, G(q)- BEKTOP I'paBUTALIMOHHBIX CUJT U
T - ynpasnsioluee Bo3aeicTBYE.

- 000011eHHas MaTtpulua HWHEpUUU, MaTtpula

[ToctaHoBKa 3aJaud MOXOXKa HA KJIACCUYECKYHO 3aiady
cart-pole  [3], peanmuzoBaHHyl0 B (peliMBOpke IS
TECTUPOBaHUSA AJTOPUTMOB MalUMHHOro oO0ydeHus OpenAl
Gym [4]. OTnrune cOCTOUT B TOM, YTO KTacCMUYecKas 3agada
cart-pole cocTOMT B yAepKaHUM MasATHUKA B IOJOXKEHUU
HEyCTOWYMBOTO paBHOBECHs, T.€. 3a7adya CTaOWIn3aLuvu.
3amaua nepeBoja TENEXKKU U3 OJHON TOUKU B APYIYIO - 3TO
3aJjaya MOMCKa TPAaeKTopuK. DTO [Ba pa3HbIX Kjacca 3amiad,

JUIE  KOTOPbIX TNPUMEHUMbl HWHCTPYMEHTbl OOyuYeHHs C
MOAKPEIIEHUEM.
[IpoctpancTeo COCTOSIHMIA JIaHHOM CUCTEMbI

YETBIPEXMEPHOE, W BKIIOYACT IMOJIOKEHUE TEJICIKKHU, YTOJ
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MEXIY MAasTHUKOM U TeNEeKKOH, JHMHEeHHYI0 CKOpPOCTh

TEJIEKKM U YIJIOBYIO CKOpPOCTh MasTHUKA. [IpocTpaHcTBO
YHOPaBJISIOMINX BO3ACHCTBUI COCTOUT M3 3-X IUCKPETHBIX
BO3AEHCTBMIA: -1, Korma cuna aeicTByeT BieBo; 1, kornma
cuia aeicTByeT BNpaBo; 0, Korjaa cuia He AeicTByeT. Toraa
pelieHre 3agayd OO0y4eHHUs C MOAKPENJeHUEM B JaHHOM
ciyyae, 3TO 3HAYUT HaiTh oToOpaxeHHe

r: D' ={-1 0 1} .

W3  TIPOCTPAaHCTBA  COCTOSIHHMIA
CHCTEMbl B MPOCTPAHCTBO YNPABIAIOLIMX BO3ACHCTBUIA,
KOTOpoe Obl MAaKCHMHU3MPOBAJIO BO3HATPAKAEHHE 3a MEPHON
paboTkI areHTa.

I1I.

CymecTByeT  HECKONIBKO  MOAXODOB K TMOWCKY
MHTEPECYIONIETO HAC PEUIEHHs B Buae OToOpaxeHus 7 .
OpHUM W3 TaKWX MOIXONOB siBisieTcst Q-learning anroputm
[S]. B cBoeit knaccudeckoil ¢opme, OH NPUMEHWUM ISt
CIlydJaeB, KOT/ia YMNpAaBISIOIIee BO3ACHCTBHE MPUHAIISKHUT
HEKOTOPOMY MHOXXECTBY C KOHEUHBIM YHCJIOM 3JIEMEHTOB.
370 BBI3BAHO TeM ()aKTOM, UTO B KaKAbIH MOMEHT BpeMeHU
ITOPUTM TMPOCMATPHUBAET BCE NOCTHKHMMBIE COCTOSIHUS U
BBIOMpaeT HaWiydlIee M3 BO3MOXHBIX. Ecim ynpasinsroree
BO3eiicTBIE Oyner HETPEPBIBHBIM, Harpumep,
TIPUHUMAIOIIVM JTF00BIe 3HaueHus n3 uHTepBana [0, 1], To u3
TEOPETHKO-MHOXECTBEHHBIX ~ COOOPa)X€HWI  CTAaHOBUTCA
SICHO, 9TO JTOCTHKMUMBIX COCTOSTHWI OeckoHeyHo MHoro. B
CUTYalUsX, Korza yTpasJsifolee BO3JIelicTBYE
HETIpepbIBHOE, TIPUMEHSIOTCS IpyTrHe aIrOpUTMBI 00ydeHHs
¢ mojaKperuieHneM. TIpiMepoM MOTYT CITyKHUTb alTOPUTMBI:
DDPG, A3C, TRPO, PPO [6]. OHuM Bce HCHONB3YIOT
ryO0KIe HEHPOHHbIE CEeTH.

Q-LEARNING AJITOPUTM

Q-learning MOXXHO peann30BaTh Kak uepe3 TybokHe
HEHpOHHBIE CETH, KaK 3TO JeJIaeT Tak Has3biBaeMblii DQN
ITOPUTM, Tak M 0e3 HUX, XpaHsi CTaTHCTHKY MOCELIECHUH B
Tabiuue, He TPEHHPYs MPH 3TOM TIIyOOKYI0 HEHPOHHYIO
ceTb. Y KaXKIOro U3 MOAXOAOB €CTh CBOU MPEUMYIIECTBA U
HepoctaTku. [IpermmymectBa DQN B yHMBEpCalbHOCTH.
AnroputM  He CWIBHO 3aBUCUT OT  Pa3MEpPHOCTU
MPOCTPaHCTBA COCTOsHMN. HeT KOHLeNTyanbHOH pa3HULbI
WIA 53TO BEKTOp 4-XMEPHOro MpOCTPAaHCTBA WM 3TO
n300pakeHne, KOTOPOE MOMKHO HHTEPIPETHPOBATh Kak
BEKTOp, Hanpumep, 400-MepHOro NpoOCTPAHCTBA.

IpeumymectBa oObiyHOTO Q-learning B mpoctoTte
peanm3ani ¥ B TPOCTOTE HMHTEPIPETAIMN PEe3yIbTAaTOB.
Pe3ynpTatom ero paboThl ABJSETCS 3alOJHEHHas CTPYKTypa
JaHHbIX Tuna '"maccuB" wiau "cioBapp'. MMeHHO wu3-3a
MpoCTOTHI peanu3anuu Q-learning MoXXKHO paccMaTpuBaTh B
kauecTse 6a3oBoro (baseline) anropurma.

A. Huckpemuzayus

UroObl  peanmu3oBaTh  Kiaccmueckuit  Q-learning
aNropTHM, HY)KHO Pa3OUTh MPOCTPAHCTBO COCTOSIHMH (state
space) Ha HemepeceKarolrecss YacTh, U KaKIOW U3 vacTei
CONOCTABUTb YUCIIO, KOTOPOE MOKHO MHTEPIIPETUPOBATL KaK
00IIyl0 CyMMY BO3HAarpakA€HHs, KOTOPYIO areHT CMOJKET
HakomuTh B OynylieM, HauMHas C 3TOro cocTosHus. Yem
BBIIIE YMCJIO, TEM BBIIIC HIAHCHI YCIICIIHO JOBE3THU TCIICKKY
10 (UHANBHOTO cocTosiHUS. Pa30ueHue HenpepbIBHOTO
MPOCTPAHCTBA HAa KOHEYHOE YHCJIO 3JIEMEHTOB HA3BIBACTCS
auckpetuzauueil. Camblii mpocToif crmoco® opraHu3aLuu
J@HHBIX O MPOCTPAHCTBE COCTOSHUMN - 3TO XPAHUTb 3HAYECHUS
B MacCHBe.



b. Comnnuposanue

JckpeTH3upoBaTh  €CTh  CMBICT  TOJBKO  9acTo
mocermaeMple 00iacTu. I HaXOXKICHHSA 3TUX oOyacteit
HYXHO BBITIOJIHUTD MHOKECTBO MOJIeTTUPOBAHNI
(3KCEpUMEHTOB). DKCMEPUMEHTHI HE 0043aTENIbHO JOJIKHBI
OBITh YCHEIIHBIMH, WX LeJb - MOJYYHTh CTaTHCTHKY
TOCEICHUIT U OTIPeAENUTh TPAHUIbI B KOTOPHIX KaKA0e U3
COCTOSIHMI  W3MEHSAETCS.  OJTOT  METOL  Ha3bIBAETCA
COMILTUPOBAHKEM.

IV.  PE3VIJIbTATHI

Jlnst onvcanHO#t BhIIe 33/1au ObLTa HamcaHa cpena st
TECTUPOBAHUS aJTOPUTMOB M € €€ TOMOIIbI0 ObUIK
MIPOBEIEHBI YHCIICHHBIE 9KCTIEPUMEHTBHI. [epBbrit
HKCTIEPUMEHT COCTOSUT B MCMOJIb30BaHUU CTOXaCTUYECKOTO
areHra co CToXacTHyeckuM yrmparieHHeM (random policy).
B cpeanem Ha 1000 cumynsumii, TOJABKO 3 CUMYJISLUUKA
3aBepIIAINCh YCMEIHO. BTOpoil HSKCEpUMEHT - 3TO
IVCKPETH3aLs MPOCTPAHCTBA COCTOSHUH W TpPHUMEHEHHe
utepaTuBHOTO anroputMma Q-learning TD(0). TTocie 10000
CUMyISIIMit  mporiecc OOy4YeHWs BBIIET HA TUIATO W
MOKa3blBal B CpefHeM | ycrmemHyl cumymsiauio Ha 10
HEYCTIeIIHBIX.

Tpetunit skcrepuMeHT - 3TO TPHUMEHEHNE UTEPATHBHOTO
anroputMa Q-learning Monte-Carlo. 3TOT 3KcrepuMeHT
MoKazaJl XyALIUA pe3yJbTaT, 4eM areHT CO CTOXaCTHYECKUM
ynpasiieHHeM. YeTBepThIii SKCTIEPIMEHT TPEICTABIILIT CO00M
komOuHamio Q-learning TD(0) u Q-learning Monte-Carlo.
IMocme kaxmoW ycmemrHOW CHUMYJIALAM — TIPOWCXOIMI
nepecdeT 3HaueHHH MetonoM Monte-Carlo, Bo Bcex Apyrux
ciyJasx rnepecdeT 3HaueHHi mpoucxonun metonom TD(0).
KoMOWHaims 3TMX OBYX TMOAXOMOB Jaia 3HAYUTENbHBIH
TIPUPOCT B CKOPOCTH O0YIEHUS areHTa (CM. pUCYHOK 2).

R CpenHvie Bo3HarpaxmneHus

300

— TD(0) + MC
— MC
—— TD(0)

200

100 A

—100 1

—200 1

—300 ~

10° 10t 107 10° 104 N

Puc. 2. Cpennsist BeMMYMHA BO3HATPOKACHUS areHTa Kak (QYHKLIHSA OT
IMOXU

Kak BHOHO M3 pHCYHKa C pOCTOM YHCIIa CUMYJALUN n

pacter u cpeaHee Bo3Harpaxuenne arenta K. Cromt
OTMETUTb, YTO MAaKCUMaJbHO BO3MOXHOE  CpelHee
BO3HarpaxIeHue Mo WUTOraM OJHOI CHUMYJISILMM HE MOJKET
npes3oiti 1000. DTO O3HAYaeT, YTO C KaKOro-T0 MOMEHTa
ITOPUTM BBIMIET HA IJIATO.

93

V. 3AKJIIOYEHHME U TAJIbHEMIIASL PABOTA

B 370ii cTaTbe ObLT MpeaioxkeH MeTol OOy4YeHHUs areHTa
IUIs  TIOWCKAa TPaeKTOpWil MasTHWKa Ha TeEJNeXKe ¢
npumenenneM TD(0) n Monte-Carlo metonoB B pamkax Q-
learning u oOyveHus ¢ moakpersieHneM. [IpemToxeHHbIX
MOAXOJ AEMOHCTPUPYET YCTOHUYMBBIN Mpouecc odyyeHus. B
JaJbHENIIEM MpeanoJaraeTcs:

e peamm3zoBath DQN airoputM ¥ CpaBHHTh €ro
pe3yspTaThl ¢ pe3ynbraTaMu paboTel  Q-learning.
MOXKHO CpaBHHMBaTh Kak CKOPOCTH OOy4eHUs, Tak U
OBICTPONCIICTBIE areHTOB: Kakoil W3 arcHTOB
MEepeBOINT TEJEkKKY B KOHEUHOE COCTOSHHE 3a
MeEHbIIIee YHCIIO [IaroB.

e BpecTn HempepbiBHOe ympaBieHue. Tenepb B
KauecTBe  YMpAaBJIAIOIIET0  BO3JACWCTBUS  MOXKET
CIyXuTb Jmoboe 4yuciao u3  otpeska [0,1].

PeannsoBate ctoxactuueckue aiaroputmsl: DDPG,
A3C, TRPO. CpaBHUTH UX OBICTPOIEHCTBHE.

e Tlocne BBeIeHNST HEMIPEPHIBHOTO YNPABJICHUS MOXKHO
WCKaTh  pElIeHWs,  yAOBIETBOpsAOImMEe  Oosee
CIOXKHBIM  KpuTepuam.  Hampumep,  kxycodHo-
HEMpepbIBHBIE  YMPABIAIOIINE  CUTHAIBl WM
YOpaBJSIONINE CUTHANBI C OrPaHUYEHWAMU Ha
CKOPOCTb M3MEHEHHs BEJIMYMHBI CHUTHaja. DTO AAcT
BO3MOXHOCTb HUCIIOJIB30BATH HAWIECHHBIE 3aKOHBI
yTpaBJIeHUs Ha SKCIIEPUMEHTAITbHOM YCTaHOBKE.

BJIATOJAPHOCTH

Ota paboTta Oblna moanepxaHa MUHHCTEPCTBOM HAayKH U
BhICIIEro oOpa3oBaHus Poccuiickoit @enepanuu, B pamkax
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MECTHOCTH AHTPOTIOMOP(HBIX PpOOOTOTEXHIIECKMX
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2019-049 (Ne14.606.21.0007), VHUKaNbHbIN
Unentudpuxarop RFEMEFI60617X0007)
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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.

Keywords—asymmetry, EEG, connection, motion

I. 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.

Specific dynamics of electrical brain activity is associated
with “mental actions” being a compilation of imaginary
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

DATA AND METHODS
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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
instructions: “Raising the left leg with the leg locked in the
upper position for 0.5 seconds”, “Imagination of the left leg
raising with the leg locked in the upper position for 0.5
seconds”, “Raising the right leg with the leg locked in the
upper position on 0.5 seconds”, “Imagination of raising the
right leg with fixing the leg in the upper position for 0.5
seconds”, “Exercising the raising of the left hand with fixing
the arm in the upper position for 0.5 seconds”, “Imagination
of raising the left hand with fixing the arm in the upper
position on 0.5 seconds”, “Raising the right hand with the
fixation of the hand in the upper position for 0.5 seconds”,
“Imagination of raising the right hand with the fixation of the
arm in the upper position for 0.5 seconds”. Before and after
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



Maximal coupling strength P4-P3
0,2

0,16
0,12
0,08

0,04

E%%

o L O O R N

RHRRHM LLR LLM LHR LHM RLR RLM BG

Maximal coupling strength P3-P4
0,2

0,16
0,12
0,08

&

0,04

TT T T T T T T T ]

RHRRHMLLR LLM LHR LHM RLR RLM BG

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.

I1I.

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
the highest and lowest observations. The “RHR” column
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.

RESULTS

TABLE L.
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Direction P3-P4
Movement type | vengs | Stndard
delay 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
Left hand real 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
Direction P3-P4
Couplngsirengtn | Standard
delay
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,
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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 @gyte.
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 situations where “overshoot”
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
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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
difference A can be arbitrarily large due to phase diffusion
(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 of Ag are observed
with greater probability. If we consider the phase difference
on the [0,2x] interval and construct the phase distribution
density, we will see that it is not uniform, but has a
pronounced maximum.

IL.

Phases are calculated by rows of initial signals. Then, the
probability density in the range from 0 to 2m 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:

DATA AND METHODS

Z;= a-exp(bx;) @))

where x; 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 » 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(0A626+0A4111(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:

k=eN/L

@

(€))

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. 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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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.

IPC(k), IPCm(k)

0 : I ‘ I ‘ I ‘ I ‘ I ‘

0 005 01 0,15 0,2 0,25
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.

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.
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markov queuing models with a restricted queue
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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
(0S), 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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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.

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.

MATHEMATICAL MODEL

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):
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1) Conditionally fixed system associated with the first
link of the robot — the base — (X, Yo, Z¢);

2) Moving coordinate systems associated with the first
and second links, respectively (X, y1, z;) and (X3, V2, Z2);

3) Moving coordinate system associated with point 0, —
the end-effector — (x3, y3, 23).

zZ

Fig. 1. Coordinate scheme of 6 DOF manipulator.

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:

X, =x,+/ cosa;sina,;
M

Y=y, +1 sinay;

z, =z, +/ cosa, cosa,,

where /; is the length of the first link of the robot; x,, yo,
7y — coordinates of the base of the robot; o, o, — the angles
of rotation of the first link around the axes Y and X,
respectively.

Formulas for the Cartesian coordinates of the second
link:

X, =x, +1, cos(e, + ay)sin(a, + @, );
@

Yy =y + L sin(a +ay);

z, =z, +1, cos(a, +ay)cos(a, +a,),

where /, is the length of the second link of the robot; x;,
y1, Z; — coordinates of the first joint of the robot; o3, oy — the
angles of rotation of the second link around the Y and X
axes respectively.

Formulas for the Cartesian coordinates of the third link:

Xy =x, + 1 cos(a + o, +as)sin(a, +a, +oy);
)

V3 =y, +hsin(ay +a; +as);
zy =z, +1;co8(ex, + oy +a;)cos(a, + o, + o),

where 1 is the length of the third link of the robot; x5, y»,
7, — coordinates of the second joint of the robot; as, o — 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 o. If in these equations to set



the values of x, y, z, and the angles a 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:

Fa,,a,,05,0,,05,04, 815 B B3 Bas Bs Bs) =
=D (X=X +Y =Y, +(Z, - Z,),

4)

where X,, Y,, Z, — the initial coordinates of the end-
effector; X,, Y,, Z, — the required coordinates of the end-
effector; B, B2, B3, Bs Bs, Bs — 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.

Fig. 2. Estimated movement scheme of manipulator.

I11.

Perform the calculation of the inverse kinematic problem
for the previously considered 6 DOF robot manipulator with
link lengths /; =200 mm, /, = 150 mm, /; = 50 mm. Baseline
data are presented in Table 1. It shows the initial values of
the angles o, o, O3, 04, 05, O of rotation of the links, the
initial and final coordinates of the end-effector X, Y, Z.

SIMULATION RESULTS

TABLE 1. THE ORIGINAL COORDINATES OF THE LINKS OF THE ROBOT.
Position of | Angles of rotation of links, degree| Coordinates, mm
the end- o | o as | os | og X Y 7
effector
Initial 50.0{20.0]120.0/ 20.0| 5.0 | 40.0{-100.04] 183.61| -1.00
Final - - - - - - 120.0 [ -190.0] 250.0
A numerical experiment showed that the inverse

kinematic problem has many solutions. All these solutions
are equivalent — the objective function has a minimum close
to zero (about 10”®). Achievement of one or another local
minimum depends on the choice of initial values of start
points during optimization. The physical justification for
multivariance is the excess number of degrees of freedom of
the robot. Four calculation options are given in Table 2.

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.
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The results in the form of the angles of rotation of the first
la1-B1[+|a2-B2|, second |a3-B3 |+ od-B4|, third |o5-B5|Ho6-
B6| 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 IL THE ESTIMATED COORDINATES OF LINKS OF THE ROBOT
Calculation Final angles of rotation of links, degree
option B B2 Bs Ba Bs Be
1 148.97 | 155.14 | -101.34| 41.32 -0.74 -0.17
2 -65.75 | 1692 | 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

"

option 4

option 2

option 1 option 3

Fig. 3. Estimated sums of the angles of the manipulator links.
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Abstract — One of the current problems in measuring surfaces 5-6 times less time to search for it compared to the Branch and
on Coordinate Measuring Machines is currently increasing Bound Method.

productivity. A promising way to solve this problem is to

optimize the route of the touch sensor of Coordinate Keywords — Sphericity error;  Coordinate Measuring
Measuring Machines. Currently this task has no standard Machines; Minimum Zone Sphere; Least Square Sphere;
mathematical solution. In this regard, we propose to optimize Maximum Inscribed Sphere

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
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L.

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 (x; = -L/2, x, = L/2, y, = -L/2, y, =
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, hy = 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,
L/2, z, = L/2. The points on the cylindrical surface are
distributed with an angular step dp=27/N in the X0Y plane
and a linear step h, = L/N along the 0Z axis. The points on the
sphere were distributed with zenith d0=2n/N and azimuth
de=21/N angular steps.

FORMULATION OF THE PROBLEM

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 well-
known 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 L;; where i, jel,_n for a certain

number of control points n € N. Imagine the direction of the
transition from the i-th point to the j-th in the form of a matrix

of numbers ll.je{O,l} fori,jel,_n, where lij=1’ if the
bypass route contains an edge (7,/), and lij =0 otherwise.

Then the problem is reduced to finding such a solution /, in
which the route will be the smallest:
n

S L.l.. —>min.

1
P (M

- n

G(x) =X

i=l1

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:
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n J—
S l.=1i=Ln
=Y @
S 1.=1, j=1n
IEI l] I J =Ln
Depending on the surface, the elements of the L;;

displacement matrix will be determined by the expressions:

- for the plane:

Lij=

- for cylinder:

\/(xj _xi)2+(yj_yi)2+(zj _Zl')z ;0 (3)

L= |®R-gp? 4 ;=27 @

- for the sphere:

XXty 42z
R2

where (x; y; z) and (x; y; z) are the coordinates of the i-th

and j-th control points of the surface.

)

Lij = R-arcos

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].

IL.

For computer simulation, the following initial conditions
were specified. Surface areas are equal to S = 40000 mm® 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;
¢) sphere radius — R = 56.4 mm. The radius of the sensor is
assumed to be » = 2 mm. The value of the approach of the
sensor is 27. 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.

COMPUTER SIMULATION

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.

Fig. 1. Sensor path for the plane: a — Ant Colony algorithm; b — Branch
and Bound algorithm.

Fig. 2. Sensor path for the cylinder: a — Ant Colony algorithm; b —
Branch and Bound algorithm.
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Fig. 3. Sensor path for the sphere: a — Ant Colony algorithm; b —
Branch and Bound algorithm.

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).
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Fig. 4. The length of the path of the touch sensor (a) and the calculation
time (b) on the number of control points for the plane: a — Ant Colony
algorithm; b — Branch and Bound algorithm.
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Fig. 5. The length of the path of the touch sensor (a) and the calculation
time (b) on the number of control points for the cylinder: a — Ant Colony
algorithm; b — Branch and Bound algorithm.
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Fig. 6. The length of the path of the touch sensor (a) and the calculation
time (b) on the number of control points for the sphere: a — Ant Colony
algorithm; b — Branch and Bound algorithm.
As can be seen from the graph in Fig. 4-6 implementation
of search algorithms allows finding a route 2 times shorter
than the base one. At the same time, the solution obtained
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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

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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Annomayua — B paboTe paccMOTpeHa HMMHTALMOHHAS
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ynpaBJieHHusl reoMeTpHeil MOAMMNHUKA HA 0CHOBe 00y4eHus ¢
noaxkpenieHueM. PesyabTaTbl pacyera mnoKa3alav, 4YTO
o0ydeHHe C MOAKPENJIEHUEM MO3BOJsIeT CHU3UTL MOTepH HA
TpeHMe M BuOpauuM B POTOPHOH MamuHe 3a cYeT
HernocpeCTBEHHOI0 YNpaBJeHUs] 3a30pOM B MOJLIUMHUKH H
0nocpeJoBaHHOIO ynpasJeHust pe3yabTHpPYOLLei
THAPOJAMHAMHYECKOH CHJIOI M  TpaeKTopueil JABHIKeHUS
poTopa.
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I. BBEJEHUE

[NoALIMIHUKY KUAKOCTHOIO TPEHHUs ABIAIOTCS OJHUM U3
YeThIPEX OCHOBHBIX BUIOB OTOP POTOPOB M OAHMM M3 IBYX
BUJIOB  OMNOp, peanusylolUX peXuM TpeHus  Oe3
COTIPUKOCHOBEHUs Tpymumxcsi mosepxHocreil [1]. Ipouecc
TUAPONMHAMUYECKONH CMa3Kh ABISETCA CIOXKHBIM Ul
yNpaBJeHus, TaKk KaKk HEKOTOpble BHEIIHWE BO3/EICTBUA Ha
TUAPOMEXaHUYECKYI0 CHUCTEMY CHOCOOHbI BBIBECTU €€ U3
COCTOSIHASI PaBHOBECHS, WHHMLMMPOBATh BO3PACTArOLLNe
KoJe0aHusA, U JaXe BbIBECTU U3 CTPOS POTOPHYIO MaLIUHY
[1, 2]. B nanHoii paboTe mnpemsokeHa BBHIYMCIUTEIbHAS
UMUTALMOHHAsE ~ MOJAENb  POTOPHOM  YCTAHOBKM  C
MOAIIMITHUKAMM  JKUIKOCTHOTO TPEHUS C YHpaBisieMoi
BENIMUMHOM cpenHero 3a3zopa. BenuuuHa cpepHero 3asopa
CBsI3aHa C TOJILMHON CMA304YHOIO CJIOS U, CI€JI0BATENbHO C
AeifcTBytoLIeil M'MAPOJMHAMUYECKO CUJIOMN, KECTKOCThIO U
aeMnQupoBaHUeM. HUmuraunontnoe MOJETMPOBaHNE
BBIMIOJIHAJIOCH HAa TPEeX YPOBHAX: MOJENb MNOAIIMIHUKA
KMIKOCTHOTO TPEHHS C MEPEeMEHHBIM CPEeJHHUM 3a30pOM,
MOJellb )KECTKOr0 POTOpa U MOZEINb CUCTEMbI YIIPABJIECHHUS.



II.  MOJEJIHUPOBAHUE HMOAIIMITHUKA KUJKOCTHOIO
TPEHUA

B moammnHuke >KUAKOCTHOTO TPEHWs POTOp M omopa
pa3nendloTcs  TOHKMM — CMa304yHbIM — CJIOEM 33  CUeT
BO3HMKAWOILIEH  ruapoAMHamuueckod  cuibl.  Ilostomy
MaremaThyeckas MoJejib  MOAIUMIHHMKA  KUAKOCTHOTO
TPEHUs ONpeseNaeTcsl MOJIENbIO TEYEHHUS KUAKOCTH B 3a30pe
MEXIy [HMOM W TommunHukoM (puc. 1). OOBYHO
pe3ybTUpYOIas TUApOJUHAMUYECKas CUla HaXOAWUTCA U3
YUCIICHHOTO peleHus ypaBHeHus PeifHompmca [1,2].
Pemienue Takoif 3anaun BEIYUCIUTENBHO CJIOKHO, O3TOMY B
3amagax pacueTa TPAeKTOpuil KoeOaHWil POTOPOB HacTO
HCTIONB3YeTC METOJ JIMHeapU3allMk peakLuMd CMa30yHOro
ciosi BOJVM3M TIOJIOKEHWS paBHOBecWs Kak (yHKIUH
nepeMelleHls U CKOPOCTH MOMNepeuHbIX KonebaHuil poTtopa.
B Takom ciydae BMeCTO pacueTa peakLd CMa30yHOTO CIO0s
Ha KaXIOM LIare MO BPEMEHM BBIMOJHAETCS pacyeT B
HECKOJIbLKMX TOYKaX B  OKPECTHOCTH PABHOBECHOTO
MOJIOKEHUSI POTOpa, 3aTeM peakuus JMHeapu3yeTcs C
WCTIONTb30BaHWEM MAaTpPHIL )KECTKOCTH M JeMmdupoBaHus. B
TMaHHOW paboTe, Kak W B padote [3] BMecTO JMHEApH3aluu
HCTIONB3YyeTCs anmpoKcUManys TUIPOAVHAMHYECKOM
peakuuu C HCIOIb30BAHUEM WUCKYCCTBEHHON HEHPOHHOMI
cetu (MHC).

PaccmatpuBanace Mozens portopa Maccoit (.65 Kr,
mHOK 0.35 M u numametpoM 40 MM, Bpallarolerocs ¢
nocTostHHON yactoTtoit 3000 o6/MuH. 'mankuii paguambHbIH
MOAIUIHKUK JUIMHOM 20 MM cMasbiBaeTcst Bomaoit. Jlist
YUCJICHHOTO peIleHHsl ypaBHeHUs PeliHonbaca MeToaom
KOHEYHBIX pa3HOCTeH MCIOMb30BaANIaCh CETKA Pa3MEPOM m =
[11 21 1I] Jingd annpoKCUMalMU — Pe3ysbTHPYHOLIeH
TUAPOJVHAMAYECKON CHJIBI 1 MOMEHTa CHJIbI )KHUIKOCTHOTO
TpeHUs B MOJLIMIHKKE ucnonb3oBanuchk nse MHC npsmoro
pacnpocTpaHeHHs C MATBIO BXOIHBIMH HelipoHamu (Io 1Be
KOMITOHEHTHI TIepeMeIeHnsT 1 CKOPOCTH KoJiebaHuii poTopa,
a TaKXKe CpefHMH 3a30p MOAIIMITHUKA), OJHUM CKPbITBIM
CJI0EM C JIOTUCTUYECKOH (pyHKLMel akTUBAaLMKU U ABYMs WU
OIHUM BBIXOIOHBIM HEWpPOHOM ¢ JHWHEHHON QyHKUMeit
aktuBauuu [4]. B kayectBe oOywaroliedl BbIOOpKHU
HCIIONIb30BAINCE Pe3yNbTaThl pacdeTa KojebdaHuWii poropa
MPU pa3IMUHbIX 3HAYECHUAX cpeaHero 3a3opa (50, 100, 150 u
200 mxm). Pe3ynpTaThl pacyeTa TpaeKTOpHil MpencTaBaeHb
Ha puc. 1 (6). JaHHble pacueTa ObUIM KCHONB30BaHbI AJIsS
obyuenns MHC u  annpokcuManuy — KOMITIOHEHT
pe3yNbTUPYIOIIEH TUAPOIUHAMHYECKON CHIBI MOMEHTa
CHJIbI  JKMJKOCTHOTO TPEHHUs, KOTOpble ObLIM  3aTeM
HCIIOJIb30BaHbl MpU pa3padOTKe MMHTALMOHHON Mozaenu
poTOpa ¢ NOAINIHUKAMH XKUIKOCTHOTO TPEHUS

Puc. 1. MopenupoBanue MNOMIMIHUKA KUAKOCTHOTO  TPEHMS:
pacueTHas cXeMa IIuna B MOAIIUIIHUKE (@), Pe3y/lbTaThl pacyera
TpaeKTOpuii KojedaHuii poTopa MpyU PasIMYHbIX 3HAYEHUSX CPEIHETO
3azopa (0)
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III. MOJEJIMPOBAHUE POTOPA C OTIOPAMU

Mogenp  KECTKOro HECMMMETPUYHOIO  poTopa ¢
WAeaNbHbIM IIAPHUPHBIM 3aKPEIUIEHUEM C OJHOTO KOHLA U
6-CTENIEHHbIM COTIPSKEHHEM, MMHUTHPYIOIINM TOAIAITHIK
KMIKOCTHOTO TPEHUS C APYroro KoHIa Obuia pazpaboTaHa ¢
WCIMOJIb30BAHUEM  CHEUMAIN3UPOBAHHOITO  MPOrPaMMHOIO
obecrieyeHnst pacueTta IMHAMUKH CHCTEMBl TBEPABIX TeIl.
Cuiel,  JelicTByrompe Ha poTOp B MOJIIMITHHUKE
paccUMTHIBAIOTCS € MOMOLIBIO pa3paboranHbiX panee MHC
(pazpen II). Tarke yuuThIBaeTca HEWCTBHE Ha pPOTOpP
TIEPUOINYECKO CHITBI, IMUTHPYIOLIEH LIEHTPOOSKHYIO CHITY
c MOCTOSHHBIM nucbanaHcoM Se-5 KI*M u
PaHIOMM3NPOBAaHHOW BHELIHE CWIIBI, HE MPEeBOCXOAAIIEH
10 MOAYJIO Beca poTopa. OCHOBHBIM pe3yJbTaTOM pacdera
ABJISIETCA TPAeKTOpPHMsA TMOMEPEYHbIX KoyieOaHWi poTopa.
Kpome ToOro, paccuuteiBaeTcsi BeIMYMHA MOIIHOCTH
JBIWXKEHNS POTOpa, KOTOpas B MOCJIEACTBHM JIOJKHA OBITH
MWHAMH3HPOBAHA.

1IV.  MOJIETTMPOBAHUE CUCTEMBI YITPABJIEHH S

Cucrema yTpaBiieHHs TpaeKTOpHeil NBMXEHUs poTopa
MpeJHa3HaYeHa O oO0ecredeHus: MHMHUMyMa TOTepb
MOILIHOCTH Ha BpamieHne poTopa. IloTepn MomHOCTH
MPOWUCXOIAT W3-3a TOTeph HAa TPEHHE W BHOPALMIO.
YnpasiieHne 3a30poM MO3BOJIIET PETYIUPOBATH MOJNOKEHHE
paBHOBecws, ympyrume W jAemndupyiomue  cBoiicTBa
CMa304HOro ciosi. MUHMMM3aLWs MOTEPh 3aTpyIHUTENTbHA
JUIL CHUCTEMBl YNPABIECHUS B CBA3M C HEJIMHEHHOCTBIO
peaknuu CMa304HOTO cios TOIINITHHKA,
HECTAMOHAPHOCTBIO COCTOSHUSI POTOPHOIl CHUCTEMBI U
JEWCTBMEM  BHEIIHUX CHJ  CIIy4daliHOTO  XapakTtepa.
IIpuMeHeHHE B TakUX YCIOBUSX MPONOPLUOHAIBHO-
uHTerpaibHo-muddepenumansioro (ITUJ]) perynstopa He
TO3BOJIMIIO  TOOWTBCA TIOJNIOKHUTENBHBIX PE3yJIbTaTOB, B
ornane ot MHC, nelicTByromux Mo NpUHLMITY 00y4eHUs ¢
MOJKPENIEHUEM.

B kauecTBe cuctemMbl ynpaBieHus 3a30pOM UCTIONB3YeTCs
areHT Tuna DDPG (ot anri. Deep Deterministic Policy
Gradient). B ero ocHoBe MapkoBckuii mpoiiecc, B KOTOPOM
peryaupyrorcs OTHOLUEHUSA MEXIY COCTOSIHUEM,
HaOmonenneM u  gelictBuem.  OOydeHue  areHTa
NPOM3BOAMIOCH, HAa MMHTALMOHHOW MOJeau poTopa C
MOAIIMITHUKOM XUIKOCTHOTO TpeHWs. MHUHMMU3UpOBaIach
pe3yibTupyoas MOILHOCTh JBUKEHUA potopa.
HaxnansiBanuch orpaHnueHHs Ha ero BUOpomepeMelieHus
Ul MPeJOTBpAlleHUs] KOHTAKTa [IUNa W M[OJIIWIHUKA.
OOyuenne coBepmmioch 3a 1700 smm3omoB. Pesynmbrats
pacyeta TpaeKTOpWil poTopa ¢ ympaBleHHMeM U 0e3
npeacTaBieHsl Ha puc. 2. Ha puc. 3 npuBeneHo cpaBHEHUE
MOLIHOCTEH BpallleHus poTopa C ynpasiaeHueM u 6e3. U3
pe3y/bTaTOB BUAHO, YTO YMpaBJIEHUE 3a30pOM MO3BOJIAET
CYIIECTBEHHO CHHU3UTh IMOTEPHM MOIIHOCTH W YPOBEHb
BUOpalMii B pPOTOPHO-OMOpHOI cucteme. B  cpenHem
CHIKEHME MOLIHOCTU cocTaBuwio 19 %.
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Puc. 2. PesynpTarel pacuera TpaeKTOpHii poTopa MOA ACHCTBUEM
MEPUOANYECKON W CIydJalfHOW CHWJI. JBIDKEHHE 0e3 yhpaBieHHUs
3a30pOM (@) U C yrpaBJsieMbIM 3a30poM (0)
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Puc. 3. Pesynprarel pacdeTa MOIIHOCTH JBIDKEHHS POTOpa MOX
NEUCTBUEM TIEPUOJIMYECKOW M CydallHOM CHI.  JBIbKeHHE 0e3
YIIpaBJIEHUs 3230pOM (@) U C YIpaBJIiEMbIM 3a30poM (0)

[MomyueHHble  pe3ynbTaThl  CO3MAIOT  MPEANOCHUIKA
pa3paboOTKM  MHTEJJIEKTYalbHbIX POTOPHBIX MAIlWH, B
KOTOpBIX CHCTeMa YMpaBlieHWS B BHIE OOyUEHHOTO areHTa
MOXeT OBITh HMHTErpupoBaHa B KoHTpojiep. OmHako

TIpeIBapUTENBEHO HE00X0IMMO anpoOMpoBaTh
TEOPETUUECKUE PE3YIIbTATHL B YCIIOBUAX PeanbHO pOTOPHO-
OTIOPHO¥ MAIIVHBI WM JTA00PaTOPHOil yCTaHOBKHU.
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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
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theories taking into account scale effects. Currently, there are
few works on this subject [1-4].
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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 region R’ space

INTRODUCTION

a in

Q={—c£xSc;—bSySb;—%SzS%}. The panel

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.

IL.

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:

EQUILIBRIUM EQUATIONS

J ; j 2
o 0,6,Cosg;Sing,; N 6,Cos"p;
- - > O-xx - z )
J=l a; J=1 a;
n .m0, Cosq,Sing; n mfﬁjCoszqol
my =y A = :
j=1 af j=1 aj
n 5 Sin® ®; n m}.5,Cosp;
My, = Z— > me =2, ’
j=1 Clj j=1 aj
j .
2 m.6;Sing;
myz - Z s
Jj=1 aj
where a; - distance between edges of the j-th sets, o, -

edge thickness, stresses with index j refer to rods. The
physical relationships for the mesh plate are determined
based on the Lagrange  multipliers  method:

ol =0,Cos’ ¢, +0,Sin’ g, +c,, Cosg,Sing,;

J = -
7’ =0, Cosp, +0,. Sing;;

m] =m, Cos’ @, +m,, Sin’ ¢, +m_ Cos, Sing,;
m! =m_Cosp, +m_Sing,.

In the future we will consider the panel with two
families of edges ¢, =0%,¢,=90°, 0,=6,=7,
a, = a, = a . Equilibrium equations in this case will take the
form:
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Boundary conditions - rigid termination at all ends of the
panel:
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Initial conditions are zero.
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u=v=w=0, =0, —=0, npu x=x%c¢, y==b.
oy

The differential problem is reduced to a dimensionless

2 _ B - o o—
form as follows: wu=—u, v=—v, k =—7k,,
c 2b (2b) ’
h4
2q,x 2ex, y= 2by,w hiv, S=hd,
~(20) (20)
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, - geometric curvature parameter, £ -

Young's modulus, v - Poisson's ratio, g=¢,- external

normal uniformly distributed load, g, - its intensity.

To reduce the partial differential problem to a system of
algebraic equations, we use the Bubnov — Galerkin method:

u(x,y)= ASin(m)Sin(@);
44
v(x,y) = BCOS( > )Cos( > )

w(x,y) = cSin® (7zx)Sin2(7zy).

A study was conducted of the effect of the distance
between the grid edges a, the value of the additional
independent length parameter /, and the panel curvature



parameter k, on the deflection at the center point of the

panel.

III. EXPERIMENT
Experiment parameters: c=b=1, h=0.02, v=0.3,
6=h, q,€ [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 [ increases the
stiffness.

IV. CONCLUSION

In this paper, a mathematical model of the behavior of a
micropolar mesh cylindrical panel consisting of two sets of
mutually perpendicular ribs under the action of a normal
distributed static load is constructed. Panel stability tested.
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Abstract—In this paper, a theory of nonlinear dynamics I. INTRODUCTION

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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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.

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

FORMULATION OF THE PROBLEM



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 (B = 1) and nanobeam (B = 0) is
represented in the form:

&

v (12)

0 :%(0-1 - pvoy)+a,T, =4 2—0'2

here, E n v are not constants in Hooke’s law for a plane
stress state, but functions E = E(x, By, z, &, &;,0),v =
v(x, Y, z, &, &, 0). The method of variable parameters of
elasticity of Birger I.A. [4] &p- volumetric deformation, &;-
strain rate, ap- linear thermal expansion coefficient,
0(x, By, z)— temperature increment for nanoplate (f=1) and
for nanobeam (=0).

To obtain the initial differential equations for the
nanoplate and nanobeam, we use the variational principle:

SV +3D" =K = [[(Fydu, —OndS)dA @)

A

where 8V, 8D, K™~ variations of the generalized free
energy, dissipative function and kinetic energy, respectively,
Fy, uy - 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

entropy s per unit volume according to the law: $ = —div§ |
where kr - thermal conductivity, the dot denotes time
differentiation, Q is the volume occupied by the body
(nanoplate or nanoscale), Ty 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 W = 1, otherwiseW’ = 0. The ratio qy
represents the Winkler connection between compression and
contact pressure. In system (3), w; and w, 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, hy is the
gap between the elements, g is the acceleration of gravity, y
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,q (x, By, t) — 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.g;(g;, 6), 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)0=0p(x,z,t):(x,2) €S (4

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

00

Ol CEUHCDER )

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

/1849

? on

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.

Also,
nanobeam:

-2(0-6,) (6)

the boundary conditions for nanoplates and

contour hinge support for the nanoplate and at the ends of
the nanobeam: . =M_=0 (7)

pinching along the contour for the nanoplate and at the
ends of the nanobeam: w.=w,. =0 ®)

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.

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 Wy, W, 84, 0, are represented as follows:

ALGORITHM SOLUTIONS

N 1
W, = 2 A000,(6.3) w, = S B,(00,()

0, = LC,(05(x,,2) 0,=ED,()f,(x,2)
©)

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
human’s behavioral performance.

Keywords—cortical network, visual task,
wavelet analysis, spatio-temporal activity.
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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
sensory information [2]. Moreover, depending on human’s
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 low-
frequency 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).

left-oriented right-oriented

g=0 g=0.15 g=04 g=045 g=055 g=0.6 g=085 g=I

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,
to 0 (black) and 255 (white) pixels’ luminance 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 subjectsand
prevent possible perception shifts due to eye movements
while observing the image. To demonstrate a stimulus, we
used a 24” BenQ LCD monitor with a spatial resolution of
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

W(f,t) = JF [0 x@®e"(f(t — ty))dt, (1)
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where the mother wavelet function ¢ was used to be Morlet
wavelet.

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)

Wap(O) = [, W(F,0)df. @)

For these bands we considered the values of wavelet spectral
energy:

Eqp(t) = (Wop(0), )

calculated for 1-s. EEG-trials, associated with processing of
visual stimulus.

€fap

I1I.

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
subject’s reaction times. Group S1 included trials with long
reaction time and S2 — with short reaction time (Fig. 2, b).
Each group contained 20 trials.

RESULTS
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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 fronto-
parietal area (Fig. 2, c). It can be associated with establishing
neuronal functional interaction between these remote cortical
regions for speeding up stimuli processing.

IVv.

We have analyzed the time-frequency and spatio-
temporal neural activity during processing of visual sensory
stimuli. Analysis of the behavioral data has revealed, that
processing of each stimulus takes either long or short time.
The short time of stimulus processing is achieved when
EEG spectral energy increases in beta-band in parietal
region and in alpha-band in parieto-frontal region.

CONCLUSION
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Controlling synchronization in networks of
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Abstract—We study the synchronization in a network of
delay-coupled nonidentical neuronlike oscillators described by
the FitzZHugh—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.
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L

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.

INTRODUCTION



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.

IL.

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]:

OBJECT OF INVESTIGATION

u (1)

3
v.(t)=u,(t)+a,

et (1) = u, (1) — v (O+COY.G,, (1, =1 —u, 1)), (1
j=1

where i=1,...,N, with N being the number of oscillators,
uit) and v,(f) denote the activator and inhibitor variables,
respectively, € is the time-scale parameter, a; are the
threshold parameters, t is the delay time, which
characterizes the time the signal needs to propagate between
the nodes i and j, C{(¥) describes the coupling strength, and
G={G,;} denotes the coupling matrix that determines the
topology of the network. The matrix G is constructed by
setting the entry G;; 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.

I1I.

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 (a,,a,) into the regions of existence of

RESULTS

typical oscillation regimes. It is shown that in the case of
constant strength of couplings C;(¢) and C,(?), the oscillators
exhibit anti-phase oscillations with close amplitudes at a;<1
and a<l. 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 u,(f) and
vi(?), respectively, for all oscillators of the model system with
the constant delayed couplings C,(¢)=...=C\(#)=0.3, €=0.1,
t=1.5, and ¢~=0.1+0.05:. In this case, the oscillations of both
uff) and v{(f) have close amplitudes, but they are not
synchronized in phase.
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Fig. 1. Time series of u(f) and v{(f) 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 Cy(¢). 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 u,;(f) at the transition from the
constant delayed coupling to the adaptive coupling. The
oscillators exhibit non-phase oscillations at <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.

u, (1) (V)

t (ms)

Fig. 2. Experimental time series of u{(?) in the ring of 10 nonidentical
FitzHugh—Nagumo electronic oscillators with the constant delayed coupling
at t<2ms and adaptively controlled delayed coupling at #>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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Approaches for the Improvement of motor-related
patterns classification in EEG signals
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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
type of ANN which reaches 80£10% accuracy for single trial
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 pre-
processing 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
performance: up to 90+5% using 8 electrodes only.

Keywords—EEG analysis, motor-related patterns, artificial
neural network, classification accuracy
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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 (ANNSs)
[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 brain-
computer 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 inter-
subject variability [5] and a lack of association of on-going
optimization with physiological processes in the brain. These
problems are particularly relevant for untrained subijects
[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].

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.

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
“TIEN-20" paste. The EEGs were recorded with the
electroencephalograph “BE Plus LTM”.

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 £,'=4 Hz or £,=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
radial basis function with values 0.01<y<(0.1 and 2000
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support vectors in summary (1000 for each class). A linear
network (LN) was applied for more representative results.

I1I.

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.

RESULTS
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Fig. 1. (a) Classification accuracies (mean values + SD) for SVM, MP, RBF,
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.

(b)

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 ¢-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 high-
dimensional 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 S; 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
that among others channels’ combinations (except for S;), Ss
provides the best recognition quality.
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Fig. 2. (a) RBF classification performance for different brain areas, averaged
over all subjects; (b) number of channels in each combination S; (i = 1..9);
(c) brain areas used for motor imagery classification.

The frontal lobe covers the largest brain area, and its
combination with temporal lobes still contains too many
electrodes. Considering these areas separately, we can note
So as the most appropriate choice due to a smaller number of
channels (8 electrodes versus 12 in Ss) and about the same
level of the classification score. It should be noted that
frontal lobe is strongly associated with motor activity,
decision-making and many others important cognitive and
emotional aspects [9,10]. This result is in agreement with the
previous research [10,11], where the time-frequency analysis
revealed highly pronounced arm’s motor imagery events in
event-related desynchronization of delta band in frontal
cortex.

So, by focusing on optimization of classification
accuracy, we have reduced complexity of input data [12]. In
the context of optimization, we have made the optimal
selection of a set of EEG channels. The obtained results can
be used to increase efficiency of brain-computer interfaces
designed for untrained subjects or a group of subjects.
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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-related synchronization (ERS) of a- and p-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

L

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].

INTRODUCTION

To understand and classify MI, many methods of time-
frequency 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
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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.
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Fig. 1. Design of the MEG experiment on motor imagery. Schematic
representation of experimental performance and design of the experiment.
RMI;_ and LM]; are time intervals corresponding to right-arm and left-arm
M1, 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 F, 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.

I1I.

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 F. 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.

RESULTS
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Fig. 2. ANN classification accuracy of MI of left and right arms versus cut-
off 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 F., 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 II. STATEMENT OF THE PROBLEM

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.

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

I. INTRODUCTION

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.

According to [3] one of the disadvantages of center-pivot
irrigation machines is that “circular pattern leaves dry
corners and potentially lower yield”. To solve this problem
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 self-
alignment 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.

XXX-X-XXXX-XXXX-X/XX/$XX.00 ©20XX IEEE

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

Cc

Cr = G M

where ¢, — the first derivative of angle as the function of
radius, r — radius, ¢ — constant of integration, 1 — Lagrange
undetermined multiplier.

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.

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 V;
for each radius R;.

Vi:CORi (2)

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.

Concave radius reduction

As shown on Fig. 1.a in order to reduce the radius OM
the velocity Vi,; 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 wg
then oo, the more point Ok closer to the point K.

11

Concave radius incresing

As shown on Fig. 1.b in order to increase the radius OM
the velocity Vy,; 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 wg to zero, the
closer Ok to O.

Ill.  Convex radius increasing

As shown on Fig. 1.c in order to increase the radius OM
the velocity Vi,; must be increased or the all the velocities
from first to K robot must be decreased. The greater the wy
then oo, the more point Ok closer to the point K.

4

Convex radius reduction

As shown on Fig. 1.d in order to reduce the radius the
velocity V., 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 wg 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).

I11.

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 o; < oo

THE ALGORTHMS OF RADIUS CHANGING

ij (1Sm) Vj:();

3
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VM; (m<i<n) Vi=oR

where a; — current angle between M; and M;;;00 — needed
angle between M; and M;;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); V., —
radius of M; rotating around M,,,.

In IT region the velocity of machines is matched with (2).
The general algorithm of radius increasing in each step

(IIT - region) is following: until a; > 0

\V/Mi (1Sm) Vi:(DRi 5 (4)

VM; (m<i<n) Vi= V;
where m — for fig 2.a — equals (n — current step number), for
2.b — equals current step number.

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 o; < oty

VM; (m<i<n) Vi= V;

m — for fig 2.c — equals current step number, for 2.d — equals
(n— current step number).

In IT region the velocity of machines is matched with (2).
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Fig. 2. The variants of getting to needed configuration

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

VM; (i<m) Vi=0;
VM; (m<i<n) Vi=oR,;

where m — for fig 2.c — equals (n — current step number), for
2.d — equals current step number.

IV. 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.
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