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Introduction. The method of processing experimental data obtained in the form of a time-
varying non-stationary signal is described. In the experimental study of transients associated with
changes in the heart rate of schoolchildren during a proof-reading test, it became necessary to de-
velop a new effective method for processing the results of dynamic measurements. Purpose of
the study. Consider the main points of this methodology, which is based on the Prony method, and
the possibility of its use in the field of studies of changes in heart rate variability (HRV) in response
to various functional test influences. Materials and methods. Traditional approaches related to
the calculation of power spectral density (PSD) and based on classical spectral methods are currently
very widespread. The model of constant rhythm is not applicable for non-stationary dependencies of
HRV. For spectral analysis of time dependences of HRV reflecting transient processes (non-
stationary processes) it is proposed to apply spectral analysis on the plane of complex frequencies
(PCF). PCF is a generalization of the usual spectrum. The calculation of the PCF is based on
the Prony procedure, based on parametric modeling. Results. PCF reflects the frequency structure of
oscillations of unsteady physiological signals, therefore, can be used to classify them. It is shown
that the use of spectral analysis on the plane of complex frequencies for transient processes of
the heart rhythm makes it possible (according to the parameters of the PCF) to calculate, for diagnostic
purposes, the numerical values of the parameters characterizing the reactions of various regulatory
mechanisms of the heart rhythm in response to various functional test influences. Conclusion. The best
results, as compared with the methods of classical spectral analysis, for the analysis of transients
in the form of a HRV signal were given by approaches based on the use of spectral analysis on
the plane of complex frequencies.

Keywords: heart rate variability, Prony’s method, spectrum on the plane of complex frequen-
cies, physiological signals, heart rhythm, parametric model.

Introduction

Traditional methods for analyzing heart rate variability (HRV) using the spectrum on the plane of
complex frequencies (SCF), which can be represented as physically realized signals and time series ge-
nerated by complex (multimodal) dynamic systems, are mainly based on various spectral correlation
methods. Moreover, due to the statistical approach to the analysis of signals, the dynamic nature of
the processes that generate them, as a rule, goes by the wayside. Only a dynamic approach to the analy-
sis of changes in heart rate in schoolchildren during a proof-reading test allows to consider signal analy-
sis as a process of identifying dynamic systems based on the results of an analysis of experimental data.
In contrast to Fourier spectral analysis, spectral analysis on the plane of complex frequencies allows to:
1) to perform without spectral effects spectral estimation of time series segments in time windows of limi-
ted duration; 2) to use a non-stationary time series model; 3) to determine the own frequency spectrum and
the spectrum of modal damping of the system modes that are manifested in this segment of the time series.
The Prony's method lacks a number of limitations inherent in the fast Fourier transform (FFT).
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Problem statement

The work is devoted to the experimental study of transients of the heart rhythm in three types of
state when the heart rate changes in schoolchildren during a proof-reading test. As a research tool,
the method of spectral analysis on the plane of complex frequencies is used. The parameters for con-
structing the spectrum of complex frequencies are: f, o, p — harmonic frequency [Hz], coefficient of
harmonic amplitude change according to exponential law [s™'] and harmonic power [unit of measure-
ment?]. The method expands the possibilities of studying the physiological regulation of transients in
the body of children and teenagers during the educational process.

Studying the student’s functional capabilities when performing stress tests is of great practical im-
portance for determining the level of functional tension of the child’s regulatory systems, which is de-
termined by the degree of physiological maturity of the body and environmental conditions. Change in
heart rate — a universal operational response of the whole organism to any environmental impact. One of
the important links of this mechanism provides a balance between the sympathetic and parasympathetic
departments of the autonomic nervous system [1, 2]. Heart rate variability indicators reflect the state of
the autonomic nervous system, the degree of tension of regulatory mechanisms, therefore, it is important
to study them in children of different ages in conditions of adaptation to school loads, which plays an
important role in the prevention of diseases [3, 4]. Transitional states of the physiological system pro-
ceed with a pronounced activation of some regulation rthythms and suppression of others, which is mani-
fested by a change in the nature of the structural-temporal organization of vibrational activity [5]. Thus,
it is required to show that a deep assessment of the state of the autonomic nervous system is possible
through the use of spectral analysis of HRV [6—14].

Solution

It should be noted that when using spectral analysis, the action of the regulation mechanisms during
the registration of the heart rhythm should remain constant (stationary observation conditions). The tem-
porary recording of HRV should be the implementation of a stationary random process, that is, the pro-
cess on average is uniform in time (the variance and mean are constant over time). The transient pro-
cesses of HRV caused by the influence of a functional test are non-stationary processes and therefore are
excluded during the spectral analysis. To analyze transient processes of heart rhythm, the technology of
spectral analysis on the plane of complex frequencies is used [15-23].

The calculation of the SCF implies the representation of the studied HRV dependence as the sum of
a certain number of sinusoids (harmonics), characterized by a phase, frequency and amplitude, which
changes in time (constant oo = 0), increasing (o> 0), or decaying (a <0), by exponential law (e").
The basis for the algorithm for calculating the SCF is the Prony procedure. The investigated time pro-
cess of HRV is represented as a set of rhythms with different frequencies, initial phases, but with va-
rying intensities by exponential law. The set of harmonics into which the process under study decom-
poses must correspond to its nature. The harmonics varying in amplitude reflect the adjustment process
and the change in the frequency composition of the process under study. The adjustment process can be
observed separately by the generally accepted frequency ranges [16].

The parameters for constructing the SCF HRV are: f — harmonic frequency [Hz], o — coefficient of
variation of the harmonic amplitude according to the exponential law [s'], P — harmonic power [ms?].
SCF is displayed in the form of lines with height P, placed on the plane of the complex frequency (f, o).
If the time dependence of the HRV is strictly stationary, then the harmonics into which the studied
dependence of the HRV is decomposed will have constant in time amplitudes (o = 0) (intensity) and
the SCF takes the form of a usual spectrum [16].

The information content of indicators considered on the basis of the SCF is shown in [16]. The tran-
sition process of insertion is based on the activation of the sympathetic and suppression of the parasym-
pathetic departments of the autonomic nervous system, which leads to an increase in the number of heart
contractions (HC) and a decrease in heart rate variability (HR). This means that changes in the vibra-
tional activity of the heart rate observed during the transition process of working in should occur in at
least three frequency ranges: low-frequency trend (deviation), oscillations at low frequencies (activation
and suppression) and at frequencies of respiratory arrhythmia (suppression). In solving the problem of
the present work, 71 healthy third-grade students were examined. Heart rate variability was recorded:
one minute at rest, running in and exertion while performing a proof test. To study the quantitative and

162 Bulletin of the South Ural State University. Ser. Computer Technologies, Automatic Control, Radio Electronics.
2020, vol. 20, no. 1, pp. 161-170



Pazo3uH A.H., TenexkuH B.®., UccnedoeaHue nepexoOHbIX Mpoueccos
YcbiHuH A.M. u dp. cepdeyHo20 puMmMa Ha NJI0CKOCMU KOMIJIEKCHbLIX Yacmom...

qualitative characteristics of the transition process, spectral analysis was applied on the plane of com-
plex frequencies [15-23]. The energy (E) of increasing and damping oscillations reflects the overall
energy balance of the transition process, and the nature of the transition process is quantified by the in-
stability and periodicity indices [15-23]. The instability of the vibrational process refers to the intensity
in time of the easing or increasing fluctuations. The instability index (ANN) is calculated as the ratio of
the magnitude of the observation period of the transient to the time interval of the change in vibrational
energy (attenuation or amplification of the oscillations) e times (e is the Euler number equal to 2.72 ...).
The periodicity index (PI) of an unsteady process shows the number of periods that fit into the time in-
terval of a change in vibrational energy by e times.

The greater the module of the instability index, the more pronounced the aperiodic nature of
the transition process. Conversely, the larger the module of the periodicity index, the more the trend of
the transition process appears to be oscillations that are stable in amplitude. The sign in front of the indi-
ces of instability and periodicity indicates the decaying or increasing character of the dynamics of
the transitional oscillatory process.

Thus, these indicators obtained using spectral analysis on the plane of complex frequencies contain
important information about the structure of the transient oscillatory process and can serve as indicators
of the quality of the regulatory system.

The boundaries of the frequency ranges in the spectrum of complex frequencies, from 0 to 0.05 Hz
(VLF), 0.05 to 0.15 Hz (LF), 0.15 to 0.6 Hz (HF), reflect generally accepted ideas about the mechanisms
of manifestation of the sympathetic and parasympathetic parts of the autonomic nervous system. Heart
rate transient indicators: Eyir (ms?) — transient integrated energy in the frequency range from 0 to
0.05 Hz; E;r (ms?) — frequency transient integrated energy from 0.05 to 0.15 Hz; Eyr (ms?) — the integral
energy of the transition process in the frequency range from 0 to 0.6 Hz; Ply r — periodicity index in
the range of frequencies from 0 to 0.05 Hz; INSy.r — heart rate instability index in the range of frequen-
cies from 0 to 0.05 Hz; PI ¢ — heart rate index in the range of frequencies from 0.05 to 0.15 Hz; INS;r —
heart rate instability index in the frequency range from 0.05 to 0.15 Hz; Plyr — heart rate index in
the range of frequencies from 0.15 to 0.6 Hz; INSyr — heart rate instability index in the frequency range
from 0.15 to 0.6 Hz; Depending on the ratio between the values of Eyig, Eir u Eyr we distinguished
three variants of heart rate dynamics in children. The first option, in which the integrated transient ener-
gy prevails at the lowest frequencies, so that the ratio of EVLF to the sum of ELF and EHF is greater
than or equal to 0.5. The basis of the transition process of this option is the oscillation represented by
the low-frequency decaying cosine wave. The spectrum on the plane of complex frequencies has a pro-
nounced peak at the corresponding low frequency (Fig. 1).
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Fig. 1. The first option is the transition process: a) heart rate dynamics,
b) the spectrum of heart rate transition on the plane of complex frequencies
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In the second option, the integrated low-frequency LF energy dominates, where the ratio of ELF
to the sum of EHF and EVLF is greater than or equal to 0.5. This transient process appears to be several
low-frequency cosine waves, both fading and increasing. Their power and character are reflected in
the spectrum on the plane of complex frequencies (Fig. 2).
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Fig. 2. The second option is the transition process: a) heart rate dynamics,
b) the spectrum of heart rate transition on the plane of complex frequencies

In the third option, the ratio Eyr to the sum Eyir u Eir is greater or equal to 0.5. This means that
most of the transient energy is in the high frequency range HF. As a result of the analysis, this heart rate
dynamics is represented in the form of a high-frequency, highly decaying cosine wave, whose power
prevails over the low-frequency components of the transition process (Fig. 3).
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Fig. 3. The third option is the transition process: a) heart rate dynamics,
b) spectrum on the plane of complex frequencies

Thus, according to the variants of heart rhythm dynamics, three groups were formed: group 1 was
represented by children in whom EVLF — 37 children prevailed, group 2 — 19 children, ELF dominated
in them, and group 3 — children in which EHF — dominated by 15 people (Table 1).
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Distribution of children into groups, depending on the severity Tabled
of the energy transition process (M * SD)
Group 1 n=37 Group2n=19 Group3n=15
Evir 0.54 £0.13* 022 +£0.11 0.21+£0.11
Eir 0.23+0.11 0.52+0.11* 0.24 +£0.13
Eur 0.23+0.12 0.26 £0.08 0.55+0.11*

Note * P < 0,05

In all groups, during exercise, a significant transition to a new, higher level of functioning of
the cardiovascular system was noted. It was manifested by a more frequent and less variable heart rate

(Table 2).
Table 2
Characteristics of the heart rate of schoolchildren during the transition process (M+SD)
Group 1 Group 2 Group 3
Concentration
of attention (proof test) o1 =84 36+ 177 32+ 51%~
Eyir 1479 + 1247 659 £991* 631 £473*
Plyr —-0.45+0.93 —0.52+2.02 -0.53+1.21
INSvyir —7.65+9.14 —2.21£5.57* -5.29+9.66
Er 682 + 787 1276 + 1166* 625 + 556~
Pl 0.72 +£9.49 1.19+£ 991 —12.76 + 40.23
INS ¢ -1.52+3.8 —2.68 £3.2 —0.36 + 3.84~
Eur 570 + 747 635+ 633 1676 £ 1419*~
Plyr 5.29 +23.55 5.74 + 84.42 —11+33.86
INSyr —4.42 +7.51 —1.82+4.09 —4.39 4+ 10.65

Note. Differences with P < 0.05.
*Second and third groups from the first.
~Third group from the second.

When considering the characteristics of the transition process, it turned out that in the first group
INSVLF is significantly higher than in the second. This was the only significant difference that we
obtained as a result of a statistical analysis of the research results. According to the periodicity index,
the groups did not differ from each other. Thus, the first group of children, which turned out to be
the largest, showed a transition process with a pronounced aperiodic character at the lowest frequencies,
while the energy value (EVLF) was the largest. This corresponds to the concept of a high-quality transi-
tion process — deviation and fast stabilization at a new level of functioning, that is, a stable type of phys-
iological regulation (Fig. 1). On the contrary, the second variant of the transition process relative to
the first reflects a low level of quality with unstable regulation at the frequencies of the LF band (Fig. 2).
The highest transient power of the third option is concentrated in the decaying high-frequency compo-
nent, and with a significantly lower EVLF in terms of the INSVLF indicator, it does not significantly
differ from the first (Fig. 3).

When comparing the results of the proofreading test, significant differences were revealed in terms
of attention concentration (AC). In terms of AC, the first group was significantly ahead of the second
and third, while the AC in the second group was the smallest among all the studied groups.

Conclusion

The method of spectral analysis on the plane of complex frequencies is an informative method for
assessing the parameters of transient processes of physiological regulation of the human body.

The indicators obtained by spectral analysis on the plane of complex frequencies contain important
information about the structure of the transitional oscillatory process and can serve as indicators of
the quality of the regulation system of the human body.
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The revealed variants of transitional states of the heart rhythm made it possible to identify the rela-
tionship between the characteristics of the dynamics of the heart rhythm and the indicator of concentra-
tion during the proof test by schoolchildren, which is relevant in assessing the adaptation of children to
school loads.
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CEPOEYHOIO PUTMA HA NMNIOCKOCTU KOMIMJNIEKCHbIX YACTOT
Y OETEWU WWKOJNbHOIO BO3PACTA MNPU BbINONHEHUN
KOPPEKTYPHOW NPOEbI
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BBenenne. M3noxeHa MeToauKa 00pabOTKN SKCIEPUMEHTAIBHBIX JaHHBIX, [TOJYYCHHBIX B BU-
JIe U3MEHSIOIIErocsi BO BPEeMEHH HECTAIMOHApHOTO CUrHaja. IIpu sKcnepuMeHTaTbHOM H3y4eHHU
MIEePEXOJHBIX MPOLECCOB, CBA3aHHBIX ¢ N3MEHEHHEM CEP/ICYHOI0 PUTMA Y HIKOJIBEHUKOB, IIPH IPOBeE-
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JICHUM KOPPEKTYpPHOH MpoOBl BO3HMKIIA HEOOXOMMMOCTE B pa3paboTKe HOBOH 3(EKTHBHOI MeTO-
VKA 00pabOTKM pe3ynbTaToB JUHAMHUYECKuX m3MepeHuid. Llean mcciaenoBanus. Paccmorpers oc-
HOBHBIE MOJIOKCHHS YKa3aHHON METOJMKH, B OCHOBE KOTOPOH JIEKUT MeToI IIpoHH, 1 BOZMOKHOCTH
€e HCIIOJIB30BaHUA B 00JIaCTH HCCIICIOBAaHUHM M3MEHEHUH BaprabeabHOCTH cepaednoro putma (BCP)
B OTBET Ha pa3iUyHble (PYHKIMOHAJIbHBIC MPOOHBIC BO3/eiCcTBUA. MaTepuaibl 1 MeTOAbI. Tpaau-
IIHOHHBIE MTOJIXO/IbI, CBA3aHHBIC C BEIUNCIIEHHEM CIIEKTPaJIbHOM IutoTHOCTH MoutHocTH (CIIM) 1 oc-
HOBaHHBIC Ha KIACCHYECKUX CHEKTPAIbHBIX METOJaX, MOJyYMIN B HACTOAIIEEC BPEMs OYCHb IIHPO-
Koe pacmpocTpaneHue. /s HectarmoHapHbIX 3aBucuMocTeil BCP Mozenb MOCTOSSHHBIX PUTMOB He-
npuMeHnMa. J1s CIeKTpanbHOro aHanu3a BpeMeHHBIX 3aBucumoctel BCP, oTpakatomux nepexon-
HBIE MTPOIIECCHl (HeCTallMOHAPHBIE MTPOIIECCHI), IpeUIaraeTcs IPUMEHSTh CIIEKTPaIbHBIN aHaN3 Ha
rockocty kKomrmiekcHbIX 9acToT (CKY). CKY sBisercs 0600meHneM 00BIYHOTO CIieKTpa. B ocHOBe
pacuera CKY nexxut nponenypa IIpoHu, ocHOBaHHasl Ha MapaMeTpUYECKOM MoJenupoBaHuu. Pesyin-
Ttatbl. CKY oTpakaeT 4acTOTHYIO CTPYKTYPY KOJICOaHMH HECTAI[MOHAPHBIX (DPU3MOJIOTHUECKUX CHTI-
HAJIOB, ITO3TOMY MOJXKET HCIIONIb30BaThcA Il MX Kiaccudpukarmu. IlokasaHo, 4yTo mpuUMEHEHHE
CIEKTPaIbHOTO aHaJN3a Ha TUIOCKOCTH KOMIUICKCHBIX YacTOT JAJIS MEePEXOJHBIX MPOIECCOB cepaey-
HOTO pUTMa JeflaeT BO3MOXKHBIM (10 mapamerpam CKY) pacder B LesisX AWAarHOCTHUKH, YHCIOBBIX
3HAa4YCHUH MapaMeTPOB, XapaKTEePU3YIOMUX PEaKINH Pa3INYHBIX PEryIATOPHBIX MEXaHU3MOB PUTMa
cep/lla B OTBET Ha pa3jM4Hble (pyHKIMOHAIBHBIC TPOOHBIC BO3ACHCTBUS. 3ak/wouyeHue. Jlydmue
pe3yIbTaThl, 10 CPABHEHUIO C METOAAMHU KJIACCHYECKOTO CIIEKTPAIBHOIO aHaIM3a, AJIS aHaInu3a Ie-
pexoaHsIX npoueccoB B Buae curtana BCP ganu nmoaxofs!, OCHOBaHHbBIE Ha MCIOIb30BAHUU CIIEK-
TPaJIbHOIO AHANK3a HAa MIOCKOCTU KOMITJIEKCHBIX YacTOT.

Kmiouesvie crosa: usmeneHus cepoeunozo pumma, memoo IIpouu, memoo cnekmpaibHo-
20 QHANU3A HA NIOCKOCMU KOMNIEKCHBIX YACMON, (DUUOL0SUYECKUEe CUSHATbI, CePOeYHblll
pumm, napamempuieckue Mooeu.
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