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The method of the spectral analysis on the plane of complex frequencies with use of the Proni
procedure and also a graphic form of its representation is offered. In physiological studies and in as-
sessing the functional state is very important to data analysis of physiological signals as oscillatory
processes. In this widely accepted model of the oscillatory process is the representation of the pro-
cess under study through the superposition (sum) of sinusoidal periodic processes, each of which is
constant in time amplitude, frequency and initial phase. The calculated set of raw signal parameters
harmonic sets the range of the investigated process. It should be noted that physiological signals in
the General case, represent highly organized in time oscillations. Therefore, in the literature, physio-
logical processes are mostly treated as random processes. In this case, as a measure of the distribu-
tion of the frequency of oscillatory activity of FS use a statistical evaluation of the power spectral
density (PSD) of a signal, which reflects the dependence of the distribution of the average power
(oscillatory activity) of the signal frequency

Keywords: time row, Proni method, complex frequencies, spectral density. physiological sig-
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Introduction

In physiological researches and diagnostics of functional states the important place is taken by
the analysis of these physiological signals (PS) as oscillatory processes. At the same time widespread
model of oscillatory process is representation of the studied process through superposition (sum) of si-
nusoidal periodic processes, each of which is characterized by constants in time amplitude, frequency
and an initial phase. A set of the parameters of harmonicas (sinusoidal periodic processes) calculated
from an initial signal sets a range of the studied process (differently, distribution of amplitudes and
phases of harmonicas depending on frequency). It should be noted that physiological signals generally
represent the oscillatory processes which are difficult organized in time. Therefore in literature physio-
logical processes generally are considered as casual processes. In this case as a distribution measure for
the frequency of oscillatory activity of PS use statistical assessment of the spectral density of power
(SPM) of a signal which reflects dependence of distribution on average of the power (oscillatory activi-
ty) of a signal from frequency.

1. Framework for the analysis of SPM

As a basic method for calculation of SPM of the studied signal the periodogrammny method of
Welch, with the procedure of the fast transformation of Fourier (FTF) which is its cornerstone usually is
used [1, 2]. For improvement of quality of the counted dependence of SPM of the studied process on
frequency use also more difficult methods of calculation of SPM with use of procedures of parametrical
modeling [1]. Initially concept SPM is entered as the characteristic of spectral structure of stationary casual
process, that is process on average uniform in time (the invariance of dispersion, an average, etc.).

At the same time the dependence of SPM on frequency calculated for physiological non-stationary
process on some final interval of time of process needs to be understood as an average spectral charac-
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teristic of this process on this interval of time. It is necessary to refer various transition processes arising
in a human body to non-stationary processes (for example, transition processes of PS) [3, 4]. Temporary
changes of the parameters causing not stationarity of process aren't reflected dependence of SPM.

Possible method of the analysis of a spectral characteristic of the studied non-stationary process is
calculation of set of the dependences of SPM counted on short time intervals which are consistently dis-
placed in time. However reduction of an interval of time for calculation of dependence of SPM leads to
its washing out on frequency (to deterioration in resolution on frequency) and according to its quality [1].
For the analysis of a spectral characteristic of both stationary, and non-stationary FS the method of
the spectral analysis on the plane of complex frequencies is offered. This method is realized in the com-
puter program “Spectral Analysis of Physiological Signals” and underwent approbation at the solution
of diagnostic and research tasks [4—7]. Also the possibilities of the analysis of SPM PS are considered
by parametrical methods [6].

2. Mathematical Model
We will define a concept of complex frequency. Sinusoidal periodic harmonious process is ex-
pressed by the known formula:

X (t)= Asin(2nfyt +0) = Im[A cos (2mfyr +0) + jAsin(2nfot + 9)1 =

= Im[Aei(znfoHe)} = Im{/i](f)} > (1)

where 4 — amplitude; fo — cyclic frequency in hertz; 6 — an initial phase in radians; X(¢) — instant value of

process at the time of #; Im — an imaginary part of complex number; j — imaginary unit; X — complex
form of record process. Cyclic frequency of f; (number of cycles in unit of time) (1) is expressed by
a formula [8]:

fo = Re{(— j/2n){d)‘((z‘)/dtJ / )‘((t)} . 2)

Determine also circular frequency of @, connected with the cyclic frequency of fy w, = 27f, ratio.

27 fo1+6)

At substitution of expression for X (¢)= Ae’l from (1) in (2) we will receive identity. We will

consider non-stationary process of a look:

X (1) =Ae™ sin(2nfyt +0) = Im[Ae%tej(znfOHe)} = Im[Aej[(Mf0 % )Heq , 3)

where A(t) = 4e™" — amplitude of sinusoidal process changing in time under the exponential law; o —

attenuation coefficient (at o, > 0 amplitude of A(?) increases in time, o, < 0 amplitude of A(¢) fades, at
o = 0 process (3) turns into harmonious sinusoidal process with an invariable amplitude). Comparing
expression (3) with (1) it is possible to determine complex circular frequency

It is possible to give strict definition of complex circular frequency of @ according to expression
(2), having omitted operation (Re) of capture of a material part:

w- {—j(d)'f (t)/dtj / X (f)}- )

Substituting in (5) complex form of record of process (3)

).((l) _ Aej((no—j(xo)He

we will receive:

w:—j(j[@o_j%]):mo_j%a (6)
at the same time

fo=(1/2m)Rew, (7

oy =—Imw . (8)
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Thus, the complex circular frequency of @ bears information as about the cyclic frequency of non-
stationary process of f;, and about coefficient of attenuation of o, at change of amplitude of process un-
der the exponential law. It should be noted that introduction of complex estimates increases their infor-
mational content [9]. For harmonious process of @ = 2mnf, = m,, owing to its stationarity the complex
frequency of @ coincides with the usual frequency of . On the contrary, if process gets change of am-
plitude in time under the exponential law, then its frequency becomes complex size.

The reflecting non-stationary physiological process it is correct to present a signal through superpo-
sition of elementary sinusoidal processes, each of which is characterized by constants in time f, frequen-
cy, the initial phase 0, initial amplitude And yes coefficient of attenuation of ay. In this case the non-
stationary physiological signal decays on sinusoidal components with amplitudes changing in time under
the exponential law and is presented in the range form on the plane of complex frequencies. At the same
time the range on the plane of complex frequencies is generalization of a usual range and can serve for
the analysis of the non-stationary processes reflecting including transitional states. As the basic proce-
dure for calculation of such range the Proni procedure is used [1]. It is noted that the Proni method isn't
among methods of spectral estimation [1]. However, definition of a concept of complex frequency of ©
(5) and its physical sense allow the Proni method to carry to a method of the spectral analysis on
the plane of complex frequencies.

In the spectral analysis of a physiological signal on the plane of complex frequencies there is an ap-
proximation of the sequence from counting of process x (1), x () of a linear combination of cosinusoids,
fading, increasing or invariable on amplitude:

L2
X|[n]= Z 24, exp[(xk (n —l)T]cos[2chk (n-1)T+ Gk] , )
K=1
where 1 <n <N; L — order of the approximating cosinusoidal model; 7 — an interval of counting in se-
conds; 4, and o — amplitude and coefficient of attenuation (in sfl) k of a cosinusoid; f; and 0, — frequen-
cy (in Hz) and an initial phase (in rad) cosinusoid k. Parameters for plotting the spectrum on the com-
plex frequency plane of the analyzing process are: f;, oy, Ry — the power of the k-th varying amplitude
cosine wave, the index k varies from 1 to L/2. In Figs. 1 and 2 different variants of spectral analysis in
the complex frequency plane of the transition process of the heart rhythm of the person resulting re-
search are considered.

Trend analysis
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Fig. 1. The first version of the transition process: left — the dynamics of heart rate,
right — heart rate spectrum of the transition process in the complex frequency plane
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Fig. 2. Second option of transition process: a) dynamics of a warm rhythm;
b) a range of a warm rhythm of transition process on the plane of complex frequencies

In conclusion, we can note the following: 1) the range on the plane of complex frequencies as a fre-
quency image of temporary dynamics of warm rhythm can be a basis at creation of system of classes of
transition processes of a warm rhythm; 2) the generalized of complex frequencies parameters allow to
estimate quantitatively reactivity of various mechanisms of regulation of warm rhythm in response to
functional reflex types [10].

Conclusions

1. The range on the plane of complex frequencies as a frequency image of temporary dynamics
of warm rhythm can be a basis at creation of system of classes of transition processes of a warm
rhythm.

2. The generalized of complex frequencies parameters allow to estimate quantitatively reactivity of
various mechanisms of regulation of warm rhythm in response to functional reflex types [10].
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AHANN3 OAHHbIX ®PU3NONTOMMYECKNX CUTHAIIOB
HA NMJIOCKOCTU KOMIMJIEKCHbIX YHACTOT
C UCMNOJIb3OBAHUEM NPOLUEAYPbLI NPOHU

A.H. Pazo3uH, B.®. TenexkuH
HOxHo-Ypanbckul eocydapcmeeHHbili yHuUsepcumem, 2. HensbuHck, Poccus

[TpennokeH METOA CHEKTPAITBHOTO aHAIN3a HA IUIOCKOCTH KOMILIEKCHBIX YacTOT C MCIOJIb30-
BaHMeM nponenypsl [Iponu, a Taxke rpaduueckas Gpopma ero npeacrasieHus. B ¢pusnonornyecknx
HCCIIEJOBAHMAX U JUArHOCTHKE (PyHKIIMOHAJIBHBIX COCTOSIHUI Ba)KHOE MECTO 3aHMMAaeT aHaJIn3 JdaH-
HBIX (PM3HOJIOTMYECKUX CHTHAJIOB KaK KoJebaTedbHbIX MpoleccoB. [Ipu 3ToM mupoko pacmpoctpa-
HEHHOH MOJIEJBI0 KOJIeOATEeIbHOTO MpoLecca SBISETCS MPEACTaBICHUE HCCIIeyeMOoro Tpolecca ue-
pe3 cymnepro3uiuio (CyMMYy) CHHYCOMJIATBHBIX MEPUOJUIECKUX IMPOILECCOB, KAXKABIA M3 KOTOPBIX
XapaKTepu3yeTcs MOCTOSHHBIMA BO BPEMEHH aMILUIMTYJIOM, 4acTOTOH M HadanbHOH (azoi. Habop
PacCUMTaHHBIX U3 MCXOJHOIO CHUTHala IapaMeTpOB IAPMOHMK 3aJaeT CIEKTP HCCIELyeMOro Hpo-
necca. Heo6xonuMo oTMeTHTh, 4TO (DM3HOIOTHYECKUE CUTHAIIBI B OOIIEM ClIydae MPeACTaBIAIOT CO-
001 CJI0)KHO OpPraHW30BaHHBIE BO BPEMEHH KoliebaTenbHble mpouecchl. [loaToMy B nuTeparype ¢u-
3MOJIOTHYECKHE TIPOLECCH B OCHOBHOM PacCcMaTpPHUBAIOTCS KakK clydaiiHble Iporecchl. B atom ciy-
yae B KauecTBE MEpPbI paclpeeseHHs M0 YacToTe KojaeOaTeNbHONH aKTUBHOCTH (PH3HOJOTHYECKOTO
CUTHaJIa WCTIONB3YIOT CTAaTHCTHYECKYIO OLEHKY CIEKTPAIbHON IFIOTHOCTH MOIIHOCTH CHTHANA, KO-
TOpast OTPAXXKaeT 3aBUCUMOCTh PacIpeAeICHHs B CPEAHEM MOIIHOCTH (K0JIe0aTeIbHOW aKTHBHOCTH)
CHUTHaJIa OT YacTOTHI.

Kniouesvie cnosa: epemennou pso, memod Ilpouu, KomniekcHvle 4acmomul, CHEKMpAlbHAS
HIOMHOCMYb, PUUOL02UHECKUE CUSHATDLL, KOeOamenbHble Npoyeccyl, Cayuaiinble npoyeccsl, Koe-
bamenbHas aKMueHOCMb.
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