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MATHEMATICAL MODEL OF RHYTHMOCARDIOSIGNAL IN VECTOR VIEW
OF STATIONARY AND STATIONARY-RELATED CASE SEQUENCES

Abstract. The paper deals with the substantiation of the mathematical model of rhythmocardiogram with high resolution in
the form of a vector of stationary and stationary related random processes. The structure of probabilistic characteristics of this
model for analysis of cardiac thythm in modern cardiodiagnostic systems is investigated. Analysis of the heart rhythm makes it
possible to evaluate not only the state of the cardiovascular system, but also the state of the adaptive capacity of the whole
human body. Most modern systems of automated heart rate analysis are based on statistical analysis by a rhythmocardiogram,
which is an ordered set of durations of R-R intervals in a registered electrocardiogram. be able to explore its temporal
dynamics. To take into account the temporal dynamics of the rhythmocardiogram with high resolution, it is necessary to use a
mathematical apparatus of the theory of random sequences, namely, to consider it as a vector of discrete random sequences.
The purpose of this work is to solve the scientific and practical task of creating a mathematical model of rhythmocardiogram
with high resolution in the form of a vector of stationary and stationary related random processes. The object of the study is
information technology for the diagnosis and assessment of the status of the rhythmocardiogram to analyze the heart rhythm in
modern cardiac diagnostics systems. The mathematical model of rhythmocardiogram with high resolution in the form of a
vector of stationary and stationary related random sequences is substantiated. The structure of probabilistic characteristics of

this model for analysis of cardiac rhythm in modern cardiodiagnostic systems is investigated.
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Introduction

Analysis of the heart rhythm makes it possible to
evaluate not only the state of the cardiovascular system,
but also the state of the adaptive capacity of the whole
human body. Most modern systems for automated
cardiac rthythm analysis are based on statistical analysis
by rhythmocardiogram, which is an ordered set of
durations of R-R intervals in a registered
electrocardiogram [1-8]. However, this approach is
uninformative, since the R-R intervals reflect only the
change in the duration of the cardiac cycles and not the
totality of the time intervals between single-phase
values of the electrocardio signal for all its phases.

Among the many varieties of environmental impacts,
dust pollution from atmospheric air, which is formed as a
result of receipt from sources of emissions at industrial
enterprises (primary) and by physical and chemical
processes in places of storage of pulverized wastes of
production (secondary), among which special finely
dispersed (<100 pwm) saw dust is the place of disposal

Actuality of theme

In [9, 10], a new approach to its analysis of cardiac
rhythm was developed on the basis of high resolution
rhythmocardiogram. As noted in these papers, the
classical rhythmocardiogram is embedded in a high-
resolution rhythmocardiogram, which is the basis for
increasing the level of informativeness of the heart
rhythm analysis in modern computer systems of
functional diagnostics of the human heart state with the
increased rhythmocardiogram

In [9, 10] it is justified to use a vector of random
variables as a mathematical model of rhythmocardiogram
with high resolution. However, this model is a relatively
poor mathematical model of rhythmocardiogram with
high resolution, since it does not allow to study its
temporal dynamics. To take into account the temporal

dynamics of the rhythmocardiogram with high resolution,
it is necessary to use a mathematical apparatus of the
theory of random sequences, namely, to consider it as a
vector of discrete random sequences.

Purpose and tasks of the work. The purpose of
this work is to solve the scientific and practical task of
creating a mathematical model of rhythmocardiogram
with high resolution in the form of a vector of stationary
and stationary related random processes. The object of
the study is information technology for the diagnosis
and assessment of the status of the rhythmocardiogram
to analyze the heart rhythm in modern cardiac
diagnostics systems.presenting main material.

Main part
One of the simplest stochastic models that takes
into account the dynamics of high resolution

rhymocardial is the vector xed and stationary random
sequences. In this vector, the index indicates the cycle
number of the electrocardio signal, and the index
indicates the reference number of the electrocardio
signal within its cycle. The number of counts per cycle
of the electrocardio signal determines the resolution of
the rhythm cardio signal and sets the number of phases
in the cycle of the electrocardio signal that can be
separated by methods of segmentation and detection in
solving the problem of automatic formation of the
rhythm cardio signal from the electrocardio signal.

Let us now proceed to justify the probabilistic
characteristics of a random sequence vector E; (o', m) .

One of the simplest stochastic models that takes into
account the dynamics of high resolution rhymocardial is

the vector E; (', m)= {7}(0)', m),» e, = LLmeZ }
fixed and stationary random sequences. First of all, we
note that the vector Z;(o,m) of stationary and
stationary coupled random sequences, in the particular
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case if its constituents are stationary sequences with
independent values, that is, white noises given on the set
of integers, is a known rhythmocardiogram signal
model. in the form of a random variable vector
developed in [9, 10]. However, in practice, the
hypothesis of the independence or non-correlation of the
rhythm cardiogram counts is not true, requiring a
stochastic dependence between the rhytocardiogram
counts with higher resolution, and hence the use of a
more complex and general mathematical model

E; (o', m) in the form of a stationary vector.
The defining property of a vector E; (', m) of

stationary and stationary related random sequences is
the invariance of its family of distribution functions to
time shifts by an arbitrary integer k € Z.. Namely, for
any order distribution function

FPT,]...T, (xl,...,xp, ml,...,mp)
14

of the family p (peN) of stationary distribution

functions of stationary and stationary related random
sequences, the following equality holds:

FPT,]...T, (xl,...,xp, ml,...,mp)=
14

= FPT/] ., (xl,...,xp, m +k,...,mp +k),

()

X{seens Xp € R, my,...,m, € Z,

hoooly €{lL}, ke Z.

Distribution function
FPT[ 5 (xl,...,xp, ml,...,mp)
111,

when /=l =..=1,=10 is distribution function

FPT[ (xl,...,xp, ml,...,mp), | is a distribution function

T;(o', m), vector E;(w',m) - auto-order distribution
p of T;(w', m), describing the time distances between
single-phase electrocardiogram readings for it / phases.
In particular, if p=1, then we will have one-

dimensional Ay, (x,m) autofunction of stationary

random sequence distribution 7 (', m) .
In the case where equality j =/, =..=[, =1 is

not executed then the distribution function

Fpn]...np (xl,...,xp,ml,...,mp) is a compatible

distribution function for several (at least two) stationary
components of a vector Z; (@', m), describing the time
distances between single-phase counts of an
electrocardio signal generally for its various phases. The
vector distribution family of functions Z; (o', m) of
stationary and stationary sequences most fully describes
its probabilistic structure, but the methods of
statistically —estimating the distribution function

(xl,...,xp, my,...,m ) are too cumbersome for

F
Pry..1j, P

their practical use in the computer diagnostic systems of

the functional state of the cardiovascular system of the
human body. Therefore, apart from the vector
distribution functions. E; (', m) the use of momentary

functions of order is effective s = Zles i which, if

any, are also invariant to time offsets (offsets by
argument m ).
Yes, if there is a mixed initial moment function

N7
csn]...np(ml""’mp) order S—Zj:]s., vector

E; (o', m) stationary and stationary random sequences,
then it has equality:

cST[] Tlp (ml,...,mp ) =

=M{TI]S‘ (o), m1)~...~Tl;” ((o', m, )} =

(ml +k,...,mp +k),

(2)
=c
5T -1,
my,..m, €L, 1.1 € I,_L ,kel.
1 p 1 p
If there is a mixed central moment function b
_\'? =
rST[] ., (ml,...,mp) order S_Z_,-=1Sj of B, (o', m)

stationary and stationary random sequences, then it has
equality:

s
—_— ! [—
rST,] ., (ml,...,mp) —M{(Tl] (0), ml) clT,] j X

Sp
X"'X{Tlp ((o', ml’)_clT/p J = 3)
= rST/]...T[p (ml +k,...,mp +k),
my,...,m, eZ, ll,...,lp e{l,_L},keZ,

where <{¢ ,...,C is the set of first-order initial
7, I,

moments (mathematical expectations) of stationary
random sequences from the set

{T,] (@ m),s Ty (&, m)} .

In practice, for analysis of high-resolution rhythm,
it is reasonable to use mixed high-order moment
functions, namely, mixed second-order initial moment
functions - covariance functions and mixed second-
order central moment functions - correlation functions.
In this case, the initial second-order moment functions
for the vector E;(w',m) of stationary and stationary

related random sequences are represented as a matrix of
covariance functions:

255 (mlamz) Czrlrp (mlst)

CT _ cZTgT] (fnl’mZ) cszTp (.ml’m2) @)

CzrpT] (ml > mz) Czrprp (ml , mz)
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which can be more compactly submitted as follows:
CT = 02T1]T12 (m],mz),ll,lz =1,L:|, (5)

where each of its elements is a covariance function
€51, (my,my ), which is given so:

_ ! . ’
2y, (mom) =M{Ty (@, my) T, (o' ),

6
my,my €L, 1,1, e{l,_L} ©

Since the components of a random sequence vector
E;(o',m) are stationary and stationary related
sequences, their covariance functions are functions of
only one integer argument u , which is equal. Therefore,
the covariance matrix of this random vector can be
represented as follows:

CT = |:c27~[] le (M), l]alz = L_L:| ) (7)

where each of its elements is a covariance function

7, (), which is equal to:

C'zn 7 (M)=CZTI 7 (m] —mz),
1'h 1'h )
u,my,my €L, 1,1, € {I,L}.
Provided that /; =/, =1, the covariance function

Copr (u) is an autocovariance function / stationary
17

components  T;(w', m)  vector which
describes the time distances between single-phase

electrocardiogram readings for it /. If [} #[,, then the
(1)

of a vector

E; (o', m),

covariance function function for two

K Ty T

stationary components E; (0, m),
describing the time distances between single-phase
electrocardiogram readings for /; and [/, its phases.
Mixed central second-order moment functions for a
vector Z;(®',m) stationary and stationary related
random sequences are presented as a matrix of

correlation functions:

rzT]T] (ml,mz) rleTp (ml,mz)

Ry = "2ry, (Tnl’mZ) rszTp (_ml’mZ) , 9

_rzrpT] (my,my) rzrprp (my,my)

which can be presented more compactly so:

RT (m],mz),ll,lz =1,_L , (10)

~| 2y,

where each of its elements is a correlation function

e, (my,my ), which is given so:

clel Ti, (ml ’ mz) -

=M{(T1, (o, ml)_clT[] )'(le (o, ’”2)_‘71T,2 j}

m,my €Z,h,1, e{l,_L}

Because the components of the vector Z; (', m)
random sequences are stationary and stationary

sequences, their correlation functions are functions of
only one integer argument u, which is equal to
u =my —m, . Therefore, the correlation matrix of this
random vector can be represented as follows:

(u),l],lzzl,_L s (12)

RT =N
Iy Ty

where each of its elements is a correlation function
"1 (), which is equal to:

I"2T[] le (M) = 7"27,[] le (m] —mz),

_ (13)
u,my,my €2, 1,1, e{l,L}.

Provided that [, =I, =/, correlation function
", (u) is an autocorrelation function / stationary
Ty (o', m) which

describes the time distances between single-phase
electrocardiogram readings for him /- phases. If

components vector E; (o', m),

I, #1,, then the correlation function Pa (u) is a
1Ty

reciprocal correlation function for two stationary
components of a vector Z; (@', m), describing the time
distances between single-phase
readings for /; and /, phases.

electrocardiogram

Fig. 1-4 shows the results of statistical processing
of the rthythm cardio signal with high informativeness,
by statistical evaluation of its corresponding statistical
characteristics.

120f &, (1), ¥.0.
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Fig. 1. Several cycles
of the investigated electrocardio signal

Conclusions

The mathematical model of rhythmocardiogram
with high resolution in the form of a vector of stationary
and stationary related random sequences is
substantiated. = The  structure of  probabilistic
characteristics of this model for analysis of cardiac
rhythm in modern cardiodiagnostic systems is
investigated.
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statistical estimates of autocorrelation
functions 7, - (u) (f; =1y =1) the first

sz' (m) component of the vector
of the vector rhythmocardiogram

hyth i f the fi
cor;p}(])tner?l?cﬁr(((i;?%zn;gd tthee sléztond of the first component 7j(«', m) and
1@, /
, the second component Ty (', m) , components 7;(w’, m) and the second
component 7, (w', m),

/
describing duration respectively: component 75 (w', m),

a— P, electrocardio signal intervals; describing duration respectively:
b— R, electrocardio signal intervals ~ a— P, describing duration respectively;
b — R, electrocardio signal intervals

describing duration respectively:
a— P, electrocardio signal intervals;
b — R, electrocardio signal intervals
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MareMaTH4YHA MOJEJIb PUTMOKAPAIOCUTHAJLY
Y BHIJIsIi BEKTOPa CTAIliOHAPHHX TA CTALIOHAPHO MOB’SI3aHUX BHIIAJKOBHX IOCJTiI0BHOCTEMH

1. B. JIurBunenko, C. A. Jlynenko, I1. A. Onucekis, B. M. Tpucaiok, A. M. 303ys

AHoTtanisi. PoGora mnpucBsfueHa OOIPYHTYBaHHIO MAaTEMaTHYHOI MOZENI PUTMOKapIiOCHTHANYy 13 IiJBUILIECHOIO
PO3UIBHOIO 3/IaTHICTIO y BUIVIAJI BEKTOpA CTalliOHAPHUX Ta CTAI[lOHAPHO IOB’S3aHMX BUIAJKOBMX HpoleciB. JlociimpkeHo
CTPYKTYpy HMOBIPHICHUX XapaKTepHCTHUK L€l MOJIEN Ul aHali3y CepLEBOro PUTMY y CYyJaCHHMX CHCTEMaxX KapAiofiarHOCTHKH.
AHai3 puTMy ceplist la€ 3MOT'y OLIHIOBAaTH HE JIMILE CTaH CEpLEeBO-CYMHHOI CHCTEMH, aJIe 1 CTaH aJalTUBHUX MOXIIHMBOCTEH
LIJIOr0 OpraHi3My JIIOAMHU. BUIBIIICTH CydacHHMX CHUCTEM aBTOMAaTH30BAHOIO aHali3y CEpLEBOro PUTMY IPYHTYIOThCS Ha
CTaTUCTUYHOMY aHaJli3y 3a PHUTMOKAapIiorpaMoro, siKka € YIOPSAKOBaHOK CYKYIHICTIO TpuBajnocteii R-R-iHTepsaniB B
3apeecTpOBaHOMY €JIEKTPOKapAiOCHIHAI, 10 Aa€ 3MOTY JOCIKYBATH i yacoBy nuHAMIKy. 151 BpaxyBaHHS 4acoBOI TUHAMIKH
PUTMOKApAIOCUTHATY 13 Ii/BUIICHOK PO3AUIBHOI 3/aTHICTIO HEOOXiJHO BMKOPHUCTOBYBATH MAaTeMAaTHUYHHMI amapar Teopii
BUIIA/IKOBHX TIOCIIIIOBHOCTEH, a caMe, pO3IiIsaaTH HOro sik BEKTOp JIMCKPETHUX BUIIAJKOBHX HOCHioBHOCTeH. MeToro podoTH €
PO3B’sI3aHHA HAYKOBO-TIPAaKTHYHOIO 3aBJAHHS CTBOPEHHS MAaTeMaTH4YHOI MOZENi PUTMOKApiOCHIHANY 3  IIi/IBHIIEHONO
PO3UIBHOIO 3JIaTHICTIO y BHIVIAAI BEKTOpa CTALOHAPHUX Ta CTAI[lOHAPHO IIOB’s3aHMX BHIAAKOBUX IpoueciB. O0’ekT
JocJIiKeHHs € iHQopMalliiiHi TeXHOIOTI] 171 AIarHOCTUKM 1 OLIHKY CTaHy PUTMOKApAiOCUTHAILY JUIsl aHAJli3y CEpLEBOr0 PUTMY
Y Cy4aCHHMX CHCTEMaX KapIiofiarHOCTHKU. Y poOOTi 0OrpyHTOBAHO MaTeMaTHUHy MOJIEIb PUTMOKAPIIOCUTHAILY 13 ITiIBUILIEHO0
PO3ZUIBHOIO 3[AaTHICTIO Yy BHUIJIAAI BEKTOpAa CTalliOHApDHMX Ta CTAI[lOHAPHO IIOB’SI3aHMX BHIIAJKOBUX IOCIIIOBHOCTEH.
JlocnipkeHo CTPYKTYpy WMOBIPHICHMX XapaKTEpHCTUK Ii€l MoJendi Ul aHali3y CepLeBOr0 PUTMY Y CYYacHHMX CHUCTEMax
Kap/1i0/1iar HOCTHKH.

Kaw4yoBi caoBa: Bekrop CralioHapHHX Ta  CTALllOHAPHO-TIOB’SI3aHMX  BHIAJKOBHX  IIOCIiJOBHOCTEN;
€JIEKTPOKapAiOCUTHA;, PUTMOKAP/IOCUTHAJI; CEPLIEBUIA PUTM.

MaremaTn4eckasi MOAeJIb PUTMOKAPINOCHTHAJIA
B BH/Ie BEKTOPA CTAMOHAPHBIX H CTAIMOHAPHO CBSA3AHHBIX CJIyYaifHBIX MOC/Ie10BATEILHOCTel

1. B. JlurBunenko, C. A. Jlynenko, II. A. Onuckus, B. M. Tpuchiok, A. H. 303yns

AnnHoTanus. Pabora mocpsiieHa OOOCHOBAHMIO MAaTeMaTHYeCKOH MOIENH PHTMOKAPAUOCHIHANA C IOBBIIICHHOMN
pa3penaroiell CriocoOHOCTHIO B BUJIE BEKTOPA CTALIMOHAPHBIX M CTAlIMOHAPHO CBS3aHHBIX CITy4alHBIX IpoleccoB. McciaenoBana
CTPYKTypa BEpOSTHOCTHBIX XapaKTepPUCTUK OTOH MOASNM Il aHajiuM3a CEepAeYHOr0 PUTMAa B COBPEMEHHBIX CHCTEMax
KapMOIMArHOCTHKU. AHAIN3 PUTMA CEp/LA TO3BOJISET OLICHUBATE HE TOJIBKO COCTOSHHUE CEPIEIHO-COCYIUCTOH CHCTEMBI, HO U
COCTOSIHUE aJalTHBHBIX BO3MOXKHOCTEIl IIEJIOr0 OpraHu3Ma. BOJBIIMHCTBO COBPEMEHHBIX CHCTEM aBTOMATHU3HPOBAHHOIO
aHaIM3a CEPIEYHOr0 PHUTMA OCHOBBIBAIOTCS HA CTATHCTHYECKOM AaHalIM3a II0 PUTMOKApIHOrpaMMe, KOTOpas SIBISETCS
YIOPSIIOYEHHOH COBOKYHMHOCTH JUIMTENbHOCTEH R-R-MHTEpBaOB B 3apericTpUpOBAHHOM BJIEKTPOKAPIMOCHIHAJIOB, YTO JaeT
BO3MOXKHOCTb MICCIIEJIOBATh €€ BPEMEHHYIO AMHAMUKY. [l ydyeTa BPEMEHHON JUHAMUKHA PUTMOKApIHOCHIHAJA C TOBBIIICHHON
paspemiaroliel  CHOCOOHOCTBIO ~ HEOOXONMMO  HCHONB30BaTh ~ MAaTeMAaTHYECKUH  ammapar  TeOpUM  CIIy4aiHBIX
HOCIIEI0BATENILHOCTEH, a MMEHHO, pacCMaTpPHUBaTh €ro Kak BEKTOP MMCKPETHBIX CIIydalHBIX mocienoBatensHocTeil. Ilebio
paGoThl SBISCTCS PEIICHHE HAayJHO-NPAKTHYSCKOM 3a7aud CO3JaHMs MATEeMaTHYeCKOH MOJEIM PHTMOKAapAHOCHTHANA C
HOBBIIICHHBIM PA3pEICHHeM B BHJIE BEKTOpa CTALMOHAPHBIX U CTALMOHAPHO CBSI3aHHBIX CIY4aiHBIX HponeccoB. O0beKTOM
HCCJIeI0BAHHUS SIBIISIOTCS MH(OPMALMOHHBIE TEXHOJIOTHHU JUISL THUATHOCTHKH M OLEHKH COCTOSIHHS PUTMOKApIMOCHUTHANA UL
aHaIM3a CEpPAEYHOr0 PUTMa B COBPEMEHHBIX CHCTEMax KapAHOAMAarHocTUKU. B pabGore o6ocHOBaHAa MaTeMaTHdYecKas MOJENb
PHUTMOKapAMOCHTHANA ¢ HOBBILIEHHOH pa3pelaloniell ClIoCOOHOCTHIO B BU/IE BEKTOPA CTALIMOHAPHBIX U CTALMOHAPHO CBSI3aHHBIX
Cioy4aifHBIX IocienoBaTenbHOCTeH. MccenoBaHa CTPYKTypa BEPOSTHOCTHBIX XapaKTEPHCTHK JTOH MOIENIM [Vl aHaau3a
CEepACYHOTO PUTMA B COBPEMEHHBIX CHCTEMAX KapAUOINArHOCTHKH.

Kawo4ueBnle caoBa: BEKTOp CTallMOHApHBIX W CTAllMOHAPHO-CBA3aHHBIX CJ'[y'-IaﬁHBIX HOCHGI[OBaTeHBHOCTeﬁ;
QJICKTPOKApANOCUTHATI; PUTMOKAPpAUOCUTI'HAIL; Cep}:[e‘lHBIﬁ puTMm.
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