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Abstract

The method of evaluation of additional counidowns of a discrete function of rhythm is being considered by taking into
account single-phase values of the countdowns of the simulated cyclic signal, which is rhythmically related to the studied onc.
Considering the equality of the auributes of cyclicity, additional isomorphic countdowns are chosen in a simulated cyclic signal
at all segment-cycles and segment-zones. Then the rhythmic structure is evaluated taking into account the defined additional
countdowns. The obtained additional countdowns of the rhythmic structure provide the possibility to evaluate the behaviour of a
discrete thythm function between the countdowns® limits of the segmental structure.

The developed method can be used in automated digital processing systems (of diagnostics and forecasting) of cyclic data:
cardiac signals of different physical nature, cyclical economic processes, processes of gas, water and power consumption,
processes of surface formations of modern materials for cvaluating the countdowns of the rhythmic structure that provides the
information relating to the rhythm (pace) escalation in time of the magnitude of time intervals (distances) between single-phase
values of the cyclic signal.

The developed method allows solving the problem of evaluating the countdowns of the rhythmic structure through
obtaining a rhythmically coupled cyclic signal from a simulated implementation with the initial, studied additional countdowns
that correspond to single-phase values in all segments of the cyclic signal. In further research, it is planned to use the obtained
information for developing a method for choosing an optimal interpolation polynomial for adaptive interpolation of a discrete
function of rhythm on the corresponding segment-cycles or segment-zones.

Keywords: a cyclic signal, rhythmic structure, evaluation of the rhythm function, segmental cyclic structure, segmental Zone
structure, segmentation.

When analyzing cyclic signals in cyclic data
processing systems, (he question often arises of
evaluating their rhythmic structure. In particular, such
problems arise after the procedure for segmentation of
cyclic signals is accomplished. For example, in
automated  cardiodiagnostic  systems of  digital
processing of cyclical data, where discretization
methods [1], statistical processing [2] and simulation [3]
of the cyclic sighal are applicd. Such tasks can not be
solved without a previously estimated rhythmic
structure. In particular, the task of evaluating the
rhythmic structure of a cyclic signal takes place when
performing a morphological analysis of cardiac signals,
the analysis of the cardiac rhythm by cardio
intervalogram, and the analysis of other cardio signals
of a different physical nature. A similar task also arises
when processing cyclic ecopomic processes, gas
consumption processes, water consumption and energy
consumption, as well as when analysing other cyclic
signals.
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However, in most problems of analyzing cyclic
signals, their rhythmic structure is not known, and
therefore it is necessary to carry out its preliminary
assessment, which makes this task important and
relevant for automated systems of cyclic data digital
processing. In [4-6] there are described methods for
evaluating the rhythmic structure on the basis of
piecewise linear, piccewise quadratic intcrpolation and
interpolation by a cubic splinc, however, a priori
nothing is known about the regularity of the rhythm
function variation within the cycles-segments and the
segments-zones of the cyclic signal. Therefore, in casc
of such uncertainty it is naturally to use diffcrent
approaches 1o its assessment within the respective
segments.

This work is dcvoted to the developed method for
evaluating the rhythmic structure (discrcte rhythm
function) by determining its additional countdowns for
further processing steps (choosing the optimal
interpolation method for the discrete thythm function).

Mathematical model and rhythmic structore

The papers [7, 8] descrihe a mathecmatical model
of oscillating phenomena and signals in the form of a
cyclic function, generalizing the concept of periodic and
almost periodic functions for deterministic and
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Figure 1 — Schematic representation of the discrete and continuous functions of rhythm for the
implementation of a cyclic signal (continuous function of rhythm, piecewise linear, marked with a dotted line)

stochastic cases, in particular, there is described a model
of continuous and discrete cyclic random processes with
a segmental structure. The paper [7] shows that the
cyclic rhythmic structure of any cyclic function is
completely described by its rhythm function, which
determines the law of variation of time intervals
between single-phase values of the cyclic function. To
perform the evaluation of the rhythmic structure of the
cyclic signals, the segmentation methods [9, 10] are first
applied to the cyclic signal under investigation, and the
information on the segmental structure is obtained: the

segmented cyclic D, Z{’;’ i= l,C} or segmented zone

D. :11, i=1C,j :1,Zf structure. For a particular

segment structure, there is obtained information about
two countdowns for each segment that correspond to the
beginning and its end. This information is used to
evaluate the rhythmic structure (a discrete function of
rhythm).

The rhythmic structure for the case of a segmental
cyclic structure of a discrete signal, when W=D is
defined as follows:

T(t,ny=t,,-1t,Vi=1,C,nel. (n

The rhythmic structure for the case of a segmented

zone structure (a zone-cyclic structure) of a discrete
signal, when W =D is defined as follows:

T, ,n)y=» -t ,Yi=1C,j=1Z,neZ. (2)

To evaluate the rhythmic structure T7(t,n), or
T(1 ,n) it is accepted that n=1 since, in practice, we

are dealing with the processing of a cyclic signal. as a
rule, every subsequent cycle (n>0), namely, when
n=1, for example, taking into account the rhythm
function, the cycles following each other, rather than the
chosen cycles with a certain step, as for example
whenn =2, etc (Fig. 1).
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The problem formulation of the rhythmic structure
evaluation by determining its additional countdowns
consists in determining the set of countdowns 1, € W,

i=1,C,g=1,G for the rhythmic structure T7(z,1),
t,e W, which corresponds to the segmented cyclic

structure

c

D, =« r=l,C}, according to which

<t <t,t,treW,i=1C g=1G.Oritconsists

the set of countdowns t €W,

jg

in determining

i=1,C,j=1,Z,¢g=1,G for the rhythmic structure

T(t,1),t, € W, which corresponds to the segmented

zone structure D,={t,,i=l,C,j=l,Z} at  which

t <1, <1, .t .1, €W,

i ig Al je i
where G is the number of additional countdowns on the
corresponding cycles-segments, G,

1=1,C, j=12,g=1G,

is the number of

additional countdowns on the corresponding segments-
zones of the rhythmic structure, their number at all

2
segments has to be equal. i.e. G = ZG, . In this case,
=1
the set of additional countdowns corresponds to the
single-phase values of the cyclic signal on the
corresponding segments or, in other words, this set of
additional countdowns, for which the isomorphism
conditions of the cyclic signal countdowns and the
equality of the values by the attribute (attributes) are
fulfilled [8. 10]. That is, the conditions (3), (4) are
satisfied for countdowns within the segments-cycles and
(5), (6) for countdowns within the segments-zones.
for the set D_, the segmented zone structure is as

follows:
Lt t, >t1,1e W,i=1C,j=12Z,

I J Fasl !

(3)

P(f(f. )) = P(f(tm )) - Av te W’i:],C’j = l.Z, (4)
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for the set D, the segmental cyclic structure is as
follows:
e Lo >t 1€ Wi=1,C, (5)
pIUN=p(fU N> A te W,i=1C, (6)
where A is a set of attributes | 7).

[ et

Method for evaluating the rhythmic structure

In order to understand the problem, we will
consider a method for determining  additional
countdowns of a discrete rhythm function. The essence
of the method consists in the following: [frst, it is
necessary to simulate the realization of a rhythmically
coupled cyclic signal with the investigated onc.
Rhythmic connectivity consists in using the same
rhythmic structure (a discrete rhythm function) of the

cyclic signal 7(t,1), 1,e W for a segmented cyclic

structure D, :{flzﬁ} or T(z,.1) for a segmented

7one structure

D, ={i.i=1.C.j=1Z}. The

simulation of such an implementation occurs by scaling
an independent representative cycle. taking into account
the rhythmic structure (1) or (2), the countdowns of
which arc obtained by the scgmentation methods. The
first cycle of a cyclic signal, reflecting the features of
the cyclic signal under study, is a representative one,
After the scaling is carried out, a sequential "stitching"
of cach cycle into one implementation is made. This
method can be used both for a stochastic approach, a
mathematical model in the form of a cyclic random
process with a segmented structure, and in the
framework of a deterministic approach, a mathematical
model in the form of a cyclic numerical function with a
segmented structure | 10].

There is used the method presented in |11) for
simulation. Having applied it, we obtain a simulated
realization of a cyclic signal f’(!),te W . which is
rhythmically associated with the input cyclic signal
f),te W. As noted previously, the simulated and
studied cyclic signals have the same rhythmic structure,
by scaling an independent representative cycle: the first
cycle f (1), 1e W, of the realization under investigation
or the estimation of the mathematical expectation
(1), t€ W, (in the case of the stochastic approach

when it is known) of the cyclic signal under study
£, (1), te W taking into account the rhythmic structure
(a discrete rhythm function) 7(¢..1). r.e W or 7, ,1),
teW.

Consider the basic mathematical relationship for
this stage.

The implementation of a rhythmically coupled

signal is simulated in the form (7), [or the case of a
segmented cyclic structure:

. (- .
J=> f1e W, (7

i=1

where f,( t} are the i th independent segments-cycles of
a rhythmically coupled cyclic signal with an input signal
f@).

The implementation of a rhythmically coupled
signal is simulated in the form (8), for the case of a
segmented zone structure (zone-cyclic structure):

. C Z .
fO=33fm1eW, (8)

i=l g1 7

where f (f) are the jth segments-zones of the ith

segments-cycles of a rhythmically connected cyclic
signal with an input signal f(z).

Since the segmented zone structure is a part of the
segmented cyclic one, there are ties between the ith
segments-cycles and the j th segments-zones in the i th
segments-cycles of the rhythmically coupled cyclic
signal:

Z

FO=Yf@,i=1CteW, 9)

i

1=1

The domain for the corresponding cycles-segments
and the segments-zones have a relationship (10),
respectively.

The domain W, of the segment that corresponds to
the i th cycle is equal to the union of the domains W, of
smaller segments-zones that do not intersect:

z
w=Jw .
J=l !

W.JmW; =@, j#q.j.q=1.2,i=1C.

The domain of the registered/modeled signal W is
equal to the sum of the domains of the cycle segments
W, or to the sum of domains of smaller segments-zones

(10)

W, on the cycles that do not intersect:

W=OW; =L(JL7JW .
=1 !

1= j=l
(11)

Consider the second stage of the algorithm which
can be either for the segmented cyclic structure,
respectively, the rhythm function f‘(z,,l) . 1,€ W or for
the segmented zone structure, respectively. the rhythm
function 1"(1,’,1), l,} eW,

W #@,j=12i=1C.

In the casc of a scgmented cyclic structure, a
procedure is performed for choosing those countdowns
from the simulated implementation (), which values

are equal to the countdowns from the first cycle
according to the attribute (4). In this case, the
isomorphism condition of the countdowns on the
corresponding segments (3) must be fulfilled, or in other
words, single-phase samples are chosen regardless of
whether a deterministic or stochastic approach is
applied to the mathematical model of cyclic signals. In
the latter case, the simulated implementation is
considercd as deterministic, which reflects non-random
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e R

values on the cycles, since during the modeling we
performed scaling of the representative cycle.
From the modeled implementation, the

countdowns of the cycle  fi(t1),te W, are
sequentially chosen and compared with the counts of the
next scgments-cycles. Two conditions must be fulfilled:

1) the condition of the attributes equality
(equivalence) for the segmented cyclic structure (4),
while (aking the counts f,k g=1! as additionally

first

determincd when there is fulfilled the condition of
attributes equality in all segments-cycles.

PUG Y = PG = = pUE ) = o= UG,
i=2,C,1=1L, (12)

where 7, € W7, € W.i, e W,i=1,C,l=1.L: {t.}

is a set of countdowns of the first cycle I=ﬁ; {ﬂ,}

1s a set of countdowns on the entire realization, except
for the first cycle (a representative cycle).

2} the isomorphism condition of the counidowns
on the corresponding segments:

i, 1 >t b, € W,i:ra 2 :F(_}.(lf%)

i+lx g’

ot

r+l,gret e
If one of the two conditions is not satisfied at onc

of the cycles-segments of the simulated cyclic signal,

then the countdown 7, , #1,, is not taken into account.

Similarly, the definition of additional countdowns
of a discrete rhythm function consists in the choosing of
single-phase countdowns, that is, the countdown tj& is

taken as additionally determined when the condition of
equality of attributes is fulfilled at all segments-cycles,
that is:

=_.‘: @’.K =“‘=.f¢ N

i=1.C.g=1G. (14)
If this condition is not fulfilled at least at one
segment-cycle, then the countdown 7, is not taken into

account.

After determining all the additional countdowns,
the rhythmic structure is evaluated (the values of the
discrete rhythm function are determined), taking into
account certain additional countdowns:

F, =i, i, i=1,C.g=1G. (15

In the case of a segmented zone structure, a
procedure is performed for choosing those countdowns

from the simulated realization f (t), which values arc

equal to the countdowns from the first cycle according
to the attribute (6), then the isomorphism condition of
the countdowns on the corresponding segments (5) must
be fulfilled, or in other words, single-phase samplcs are
choscn.

From the simulated realization, the countdowns

Ii—],g

from the first cycle fl(t), t€ W, are sequentially chosen
and compared with the counts of the next segments-
cycles and segment-segments, thus two conditions must
be fulfilled:

the equality condition of the attributes (equality of
values) for the segmented zone structure (6), whereby

the countdowns g=17. 1, are taken, as additionally

ER
determined when the equality condition of the attributes
is fulfilled in all segment-zones.

pf, @ = pUf (6, ) == pUf, G N == p(f. G, ),

where 1
{’a,} is a set of countdowns of the first cycle /=1,L;

{f,. } is a sct of countdowns at the entire realization,
2

cxcept for the first cycle (a representative cycle).
2) the isomorphism condition of the countdowns at
the corresponding segments:
L, Ot,...ot >t

i+l PR

.4 €W,
U —_ - 17
i=1LC,j=1Z,¢eg=1G.

If one of the two conditions is not satisfied at one
of the cycles-segments of the simulated cyclic signal,
then the countdown I, #t, ~ is not taken into account,

&

Similarly, the dcfinition of additional countdowns

of a discrete rhythm function consists in the choosing of
single-phase countdowns, that is, the countdown 7, is

taken us additionally determined when the condition of
equality of attributes is fulfilled at all segments-cycles,
that is:

fo =l ==y

=.=f .
K 1 b

K &

i=1C, j=17.g=1G. (18)
If this condition is not fulfilled at Icast at one
segment-cycle. then the countdown 7, is not taken into

fae
account,

After determining all the additional countdowns,
the rhythmic structure is cvaluated (the values of the
discrete rhythm function are dectermined), taking into
account certain additional countdowns:

T4, N=i,-i ., i=1,C, j=1Z.g=1G. (19)

Figure 2 shows the algorithmic support of the
developed method for evaluating the rhythmic structure
by defining its additional countdowns.

The results of applying the method

We apply the rclations obtained above for
estimating the rhythmic structure (discretc rhythm
function) of cyclic signals, for example, a signal with a
segmented zone structure, as a generalized case. Figure 3
shows an example of a cyclic signal (electrocardio
signal), and a discrete rhythm function is determined by
the segmentation method.

To simulate a rhythmically coupled cyclic signal
with the signal given in Fig. 3 a, we use the input data:
the rhythmic structure (a discrete rhythm function) is
given in Fig. 3 b and the represcntative cycle is shown
in Fig. 4 a.
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nel

Figure 2 — Structural diagram of the method for evaluating the rhythm structure
(of the discrete rhythm function) through defining its additional countdowns

Eo(1), cu.

————— T —

W e Lt

1000 1200

‘ t,c.u.

a)

T(t, ,1),cu.

J

t,cu.

100 200 300 400 500 600 700 800 900 1000 1100

b)

a) realization of the initial electro cardio signal, diagnosis - conditionally healthy person; b) a discrete rhythm
Sfunction is defined (triangles - countdowns of the discrete rhythm function, the number of countdowns = 24)

Figure 3 — Realization of the initial cyclic signal and the rhythm structure (discrete rhythm function)
is evaluated, the countdowns of which are determined by methods of segmentation
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a) the first cycle (representative) of the initial electro cardio signal;
b) realization of a simulated cyclic signal

Figure 4 — The first cycle (representative) of the initial cyclic signal and the realization
of the simulated cyclic signal (electro cardio signal), rhythmically related to the initial signal

Analyzing the results obtained, it is necessary to
say that the number of received additional countdowns
is 713. It is more than in the case of the rhythmic
structure obtained by taking the countdowns that give

the methods of segmentation equal to 24 (Fig. 5). Thus,
this method allows one to get more rhythmic patterns
that will be taken into account for the further evaluation
of the rhythm function at the corresponding segments. If
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a) a discrete rhythm function and the defined additional countdowns of the discrete rhythm function
(dots — evaluated additional countdowns of the rhythm function = 713 countdowns; triangles — countdowns
of the discrete rhythm function (determined by methods of segmentation), 24 countdowns);

b) an enlarged fragment (Figure 5 a) of defined additional countdowns of the rhythm structure

Figure 5 - Results of the method of evaluating the rhythm structure through defining the additional
countdowns of the discrete function of rhythm

we take into account the countdowns of the rhythmic
structure and the corresponding values (phases) of the
simulated cyclic signal rhythmically associated with the
input, then this method can be considered as a method
of making a cyclic signal as strictly cyclic, as this
postulates the mathematical model. In this case, the
sampling rate will not be uniform for such a cyclic
signal, and the values, corresponding to the countdowns,
will be single-phase. That is, there is performed the
equality by the attributes for all values and the
isomorphism for all countdowns as provided for in the
theory of cyclic functions [7].

Conclusions

The developed method allows us to obtain more
countdowns of the rhythmic structure (a discrete rhythm
function). Although we obtain more countdowns for the
rhythmic structure compared with information about the
countdowns that the segmentation methods provide,
however, the choice of the optimal interpolation
polynomial for estimating the rhythm function remains
relevant. In addition, if we take into account the
countdowns of the rhythmic structure and their
corresponding values (phases) of the simulated cyclic
signal, rhythmically associated with the input one, then
this method can be considered as a method of reducing
the cyclic signal to a strictly cyclic signal as postulated
by the mathematical model.

The developed method can be used in automated
systems of digital processing (diagnostics and
forecasting) of cyclic data: cardio signals of various
physical nature, cyclic economic processes, gas
processes, water consumption and energy consumption,
surface processes of relief formations of modern
materials for estimating rhythm (rate) of time intervals

(distances) between single-phase values of the cyclic
signal.

The developed method makes it possible to solve
the problem of evaluating the countdowns of the
rhythmic structure by obtaining a cyclic signal,
rhythmically coupled with the input one, which is
studied by additional countdowns corresponding to
single-phase values at all segments of a cyclic signal. In
further studies, it is planned to take into account the
obtained information for developing the method of
choosing the optimal polynomial interpolation for
creating the method of adaptive interpolation of the
discrete rhythm function at the corresponding segments-
cycles or segments-zones.
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MeToAa OUiHIOBAHHA PUTMI4HOI CTPYKTYPW UUKNIYHOro cUrHany
3a 4OAaTKOBUMMU BignikamMu ANCKPeTHOI hyHKUiT puTMy

A.B. Tumeunenko

Tepuoninncexutl HayioHaavHul mexHiuHul yrigepcumem imeni leana Hyawos;
eva. Pycoka, 56, m. Tepuonine, 46000, Vkpaina

Po3arasygaeTscs MCTOJ OLLHIOBAHHS JONATKOBHX BILTIKIB JHCKPETHOT QUKL PHTMY UDIRXOM RpaXxyBaHHS
0AHO(AZHNX 3HAYEHB BIIIKIB 3MOAEHLOBAHOIO LUKIIYHOIQ CHTHANY, PHTMIYHO JTOB’S3aHOIO 3 LOCILDKYBAHM.
BpaxoByloun piBHICTE arpuly1is IHKIIYHOCTI, BHOUPAIOTLCA A0N4ATKOBI 130MOPMHI BUTTIKH B 3MOIEILOBAHOMY
HHKNIYHOMY CHTHATI Ha BCIX CEeTMEHTax-UMK/jaX Ta CermMeHTax-30HaXx, Nicas LbOIro OMINIOCTLCS PHTMIYHA
CTPYKTYpa 3 RpaXyBAHHSM BH3IIAYEHMX JOIATKOBHX Biwiixis. QTpruMaHi N0AATKOBI BILIIKH PUTMINHOT CTPYKTYPH
F03BOJIAK IS OIIHUTH NOBCUIHKY AHCKPeTHOT (hyNKIlH PHTMY MK BijiiKaMu MEXK CEIMETHOT CTPYKTYPH.

Pospobiiennii MeTon Moxe OYTH BMKODHCTAHMH B aBTOMaTH30BaHHX cucremax UHdpoBoi o0pobku
(AiarHOCTHKH Ta MPOI'HO3Y) LHKIIIHUX AAHUX: KapAiocurHauiis pi3nol Gi3ndsol NPHPOTH, ITHKIIYHHX CKOHOMIYLIMX
npoueciB, MpoueciB raso-, BOAO- 1d €ICPrOCHONKHUBAHHS, TPOLCCIB LOBEpKHI peaLehHUX YTBOPEHB CYYACHHX
MaTepialliB ;Uis OLUIIOBAHHA Bi/UTIKIB PHTMIYHOT CIPYKTYPH, WO /a€ IHMGOPMALIID TIPO pHiyv (TeMil) posropTaHHs y
4aci BEJIMYHHU 9acOBWX NIPOMDKKIB (BIACTaHeH) MK OJHO(AIHHMHM 3HAYCHHAMY UMKIIYHOIO CHTHANY.

Po3pobiennit MeTo A03BONSE BUPIIHTH 1IPOONEMY OLHIOBAHHS BIJIIKIB PHTMIYHOI CTPYKTYPHW OLISXOM
OIpMMANHA 31 3MOJENBOBAHOT peamisalii pUIMIMHO [OB’S3aHOTO  THMKIIYHOrO CHUrHaly i3 BXIIHMMH
OOCTIZAXYBAaHAMH JIO/ATKOBUMM BIANIKAMH, SKi BIADOBINAKOTL ONHO(E3HMM 2HAYEHHAM HA BCIX CCIMeHlax
IUKJIYHOTO CHrHANY. Y MONANLUIAX JOCHIDKEHHAX TUIAHYEThCH BPaxXyBaTH OTpuMany indopmauio A1 noGyIosu
MeTONy BHOOPY OLTMMATLIONO iHTEPINONAIIHOTO LOMIBOME A8 afanTHeHO! IHTEpHomAnil auckpernol ¢ymkmii
PHTMY Ha BIZUIOBLAHKWX CETMEHTaxX-LHK/IaX 94 CerMCHTax-30Hax.

KmowoBi cnoBa: oyimmweanits Qyuxyii pummy, pummivna cmpykmypd, CE2MEHMAYDBL, Ce2MEeHmHA 30HHA
CIPYKIMYPA, CE2MERMItd YUKIIYHA CIPYKIMYPA, YUKITUHUI CUSHA.
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