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TepHoninbcokuil HAYIoOHANLHUL MeXHIYHULL YHisepcumem imeHi leana llynion

JOCTOBIPHICTb METOAY BU3HAYEHHS PO3JIAJIKHN
PUTMOKAPAIOCUTI'HAJY

Pestome.  Ompumano  xapakmepucmuxku  OOCHMOGIPHOCMI — MemoOi6 — GU3HAYEHHs — PO3NAOKU
pummorxapoiocuenany. Obrpynmosano eubip kpumepiro egexmusHocmi 8i0nogioHo2o memody. Ilpogedero
NOPIGHANHHS OOCMOBIPHOCHI MemOOI8 GU3HAYEHHS PO3TIA0KIU PUMMOKAPOIOCUSHATY, MeCcmo8a CIMAMUCMUKA SKUX
OMPUMAHA CUHPAZHUM MEMOOOM, MemMOoOOM nepiodozpam, memooom bepea, memooom YVenua.

Kniwouosi  croea: pummokapoiocuenan, GusHAueHHs — pO3NAOKY,  OOCMOGIpHICMb,  NEpioOUdHO
KopenvbosaHna eunadkosa nocnioogricms, kpumepiii Heiimana- Ilipcona.

B. Yavorskyy, Yu. Leschyshyn

RELIABILITY OF METHOD FOR CHANGE-POINT DETECTION OF
RHYTHM-CARDIOSIGNAL

Summary. While analyzing the heart rate variability the sequence of time intervals between RR teeth —
rhythmocardiosignal is analyzed with the help of the methods based on its stationary model. Different changes in
the physical activity, physiological state of a human and environmental factors cause sufficient changes in the
statistical characteristics of rhythmocardiosignal — their change-point and nonstationarity, which results in the
decrease of the reliability of the rhythmocardiosignal variability parameters estimation. Thus, the mathematical
model of rhythmocardiosignal, which varies from stationary to periodically correlated stochastic sequence, was
built to take into account the rhythmocardiosignal change-point appearance.

The method of change-point detection of rhythmocardiosignal will be based on the comparison with a
threshold of the likelihood ratio test statistic. The threshold of change-point detection of rhythmocardiosignal is
obtained due to the Neumann-Pearson criterion, when the probability of false change-point detection is set. The
test statistic of the change-point detection of rhythmocardiosignal is obtained taking advantage of the methods of
spectral analysis, the synphase method, the periodogram method, the Berg and Welch methods in particular. The
reliability of decisions on the appearance of the change-point of rhythmocardiosignal, ie the probability of the
correct detection of the change-point, which accounts the statistical nature of the appearance of the
rhythmocardiosignal change-point, was used as the criterion of methods efficiency of the change-point detection
of rhythmocardiosignal.

The characteristics of the reliability of the methods of change-point detection of rhythmocardiosignal,
which were selected as the criterion of their efficiency, have been obtained. The comparison of the reliability of
the methods of the change-point detection of rhythmocardiosignal, the test statistics of which was obtained
taking advantage of the synphase method, the periodogram method, the Berg method, the Welch method, has
been carried out.

The obtained results testify that the reliability of change-point detection of rhythmocardiosignal by the
synphase method is in 2 times higher then that obtained by the periodogram method, in to 1,8 times by the Berg
method and in 1,4 times by the Welch method, the probability of a false change-point detection being up to 0,1
and relation to 4dB of the nonstationary energy to power spectral density of the stationary rhythmocardiosignal.

Key words: rhythmocardiosignal, change-point detection, reliability, periodically correlated stochastic
sequence, the Neyman-Pearson criterion.

Beryn. IHQopMaTHBHOIO O3HAKOKO CEPIIEBOTO PUTMY € HOTo BapiabelmbHICTh, sAKa
MpOSIBISIETBCS.  Yepe3 MIHJIMBICTh 3HA4YeHb 4YacOoBMX IHTepBalgiB mnoMix RR 3yOmsmu
eslekTpokapaiocursany [1]. Anamiz BapiaGelbHOCTI CEpIEBOTO0 PUTMY BHKOPHUCTOBYIOTH IS
JIarHOCTYBaHHSI CEPIIEBO-CYAMHHUX, ICUXIYHUX Ta IHITUX 3aXBOPIOBaHb HA TOYATKOBUX iX
ctanisx [1, 2]. [ocnigoBHicTh YacoBUX iHTepBaliB moMixK RR 3yOrsmu (putMokapaiocuraan
— PKC) crannaprom [2] pekoMeH0BaHO aHaNi3yBaTH MeTOJaMU, 1110 0a3yroThes Ha i1 Moaeni
— CTalioHApHIW BUMAIKOBIN MOCTiIoBHOCTI Apyroro mopsaky [1, 2]. Cramionaprocti PKC
JIOCSITAIOTh IUISIXOM IITYYHO CTBOPEHHUX CTAIllOHAPHHX, HE 3MIHHUX YMOB IIPH HOTo BiIOOpi
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abo TUIIXOM aHajii3y KOPOTKOTPUBAIMX BIJIPi3KiB, 0 5 XBHWJIMH, BUOPAHUX OMEPATOPOM
Bpyuny [1, 2]. OmHak mpu 3aCTOCYBaHHI CHCTEM TOJTEPIBCHBKOT0 MOHITOPHHTY, JUIS aHAIIZY
BapiabebHOCTI CEpIIEBOrO PUTMY, B TOBCSAKJICHHIH [isSJIBHOCTI JIIOJUHU abo Tpu
(YHKITIOHATBHUX TeCTaX JOCITHYTH HE3MIHHUX YMOB CIIOCTEPEKEHHS HEMOKIIMBO.

PanToBi 3MiHM (i3UUHOrO HaBaHTaXEHHS Ta (i310JIOTIYHOTO CTaHy JIIOJMHH,
YHHHUKIB ~ HABKOJHUIMHBOTO CEPENIOBHINA TOIO BHKJIMKAIOTH 3MIiHY CTaTHCTHYHUX
xapaktepuctuk PKC — ix po3nangky Ta He cramioHapHicts [3]. [{e mpu3BoAUTH 10 3MEHITICHHS
JIOCTOBIPHOCTI pe3yJIbTaTiB aBTOMATH30BAHOTO OIIHIOBAHHS IapaMeTpiB BapiaGelbHOCTI
PKC.

Jlns  Hectamionapaux BiApizkiB PKC icHyroTe HOBI MaTeMaTHYHI MOJEN JUIS
nepexigHoro npouecy PKC [4] ta HecTamionapHoro (mepiogununo kopenboBanoro) PKC [5],
SKi He BHECEHI JI0 craHmapriB. Ha ix 0a3i po3poOiieHO MeTOoau aHajli3y BapiadeTbHOCTI
cepIeBoro putMy Jutsl Hectarionapaux BijpizkiB PKC. i Mojem BpaXoBYIOTh CTaIlioHaApHY
MOJI€Jb, OJJHAK HE 3a3HAYal0Th PO3JIaJKU CTaTUCTUUHUX xapakTtepuctuk PKC.

Aptomatm3artis ananizy PKC y cuctemax roiarepiBCbKOro MOHITOPHHTY € Ba)JIUBOIO
JUISE BCTAHOBJICHHS 3MIiHM (YHKIIIOHAJIBHOTO CTaHy JIOJMHH Oe3 ydacTi omeparopa i
noTpedye edexkTuBHOrO BU3HAaueHHS posnaaku PKC, skuit ycKiIagHIOETBCS THUM, IO YacOBi
MOMEHTH PO3JIaJIKH € HEBIJIOMUMHU 1 BUTIAJIKOBUMH.

Meta po6oTH — po3po0JIeHHST aBTOMAaTH30BaHUX METO/IIB BU3HaUeHHs po3naaku PKC,
OIIIHIOBaHHSI Ta TIOPIBHSHHS iX €(EeKTHBHOCTI 3a KpUTEpIEM, IO BPaXOBYE CTATUCTHUYHY
npupoxay PKC.

IMocranoBka 3axadi. 3a7a4ui BUBHAYCHHS PO3JIAJIKN PO3B’I3YBAIM B paIioTexHiIl [6]
1 TPaKTyBaJM K Pi3Ky 3MiHY TapaMeTpiB CUTHAIIB (MAaTeMAaTHYHOTO CIIOJiBaHHS, JUCIIEPCii
abo mosiBa curHaity B mymi). Ha 6a3i po3poOneHux y paiioTexHilli Mojienell Ta MeTodiB y [7,
8] mobynoBano marematuuny mojienb PKC, mo BpaxoBye nosiBy posnanku PKC i 3miHIoeTbest
BiJI CTaIliOHAPHOI JIO MEepioJUMYHO KOpeahoBaHOi BUNaakoBoi mociigoBHOCTI (ITKBII), 1o
3MiHIO€ CBOI XapaKTepUCTUKH (IUB. pUc.l) y MOMEHT Hacy T:

0, 0<t<r
1, T<t S;]y?’

EO=n)+6(t)-{ (1), 6(1)= (1)

ne O(t) — innpukatopHa QyHKINs, mo BKazye Ha mosiBy posnanaku PKC; #(t) — cramionapHa
MOCITIIOBHICTE (Ot 1rym); ((f) — mepiognyHa jJeTepMiHOBaHA (PYHKIIiS, IO BimoOpakae
MPHUCTOCYBaHHS oOpraHisMy g0 HoBuX yMmMoB. PKC € BHIAJKOBOIO MOCIIIOBHICTIO 13
TUCKpeTHHM dYacoM t=m Tg, ne Tr — mepiox aumckpermsamii PKC, me N. 3HaueHHs
inaukaropHoi QyHkKIil 6(f) € anpiopHO HEBIIOMHM 1 MOKe Ha0yBaTH TUIBKH OJHE 3 JIBOX
3HaueHb: =0 (cramionapuuii PKC, moxis Hy), =1 (nosiBa po3nanku PKC, nonis H;), npu
=7 BiI0yBa€eThCs 3MiHA IHIUKATOPHOT QYHKIIIT #(1), o Bimmorigae posnaami PKC.
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Figure 1. Time sequence of
rhythmocardiosignal accompanied by
the change-point

Kputepiem edpextuBHOCTI npuifHaTOro pimenHs npo posnaaky PKC anamoriuno sk
IIPH BUSBJICHHI CUTHATIB [9] € XapaKTepUCTUKH JIOCTOBIPHOCTI MPUAHATOTO pilieHHs. Tomy

3a  KpuTepii  e(eKTHBHOCTI

METO/IIB

BU3HAYCHHA

posnagku PKC  Bukopucrano
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XapaKTepUCTHKH JOCTOBIpHOCTI BU3HaueHHs pozianku PKC, mo BpaxoBye CTaTUCTHUHY
pUPOAY 11 TOSBU.

B 3amavi BH3HaAYeHHS pO3JIaJKH alpiopHO BiTOMHMH € (DYHKITIT TYCTHHH PO3IOILTY
iiMoBipHOCTI 3HaueHb cTanioHapHoro PKC. Po3p’s3koMm 3ajaui BU3HAUEHHS PO3JAAKH €
anoctepiopHa iHdopmarist po mosBy posnanku PKC Ta mocToBipHICTH i BU3HAYCHHS, sIKa
OTPUMYETHCS 32 pe3yJIbTaTaMy HOTO OIpaIfOBaHHSI.

Metoa BuzHauenHsi po3aaakn PKC ta kpurepiii iioro edpexruBHocri. Bizomi B
palioTexHilll METOJM BHU3HAYEHHS po3JaAku [6] 0a3yroThCsi Ha MOpPIBHSHHI BiJHOIIEHHS
MPaBAONOMIOHOCTI (YHKII TYCTHH pO3MOJUTYy peallizamiifi BUMAIKOBOI ITOCIIIOBHOCTI.
Po3pob6nennit meton [7, 8] moOymoBaHO Ha TMOpPIBHSHHI BITHOIICHHS IPaBIOTOMI0HOCTI
TECTOBOI CTAaTUCTHKHU ¢, OTPUMAHOI METOJaMHU CHEeKTpalbHOro aHamizy peanizamiit PKC, 3
IIOPOToM h

H,
>
W, (9)<
Hy
ne Wi(q) ta Wpy(q) — TycTHHM poO3HOJULy MMOBIPHOCTI TECTOBOI CTaTUCTHKU (¢

HeCTaIlioHapHOro (IMepiouIHo KopeiboBaHoro) Ta crarionapaoro PKC. TlopiBHSHHS
BiJIHOIIEHHSI TPABIOMOAIOHOCTI TECTOBOI CTATUCTUKU 3IIHCHIOETHCS 3 TOPOTOM h, SIKUU
oTpuMyeMo 3a kputepiem Heiimana—Ilipcona, ko WMOBIpHICTP TOMHIKOBOTO BHU3HAUEHHS
PO3JIaKU py3aJa€ThCs HATIEpes.

3a TeCTOBY CTaTUCTUKY BuW3HaueHHs po3iaaku PKC ¢ BukopucraHo crnekTpaibHY
TYCTUHY TIOTYXKHOCTI, SIKy OTPUMYEMO, 3aCTOBYIOUM METOJU CIIEKTPaJbHOTO aHami3y,
30KpeMa BHOpaHO cHH(Ma3HWIA METOJ, METOj mepiojorpaM, Meroan bepra ta Yemua. Jlns
KOXKHOTO METOJIy CIEKTPAJIBHOTO aHalli3y BJIIACTHBHMA CBi 3aKOH PO3IMOALTY HMOBIPHOCTI
TECTOBOI CTATUCTHKHU: JUIsl CHUH(pa3HOTO MeTony — HopmanmbhHuit [10, 11], mis meromy
nepiogorpaM — y° — posmoxin [9], wis Meroxis bepra ta Yermua — ramma-posmoin [12, 13].

3acTocOoBY0OYH CHHGGA3HHW MEeTOJJ JO NEPIOJUYIHO KOPEIHOBAHOTO
PKC, otpuMyeMo CyKymHICTh 3aJIe)KHHUX BiJl MOYaTKOBOI (ha3u cTarioHapHUX (y HMIHPOKOMY
CeHCl) BHIIAJKOBHX TIOCHIOBHOCTEH, Ui SIKUX OOYUCIIOEMO TECTOBY CTATUCTHUKY
Bu3HaueHHs po3nanaku PKC ¢ musixom @yp’e mepeTBOPeHHS KOPENSIMIHHOT (YHKITT ITIX
noctioBHOCTe# [7, 8]. OTpuMaHi cHH(pa3HUM METOJOM TECTOBI CTATHCTUKH allPOKCHMYIOTh
HOpMaJIbHUM po3nogiom [10, 11], Tomy mopir h BusHadenHs poziaaku PKC Ta
JIOCTOBIPHICTh BU3HAYCHHS PO3JIAJKU OOUYHCIIOEMO 3a Bupazamu (3, 4).

h—m
h=D,®"'(1-p,)+m,, (3) pg=1-® —=L1|, 4)
0 f 0 ’Dl
ne d(e) — dynkuis layca; my, Dy — MaTemMaTHuHe CIOMIBaHHS 1 JUCIEPCis TECTOBOI

CTaTHCTUKH ¢ mipu ctamionapaomy PKC; m;, D; — MaTtemaTWdHe CHOJIBaHHS 1 JHCIIEPCis
TECTOBOI CTATHCTHUKH ¢ Tipu po3naami PKC.

Jqns Metony mepiogorpam XapaKTePUCTHKH JOCTOBIPHOCTI BH3HAYCHHSI
posnankn PKC OGYHCIIOIOTH 3a TECTOBOK) CTATHCTHKOK ¢, SIKY AlpOKCHMYIOTh Y- —
posmoxinom [9], Tomy mopir s BuzHadeHHs posnanku PKC Ta mocToBipHICTH BH3HAYEHHS
po3iaaKu 00UnCITIOEMO 3a Bupazami (5,6) [9]
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2F |4h
h=D,In(l/p,), = /_; /_ ’
o In(l/p,) (5) Py =0y N (6)

ne Q, - Oysakuis Mapkyma; E/N, - BiJHOIICHHSI €HEPrii HECTAliOHAPHOIO JI0
CIIEKTPaIbHOT T'YCTHHHU MOTYKHOCTI ctamionapaoro PKC.

HNns wMetoniB bepra Ta VYenda XapaKTepuCTHKH JOCTOBIPHOCTI
Bu3HaueHHs po3nanku PKC oOuuciioTs 3a TECTOBOIO CTATUCTHKOIO ¢, SIKY allpOKCUMYIOTh
ramma-posnoguiom [12, 13]. Tomy HMOBIpHICTH IOMUJIKOBOIO BU3HAU€HHS pr Ta
JOCTOBIpHICTH BU3HaueHHs posnaaku PKC p, obuncmoemo 3a Bupasamu [12, 13]

————q“"e’ dq, (7
a

ne fB=.D, 1a a=N, / D, — mnapaMmeTpu ramma-po3HOJLTy TECTOBOI CTATUCTUKU
cranionaproro PKC; I'(«x) — ramma-dynkuis; 6 = J2E/N, — napamerp HENEHTPATLHOTO ¥~
pozmoxiny; 1, (Jé'q) — MoudikoBaHa QyHKINiS becces.

Z

2
[Tpn mepeBuIneHHI TOPOry /i OTPUMAHUMH TAKHM YHMHOM TECTOBHMH CTATUCTHKAMHU
(puc.2) mpuiiMaeTbes pimeHHs npo nosBy posnaaku PKC, Tobro inaukatopua ¢yskuis 6(t)
3MIHIOE CBO€ 3HAYEHHsI (puc.3).
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Pucynok 2. Busnauennst posnanku PKC mns TectoBoi cratictikm HecranionapHoro PKC, orpumanoi:
a) cuH(pa3HIM MeTOAOM (abcuuca — 4acToTa, [ I1.; oparHaTa — Jac, C.; arjlikara — CeKTpaibHa TyCTHHA
MOTYKHOCTI, ¢*/T'w); 6) MeToOM nepiogorpam (adcuyca — yactoTa, [ 1.; OpIuHaTa — CHIeKTpaibHa IyCTHHA
MOTYKHOCT, cz/l"u)

Figure 2. Change-point detection of rhythmocardiosignal for test statistic of the nonstationary
rhythmocardiosignal obtained by: a) synphase method (abscissa — frequency, Hz., ordinate — time, s.; applicants
— power spectral density, s%/Hz), b) periodogram method (abscissa — frequency, Hz., ordinate — power spectral
density, s”/Hz)
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Pucynok 3. Buznauena po3nanka PKC i3 3acTrocyBaHHSIM: a) CHH(pA3HOTO METO/Y;
0) MeToxy mepiogorpam

b) periodogram method

BOD
64, ¢

Figure 3. Detected change-point of rhythmocardiosignal taking advantage of: a) synphase method,

PesyabTaTnn pociimkens. OtTpumani 3a Bupazamu (4, 6, 8) XapaKTepHUCTUKU
nocTtoBipHOCTI Bu3HavueHHs po3ianaku PKC (puc.4) sBhstoTh c0000 3a1€KHICTh WMOBIPHOCTI
[PaBUIIBHOTO BU3HAYECHHS PO3IaJKH p, Bij Binnomennss E/N, npu dikcoBaniii iMOBipHOCTI

MOMUJIKOBOIO BHM3HAYEHHS PO3JAJKU pr. 32 IUMU KPUBUMH OLIHIOEMO JOCTOBIPHICTbH
BHU3HAYCHHS PO3JIAJIKH, a TAKOXK €PEKTHBHICTh 3aCTOCYBAHHSI PI3HUX METOJIB CIIEKTPAITEHOTO
aHaizy 11 OOYMCIICHHS TECTOBOI CTAaTUCTUKY BU3HA4YeHHs po3nanaku PKC.
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PucyHok 4. XapakTepucTUKH JOCTOBIPHOCTI BU3HaYeHHsA po3naaku PKC, obuucneHi 3a TecToBUMU
CTATUCTUKAaMH, OTPUMAHUMU: a) CUH(A3ZHUM METO0M; 0) METOIOM nepionorpam; B) MeTonom bepra;
r) MeToJIoM Yelua

Figure 4. Characteristics of reliability of the method of change-point detection of rhythmocardiosignal
calculated by the test statistic taking advantage of: a) synphase method; b) periodogram method; ¢) Berg method;
d) Welch method

Otpumani pesynapTatd (AuB. puc.4) cBiAYaTh, IO JOCTOBIPHICTh BHU3HAYCHHS
posznagku PKC p, npu 3actocyBaHHI CHH(A3HOTO METOLy € BHUINOIO B IIOPIBHSHHI 3
MeToJlaMu niepiogorpam B 2 pasu, bepra — B 1,8 pa3a ta Yenua — B 1,4 paza, npu iMOBIpHOCTI
MOMMJIKOBOTO ~ BU3Ha4yeHHs posnaaku 0,1 Tta Bigwomenni E/N,=41b  eneprii

HEeCTaIllOHAPHOTO 0 CIEKTPabHOI TYCTHHHU MOTYKHOCTI cTarionapraoro PKC.

BucnoBkn. OOTpyHTOBaHO BHUKOPHUCTaHHS Ta OTPUMAHO  XapaKTePUCTUKU
JIOCTOBIPHOCTI METOJiB BH3HaueHHs po3naaku PKC, mo yMOXIMBIIOIOTH MOPIBHSHHS iX
e(eKTUBHOCTI Ta BPaxXOBYIOTh CTaTUCTHUHY mpupoxy mnosiBu po3naaku PKC. 3okpema,
MOPIBHSAHO €(eKTUBHICTE METOMIB BH3Ha4YeHHs po3naaku PKC, tectoBa cTaTHCTHKA SKHX
oTpuMaHa CHH(pA3HUM METOJOM, METOJIOM TepiojorpaM, MmeTtojgamu bepra Tta VYemua.
JlocToBipHicTh Bu3HaueHHs po3nanku PKC mpu 3actocyBaHHI CHH(pA3HOTO METOJY € BHIIOIO
B NOpIBHSHHI 3 IHIMMU MeTonamu B 1,4-2 pasu. Ilopanpine mopiBHAHHS e(pEeKTHBHOCTI
MeToiB Bu3HaueHHs po3nanku PKC morpeOye TecTyBaHHS Ha CHTHajlaX, IO MPEJCTaBICHI
yepe3 ckiamnimi wmoxeni (0i-IIKBII, momi-IIKBII), a Takox oOIliHIOBaHHS TOYHOCTI
Bu3HaueHHs po3naaku PKC.

Conclusions. Characteristics of the reliability of the method of change-point detection
of rhythmocardiosignal, which make possible to compare their efficiency and to take into

257



BICHUK TEPHOIIJIbCbKOIO HALIOHAJIBHOI'O TEXHIYHOI O YHIBEPCUTETY. Nei (73) 2014

account the statistical nature of the change-point methods of rhythmocardiosignal appearance
have been obtained and their application has been interpreted. The efficiency of the change-
point detection of rhythmocardiosignal was compared, the test statistics of which was
obtained taking advantage of the synphase method, the periodogram method, the Berg
method, the Welch method. The reliability of the change-point detection methods of
rhythmocardiosignal taking advantage of the synphase method is higher in 1,4-2 times as
compared compared with the other ones. Further comparison of the efficiency of the change-
point detection methods of rhythmocardiosignal requires testing of signals, which are
presented by more complicated models (bi-PCSS, poly-PCSS), as well as the accuracy
estimation of change-point detection of rhythmocardiosignal.
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