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Abstract. The article highlights the details of the construction of the algorithm that helps to filter out
the noise and artifacts of the musculoskeletal activity in non-invasive monitoring of the human cardiovascular
system. Since the work of the cardiovascular system is an important indicator of the health of the body,
monitoring its parameters is one of the main tasks for such devices. For the task two main methods are used
— photo plethysmography and rheography. The article takes rheography as a basis for non-invasive
monitoring. However, one of the main problems of this technology is a high sensitivity to noise. The main
source of this noise is muscular activity. The peculiarity of these distortions is that they are much larger in
amplitude than the information signal. This, in turn, distorts the shape of the main signal. The article presents
the details of the construction of the algorithm, which helps filter out the noise and artifacts of the motor
activity of the muscles and partially restore the signal. The algorithm is based on the Savitzky-Golay filter.
However, the peculiarity of this filter is that it cannot track sharp drops in the level. Therefore, you first need
to differentiate the signal, remove all peaks that exceed a certain level determined empirically, and then the
signal is back integrated. After this operation, we retain the shape of the main signal, but we smooth the
component that is responsible for muscle activity. Examples are given using this algorithm, which measures
the cardiovascular system for changes in the impedance of soft tissues, signal graphs before and after
processing, as well as a block diagram that implements the proposed filtering algorithm.

Key words: non-invasive monitoring, cardiovascular system, Savitzky-Golay filter, noise.

AHoTauin. Y cTaTtTi BUCBITNEHI AeTani nobyaoBM anropuTmy, KM gonomarae BiadinbTpysaTy LyMU
Ta apTedakTu pyxoBOl aKTUBHOCTI M’A13iB, OTPUMAHUA NPWY HEiHBA3VBHOMY MOHITOPUHTY CepLieBO-CYAUHHO!
cuctemMun noguHU. Tpekep 300poB'a abo Giogatymk BNpuTyn HabnwkaeTbCcsl 3@ CBOIMU OYHKLiSIMM [0
MOBHOLIHHMX MeONYHNX NPUNagiB i BiH BMie 064MCioBaTU apTepianbHUA TUCK Yepes LUBUOKICTb MNOLUMPEHHS
NynbCOBOI XBWIi N OLHIOE CTaH BEreTaTMBHOI HEPBOBOI CUCTEMM 3a MOKA3HUKOM BapiabenbHOCTi cepLeBoro
putmy. Ockinekn poboTa cepLeBO-CyaAMHHOI CUCTEMU € BaXKNMBUM MOKAa3HUKOM 300pPOB'A OpraHiamy, TO
MOHITOPWHT ii NnapaMeTpiB € OOHUM 3 OCHOBHMX 3aBAaHb Ans nogibHoro pogy npuctpoiB. 3apas ans Lboro
3aBOaHHA BMKOPUCTOBYIOTLCS [Ba OCHOBHI MeToau — uUe doTonnetnsamorpadis i peorpadis. Y crtaTTi 3a
OCHOBY HEIHBA3MBHOIO MOHITOPUHIY B3siTa peorpaqisi, ane ofgHielo 3 OCHOBHMX Mpobnem ujiei TexHormorii €
BMCOKA YyTNUBICTb A0 wWyMiB. OCHOBHMM [IXEPENom uUMX LyMiB € M'S30Ba akTUBHICTb. OcobnmBIiCTb Lnx
CMOTBOPEHb MOMNsrae B TOMy, WO BOHW 3HAYHO Oinblui 3a amnniTygoto, HiX iHopmauiiHui curHan. Lo, y
CBOIO 4Yepry, CnoTBoptoe GOpMy OCHOBHOro curHamy. Y cratTi HagaHi getani nobydoBu anroputMy, SIKUM
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Jonomarae BiginbTpyBaTn LWyM i apTedakTu pyxoBOI aKTUMBHOCTI M'A3iB i 4aCTKOBO BiAHOBWUTW CUrHanm,
OTPUMaHWN HeiHBa3VBHUM MOHITOPUHIOM CEPLEBO-CYOUHHOI CUCTEMU NOAUHU. ANropuTM NoOyAoOBaHWIA Ha
ocHoBi ginbTpa Casuubkoro-lones. Ane ocobnmeicTb faHoro ¢inbTpa nonsirae B TOMy, WO BiH HE MOXe
BIACTEXNTM pi3ki nepenagu piBHs, TOMy nonepeaHbo MOTPiIOHO npoBecTVM AudbepeHLUiloBaHHA curHany,
BUOANUTW BCi NiKW, SKi NEpPeBULLYIOTb NEBHUW piBeHb, WO BW3HAYaETbLCA eMMipuyHo, i ToAi curHan
iHTerpyetbcsa Hasag,. licns Takoi onepauii My 36epiraemo hopMy OCHOBHOIO CUrHany, ane Mu 3rfnamxyemMo
CKNazoBy, sika BiAMNOBIidae 3a akTMBHICTb M'A3iB. HagaHi NpuknagyM BUKOPUCTaHHA OAHOro anroputmy, Lo
[03BOMSE BUMIpIOBaATU MOKa3HWKUA CEepLIEBO-CYAMHHOI CUCTEMM MO 3MiHi iMNedaHCy M'SKMX TKaHWH, HadaHi
rpadikv curHany go i nicna obpodku, a TakoX CTPYKTYpHa CXema, aka peanisye 3anpornoHOBaHUA anropuTm
dinbTpauii.

KnioyoBi cnoBa: HeiHBa3WBHWUI MOHITOPUHI, CepLeBO-CyanHHa cuctema, Ginbtp CaBuubKoro-
"ones, wym.

AHHOTauma. B crtatbe npencTaBneHbl AeTanu MOCTPOEHVS anroputma, KoTopblid romoraeT
OTUNbTPOBATL LWYM M apTedakTbl OBUraTerlbHOM akTMBHOCTU MbILUL NPU HEUHBA3VBHOM MOHUTOPUHIE
cepaeYHo-cocyancTol cucTeMbl YeroBeka. Mockornbky paboTa cepae4yHO-CoCyaMCTON CUCTEMbI SIBMSIeTCs
BakHbIM MokasaTenem 3[10pOBbsi OpraHnama, TO MOHUTOPUHT ee NapaMeTpoB SABMNSAETCA OAHON U3 OCHOBHbIX
3agay ans nogobHoro poda ycTpoiicTs. Celvac Ans 3ToW 3ad4ayv UCMoNb3yTCA ABa OCHOBHbIX MeToda —
310 choTonneTuaMorpadmua u peorpadus. B cratbe 3a OCHOBY HEMHBA3MBHOIO MOHWUTOPUHra B3siTa
peorpadusi, HO OJIHOM M3 OCHOBHbIX MPOGMEM 3TOW TeXHOMNOrMK SIBNSIETCA BblCOKasi YyBCTBUTENBHOCTb K
wymam. OCHOBHbIM MCTOYHUKOM 3TMX LUYMOB SIBMSIETCA MbllleYHask akTMBHOCTb. OCOBEHHOCTb 3TUX
UCKaXXEHWIA 3aKMNioYaeTcs B TOM, YTO OHM 3HAYMTENbHO Gorblle MO amnnuTyde, YeM MHGOPMAaLMOHHbIN
curHan. Yto, B cBOl o4yepedpb, UCKaxaeT hopMy OCHOBHOrO curHana. B craTtbe npenctaBneHbl getanu
MOCTPOEHUS anropmMTMa, KOTOpblii NOMOoraeT oTUNLTPOBATL LWYM U apTedakTbl ABUraTenbHON akTUBHOCTU
MBILLIL, M YaCTMYHO BOCCTaHOBWUTL CUrHamn. AnroputM nocTpoeH Ha ocHoee unbTpa Caewuukoro-Mones. Ho
0COBEHHOCTb AaHHOro hunbTpa 3ak/io4yaeTcs B TOM, YTO OH He MOXET OTCeauTb peskue nepenappl
YPOBHS, NMO3TOMY NpeaBapuTeNlbHO HYXXHO NpoBecTM AnddEpPEHLMPOBaHNe CUrHana, yaanuTb Bce MUKW,
KOTOpble MPEBLILLAOT OMNpeerieHHbli YpoBeHb, OnpefdensieMblii dMNMPUYEcKU, 3aTeM curHan obpaTHo
nHTerpupyeTcs. Nocne Takol onepaumn Mbl COXpaHsieM )OpMy OCHOBHOIO CUrHamna, HO Mbl CrnaxuBaem
COCTaBISAIOLLYH, KOTOpasi OTBEYaeT 3a aKTMBHOCTb MbilL. NpvBedeHb! NpuMepbl UCMONb30BaHUA JaHHOro
anropuTMa, M3MepsIoLLEro nokasaTenn cepae4yHO-CocyanCTol CUCTEMbI MO U3MEHEHWUIO MMMedaHca MSArKMX
TKaHel npuseaeHsbl, rpadunkn curHana go v nocrie obpaboTky, a Takke CTPYKTypHasi cXxema, peanuvayoLas
NpeAnoXeHHbIn anroputTM MUNbTPaLuK.

KnioueBble crnoBa: HeWHBa3NWBHbIA MOHWTOPUHI, CepaeYHo-cocyaucTas cuctema, unbTp

Casuikoro-l'ones, wym.

Personal health trackers are starting to gain increasing popularity. Since the cardiovascular
system is an important indicator of the health of an organism, monitoring its parameters is one of
the main tasks for such devices. Currently, for such a task two basic methods are used — photo
plethysmography and rheography. Photo plethysmography is the measurement of the capillaries
filling the skin with oxygen-enriched blood based on a change in the color of these tissues.
Reorthography is one of the methods of measuring and analyzing the cardiovascular system. Since
this method is based on measuring the impedance variation of soft tissue, measurement results also
present various kinds of artifacts that mix a net result. Reprography, in its turn, measures the
parameters of the cardiovascular system because of the arterial filling of a new portion of blood due
to a change in the impedance of soft tissues. In photo plethysmography, there are a number of
serious shortcomings, such as the impossibility of measuring in people with dark skin and the
presence of tattoos at the point of contact of the sensor. These problems are solved by rheography.
However.t one of the main problems of this technology is its high sensitivity to noise. The main
source of this noise is muscle activity. The peculiarity of these distortions is that they are much
larger in amplitude than the information signal. Which in turn distorts the shape of the main signal
[1,2,3].

The purpose of the article is to solve this problem by developing an algorithm that
disassembles movement artifacts and partially approximates the form of the signal, which allows
automated analysis of cardiovascular system performance with a minimum cost for the performance
of the treatment system. The algorithm should provide the limiting the maximum peaks of the
signal caused by muscle activity, and the averaging the values of the signal counts, since even a
person's breathing makes an error in the measurement process.
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The algorithm was developed in the MATLAB software package. The algorithm was
developed considering the further transfer of microcontroller systems.

There are situations when a researcher has a very large amount of data. In this case, there is
no need for interpolation, since the function is specified with a sufficiently small step. But
measurement errors are visible to the naked eye. Excessive number of measurements allows you to
filter out these errors (they are sometimes called noise) and get a smooth line (or surface for a
function of two variables) dependencies. If the task is to forecast or obtain an analytical formula for
theoretical analysis, then it makes sense to select a model using the method of least squares [4].

Solving the problem of interpolation, we are faced with the problem of the impossibility of
approximating all the data with one formula, if there is enough data. There is a simple way to
approximate a function at each site with its own formula. A similar technique applies to the
smoothing problem. For each point, its own model is constructed; several neighboring points
calculate the coefficients of which a series of model values becomes smoother than the original one,
since random errors of neighboring points compensate each other by averaging. Averaging moves
from point to point - slips, so this method is called the moving average [4, 5].

Let the values of the function be given [Y1, Y2, ..., Yn] at the points [Xi, Xz, ..., Xn],
moreover, the points are set with equal step, AX = Xj+1 — Xj = const.

When using the least squares method, a search is made for values of the matrix of
coefficients B (1) for which the difference between the interpolated value and the function reaches a
minimum.

-~

Y = Xg. (1)
Consider the point i. Let us set the number of points n on which the model will be built the
width of the window. It is natural to assume that the points that lie to the left of the estimated one
are no worse than the points that lie to the right. Therefore, the width of the window must be an odd
number: 7 — points remain on the left; » — on the right, and the point i itself. In the sum n =2r +1.
Let us change the variable (2):
¢ X — 1¥!'
aX

Then only the points T = [-r, —r + 1, .., - 1,0,1, ..., r] will fall into the window, according to
which the model will be built. We also define a model (3), it will be a polynomial of degree m, with
m<n:

(2)

m+1

wit) = z B; ti-1, 3)

j=1

The smoothed value of y; is the value of the polynomial at # = 0, which corresponds to the
center point. It is equal to the coefficient B1, since (4)

m+1

\.d,'(O) = Z ’9}' . O"{-l = 31_ (4)

j=1

Thus, the local problem for the least squares method (4) is to calculate the coefficient B;. In
the case of a linear model (m = 1) by the formula (2) we get: y;=B1=w — BT = w.

Thus, for a linear model, the moving average is literally the arithmetic average. For higher
polynomials, this will be a weighted average.

It makes sense to use polynomials of only even degrees because polynomials of odd degrees
will give the same result. In particular, our linear model is equivalent to a one-parameter model.

The coefficients B are determined from the system of equations, the matrix of values of the
variables [1, ¢, ..., tm], its dimension is equal to n x (m + 1). Therefore, y; = P1 is the first element of
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the vector, i.e. scalar product of the first row of the matrix T by the vector w. We denote this row by

h = [hi, ..., hy], then the smoothed value of the function is calculated by the formula (5), which is
called a linear filter:

R-W Zh 7
Yi=h-W = k W, 5
& ()

Vector g is called a template or filter mask. The pattern of a linear model is called a
rectangular. For a polynomial of arbitrary degree, it is called the Savitzky-Golay template in honor
of A. Savitzky and M.J.E. Golay, who first proposed this method in 1964 [7].

The Savitzky-Golay pattern has two properties:

n

— normalization condition is satisfied, Z hy=1 :
k=1

— the pattern is symmetric about the center point, fx=h,-x+1 ifk <r.
Filter templates for windows with a length of not more than 9 and a polynomial degree of no
more than 5 are calculated by minimizing the squares of the deviation [8] and are listed in Table 1.

Table 1 — Selected values of the convolution coefficients for polynomials

Coefficients for smoothing
Polynomial quadratic or cubic 2 or 3 quartic or quantic 4 or 5
Degree

Window size 5 7 9 7 9
—4 —21 15
-3 -2 14 5 =55

-2 -3 3 39 =30 30
-1 12 6 54 75 135
0 17 7 59 131 179
1 12 6 54 75 135

2 -3 3 39 =30 30
3 -2 14 5 =55

4 —21 15
Normalization 35 21 231 231 429

In order to ensure the filtering of the traffic artifacts, we must get the movement artifacts
themselves directly from the signal, and then filter them from the signal itself. In order to receive a
signal that responds to this, we use the Savizky-Golay filter. However, the feature of this filter is
that it cannot track abrupt level fluctuations, so it is necessary to pre-differentiate the signal, delete
all peaks that exceed a certain level, determined empirically, and then the signal is re-integrated.
After such an operation, we store the shape of the main signal, but we smooth out the component
that is responsible for the activity of the muscles. When we filter the sharp transitions of the level,
we filter by the above type of filter.

According to the above information, we have developed an algorithm whose structure is
shown in Fig. 1:
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x(t) dx . Jdt “ X(t)
dt

conv

Figure 1 — The algorithm structure

The signal received from the sensors falls on the input of the differentiator. Then from the
obtained differential, we remove the peaks, which in the restored signal will correspond to a sharp
change in signal level. The next step is to restore the signal with the help of an integrator. At this
stage, the signal will have a smooth component that corresponds to motor activity and a complete
component — which corresponds to the work of the cardiovascular system.

Since the Savizky-Golay filter is one of the types of convergent filters with a finite impulse
response, we can form a coefficient in advance and during signal processing. We will only use a
convolution operation, which in most cases has hardware implementation in the processor, thus we
save resources on this operation. The next step is to remove the artifacts directly from the main
signal by subtracting from the input signal the signal that we received after the convolution, so we
get a signal that actually has only a signal that corresponds to the work of the cardiovascular
system.

This algorithm was implemented in the MATLAB software package. To reduce the speed of
writing the test algorithm, we used the standard mathematical functions of this package. For
filtering only, we used a separate function for generating the Savitzky-Golay filter coefficients and
then the convolution operation over the input signal with the obtained coefficients.

Data ranges of the rheogram were obtained from the wrist, with the tetrapolar scheme of
placing the electrodes on it. The frequency of signal discretization is 200 Hz. The signal is pre-
filtered by a slippery medium filter. To test the subjects during the removal of indicators, the
subjects folded and extended their wrists, compressed and squeezed their palm fingers, which was
characterized by specific peaks in the rheogram. Since the device for taking indexes has high
sensitivity and limited dynamic range, the plot contains areas where the signal is just equal in shape.
Such a phenomenon is observed due to the overload of input amplifiers. In addition, of course, from
such sites, we cannot receive any information. For testing, 10 test datasets were received.

An example of the input and filtered signals is shown in Fig. 2. The peak curve is an input
signal. The horizontal axis represents time in seconds. Measurements were taken within five
minutes. The vertical axis represents the signal values taken from the sensors. Signals are small,
except for peaks, expressed in microvolts.
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Figure 2 — The frame of input and filtered signals

In this paper, the comparative analysis of noise elimination by the Savitzky-Golay filter is
carried out. During the tests, the developed algorithm has shown itself to be active and complete.
The reliability of the results of the automatic analysis of cardiovascular datagrams is directly related
to the accuracy of measuring its amplitude and time parameters. In turn, the measurement errors are
determined by the presence of interference in the recorded datagrams and distortions obtained
because of insufficient quality registration and pre-processing (including through filtering
procedures).

Because of interference suppression, distortions in the shape of the informative sections
occur. This can lead to erroneous or inaccurate diagnostic conclusions. In this regard, the actual
development of methods and algorithms for filtering signal with noise are performed, providing
significant interference suppression with minimal distortion of the shape of the useful signal. Thus,
the better the filter eliminates interference and the less it distorts the useful signal, the more
effective it will be.

REFERENCES:

1. Nyboer J, Bango S, Barnett A, et al. “Radiocardiograms: Electrical impedance changes of the heart
in relation to electrocardiograms and heart sounds.” J Clin Invest 1940; 19:773.

2.  Kubicek WG, Karnegis JN, Patterson RP, et al. “Development and evaluation of an impedance
cardiac output system.” Aerosp Med 1966;37: 1208-12.

3. Patterson RP, Kubicek WG, Kinnen E, et al., “Development of an electrical impedance
plethysmography system to monitor cardiac.” Harwood, England, 2005, 83 p.

4. Squara P, Denjean D, Estagnasie P, et al., “Noninvasive cardiac output monitoring (NICOM): a
clinical validation.” Intensive Care Med, 2007; 33:1191-4.

5. Williams SG, Cooke GA, Wright DJ, et al. “Peak exercise cardiac power output; a direct indicator of
cardiac function strongly predictive of prognosis in chronic heart failure.” Eur Heart J 2001;22: 1496-
503.

6. Cotter G, Moshkovitz Y, Kaluski E, et al. “The role of cardiac power and systemic vascular
resistance in the pathophysiology and agnosia of patients with acute congestive heart failure.” Eur J
Heart Fail 2003; 5:443-51.

7. Gorry. "General least-squares smoothing and differentiation by the convolution (Savitzky—Golay)
method". Analytical Chemistry. 1990 62 (6): 570-3. doi:10.1021/ac00205a007.

8. Savitzky, A., Golay, M.J.E. "Smoothing and Differentiation of Data by Simplified Least Squares
Procedures." Analytical Chemistry. (1964) 36 (8): 1627-39. doi:10.1021/ac60214a047.

Vyznuk O.M, Baliar V.B., Osharovska O.V. 133
Noise elimination by the savitzky-golay filter with non-invasive monitoring of human health



Hayxosi npani OHA3 im. O.C. Ilonosa, 2018, Ne 2

JINTEPATYPA:

Nyboer J, Bango S, Barnett A, et al. Radiocardiograms: Electrical impedance changes of the heart in
relation to electrocardiograms and heart sounds / J. Nyboer, S. Bango, A. Barnett // J Clin Invest. —
1940. - P.19-773.

Kubicek WG, Karnegis JN, Patterson RP, et al. Development and evaluation of an impedance
cardiac output system / WG Kubicek, JN Karnegis, RP Patterson // Aerosp Med. — 1966. —Ne 37. —
P.1208-1212.

Patterson RP, Kubicek WG, Kinnen E, et al, Development of an electrical impedance
plethysmography system to monitor cardiac / RP Patterson, WG Kubicek , E. Kinnen // Harwood. —
England. — 2005. — 83 p.

Squara P., Denjean D., Estagnasie P., et al. Noninvasive cardiac output monitoring (NICOM): a
clinical validation / P Squara, D. Denjean, P. Estagnasie // Intensive Care Med. — 2007.— Ne.33. - P.
1191-1194.

Williams SG, Cooke GA, Wright DJ, et al. Peak exercise cardiac power output; a direct indicator of
cardiac function strongly predictive of prognosis in chronic heart failure / SG. Williams, GA. Cooke,
DJ Wright // Eur Heart J. — 2001. — Ne 22, — P. 1496-1503.

Cotter G, Moshkovitz Y, Kaluski E, et al. The role of cardiac power and systemic vascular resistance
in the pathophysiology and agnosis of patients with acute congestive heart failure / G. Cotter, Y.
Moshkovitz, E. Kaluski // Eur J Heart. — Fail. — 2003. — Ne 5. — P. 443-451.

Gorry A. General least-squares smoothing and differentiation by the convolution (Savitzky—Golay)
method / A. Gorry // Analytical Chemistry. — 1990. — Ne 62 (6). - P. 570-573.
doi:10.1021/ac00205a007.

Savitzky A., Golay M.J.E. Smoothing and Differentiation of Data by Simplified Least Squares
Procedures / Savitzky, A., Golay M.J.E. // Analytical Chemistry. — 1964. — Ne 36 (8). — P. 1627—1639.
doi:10.1021/ac60214a047.

DOI 10.33243/2518-7139-2018-1-2-128-134

134

Vyznuk O.M, Baliar V.B., Osharovska O.V.

Noise elimination by the savitzky-golay filter with non-invasive monitoring of human health



