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2 Clarivate
Analytics

«Central Asian Academic Research Centery LLP is pleased to announce that “News of NAS
RK. Series of Geology and Technical sciences” scientific journal has been accepted for
indexing in the Emerging Sources Citation Index, a new edition of Web of Science. Content
in this index is under consideration by Clarivate Analytics to be accepted in the Science
Citation Index Expanded, the Social Sciences Citation Index, and the Arts & Humanities
Citation Index. The quality and depth of content Web of Science offers to researchers,
authors, publishers, and institutions sets it apart from other research databases. The
inclusion of News of NAS RK. Series of Geology and Technical Sciences in the Emerging
Sources Citation Index demonstrates our dedication to providing the most relevant and
influential content of geology and engineering sciences to our community.

«Opmanvix Asus axademusnvik vinvimu opmanvizely KIIC «KP ¥FA Xabaprapoi.
Teonocus oicone MeEXHUKANLIK bLILIMOAD Cepusicbly 2bliviMu dcypranvinviy Web of
Science-miny scanananean nyckacet Emerging Sources Citation Index-me unoexcmenyee
Kabvli0aneanvin  xabapnaiovl. byn unoexcmeny oapwiceinoa Clarivate Analytics
KOMRaHuscul Jcypranovl odan api the Science Citation Index Expanded, the Social
Sciences Citation Index ocone the Arts & Humanities Citation Index-xe kabwviioay
Mmacenecin Kapacmuipyoa. Web of Science zepmmeywinep, asémopnap, 6acnawiviiap
MeH MeKemenepee KOHmeHm mepenoiei meH canacwin Ycvinaovl. KP YFA Xabapnapeo.
Teonocus scone mexunuxanvix eviavimoap cepuscol Emerging Sources Citation Index-xe
enyi 0i30iH KO2amOacmulK YWiH eH 63eKmi dcane 0edendi 2e0n02usi JHeaHe MexXHUKAIbIK
EbLIBLIMOAD OOULIHUWA KOHMEHMKe adanoblblmbi30bl 0i10Ipeoi.

TOO «llenmpanvro-a3uamckutl akadeMuuecKull HAy4Hulil yeHmpy coodwjaem, umo
nayunoii oicypuan “Useecmuss HAH PK. Cepusi ceonocuu u mexuuueckux Hayk» Obll
npunam oas unoexcuposanusi 6 Emerging Sources Citation Index, obnosnennou
sepcuu Web of Science. Cooepoicanue 6 3mom UHOEKCUPOBAHUU HAXOOUMCS 8 CMAOUU
paccmompenusi komnanueti Clarivate Analytics ons oanvhetiwezo npuHAMUS JICYPHANA
6 the Science Citation Index Expanded, the Social Sciences Citation Index u the Arts &
Humanities Citation Index. Web of Science npednazaem kauecmso u enyouny Konmenma ot
uccredosamenetl, agmopos, uzoameneli u yupesicoenuil. Brmouenue Hzeecmus HAH PK.
Cepus ceonozuu u mexnuyeckux nayk ¢ Emerging Sources Citation Index oemoncmpupyem
HAWLy npuepIHCEeHHOCMb K Haubonee akmyaibHOMY U 6IUSMETIbHOMY KOHMEHMY NO 2e0N02UU
U MEXHUYECKUM HAYKAM OJisl Haue2o coobuecmsa.
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Abstract. Relevance. Acoustic emission (AE) systems and complexes offer a
sensitive method for determining acoustic stress in rocks and geological fields,
and also detecting various defects during selective laser melting of heat-resistant
alloys. However, when operating this system, the AE signal recording process is
inevitably subject to interference, which can significantly reduce the accuracy of
signal parameter measurements. Therefore, to improve the accuracy of AE signal
measurement, filtering methods are used to isolate diagnostic parameters from noise.
Objective. The aim of this study is to improve the accuracy of AE signal parameter
estimation by developing a digital filtering method and a phenomenological
model of the information component. Methods. The proposed bi-directional
filtering method for the AE signal model based on Butterworth digital filter is
considered. The informative components of the signal are extracted, the parameters
are measured and the relative measurement error between the signal models is
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calculated. Furthermore, at the output of the digital filtering method, the signal-
to-noise ratio is computed to determine the association between this indicator and
the measurement accuracy of diagnostic AE parameters. The relationship between
the indicators is approximated using the least squares method and visualized by a
scatterplot, which displays the distribution of data as points along the x-y coordinate.
Results and conclusions. The implementation of the method improves the accuracy
of measuring AE parameters, while the relative error does not exceed 3% compared
to the Daubechies wavelet filter of the selected order and decomposition level.

Keywords: signal processing, measurement accuracy enhancement, acoustic
emission, signal-to-noise ratio, acoustic inspection, noise, Butterworth filter,
wavelet filter
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AHHOTanms. Ozexminiei. 3aMaHy! aKyCTHUKaJBIK-OMHCCHUSIIBIK JKylenep MeH
KEIIeHJIEp — Tay >KBIHBICTAPBIHBIH aKyCTHKAIBIK KAacHETTepi MEH KepHEYJepiH,
TeOJIOTUSIIBIK  OpicTeplli, COHBIMEH Karap aJJUTHBTI OHIIpIC eHIMIepi YIIiH
BICTBIKKA TO3IMJIi KOPBITIIAJIAP/Ibl CEIEKTUBTI JIa3epIlik OANKBITY Ke3iHJe opTypIIi
aKayJap/Ipl aHBIKTay/[a Ce3iMTal 9/1ic OOIBIT Ta0bIIaabl. Anaiiia, MyHal xKynenep
MeH KelIeH Iep/li Naiianany Ke3iH/ie aKyCTHKAIBIK YMUCCHSHBI TipKey MPOIeCiHe
QUIMTUBTI TIYJBIH OCEpPIHEH TYBIHJAAWTBIH CBHIPTKBI (aKTOpiap BIKIAJ ETill,
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AKyCTHKaJbIK CHTHAIIBIH HapaMeTpiepiH OIey ISJIINiH eloyip TOMEeHAETyi
MYMKiH. AKYCTHKAIJIBIK CHTHAII TTapaMeTpIIepiH oJIIIey AIITIH apTThIPy YIIiH 1Ty
(hOHBIH/Ia AMATHOCTUKAJBIK MapaMeTplepai Oelin KepceTyre apHalFaH JpTypdi
nUGPIBIK CY3Tijey oicTepi KONJIaHbUIaabl. MakajaHbIH HETi3Ti Makcarbl —
IU(PIBIK TOIMHOMJIBI CY3TIEY SICIH oHE AQIAIKTI Oaranay YIIiH aKmapaTThIK
Kypamjac OeiKTiH (pEeHOMEHOIIOTHSIIBIK MOJIENIH Kacay apKbUIbI aKyCTHKAJBIK
AOMUCCHS CUTHAJBIHBIH JHAarHOCTUKAJIBIK MaHBI3BI Oap mapaMeTpiepiH Oaraiay
JONAIriH  apTThIpy. Odicmep. Exinmi perti barrepBopt mudprsik cysricine
HET13/IeJITeH aKyCTHKAIIBIK YMUCCHSI CHTHAIIBIHBIH MOJICITiH €Ki OaFBITTaFbI CY3TiIey
OJIiCiH XKY3ere achIpy KapacThIpbulIbsl. CUTHAJIBIH aKITapaTThIK Kypamiac OemiriHig
(hopMatapbl abIHBIM, AKYCTHKAIBIK YMHCCUSHBIH JTHATHOCTHKAIBIK ITapamMeTpIepi
OJITIICH]Ti, CHTHAJI MOJIEJIbJIEP] apachIHIaFbl CaJIBICTHIPMAIIbl KATENIKTIH MaHbI3IBIK
KepceTkim aHbkTanael. CoHmai-ak, IMUQPIBIK CY3Tiley OAICiHIH IIBIFBICHIH/IA
AKyCTHKaJbIK CUTHAJl MEH 0OreyisliH KaThIHACKI €CeTITEINIIl, OChl KOPCETKIII TIeH
AKyCTHUKAaJbIK SMUCCHSHBIH JUATHOCTHUKAIBIK MapaMeTpiepiH OIIIey STl
apachlHIarbl OallaHbIC aHBIKTANABL. by Toyenmimik eH Kimi KBajparrap
OMCIH KONAAaHY apKbUIbl AalPOKCUMAIMSIIAHBIN, X KOHE Y KOOPAWHATAIBIK
YKa3BIKTHIKTAPBIHAAFbI HYKTEIIEP TYPIHIIET1 IepeKTep Il OeliHeney apKbUTbI MAIIBIpay
IUarpaMMachl  BU3yalH3alusuIaHabl. Homuowenep. Y CBIHBUIATBIH OJIICTI JKy3ere
achIpy Ke3iHe aKyCTHKAIIBIK SMUCCHSIHBIH TUArHOCTHKAIIBIK ITApaMeTPIICPiH ey
TIOIIJIT] apTaThIH/IBIFBI aHBIKTAN/IBL. TaHJaIFaH PETTUTIK TIeH JKIKTey JNeHTreHiHaeri
JloGemn BeWBIET Cy3TriCiMeH CalbICTBIPFaH/ia CaTbICTBIPMAIIBI OISy KATeTITiHIH
MOHI 3 maibI3gal acaniibl.

Tyiiin ce3mep: cUTHaIABI OHJEY, OJNIIEY MANITIH apTTBHIPY, aKyCTHUKAaJBIK
AMUCCHS, CUTHAJI/IITy KaThIHACHI, aKyCTHKAIIBIK Oakpliay, Oereyinnep, barrepsopr
CY3Tici, BEeHBIIET-CY3Ti
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AnHoTaumus.  Axmyarvnocms.  COBPEMEHHBIE  aKyCTHKO-OMHUCCHUOHHBIC
CHUCTEMBI M KOMIIJIEKCHI SBIISIOTCS YYBCTBHTEIBHBIM METOAOM HACHTHU(UKAITUN
AKyCTUYECKHUX CBOMCTB M HANPSKEHUN TOPHBIX MOPOJ, I'€OJIOrMYECKUX INOJEH U
OOHaApyKEHHUS] PAa3NIUYHBIX Je(PEKTOB IPH CEIEKTHBHOM JIa3epHOM IIJIaBICHUHU
YKApOTIPOYHOTO CIUIaBa I M3IENUH aJIUTUBHOTO MPOU3BOACTBA. OHAKO TpH
IKCIUTyaTallii IMOJOOHBIX CHCTEM M KOMIUIEKCOB Ha TMPOIECC PETUCTPALUN
aKyCTUYECKOH SMHCCHHM HEW30EKHO BIHSIOT CTOPOHHHE (DaKTOpHI, BHI3BAHHBIE
N00aBOYHBIMU  (QJIUTUBHBIMU) IIIyMaMH, KOTOPbIE MOTYT B 3HAYUTEIHHON
CTETIeHN CHIKaTh TOYHOCTh M3MEPSEMBIX MapaMeTpPOB aKyCTHYECKOTO CHTHAJIA.
Jig TIOBBIIIIEHWS TOYHOCTH HM3MEpPEHHUs MapaMeTpoOB aKyCTUYECKOTO CHTrHaa
MIPUMEHSIOT Pa3IMYHbIE METOB! IU(PPOBON (DMIBTpALNH, TTPETHA3ZHAYEHHBIC IS
BBIZICJICHHS ANATHOCTHICCKUX ITapaMeTpoB Ha (poHe momeX. []enb paccMaTprBacMOM
CTaThbU 3aKJIFOYAETCS B MOBBIIICHUH TOYHOCTH OICHKH JWArHOCTHYECKH BAYKHBIX
MapaMeTpoB CHTHAIA aKyCTHYECKOH AMHCCHU TOCPEICTBOM pa3pabOTKH MeTona
M(ppoBOH TOTMHOMHATBEHOW (QMIBTpAllid W (PEHOMEHOIOTHYECKON MOJenn
WH()OPMATUBHON COCTABIAIONICH I JAaHHOW OLEHKH. Memoowl. PaccMoTpena
peanu3anus TPeIOKEHHOTO METO/a JBYHAIPABICHHOW (DHUIBTpAlK MOJETH
CHUTHAaJa aKyCTHYECKOI SMICCHH, 0CHOBaHHOTO Ha I poBoM punsTpe barTepBopra
BTOpOH cTereHu. Briaenens! ¢popmbl HHPOPMATHBHON COCTABISIONICH CHTHAIA,
W3MEpeHbl 3HAUYeHHUS IUArHOCTHYECKUX TapaMeTpOB aKyCTHYECKOW SMHCCHH,
paccunTaHa BENIWYMHA OTHOCHTEIBHON IOTPEIIHOCTH B TMPOLEHTaX MEXIY
MOJIeNIIMHA CHTHasa. bonee Toro, Ha BBIXOME MeToaa Hu(poBol (uIbTpanun
BBIUMCJICH TII0Ka3aTellb OTHOIICHHS aKyCTHYECKOTO CHTHalla K TIOMeXe s
oOHapy’KEHHsI aCCOLMAIMN MEXIy ATHM IOKa3aTeleM M TOYHOCTHIO M3MEpEeHUs
TUArHOCTHYECKUX TapaMeTPOB aKyCTHYECKOW SMHCCHHU. 3aBHUCHMOCTh MEXKIY
TAHHBIMH TIOKa3aTeNsIMU amMpOKCHMUPOBaHA METOJOM HAWMEHBIINX KBaJpaToB
M BH3yaJIM3UpPOBaHA C TIOMOIIBIO JHArpaMMBl paccesHus, OToOpa)karomen
pacmpesneneHre JaHHBIX B BHJAE TOYEK Ha KOOPIWHATHOM IUIOCKOCTH X H
Y. Pesyromamol. BIABIEHO, UTO TPH peaqu3alud pa3pabOTaHHOTO MeToaa
MTOBBIIITAETCA TOYHOCTh M3MEPEHHUS INAarHOCTHYECKHUX MMapaMeTpOB aKyCTHYECKON
SMUCCHH, TJIe OTHOCUTENbHAS ITOTPEITHOCTh M3MEPEHUS COCTABIAET He Ooree TpEX
MIPOIIEHTOB B CPaBHEHHH C BelBIeT-GuiasTpoM JloOemn BRIOpaHHOTO MOpSIKa U
YPOBHS PA3IIOKEHHS.

KuaroueBbie cjioBa: 006pab0OTKa CHUTHANA, TMOBBIIICHHE TOYHOCTH W3MEPEHUS,
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aKyCTHUYECKasl 3MHUCCHS, BEIMYMHA CHUTHAJI/TIOMEXa, AaKyCTUYEeCKMH KOHTPOIIb,
nomexu, hpunsTp barrepBopra, BeiBiaeT-QHILTD

Introduction. Acoustic emission (AE) diagnostics, a critical scientific and
technical challenge aimed at reducing measurement errors of AE signal parameters
is the development of noise-immune methods for processing acoustic emission
data. The relevance of this issue is due to the fact that noise-immune methods
significantly mitigate the distorting effects of interferences caused by external
factors. Such factors in AE monitoring and object operation include interferences
arising from the operation of power electrical installations, inductive electrical
impulses in the measurement circuit, welding processes, mechanical processing
and milling of the object, loading devices, cavitation, fluid and gas flow, among
others (He, 2020; Kharrat, 2015; Il et.al., 2018; Barat, 2010; Altay et.al., 2022;
Altay et.al., 2025).

Among these disturbances, the suppression of impulsive electrical noise is a
non-trivial task (Barat, 2010; Altay et.al., 2025). This is due to the fact that such
noise comprises not only a sum of deterministic components but also variability in
the amplitude values of each component. The influence of this noise reduces the
accuracy of measuring informational signal components and makes it impossible to
correctly interpret AE events. To mitigate distortions and reduce the impact of noise
on AE signal components, various filtering methods resilient to interference are
applied. However, in developing AE noise filtering methods, it is crucial to preserve
the shape of the informational components that carry diagnostic information from
acoustic monitoring results.

Thus, among known signal processing techniques, there is a growing relevance
in seeking filtering methods that ensure minimal distortion of the AE signal's
informational component at the filter output. In (Fedorov, 2022), an analysis of
AE signal processing methods was performed to reduce measurement errors and
improve the signal-to-noise ratio (SNR), demonstrating widespread use of wavelet
filtering, empirical mode decomposition, cluster analysis, and spatiotemporal
processing techniques. The analysis paid special attention to identifying
the characteristics of methods that are, firstly, simple and highly accurate in
mathematical implementation, and secondly, features of the processing system,
such as the absence of high-order filtering schemes that affect signal shape, the
selection of mathematical decomposition bases, and the need for special reference
channels requiring an isolated noise signal shape for filtering.

As a result of analyzing AE data processing methods for high-precision
filtering and maximum noise suppression with minimal signal shape distortion,
the applicability of polynomial filtering methods was established, representing
an optimal class of filters (Altay et.al., 2022). Minimal signal shape distortion
is necessary for the subsequent assessment of their informative parameters
in determining the technical condition of the monitored object (Altay, 2019).
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The presence of distortions increases the error in assessing AE parameters and,
consequently, affects the reliability of monitoring results.

The applicability of polynomial filtering methods is attributed to their capability
forflexible adjustment of filtering characteristics depending on AE signal parameters,
enabling the extraction of informative components from a noisy mixture of signal
and interference. In synthesizing filters of this class, Butterworth polynomials are
predominantly used, with Bessel, Chebyshev (Abdulkhairov, 2017), and in some
cases Newton polynomials (Somefun et.al., 2022) applied less frequently. This
preference arises because filters approximated by the Butterworth polynomial
exhibit no ripples in pass-bands and stop-bands; their frequency response and gain
are independent of polynomial order (degree), remaining uniform, monotonic, and
stable compared to the mentioned filters. During signal processing, Butterworth
polynomial filters generate the lowest intrinsic error values attributed to their
characteristics. It is noteworthy that the roots of Butterworth (Altay et.al., 2022)
and Newton polynomials (Bystrov, 2016; Bystrov et.al., 2017), with their binomial
structure (Somefun et.al., 2022), are universally positioned in a circular root
arrangement of the transfer function, enhancing filter system stability and making
them more suitable for practical signal processing applications.

In (Stepanova, 2023), an analog topology of Butterworth filters based on
operational amplifiers was proposed for the first time to improve the noise
immunity of AE signal registration paths. The topology was implemented as
four automatically tunable two-pole active low- and high-pass filters based on
operational amplifiers (Stepanova, 2023). This filter design improved the noise
immunity of the signal registration system. However, due to variations in AE signal
parameters and structures, as well as interference influences, analog filtering results
in insufficient noise suppression. Therefore, the focus shifts to solving tasks of
digital signal processing methods for AE signals to reduce noise influence after
analog filtering (Altay et.al., 2022). The presence of residual noise significantly
reduces the reliability and informativeness of AE signal analysis. Thus, the
application of digital filtering methods becomes a vital task.

Studies (Altay et.al., 2022; Barat, 2010; Fedorov, 2022) have shown that
the implementation of digital filters approximated by Butterworth polynomials
for noise suppression in AE signal processing remains insufficiently explored.
A comparative analysis and efficiency evaluation of digital filtering methods
specifically Butterworth and Bessel polynomial high-pass and low-pass filters
were conducted to reduce measurement errors of AE parameters and improve
SNR. It was established that combining spectral analysis methods with flexible
filter parameter adjustments maximizes the SNR (Altay et.al., 2022) and reduces
measurement errors of amplitude and temporal signal parameters (Altay et.al.,
2022). Works (Altay et.al., 2019; Altay et.al., 2022) demonstrated that among
polynomial filtering methods, filters approximated by Butterworth polynomials
ensure high signal processing accuracy with minimal distortion of the informative
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components of AE signals. Among Butterworth filters, high-pass polynomial filters
achieved the highest SNR values and the lowest AE parameter measurement errors.
This finding substantiates the selection of this method for assessing the relationship
between signal informational components and noise during multichannel AE data
acquisition (Altay et.al., 2022, Fedorov, 2022).

Unlike (Altay et.al., 2022, Altay et.al., 2025), this study examines the predictive
assessment of the impact of SNR on the measurement error of AE diagnostic
parameters produced at the output of Butterworth polynomial digital filtering
methods, compared to the well-established Daubechies wavelet filters (Kharrat et.al,
2017). For polynomial digital filtering methods, the concept of a filter "producing”
a signal is applied, as introduced in the monograph by B.R. Levin (Zakharov, 2022)
when determining the capabilities of filters for AE signal processing. It is important
to note that in (Zakharov, 2022), the term "producing" was used in the context of
matched filtering of signals. Instead of the conventional "signal-to-noise ratio," the
term "signal-to-interference ratio" is used here, as the study considers the impact of
interference on the measurement error of AE parameters.

The objective of this research is to develop a predictive regression model
describing the dependence of the signal-to-interference ratio on the measurement
error of AE parameters at the output of polynomial filtering methods. The predictive
model, characterizing the impact of SNR on the measurement error of AE
parameters, is developed based on a machine learning approach—Ilinear regression.
The choice of this method for model development is justified by its operational
efficiency, high sensitivity to the analyzed data (Elforjani, 2018; Ponkratov, 2023;
Begentayev, 2025; Begentayev, 2024), and the absence of requirements for special
training of AE data samples obtained from the monitored object.

Material and Research Methodology

Research Material. The initial material for developing the predictive model
comprised the measured values of the signal-to-noise ratio (SNR) and relative
error obtained during the implementation of an additive mixture of (1) a generated
acoustic emission (AE) signal (Fedorov, 2022) and (2) noise (Altay et.al., 2022)
at the output of digital filtering methods. This approach to noise modeling allows
simulating a provocative noise background for the development of a predictive
model aimed at estimating diagnostic AE parameters at the output of filtering
methods.

Research Methodology. The synthesis of infinite impulse response (IIR) digital
filters, specifically the Butterworth high-pass filter, was performed in a normalized
frequency range using analog prototypes through bilinear transformation (Altay
et.al.,, 2022). To avoid the distorting effects introduced by high-order filters on
AE signal parameters and to reduce computational complexity in calculating
filter transfer functions, second-order polynomials (n = 2) were selected (Altay
et.al., 2022). For the considered IIR filters, the cutoft frequency of the generated
informational component of the AE signal was set at 240 kHz, with a sampling
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frequency of 4 MHz (Altay et.al.,, 2019; Altay et.al., 2022). Based on these
frequencies, the transfer function of the second-order Butterworth digital filter was
calculated. The derived transfer functions of continuous high-pass filters and their
bilinear transformations are presented in Table 1.

Table 1. Transfer Functions of the Designed High-Pass Filters

Filter Polynomial, A(s) Transfer functions
Continuous, W(s) Discrete, W(z)
Butterworth
s’ 0,915z* —1,831z + 0,915
s*+1414Q 05+ Qg 52 +0,1765 + 0,015 2% —1,824z + 0,832

Note. s — complex variable of the continuous-time transfer function; Q. — cutoff frequency of the
filter; z — complex variable of the discrete-time transfer function.

To minimize distortions of the informational component of the processed signal,
bidirectional filtering was applied. Unlike conventional unidirectional filtering
(input-output), bidirectional filtering involves processing the signal "in both
directions." In this approach, AE signals are filtered first in the forward and then
in the reverse directions (Altay et.al., 2022), with distortions introduced by the
filtering system mutually compensated. The structural scheme of the bidirectional
implementation of high-pass filters, as well as their convolution in the frequency
domain for AE signal processing, is detailed in (Altay et.al., 2022).

Following the recommendations of [18], the relative measurement error (d) was
assessed for the following AE diagnostic parameters: root mean square deviation
(8,), root mean square value (RMS), signal amplitude (U), and the MARSE
(Measured Area of the Rectified Signal Envelope) energy parameter. The selection
of these AE parameters is justified by their sensitivity in identifying relationships
with the properties of the AE source during technical condition monitoring of the
tool (Elforjani, 2018).

The statistical parameters characterize: the deviation of the amplitude samples
of the analyzed signal from the mean value (cU), the power or root mean square
value of the signal (RMS), and the maximum amplitude of the electrical signal
voltage (U). The MARSE parameter characterizes the contribution of the voltage
oscillation amplitude to the total energy of the AE signal, calculated under the
area or squared envelope of the pulse. The AE signal envelope is a special line
that connects the peak amplitudes of the positive half-wave of the analyzed signal
(Elforjani, 2018). The calculation of the aforementioned amplitude parameters was
carried out using built-in functions of the MATLAB software environment. When
calculating the relative error of these parameters, the initial (reference) signal form
was taken as the experimentally generated test AE signal described in (Altay et.al.,
2022).

The predictive model characterizing the influence of the SNR on the relative
error in estimating AE parameters was developed using linear regression (Altay,
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2019). The relationship between measurement error and SNR was approximated
using the least squares method and visualized through a scatter plot illustrating the
distribution of the two variables: SNR and the relative measurement error of AE
parameters.

The relationship between SNR and relative error was assessed using Pearson’s
correlation coefficient (r). The strength of the correlation was evaluated according
to Chaddock’s scale: » = 0.4 — 0.7 indicates a moderate correlation, » = 0.7-0.9 a
strong correlation and 7 = 0.9 —0.99 a very strong correlation (Begentayev, 2025).
The adequacy of the constructed regression model was assessed using the coefficient
of determination (R?). The correlation was considered significant and non-random
at a significance level of p < 0.05

Research results

An assessment of the influence of the signal-to-noise ratio (SNR) on the
measurement error of acoustic emission (AE) parameters after filtering noisy signals
was performed for SNR values of —10 dB, —5 dB, 0 dB, 5 dB, and 10 dB (Altay
et.al., 2022). Figure 1 presents scatter plots illustrating the relationship between the
SNR values before and after processing AE signals using a Butterworth filter.

75 ~

N 1 - Measured data
N 2 - Regression line
65 . 3 - Confidence baund

h
Ln

SNR _after, dB

-10

SNR before, dB

Figure 1. Signal-to-noise ratio dependence before and after processing

From the dependencies shown in Figure 1, it follows that as the SNR of the noisy
signal decreases by —1 dB, the SNR values after processing increase accordingly.
The evaluation of the pairwise correlation revealed a statistically significant strong
inverse correlation between the SNR measurements before and after filtering,
specifically »=-0.972, R*=0.946, with p = 0.005. This finding indicates a reduction
in the noise component's influence on the AE signal due to the enhancement of
the SNR at the filter output. Consequently, specific SNR values were selected for
further assessment, establishing functional dependencies and developing a statistical
model to examine the impact of SNR on the measurement error of AE parameters.
The scatter plots of the regression dependencies are presented in Figure 2.
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Figure 2. Error of measurement of the acoustic emission parameters in dependence value signal-to-
noise ratio for Butterworth filters (Altay, 2022): cU (a); U (b); URMS (c¢); MARSE (d)

Statistical modeling results demonstrate that as the SNR values increase, the

measurement error of AE parameters at the filter output decreases (Altay, 2022).
The measurement error does not exceed 3%. Furthermore, an inverse correlation
is observed between SNR values and the relative measurement error, indicating a
decline in AE parameter measurement errors with increasing SNR.

The statistical model describing this relationship is expressed through a
linear regression equation, with its functionality evaluated by the coefficient
of determination (R?) and the strength of correlation (r) based on the model’s
significance level (p-value). For the filtering method (Altay et.al., 2022) based on
the Butterworth filter, the following regression equations were obtained:

Vs o= 3,584 - 107 SNR + 2,904, R* = 0,964, p = 0,002;

Vs y=—4,625-107 - SNR + 2,244 at r = 0,871, R* = 0,759, p = 0,050;

Vs pus = —3,584 - 107 - SNR + 2,904 at r = —0,981, R* = 0,964, p = 0,002;

Vs warse = — 13 - 107 - SNR + 2,902 at » = -0,963, R* = 0,928, p = 0,008,

where SNR denotes the signal-to-noise ratio value.

The results of the regression analysis confirmed the influence of the SNR on the
measurement error of AE parameters. This influence is supported by a statistically
significant strong inverse correlation between the SNR and the relative measurement
error. The minimum (R?> = 0.759) and maximum (R*> = 0.964) determination
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coefficients (for method (Altay, 2022)) are close to one, which reflects the accuracy
of the developed statistical model. A statistical model is considered accurate when
the coefficient of determination approaches. In this study, significance levels of p =
0.05 at p <0.05 indicate the non-randomness of the observed correlations. It should
also be noted that AE parameters measured at high SNR values may be essential for
predictive analytics of the technical condition of the monitored object (Elforjani,
2018).

Discussion

The amplitude parameters of acoustic emission (AE) signals exhibit the strongest
correlation with the characteristics of the AE source imparted by the inspected
object and effectively describe the energy content of acoustic phenomena (Barat,
2010). However, the accuracy and reliability of amplitude parameter estimation are
significantly affected by noise, which reduces the signal-to-noise ratio and increases
the estimation error of AE parameters.

The data presented in this study demonstrate a statistically significant impact of
SNR on the relative error in estimating AE parameters. The relative measurement
error of AE parameters did not exceed 3% at an SNR level of 71 dB. This result
was obtained using a filter approximated by a Butterworth polynomial (Altay, 2022).
To validate the influence of SNR on the relative error, the obtained results were
compared with existing AE noise filtering methods. For comparison, a wavelet filter
was selected (Kharrat, 2017), with its statistical dependencies illustrated in Figure 3.
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Figure 3. Error of measurement of the acoustic emission parameters in dependence value signal-to-
noise ratio for wavelet filters (Kharrat, 2017): 6, (a); 6, (b); Oy (€); 3, pse ()
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From the dependencies presented in Figure 1, it is evident that, similar to the
Butterworth filter, an increase in SNR leads to a decrease in the relative error.
However, when comparing the relative error values, the wavelet filter method
exhibited a relative error of 83% at an SNR of 8 dB. In (Ovcharuk et. all., 2017),
it was shown that the relative error in determining AE signal parameters can be
unstable, ranging from 29.22% to 82.72%.

The assessment results obtained in this study indicate that the relative error
values for the wavelet filter fall within the discussed error range, as reported in
(Ovcharuk et.all., 2017), whereas for the developed method (Altay et. all., 2022),
the error did not exceed 3%. The high relative error associated with the wavelet
filter is due to its tendency to not only attenuate noise but also to smooth and
distort the amplitude components of the experimental-test signal waveform during
processing, as also observed in (Altay et. all., 2022). In addition to smoothing the
informative components of the AE signal, the wavelet filter blurs the signal shape,
which was identified in studies (Ovcharuk et. all., 2017).

It is worth noting that the enhanced performance of processing complex
structured signals using Butterworth filters was previously reported in (Rakshit
et.all., 2018), while wavelet filters were examined in (Altay et. all., , 2025). For
various input data sets, an improvement in signal processing performance using the
Butterworth filter was also observed in (Malghan et. all., 2020).

An inverse relationship exists between SNR values and relative errors for the
wavelet filter (Kharrat et. all.,2017). The correlation metrics for the wavelet filter-
based method are as follows:

s = 0,029 - SNR + 80,467 at r =—-0,847, R*= 0,718, p = 0,069;
——0 048 - SNR + 82,702 at r =-0,687, R>= 0,473, p = 0,199;
=-0,029 - SNR + 80,465 at »r =-0,848, R*= 0,719, p = 0,069;

Vsuurse = 0,037 - SNR + 80,343 at r =—-0,867, R* = 0,753, p = 0,056.

In statistical measurement processing theory, a correlation coefficient
(r) value greater than 0.700 indicates a strong relationship. In this study,
the correlation coefficients for each established dependency were in
the following ranges: for the processing method (Altay et. all, 2022),
r=-0.871 to r = -0.981 with p < 0.05; for the filtering method (Kharrat et. all.,
2017), r = —0.687 to r = —0.867 with p > 0.05. The strong statistically significant
correlation between SNR and relative error for method (Altay et. all., 2022) is
attributed to the enhanced processing performance in terms of accuracy and noise
immunity of AE signals (Altay, 2022). Due to the limited performance of the
wavelet filter (Kharrat et. all., 2017) in terms of accuracy and noise immunity, the
correlation coefficient characterizing the strength of the dependency is significantly
lower compared to the Butterworth filter-based method (Altay et. all., 2022).

The coefficient of determination (R?) of the regression model for the proposed
method (Altay et. all., 2022) exceeded R? > 0.759, indicating a high convergence
of measurement data with the regression line, in contrast to the wavelet filter R* >
0.473 (Kharrat et. all., 2017), obtained using a linear model.

b
ySCK3
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The conducted study demonstrated that reducing the measurement error of
AE parameters can be effectively achieved using a processing method based on
the Butterworth filter, owing to its high noise immunity (Altay et. all., 2022).
The novelty of this research lies in the development of a predictive model that
describes the influence of SNR on measurement error to enhance the accuracy
of AE parameter estimation through filter application. Previous studies have not
adequately addressed this aspect.

Conclusion

This study presents the development of a predictive model for assessing the
impact of SNR on the measurement error of AE diagnostic parameters during digital
signal processing using Butterworth and Daubechies wavelet filters. A strong and
statistically significant inverse correlation between SNR and the relative error in
parameter measurement was established. It was found that at high SNR levels,
the Butterworth filter can ensure a relative measurement error of AE diagnostic
parameters not exceeding 3% at an SNR of 71 dB.
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