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The scientific journal News of the National Academy of Sciences of the Republic of Kazakhstan,
Series of Geology and Technical Sciences has been indexed in the international abstract and citation
database Scopus since 2016 and demonstrates stable bibliometric performance.

The journal is also included in the Emerging Sources Citation Index (ESCI) of the Web of Science
platform (Clarivate Analytics, since 2018).

Indexing in ESCI confirms the journal s compliance with international standards of scientific peer
review and editorial ethics and is considered by Clarivate Analytics as part of the evaluation process
for potential inclusion in the Science Citation Index Expanded (SCIE), Social Sciences Citation Index
(SSCI), and Arts & Humanities Citation Index (AHCI).

Indexing in Scopus and Web of Science ensures high international visibility of publications,
promotes citation growth, and reflects the editorial board’s commitment to publishing relevant,
original, and scientifically significant research in the fields of geology and technical sciences.

«Kazaxcman Pecnybnuxacel ¥immulx 2vlieim akademuscvinvly Xabapnapul. [eonocus wcomne
MEXHUKANBIK  bLILIMOAD Cepuschly eblivlmu dcypuanst 2016 dceinoan 6acman Xanelkapanwlk
peepamusmix JHcaHe EbLILIMUMEMPUATLIK Scopus 0epeKKOPbIHOA UHOEKCmeneol JHeaHe mypaKmol
OUOTUOMEMPUATBIK KOPCemKiumepoi Kepcemin Keneoi.

Convimen kamap ocypran Web of Science naamgpopmacwinviy (Clarivate Analytics, 2018)
Xanvikapanvli peghepamusmix sicamne Haykomempusnwlx oepekkopwl Emerging Sources Citation Index
(ESCI) mizimine eneizineen.

ESCI 0epexkopuvinoa unoekcmenyi scypHAIO0bIH XATbIKAPAbIK SbLILIMU PeYEH3UANAY MATAnmapvl
MeH pe0aKyusIblK SMUKa CMaHoapmmapviia catikecmiein pacmatiosl, conoati-ax, Clarivate Analytics
Komnauuscel mapanvinan oaceiivimovt Science Citation Index Expanded (SCIE), Social Sciences
Citation Index (SSCI) owcone Arts & Humanities Citation Index (AHCI) depexkoprapvina ewneizy
Kapacmulpuliyod.

Scopus  owcone Web of Science Oepexkkoprapvinoa uUHOEKCMENYi  HCAPUATAHBIMOAPOLIH
XanvlKapanvlk 0eyeelioe Heo2apbl CYPAHbICKA ue OOIYbIH KAMMAMACHI3 emeoi, O1apObly 0UeKCos Ay
KopcemKiwimepiniy apmyusina viknan emeoi Jcane pedaKyusiblK alKanbly 2e0n02us MeH MeXHUKATbIK
SBLILIMOAD CANACHIHOA&bL ©3eKMmi, Oipecell JiCoHe EbLIbIMU MYPEbIOaH MAHbI30bl 3epmmeynepoi
JCapuAnay2a YMmuliblColH AUKbIHOALObL.

Hayunwiii sicypran « News of the National Academy of Sciences of the Republic of Kazakhstan, Series
of Geology and Technical Sciencesy c 2016 2o0a undexcupyemcs 6 mesncoyHapooHoll pepepamusHol
u Haykomempuueckou 6aze Oanuwvix Scopus u OeMOHCmpupyem cmabuivHvle OubIUOMempuiecKue
nokasamern.

JKypHan maxaice 8KIHOUEH 6 MENCOYHAPOOHYIO pedhepamueHyio U HAYKOMEmPUYecKyro 6azy OaHHbIX
Emerging Sources Citation Index (ESCI) nramgopmer Web of Science (Clarivate Analytics, 2018).

HUnoexcuposanue ¢ ESCI noomeepoicoaem coomeemcmeue HCYPHALA MENCOYHAPOOHBIM
CMAHOApMam HAyUHO20 PEYeH3UPOBAHUS U PEOAKYUOHHOU IMUKU, d MAKIHCE PACCMAMPUBAEMCS
xomnanueu Clarivate Analytics 6 pamkax oanvHetiue2o exkarouenus uzoanus 6 Science Citation Index
Expanded (SCIE), Social Sciences Citation Index (SSCI) u Arts & Humanities Citation Index (AHCI).

HUnoexcuposanue 6 Scopus u Web of Science obecneuusaem 6bICOKYIO MeHCOYHAPOOHVIO
80CcmMpebosaHHOCMb  NYOIUKAYULl, CHOCOOCMEYem pocmy YumupyeMocmu u noomeepicoaen
cmpemaerue pedaKyuoHHOU Koate2uu nyOIuKo8anms akmyaibHble, OPUSUHATbHbIE U HAYYHO 3HAYUMbLE
UCCIe008AHUS 8 0OIACTIU 2€002UU U MEXHUYECKUX HAVK.
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IJIABHBI PEJAKTOP
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Opannus),  https://www.scopus.com/authid/detail.uri?authorld=7003436752;  https://www.webofscience.com/
wos/author/record/1230499

HIEH Iun, PhD, 3amecturens aupexropa Komurera mo ropHoii reoxornn Kuraiickoro reonorndeckoro
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KATAJIUH Credan, PhD, acconmupoBaunslii npodeccop, Texuuueckuit ynusepeuret pesnen (pesnen,
I'epmanus), https://www.scopus.com/authid/detail.uri?authorld=35203904500; https://www.webofscience.com/
wos/author/record/ 1309251

CAI'MHTAEB “Kanaii, PhD, accorymposanusii npogeccop, HazapbaeB ynuBepcuter (Acrana, Kazaxcramn),
https://www.scopus.com/authid/detail.uri?authorld=57204467637; https://www.webofscience.com/wos/author/record/907886

®OPATTUHHU IMaono, PhD, accormuposannblii npodeccop, Munanckuii yausepcurer buxokk (Munas,
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PATOB Bbopan6aii ToB6acapoBH4, JOKTOp TEXHHYECKHX HayK, mpodeccop, 3aBemyromuii kadenpoit
«l'eodpusuka u cericmonorus», Kazaxckuii HallMOHAIBHBIA UCCIIEIOBATENBLCKINA TEXHUYECKUI YHUBEPCUTET HM.
K. CarnaeBa (Anmarsl, Kasaxcran), https://www.scopus.com/authid/detail.uri?authorld=55927684100; https://
www.webofscience.com/wos/author/record/1993614

POHHMU Bepuarccon, mnpodeccop, Jupexrop LleHTpa coBpeMEHHBIX OIMKHEBOCTOYHBIX HCCIICIOBAHH,
Jlynnckuit yrusepcurer (Jlymn, IIsemms), https://www.scopus.com/authid/detail.uri?authorld=7005388716;
https://www.webofscience.com/wos/author/record/1324908

MUPITAC Baagumup, PhD, npodeccop, BocTrounslii HaydHO-HCCIE0BATENbCKHI LEHTDP, YHUBEPCHTET
Apwans, (Apwdns, Wspamns),  https://www.scopus.com/authid/detail.uri?authorld=8610969300; https:/www.
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Abstract. Relevance. Modern non-destructive testing systems based on
acoustic testing, namely acoustic emission phenomena, are one of the sensitive
elements for identifying the acoustic properties and stresses of various rocks and
geological fields, and allow for the detection of various defects. One of the main
factors hindering the application of the acoustic emission method is the influence of
noise and interference of varying intensity and nature, which mainly occur during
signal recording. The presence of interference and noise significantly reduces the
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information value of the method and the accuracy of the estimated diagnostic
parameters during testing. Improving the information value of the method and
its accuracy depends on the effectiveness of the digital processing method
based on interference and noise filtering. The goal of this article is to develop a
digital filtering method for acoustic emission signals to improve the processing
efficiency and the accuracy of assessing diagnostically significant components
during testing. Method. The article presents the results of the implementation of a
sequential high-frequency digital filtering method based on the root characteristics
of the Butterworth polynomial of even degree. From all the recorded acoustic
emission signals, only fragments of the informative components were extracted.
Furthermore, the processing effectiveness was assessed by calculating the signal-
to-noise ratio, diagnostic amplitude parameters (MARSE), and power. Predictive
models of the emission diagnostic parameters were developed using a machine
learning method — linear regression the reliability of which is represented by the
correlation coefficient, determination coefficient, and significance of the model.
The relationship between these parameters was approximated using the least-
squares method and visualized using a scatterplot and a Tukey diagram, which
displays the data distribution as points on an x- and y-coordinate plane. Results.
It was found that the sequential high-pass digital polynomial filtering method
yields a signal-to-noise ratio of more than 1.5 dB on average. Understanding
the discovered relationship, which can be used in developing predictive models,
will significantly expand the capabilities of acoustic monitoring for assessing
the properties and stresses of various rocks and geological fields, and for
identifying defects. Results obtained with a statistically significant and non-
random relationship can confirm the viability and functionality of the developed
predictive model.

Keywords: Digital filter, Butterworth polynomial, acoustic emission,
sequential processing, machine learning, predictive control

For citations: Altay Y.A., Karymsakova N.T., Fedorov A.V., Absadykov D.B.,
Ismagul G.K. Predictive Control of Diagnostically Significant Parameters of
Acoustic Emission Using Machine Learning: New Data. News of the National
AcademyofSciences ofthe Republic of Kazakhstan, Series of Geology and Technical
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AHHOTAUMA. O3exminiei. AKYyCTUKAJbIK ChIHAKKA HETI3JENreH Ka3ipri
3aMaHFel Oy30aMTBHIH CHIHAK JKYHenepi, aTam alTKaH[a aKyCTUKAJIBIK dIMHUCCHUS
KYOBUTBICTApPBI, OPTYPAl Tay JKBIHBICTAPBI MEH TCOJOTHSUIBIK OpiCTepIiH
aKyCTHKAJBIK KAacHeTTepi MeH KepHEYJIepiH aHBbIKTayFa apHalFaH ce3iMTal
3JIEMEHTTEpAIH Oipi OONbIN TaOBUIAABI KOHE SPTYPJi akKaylapibl aHBIKTayFa
MYMKIHJIK Oepemi. AKYCTHUKAJIBIK 3MUCCHUS OMICIH KOJJIaHyFa KeJepri
KeJTIpeTiH Herisri ¢akTopiapibslH Oipi - HETi3iHEH CUTHAIJBI a3y Ke3iHue
maifia 00JIaThIH OPTYPIIl KapKBIHIBUTBIK TICH CHUIIATTAFhl Iy MEH KeIepTiIep/IiH
ocepi. Kemepri MeH mrymerH OOJYyBI OICTIH aKMapaTTHIK KYHIABUIBIFBIH JKOHE
ChIHAK Ke3iHJeri OaralaHFaH JUArHOCTUKAIBIK IMapaMeTplepaiH AQIIITiH
alTapibIKTall TOMEHJETeNl. OJICTIH aKMapaTThIK KYHIBUIBIFBIH JKOHE OHBIH
JONIITIH JKaKcapTy KeAepri MeH WIyIbl Cy3yre HeTi3JelreH CaHJbIK OHJEY
oAICIHIH THIMAIIriHE OaiaHbICThI. By1 MakamaHblH MaKCaThl — ChIHAK Ke3iHJe
OHJICY THUIMIUIITIH KOHE JHATHOCTHKAJBIK MaHBI3IbI KOMIOHEHTTEpAlI Oaramay
JONJIITIH apTTHIPY YIIIH aKyCTHKANBIK AMHUCCHS CUTHAIIAPHI YIIIH CAHABIK CY3Y
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omiciH a3ipney. Oodic. Makanana Kyl JIopexesi barrepBopT MONMHOMBIHBIH
TYOIpJiK cUMaTTamMaNapblHa HETI3JIENTeH Ti30€KTi JKOFaphl JKHUIIKTI CaHJIBIK
CY3Y 9HiCiH €HTri3y HOTHKeJIepl YCBIHBUIFaH. BapiblK jka3bulFaH aKyCTHKAJIBIK
SMHCCHS CHUTHAJJapblHAaH TEK aKMapaTThIK KOMIIOHEHTTEpAiH (parMeHTTepi
anbiHabl. COHBIMEH Karap, 6©HJEY THIMIUII CHTHAJI-IIYybUI KaTbIHACHIH,
OUAarHOCTUKANBIK —amiuinTyna mnapamerpiepin  (MARSE)  xone KyarThl
ecenTey apkbuibl Oaranannbl. CoynelieHy OUArHOCTHKAJIBIK MapaMeTpiepiHiy
O0IKaMIBIK MOAENBbACP] MAIIMHAIBIK OKBITY OAICIH — CBI3BIKTBIK PETrpeCCHIHbI
KOJIJaHa OTBIPBII Kacajbl, OHBIH CEHIMALIIT Koppensuus kod3hduuueHTiMeH,
aHBIKTAay KOA(UIMEHTIMEH >KOHE MOJENbIIH MaHbI3AbUIBIFBIMEH KOpCEeTiIeIi.
Bbyn mapamerpiiep apacslHAarbl OaillaHbIc €H Killli KBaJpaTTap oAICiH KojjaHa
OTBIPBII JKYBIKTAIl €CeNTEeNAl KOHE INANIBIPaHKbl rpaduriH KoHe AepeKTepaiH
TapallyblH X JKOHE Yy KOODAMHATAJIBIK JKa3bIKTHIFBIHIAFBI HYKTEJIEp peTiHzae
kepcereTiH Tyku auarpaMMachlH KOJJlaHa OTBIPBIN KepHEKineHai. Homuoicenep.
Ti306exTi sKoraphl KHUIITIKTI CAaHABIK IOJIMHOMBIK CY3TiJIey 9/1ici opTalla ecenIex
1,5 nb-z1eH actaM CUTHAN-IIYBUT KaTbIHACBHIH OepeTiHi aHBIKTanabl. bommkamabiK
MOJEJIbICPII 93ipiey e naiJananblTybl MYMKiH aHBIKTaJIFaH OailIaHbICTHI TYCIHY
OpPTYPJIi Tay KBIHBICTAPBl MEH I'€0JIOTUSUIIBIK KEH OPBIHIAPBIHBIH KaCHETTepi MEH
KepHeyJepiH Oarajay ’KoHe aKaylapAbl aHBIKTAy YLIIH aKyCTHKaJIbIK MOHUTOPHHT
MYMKIHAIKTepiH aitapibikTail keHelTeni. CTaTHCTUKAIBIK TYPFBIAAH MaHbBI3IbI
KOHE Ke3/IeHiCOK emMec OaillaHbICIICH aJIbIHFaH HOTHIKEJIEP 931pJIEHTeH O0JKaMIbIK
MOJEJIbJIH eMipIIeHAIri MeH (pyHKIMOHAIABIFBIH pPacTail anajsl.

Tyiiin ce3aep: canabIK cy3ri, baTTepBOpT NOIMHOMBI, aKyCTHUKAJIBIK IMUACCHS,
Ti30eKTi OHJEY, MALTMHAIBIK OKBITY, O0JDKaMIbl OacKapy
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AuHotauus. Axmyanvrocms. COBPEMEHHBIE CHUCTEMBI HEpa3pyIIaIoIIero
KOHTpOJSl, OCHOBAaHHBIE Ha METOIE AaKyCTHYEeCKOH OMHCCHHU, SIBISIOTCS
BBICOKOYYBCTBUTEJIBHBIM HHCTPYMEHTOM Ul HJICHTH(QHUKAIMH aKyCTHYECKHX
CBOWCTB M HANPSHKEHHOTO COCTOSHHUSI TOPHBIX MOPOJ M TEOJOTHYECKHX Cpef,
a Takke I OOHAapy>KeHHsl pa3lUYHbIX JedekToB. Bmecte ¢ TeM onHuUM
W3 OCHOBHBIX (aKTOPOB, CIEPKUBAIOMIMX I[IHPOKOE NPUMEHEHHE METOoJa
AKyCTUYCCKOH OMHCCHHU, SBISETCS BIMSHHE IIYMOB W IIOMEX pa3InYHON
OpUPOABl W HMHTEHCHUBHOCTH, BO3HUKAIOUIMX IPH PErHUCTPAllMM CHTHAJOB.
Hannume momex CymieCTBEHHO CHMXKaeT WH(OPMATHBHYIO IIEHHOCTh METOJA
U TOYHOCTHb OIICHKH JUAarHOCTHYECKHX MapameTpoB. [loBBIIIEHHE TOYHOCTH U
WH(POPMATUBHOCTH HANPSAMYIO 3aBUCHT OT 3()()EKTUBHOCTH METOAOB IUPPOBOH
00pabOTKM CUTHAJIOB, OCHOBAaHHBIX Ha (WIBTpaLuu MyMoB. [[ers Pa3zpaboraTsh
MeTox UM(POBOH (QWIBTpPAUUMU CHTHAIOB AKyCTHYECKOW OMHCCHU IS
MOBBILICHHUS PE3yJAbTaTUBHOCTH 0OPAaOOTKH U TOUHOCTHU OL[CHKH JUarHOCTHYECKU
3HaYMMBIX TTAPaMETPOB MPHU KOHTpoIe. Memoo. aBleHbl Pe3ylbTaThl peanu3anun
METOAa  TOCJEIOBATENbHON  BBICOKOYACTOTHOW mHdpoBod  duisTpaumu,
OCHOBAaHHOTO HAa KOPHEBBIX XapaKTepUCTHKaxX MoiuHoMa barTepBopra
4éTHOH creneHu. M3 3aperncTpupOBaHHBIX CHTHAIOB aKyCTHYECKOW SMHCCHU
BbIACTSUTMCH HH(pOpMaTuBHBEIE pparMeHThl. OueHka 3¢ (heKTHBHOCTH 00paboTKN
BBIMOJHAJIACH C HUCIOJNB30BAaHMEM TMOKa3aTejed OTHOLICHHS CHTHAI/IIyM, a
TakKe JAMarHOCTHYECKHX aMIUIMTYAHbIX mnapameTpoB (MARSE, wmomHocTh
u ap.). Ans mporHO3UpPOBaHMS TUATHOCTHYECKHX MapaMeTpOB NPUMEHSIINCH
METOABl ~MAalIMHHOTO OOy4YeHHs, B YacTHOCTH JIMHEWHas perpeccus.
JlocToBepHOCTh MoOJeNeld OIIeHMBajach C HCHOJIb30BaHHEM KOd(D(OUIUEHTOB
KOpPEISIUK, JIEeTePMUHAIIMM M CTaTUCTHUYECKOH 3HAYMMOCTH. 3aBUCHUMOCTHU
MEXIy TapaMeTpaMu anmnpOKCHMHUPOBAINCh METOJOM HaWMEHBIIUX KBAAPATOB
W BH3YaJIM3UPOBAIUCH C MOMOILIBIO THArpaMM PacCesHUsl U auarpamm ThIOKH,
OTpPaXAIOUIMX pachpelelieHue JaHHBIX. Pe3yabmamel. YCTaHOBIEHO, 4TO
MPEUIOKEHHBIA  METOJl TIOCJIeIOBATEIbHOH BBICOKOUACTOTHOH —IHQPPOBOH
¢unpTpannn obecrneurBaeT yBEIMYCHHE OTHOLICHWS CHTHAI/IIYM B CpelHEM
Oonee uem Ha 1,5 nb. BrlsBIeHHBIE 3aKOHOMEPHOCTH, MCIOIB30BaHHBIC MPHU
MOCTPOCHUH TIPOTHO3HBIX MOJeNel, MO3BOJSIOT CYLUIECTBEHHO PaCIIUPUTh
BO3MOXXHOCTH aKyCTHYECKOTO KOHTPOJISI TIPU OLIEHKE CBOWCTB M HAMPSKEHHOTO
COCTOSIHMS TIOPOJI M T€OJIOTHYECKUX Cpell, a TAaKXKe NMPHU BBISIBICHUH 1e(EKTOB.
[TonyueHHBIE pPE3YNBTAaThl, XapaKTEPHU3YIOLIHECS CTAaTUCTHYECKH 3HAYUMOUN
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3aBHCHMOCTBIO,  TNOATBEPKAAIOT  pabOTOCHOCOOHOCTE M NPaKTHYECKYIO
MPUMEHUMOCTD Pa3paboTaHHONW MPEIUKTUBHON MOACIH.

Kuaroueswbie cnoBa: [{udposoit puneTp, monmHoM bartepBopTa, akycTruaeckas
SMHCCHS, TIOCHe0BaTeIbHast 00paboTKa, MAIMHHOE 00yUYeHHUE, MPEIUKTUBHBIN
KOHTPOJIb

Introduction. Statistical evaluation of acoustic emission (AE) signal
parameters is currently one of the most important stages in the analysis of
measurement data after applying primary signal processing methods, namely, its
filtration (Kharrat, 2016; Barat, 2010; He, 2021; Altay et.al, 2022).

This is due to the fact that the noise component of the AE signal reduces the
accuracy of the assessment of the primary and secondary diagnostic indicators
characterizing the set of features by which it is possible to determine the state
of the tested object (TO). Improving the accuracy of the indicator assessment
and, consequently, the reliability of the AE diagnostics of the TO mainly depends
on the efficiency of the applied primary signal processing methods (Altay et.al,
2022). The presence of the noise component of the signal and its insufficient
attenuation significantly reduces the accuracy of the assessment of AE indicators
(Kharrat, 2016; Barat, 2010; He, 2021; Altay et.al, 2022), therefore the use of
filtration methods is an important link in the secondary signal processing when
assessing the diagnostic indicators of AE.

In this article, in contrast to previously published works (Kharrat, 2016;
Barat, 2010; He, 2021; Altay et.al, 2022), during the experimental testing of
the developed digital filter, which generates an estimate based on the criteria of
maximum signal-to-noise ratio and minimum standard deviation of the signal,
the results of the primary processing of noisy natural signals and the statistical
evaluation of specific AE parameters are presented.

The aim of the research is to improve the efficiency of AE signal processing
by implementing digital polynomial filtering to evaluate the statistical
distinguishability of noisy and filtered signals, and to calculate secondary
diagnostic indicators of AE and their significance.

Materials and methods. The study utilized signals recorded during the
milling process of an aluminum alloy plate using two carbide tool cutters. One of
the cutters was defect-free, while the other had a defect in the form of a chipped
thread at the end of the working part of the tool. During the experiment, the
results of 48 signals (24 for the defect-free cutter and 24 for the cutter with a
defect) were recorded and digitized using a certified AE measuring system
(SCAD). All signals contained at least 4000 measurements (g) at a sampling
frequency of 4 MHz and were recorded under uniform conditions in the absence
of external environmental factors affecting the experimental results. The obtained
registration results were processed using the developed AE signal processing
system based on a bidirectional filtering scheme to isolate the signal components
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of both information (s) and noise (#) (Gomez, 2012; Zakharov, 2022; Elforjani,
2018).

Statistical analysis of the recording and processing results. In this section of
the article, a double descriptive analysis was used to describe the measurement
results and their processing, according to the recommendation (Altay et.al 2025).
Double descriptive analysis allows us to characterize the entire measurement set
and select a statistical method for assessing the distinguishability of readings
between noisy and filtered signals when the measurement data deviate from the
Gaussian distribution law. Noisy and filtered signal readings are presented as the
arithmetic mean (u), standard deviations (c), median (Me), and quartiles (Q1—
03). The distribution of signal readings was assessed based on the calculation of
the Lilliefors criterion, used for measurements greater than g >50.

Results and discussion. During the experimental studies, the recording results
were processed in two stages. In the first stage, a discrete Fourier transform was
used to empirically estimate the frequency of the recorded signals to determine
the cutoff frequency of the adjustable filter. In the second stage, the MATLAB
SOFTWARE PACKAGE was used for initial signal processing and to calculate
the AE parameters for further statistical analysis. Figure 1 shows the results of
the spectral analysis of the noisy AE signal during the inspection of a flawless
and a flawed tool.
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Figure 1. Frequency spectrum of AE signals during testing:
a) a defect-free tool; b) a defective tool.
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Based on the results of the spectral analysis, it was noted that the signal
amplitude during testing of a defective instrument exceeds the signal amplitude
during testing of a defect-free instrument by approximately 1.5 units, and the
amplitude of the interference component of the signal, located above the spectrum
of the information signal, has insignificant variability depending on the frequency.

The results of the first stage of data processing showed that the frequencies
of natural noisy signals for a defect-free and defective tool were identified in the
frequency range from 40 kHz to 650 kHz. Among this frequency, the range of the
information component is located in the interval from 40 kHz to 250 kHz, and
the interference component is from 250 kHz to 650 kHz. The obtained results
of this assessment coincide with the available experimental data, where it is
noted that the frequency content of the AE signals obtained during the milling
process can be in the frequency range from 40 kHz to 350 kHz (Gomez, 2012).
This provides a justification for choosing the upper frequency range of the AE
signal, namely 250 kHz for adjusting the high-pass filter (HPF) (Gomez, 2012) in
order to weaken the influence of the interference identified above the range of the
information component of the signal.

To process the AE signal recording results, the digital filter characteristics
were analyzed using the amplitude-frequency response (AFR) and zero-pole
diagram (NPD) (Gomez, 2012). The filters AFR showed that the high-pass filter
at a cutoff frequency of 250 kHz is ripple-free, monotonic, and stable, both in
the signal passband and in the interference suppression band. The roots of the
filter's transfer function structure are located within a unit-radius circle on the
NPD and are stable. All analyzed characteristics of the designed filter provide a
significant advantage for isolating not only the information component but also
the interference component.

The results of the second stage of data processing showed that a filtering method
based on a sequential high-pass filter, set to a cutoff frequency of 250 kHz, allows
for the extraction of both the information and interference components of the AE
signals. For better visualization and comparison of the recording results, Figures
2-4 present the extracted signals of the information and interference components
of the defective and defective instruments as a single sample.
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Figure 2. Comparison of initial signals during AE testing:
a) defect-free tool; b) defective tool.
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Figure 3. Comparison of information components during AE control:
a) a defective tool; b) a defective tool.
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Figure 4. Comparison of interference components during AE control:
a) a defective tool; b) a defective tool.

A comparative analysis of the waveforms presented in Figures 2—4 revealed
differences in the AE waveforms obtained during inspection of defective and
defect-free tools. The information component during AE inspection of a defect-
free tool (Figure 3a) differs significantly from the information component during
inspection of a defective tool (Figure 3b), while the waveform is similar to
the AE phenomenon when compared with a noisy signal (Figure 2), where the
information component is masked by the interference component (Figure 4). The
distinguishability of the noisy and filtered signals obtained during inspection of
defective and defect-free tools was analyzed using statistical analysis.

Descriptive analysis revealed differences in the # and Me values in the raw
and filtered signal readings for both the flawless and defective instruments. The
median quartile values Q1 - Q3 characterize significant scatter in the noisy set of
measurements compared to the same set in the filtered signals. The presence of
this scatter in the Q1-03 quartiles x,(¢) and s,(¢) relative to their median should
be characterized by the influence of the noise component. The difference in the
values of the # and Me indicators indicates that the data deviate from the Gaussian
distribution law, since u # Me, as evidenced by the p - value of the Lilliefors
criterion (see Tables 1 and 2).
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Table 1. Statistical characteristics of the analyzed AE signals for a defect-free tool.

p - value * - the value of the Lilliefors criterion for noisy data,
p - value ** - the value of the Lilliefors criterion for the information component data,
p - value *** - value of the Wilcoxon test for data between before and after treatment.

No. Indicators of noisy AE signals, x,(q) Indicators of the information component of AE
signals, s,(q)
u+o, mV. Me [Q1; O3], mV p u +o, mV Me [Q1; O3], mV p-
(g >4000) (g >4000) -va- (g >4000) (g >4000) value
lue *x
£
1 7,68+22,19 | 8,000 [ -6,000 ; 22,000 ] 0.132+19.746 0.225[-12.359;12.298 ]
2 [0.38+30.38 [ 0,000 [ -13,000 ; 14,000 ] 0.019+24.248 0.319[-10.137; 10.869 ]
3 6,61+27,19 | 6,000 [ -5,000 ; 18,000 ] 0.142+20.787 0.086 [ -8.329 ; 8.583 ] 0.01
4 |2,78+24,01 | 2,000 [ -8,000 ; 15,000 ] 0.115+17.429 0.216 [ -7.824 ;8.170 ]
5 |7,70£19,36 | 7,000 [ -5,000 ; 21,000 ] 0.171+16.967 0.190 [ -11.380; 11.607 ]
6 0.37+83.41 | 0,000 [ -29,000 ; 31,000 ] 0.050+63.290 0.150 [ -22.233;23.306 ] | 0.006
7 16,63+61,91 | 6,000 [ -22,000 ; 34,000 ] 0.088+44.326 0.287[-21.730;21.563] | 0.01
8 |2,75+66,16 | 4,000 [ -27,000 ; 31,000 ] 0.039+45.297 1,092 [ -21,281; 19,982 ]
9 |7,10+45,92 | 3,000 [ -65,000 ; 71,000 ] 0.01 5282441616 0.838 [ -28.184;27.916] | 0.003
10 | 0.24+170.9 | 2,000 [ -68,000 ; 71,000 ] 0.019+121.385 | 0.236 [ -50.087 ; 50.220 ]
11 ]6,58+141,8 | 7,000 [ -44,000 ; 57,000 ] 0.029+87.488 0.018 [ -33.948 ; 34.541 ]
12 ]2,64+166,8 | 3,000 [ -65,000 ; 71,000 ] 0.084+105.629 [ 0.369 [ -45.225 ;44.769 ]
13 |7.00+£61.19 | 7,000 [ -32,000 ; 45,000 ] 0.612+56.145 0.420 [ -36.050 ; 34.376 ] 0.01
14 | 0.09+303.4 | 3,000 [ -67,000 ; 66,000 ] 0.248+194.055 | 1,827 [ -49,695 ;47,714 ]
15 | 6.50+246.5 | 4,000 [ -48,000 ; 63,000 ] 0.027+160.821 [3,109 [ -40,571 ; 43,224 ]
16 |2,79+253,4 | 3,000 [ -63,000 ; 68,000 ] 0.655+174.735 | 1,019 [ -44,728 ; 46,950 ]
17 | 7,45£101,0 | 6,000 [ -62,000 ; 77,000 ] | 0.05 | 0.273+91.886 0.681 [ -64.492;64.131] | 0.008
18 |0.23£196.1 | 2,000 [ -79,000 ; 77,000 ] 0.628+141.708 | 0.184 [ -58.479 ; 57.888 ]
19 |6,78+126,6 | 6,000 [ -49,000 ; 61,000 ] 0.091+92.403 0.515[-41.952;42.607] | 0.01
20 |2,78+174,0 | 3,000 [ -58,000 ; 61,000 ] 0.158+114.559 [ 0.297 [ -40.512;41.193 ]
21 |6,82+88,82 | 8,000 [ -53,000 ; 66,000 ] 0.01 0.388+81.595 1,126 [ -54,714 ;54,642 ] | 0.007
22 |0.35+164.7 | 0,000 [ -67,000 ; 69,000 ] 0.174+126.609 | 1,152 [ -51,558 ; 52,033 ]
23 [6,70+131,6 | 6,000 [ -50,000 ; 63,000 ] 0.176+91.701 1,174 [ -41,878 ; 40,5181 | 0.01
24 |2.66+123.3 (2,000 [ -47,000 ; 51,000 ] 0.514+86.873 0.938 [ -35.783 ; 34.382 ]
p- p=< 0.05
value
®kk
Note.

Table 2. Statistical characteristics of the analyzed AE signals for a defective tool.

No. Indicators of noisy AE signals, x (¢ ) Indicators of the information component of AE
signals, 5.(q)
u+o,mV Me [Q1; 03], mV p- uto , mV Me [Q1; 03], mV p-
(g >4000) (g >4000) value (g >4000) (g >4000) value
kk
1 |7,453425,903 | 7,000 [-10,000;25,000] | 0.05 [0.182+23.142 |0.092 [-15.565; 15.8152] | 0.003
2 [0.301£23.508 | 0,000 [ -7,000 ; 8,000 ] 0.01 [0.021£16.958 [0.072[-5.226;5.1795] | 0.01
3 [6.555£22.363 | 6,000 [ -1,000 ; 15,000 ] 0.114+17.265 |0.168 [ -5.442 ;59771 ]
4 2.746+28.446 | 3,000 [ -9,000 ; 14,000 ] 0.109+£22.754 | 0.046 [ -9.315 ;9.3571 ]
5 |7,594+22,797 | 8,000 [ -8,000 ; 23,000 ] 0.157+20.380 |0.295[ -13.037 ; 13.337] | 0.03
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6 |0.252+52.626 | 0,000 [ -13,000 ; 13,000 ] 0.044+27.092 | 0.038 [ -7.973 ; 7.419 ]
7 16,568+40,157 | 6,000 [ -7,000 ; 19,000 ] 0.250422.565 |0.298 [ -8.702;9.012 ] 0.01
8 12,768+57,947 {2,000 [ -14,000 ; 19,000 ] 0.227439.480 |0.082[-12.304; 11.921 ]
9 |7,169+52,618 |6,000 [ -28,000 ; 43,000 ] 0.289+47.846 | 1,343 [-31,774;31,932] | 0.05
10 |0.325+230.841 | 1,000 [ -53,000 ; 50,000 ] 0.236+185.208 [ 0.282 [ -40.511 ; 42.160 ]
11 ]6,593+319,779 | 3,000 [ -51,000 ; 56,000 ] 0.196+270.363 | 2,135 [ -49,789 ; 42,917 ]
12 |1,896+435,258 {2,000 [ -93,000 ; 100,000] 0.067+369.327 | 0.858 [ -80.774 ; 82.479 ]
13 | 7,171+53,116 | 7,000 [ -31,000 ; 44,000 ] 0.026+48.130 | 0.649 [ -34.573 ; 33.655 ] 0.01
14 |0.238+213.056 | 0,000 [ -57,000 ; 61,000 ] 0.353+135.529 | 0.499 [ -41.455 ; 41.035 ]
15 |6,704+205,719 | 7,000 [ -48,000 ; 59,000 ] 0.422+142.680 | 0.362 [ -41.742 ;39.424 ]
16 |2,697+267,238 | 3,000 [ -71,000 ; 76,000 ] 0.224+192.954 | 1,127 [ -58,596 ; 58,658 ]
17 | 7,1154£74,329 | 7,000 [ -44,000 ; 59,000 ] | 0.007 | 0.344+67.582 |0.123 [ -45.765 ; 48.008 ] | 0.004
18 |0.188+198.178 | 0,000 [ -60,000 ; 64,000 ] 0.310+129.497 | 1,217 [ -47,301 ; 46,188 ]
19 |6,623£180,076 | 6,000 [ -57,000 ; 67,000 ] | 0.01 |0.819+128.028 | 1,921 [ -47,825 ; 45,633 ]
20 |2,636+262,964 | 3,000 [ -82,000 ; 93,000 ] 0.382+200.546 | 1,121 [ -70,912 ; 73,355 ]
21 6,845+90,523 | 10,00 [ -56,000 ; 68,00 ] 0.315+81.506 | 2,608 [ -56,710 ;55,919 ] 0.01
22 10.702+390.122 | 1,00 [ -135,000 ; 126,00 ] 0.709+212.159 | 0.246 [ -94.807 ; 90.669 ]
23 |5,066+404,508 | 3,00 [ -116,000 ; 127,00] 0.547+322.293 [ 0.600 [ -91.822; 95.613 ]
24 | 1,400+487,264 | 8,00 [ -170,00 ; 177,00 ] 0.702+403.611 | 6,032 [-135,804; 145,13 ]
p- p< 0.05
value
kkk
Note.
p - value * - the value of the Lilliefors criterion for noisy signals,
p - value ** - the value of the Lilliefors criterion for the information component of signals,
p - value *** - value of the Wilcoxon test for data between before and after treatment.

Accordingly, the nonparametric Wilcoxon test was chosen for comparative
analysis between the readings of noisy and filtered signals. In this analysis, if
the p-value is the value of the Wilcoxon test. If p < 0.05, the hypothesis of a
weakening of the noise interference components influence on the information
signal is accepted, and the signals are distinguishable; if p > 0.05, the hypothesis
is rejected. The results showed that the value of this criterion is less than the
threshold of p < 0.05, which allows us to assert the presence of differences
between the readings of noisy and filtered signals during the implementation of
digital filtering.

It was previously noted in the report (Altay et all, 2025) that when conducting
an AE diagnostic study of an OC, the main portion of the information signal is
made up of interference, the energy of which is comparable to or higher than
the energy of the information signal. Taking this into account, in this paper an
assessment of the energy component of the signals under consideration, both
information and interference, was carried out using the root mean square (RMS)
indicator:

RMS=\/]1[(¢112 +a, +..+a)),

where N is the number of signal samples, and a are the individual values of the
signal sample up to g.

51



ISSN 2224-5278 2.2026

The value of this indicator can be interpreted as the instantaneous energy of
the process generating the analyzed AE signal (Barat et all, 2010; Zakharov et all,
2022). The calculated values of this indicator for the information component of
the signal and noise interference are illustrated in the Tukey diagram in Figure 5.
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Figure 5. Tukey diagram representing the AE signal energy and interference during testing:
a) a defect-free tool; b) a defective tool.

Comparing the processing results presented in Fig. 5, it can be seen that the
amplitude of the information component s(g) is 2 times greater than the amplitude
of the noise component n(q). When testing a defect-free instrument, the values of
the median root mean square value of the information component were: RMS, |
= 87.171 mV?; interference: RMS,, = 30.776 mV2, When checking a defective
instrument, the values of the median root mean square value of the information
component were: RMS | = 104.756 mV?; noise interference RMS, = 48.283
mV?2. The obtained graphlcal results in Fig. 5a and 5b and the presented median
values show that the energy of the information component of the signals is 2
times greater than the energy of the noise interference (RMS, >RMS ). This is
also confirmed by the result of the frequency spectrum presented in Fig. 1, where
the amplitude of the information component of the signal significantly exceeds
the amplitude of the noise component.

Another criterion for assessing the comparability of the energy of the useful
signal and interference is the experimental indicator of the signal-to-noise ratio
(SNR), calculated as the ratio of the root-mean-square value of the signal to the
root-mean-square value of the interference amplitude for the i -th signals under
consideration at the output of the digital filter, as

s (q)

SNR =201g| ~~22
n’(q))

The calculated values of this indicator for signals obtained during testing of
a defect-free and defective tool are illustrated in the Tukey diagram in Figure 6.
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Figure 6. Acoustic emission signal to noise ratio.

From the diagram presented in Fig. 6 it follows that the median SNR indicator
during testing of a defect-free instrument was SNR | = 3.661 dB, and during
testing of a defective instrument — SNR | =3.931 dB. Values of the median SNR
indicator above “0 dB” provide information on the excess of the amplitude of the
information signal in relation to the amplitude of the interference. High values of
this indicator characterize the stability of filters to influencing interference when
implementing a polynomial digital filter. Based on the results of this assessment,
further analysis of the parameters of the information component was carried out
on the basis of calculating the secondary diagnostic indicators of AE.

Statistical evaluation of acoustic emission parameters. When evaluating
signal parameters, the amplitude parameters describing the energy content of
acoustic phenomena have the best correlation with the properties of the AE
source assigned. To date, a significant number of specific statistical indicators
have been used in works to evaluate the AE parameters. For this evaluation, such
indicators as signal amplitude (U), signal peak-to-peak (between the maximum
and minimum amplitude values, AU), root mean square deviation (RMS, oU),
root-mean square signal value (U,,, ), and energy parameter (signal envelope area,
MARSE) are often selected. Calculating the above parameters in order to detect
statistically distinguishable but significant relationships between the parameters
of a defective and defect-free instrument can be complex. In this regard, a joint
evaluation of the above AE parameters is relevant.

The results of the correlation relationship assessment showed that there
is a statistically significant correlation, different from zero, between the AE
parameters during inspection of a flawless and defective tool. In the analyzed
set of measurements, the highest correlation is observed for the parameter r_, .
sk — 0-595 when compared with the parameters » = 0.526, r Amptitude — 0-527,
r r = 0.525. Using the Chaddock rating scale for interpreting

RMS = 0526° ' MARSE = )
the correlation coefficient values, it should be noted that for the parameters
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ruse * 7 Amplitude * 7 peaketopeak > ¥ RMS > T MARSE There is a direct and noticeable (r .
., ) correlation relationship. The established correlation for these parameters
at » > 0.5 is explained by the difference in the values of the parameters of the
information component of the signals during testing of a defective and a flawless
tool. Previously, it was noted that the parameters calculated in this article are
stable interfering environmental factors and allow us to detect correlation
relationships between the parameters of the AE source. In the framework of this
study, when using the filter, statistically significant correlations of measurements
(» < 0.05) were also found, characterizing the non-randomness of the obtained
relationship. With the weakening of the interfering component, a high correlation
of the measurement result, namely » ~ 0.9, can be observed when analyzing the
information component recorded between paired AE signal converters from a
single source.

A model characterizing the statistical distinguishability between the AE
parameters during inspection of a flawless and defective tool was developed using
a machine learning method — linear regression. Linear regression is an efficient
and highly sensitive method to the analyzed data, requiring no special specific
training of the samples of the test object. The conducted studies based on linear
regression showed that among all the analyzed parameters (Begentayev et all,
2025; Begentayev et all, 2024), o, are sensitive to changes in the model of AE
signal indicators during inspection of a defective tool (Altay et. all, 2025). These
results are presented as a regression function and a Tukey diagram in Figures
8-10.
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Figure 8. Statistical distinguishability of the parameter o ,: a) Tukey diagram characterizing
the variability of the standard deviation of the signal amplitude when testing both instruments ;
b) dependence characterizing the increase in the deviation of the signal amplitude when testing a
defective instrument.
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Figure 10. Statistical distinguishability of the MARSE parameter : a) Tukey diagram
characterizing the variability of the signal energy value when testing both instruments;
b) dependence characterizing the increase in signal energy when testing a defective instrument.
To assess the adequacy of the constructed regression dependence, the
coefficients of determination R 2 and correlation » were calculated, as well as
significance p-level of the model:
=29.088+1.201- ¢ atr=0.526, R*=0.277, p = 0.0082;

y o, defective tool defect-free tool

= 330.841+1.116- A at r = 0.595, R 2= 0.354, p =

U, defective tool U defect-free tool

0.002;
=330.841+1.116- MARSE at »=0.525, R 2= 0.276,

Y MARSE , defective tool defect-free tool
p=0.008.

Following from the analysis of the data presented in Figures 8—10, there is also
a direct noticeable correlation between the signal parameters during the inspection
of a defective and a flawless tool. The value of the determination coefficient R?
of the constructed model explains the observed dispersion of the predictor (the
indicator in the focus of this study) during the inspection of a flawed tool. The
obtained coefficients with a p - value less than for p = 0.01, and, therefore, are
considered statistically significant for a confidence interval with a reliability
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of 0.99. That is, the associated AE parameters can be significant predictors of
defect formation processes occurring in the tool with a reliability probability of
the confidence interval. To date, the accumulated experimental material confirms
the possibility of using the calculated parameters for predictive analytics (Altay,
2019) of the technical condition of the objects of inspection.

Conclusion. This article is devoted to the statistical evaluation of AE parameters
during the implementation of a processing method based on bidirectional
polynomial digital filtering. To validate the methods effectiveness, filtering
results were obtained for recorded AE signals during milling with two tools. The
distinguishability of the information component signals was demonstrated when
compared with noisy signals (p < 0.05) using the Wilcoxon test, and the signal-
to-noise ratio was calculated. Based on the obtained processing results, it was
established that the AE processing method increases the signal-to-noise ratio to
SNR =4 dB and improves the filtering quality of high-frequency interference.

A correlation between the AE parameters during the testing of two instruments
(r > 0.5 to r = 0.7) was established, indicating a direct and significant link
between the measurement results. This correlation may be due to differences in
the properties and characteristics of the AE sources during the testing of the two
instruments for p < 0.05. Based on regression analysis, a model was developed
characterizing the discriminability between the AE parameters during the testing
of a flawless and a defective instrument, with statistical significance at p < 0.01.
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