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OIEHKA D2®®EKTUBHOCTHU INNPUMEHEHHUA KIACCUPUKATOPOB
MAHNIMHHOI'O OBYYEHUSA B 3AJJAYE PACIIO3HABAHUA
THUIIA TA3A U EI'O KOHOHEHTPALIUU

B nanHHO# pabore OBIIM paccMOTPEHBI METOABI KJIacCU(UKAIMK B MAIIMHHOM OOy4YEeHHH, IPOBEJIeHa OLEHKA IpU-
MEHUMOCTH KJIACCU(HUKATOPOB B 33j1aue paclio3HaBaHMS TUITA I'a3a M €ro KOHLIEHTpaluu B cMecH. B xone uccneno-
BaHMS OBUTH C(OPMHUPOBAHBI TEOPETUUECKHE 3HAUEHHUS BOJOPO/a, YIIEBOJIOPOJIOB M HX cMecel B cooTHommeHnH 20,
50 u 80%, ¥ oleHKa KIacCH(UKATOPOB MPOBOIMIACE HA SKCIIEPUMEHTAIBHBIX JTAHHBIX, IIOTYYEHHBIX C TepPMOKaTa-
JIUTHYeCKoro ceHcopa. IlpencraBneHHble KIacCU(HUKATOPHl MO3BOIWIM ONPENEIUTh THUII ra3a C TOYHOCTBIO

1o 87.5%.

Kn. ca.: TepMOKaTaIUTHYECKUIA CEHCOP, METOJ TJIABHBIX KOMIIOHEHT, KIIacCU(pUKAIMS, OonpeesieHie KOHLSHTPalUH,

BOZIOpOI, 00paboTKa TaHHBIX

BBEJIEHUE

Ha cerogusmuuii eHp OpoBeAeHUE H3MEPEHHIT
W aHaJn3a COCTaBa ra30BOM CMECH MIPAeT KIIOYEBYIO
POJb B pa3iIMyHBIX O0JACTAX, BKJIHOYas MOHHUTOPHHT
OKpYXaroIe cpeasl U MPOMBIIUIEHHOE [TPOU3BOJICT-
Bo. CrOoCOOHOCTh TOYHO HACHTHU(UIIMPOBATH, KOIH-
YECTBEHHO ONpPENeiTh U Pa3fessaTh 0 TUIYy Ta3000-
pa3HbIe BElLIecTBA UIPaeT BaXXHYIO pojib B obecrede-
HUM 0€301aCHOCTU KHU3HEHCATEIbHOCTH, ONTHMH3a-
UM TEXHOJIOTMYECKUX IIPOLECCOB M JHArHOCTHKE
OKpyXkaroueil cpenpl. TpaauIMOHHBIE METOABI ra3o-
BOr0 aHajM3a B 3HAYUTENILHOH CTENEHHM OIHPAOTCS
Ha CTaHJapTHbIE METOAbl U3MEPEHUH M PYYHYIO WH-
TEpIpPETalNIO, YacTO CTAJKHBASsICh C MPUCYIIUMH UM
OIpPaHMYEHHUSMHU B YyBCTBUTEIBHOCTH OOHAPY)KEHMS,
TPYZAOEMKOCTBIO aHA/IN3a U MOABEPKEHHOCTBIO YEeNo-
BEYECKUM OIIHMOKAM.

Cpemu  OrpOMHOTO KOJNHYECTBA Pa3zHOOOPa3HBIX
YIJIEBOOPOIOB 0CO00E MECTO 3aHHMMAaeT BOIOPO.
Nmes camprii OonbIIOi Awama3oH B3PBIBOOIACHBIX
KoHIeHTparwii (0T 4 mo 75% 00.), a Takxke SBISACH
KpailHe JIeTy4uM, BOAOPOJl CUMTAETCS OIHUM U3 Ca-
MBIX B3PBIBOOIACHBIX Ta3oB. Taxke BOIOpOA paccMmar-
puBaeTcs B KAayecTBE IEPCHEKTHMBHOrO BHIA TOIUIMBA
(MM KOMIIOHEHTa TOIUIMBA, B YAaCTHOCTH, B CMECSX
¢ yrieBogoponamu) [1, 2], pazpaborka »¢d¢heKTHBHBIX
CEHCOPOB BOJOPOJAa W METOIUK €r0 MOHUTOPUHIA
B BO3/1yX€ SBJIETCA aKTyaJbHOU 3aauei.

B mnocnemHue rompl ¢ MOSABICHHWEM MAIIMHHOTO
00y4eHwsI POU30IIIO KIIF0UueBOe OOHOBJIEHHE B TIPH-
MEHEHUH HCKYCCTBEHHOTO HHTEIIEKTa, pPa3BUTUHU
9KCIEPTHBIX CHUCTEM M IOSBJIEHHH HOBBIX HOAXOJOB
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K 00paboTKe OOJNBIINX MACCHBOB JTaHHBIX. JTa 00-
JIACTh MCKYCCTBEHHOIO MHTEJIEKTa MO3BOJISIET pas3pa-
0aTpIBaTh MHHOBALIMOHHBIEC TOAXOABI JUIsI aBTOMAaTH-
3allMH CJIOXKHBIX 3a/ad, MOBBIMIEHUS 3(dekTuBHOCTH
¥ TIONyYeHUs MEeHHOW WH(OpMAIMH W3 OOIIMPHBIX
HabopoB AaHHBIX. Vcronb3yss BOSMOKHOCTH METOJ0B
MAIIMHHOTO O00ydYeHHsI, MCCIIENOBATEIN MOJEPHHU3U-
PYIOT METOJIbl Ta30BOT0 aHAJIM3a, CIOCOOCTBYSI pa3BU-
THIO STOW BaYXHON HAYYHOH OOJIACTH.

Hcnone3yst anroputMbl MalIMHHOTO O0y4eHusl, Ta-
30BBIM aHaJIM3 MOKET BBIMTH 32 paMKH CTaHAAPTHBIX
MPaKTHK U TIpeo0pa3oBaThCs B Ooee TOUHBIN, 3¢ dek-
TUBHBIA M KOMIUIEKCHBIH noaxon. CrocoOHOCTh ObI-
CTpo 00pabaThiBaTh OTPOMHBIE MACCHBBI JTaHHBIX
U U3BJIEKAaTh 3aKOHOMEPHOCTH B COYETAHHU CO CKOPO-
CTBIO IPHUHATUS PEIIEHUH aJIropuTMamMH IPHUBEAET
K MOJIEPHH3AINH WK K pa3paboTKe HOBBIX CIIOCOOOB
B METOAOJIOTHSAX ra30BOro aHanusa. bonee toro, mMo-
JeT MAaIIMHHOTO OOy4eHHsS MOTYT 3HA4YMTENIBbHO I10-
BBICUTh TOYHOCTH pAaCIIO3HABaHMSA TOPIOYEro rasa
U KOJIMYECTBEHHOM OLIEHKH COCTaBa ra3oBOM CMECH,
YTO TO3BOJISIET MPOBOAUTH OOjee HaJAeKHbIE U TOY-
HbIE U3MEPEHUSI.

NHcTpyMeHTOM AJid NPOBEACHUS U3MEPEHUN INpHU
ra3oBOM aHAJIN3E SIBJIIETCS CEHCop ras3a. B Hacrosmiee
BpeMsI CYILECTBYET Psii CEHCOPOB, OCHOBHBIMH U3 KO-
TOPBIX CUATAIOTCS HOITYNPOBOAHUKOBBIE, ONITUYECKUE
n tepMmokatanmutudeckue [3]. B mamnol pabore wmc-
ClIeIOBaHME IMPOBOAMIIOCH HA JIAHHBIX, IOIYyYEHHBIX
C MOMOILBIO TEPMOKATAIUTHYECKOrO ceHcopa. Takoil
TUIl CEHCOpa SBJSIETCS! LIMPOKO HMPHUMEHSIEMBIM NPH
M3MEpPEHMSIX KOHLEHTPALUil roproyuero rasa uin cMe-
cu. Ho BBuay TOro, yTto Ha IOBEPXHOCTH CEHCOpa
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OKHCIIAIOTCS. BCE IPHUCYTCTBYIOIIME B OKpY’Karowlen
cpene rasbl, OJHUM M3 HEIOCTAaTKOB SIBJISETCS HU3Kas
n30MpaTenbHOCTh K HCKOMOMY THITy ra3a. IIpeamona-
raercs, 4ro NPUMEHEHHE METOJOB MAIIWHHOTO 00y-
YEHUS! MI03BOJIUT YCOBEPIIEHCTBOBATh CYLIECTBYIOLIHE
METOJMKHU U3MEPEHUI U aHaJIn3a ra30BOi CMECH.

B mammx npenpiaymmx paborax [4, 5] npencras-
JICHBl PE3yJbTAThI, [TOKA3aBILUE, YTO METOJ INIABHBIX
kommoHeHT (MI'K) xak crmoco0, mpuMeHsieMbIii B 00-
JACTU MAIIMHHOTO OOYyYeHHs, MO3BOJIIET Pa3InydaTh
OTKJIMKH CEHCOPOB INPH pa3HOM KOHIEHTpauuu Oe3
WCTIOJIB30BAHMS JIONOJHUTENBHBIX MaTEMaTHYEeCKUX
ornepaurii NOArOTOBKH IOJIYYEHHBIX JAHHBIX. Takxe
YCTaHOBJICHO, YTO MPHU 00paOOTKE NUCXOJHBIX JaHHBIX
npu nomout MI'K BHE 3aBUCHMOCTH OT KOJIMYECTBA
CEHCOPOB IOJYYEHHBbIE 3HAUYEHHS IJIABHBIX KOMIIO-
HEHT 00pa3yloT JHMHEIHbIE 3aBUCMMOCTH KOHLIEHTpa-
LMY, KOTOpBIE TPONOPLHMOHAIBHBI MEXIY COOOM.
MI'K no3BoiiieT KaKk BU3yaldbHO Pa3inyaTh OTKIMKHU
CEHCOPOB IIPM pa3HOW KOHLEHTPALHUH, TaK U C HC-
MOJIb30BAHUEM JIONOJIHHUTEIBHBIX MAaTEMaTHYEeCKHX
olepanuil Moay4nTh 3HaUYCHNE KOHLICHTPALIUH.

JpyruM HampaBieHHEM B 00JacTH MAaIIWHHOTO
o0y4deHHs SBISETCA KiIacCUPUKAUSI — TOydeHHe
OZJHO3HAYHOI'O OTBETa Ha OCHOBE HAabopa IPU3HAKOB.
Knaccudukamms reodbxoanma aisi Ta30BOTO aHAIIN3A,
B IIEPBYIO Odepenb Ul OlpenesieHHs THIIa U COCTaBa
Pa3IMYHBIX Ta30B. JTO Ba)XKHO MO HECKOJIBKUM IpPHU-
YMHAM:

— 6e30macHOCTh (pa3HbIe Ta3bl OONATAOT Pa3HBIM
YPOBHEM B3pPBIBOOIIACHOCTH, Ojlaronaps TOUYHOH Kiac-
cupUKaLUN aHAJM3UPYEMOIro ra3a MOXHO HPUHSTH
HaJJeXxalyue Mepbl IPEAOCTOPOKHOCTH Al IPEAOT-
BpAILCHNs] HECUACTHBIX CIIy4aeB, YTeUeK WM BPEAHO-
T'0 BO3JICHCTBYA);

— BO3JCHCTBHE HAa OKPYXKAIOLIYIO cpeny (HEKOTo-
pble ra3pl OKa3bIBAIOT 3HAYMTENIBLHOE BO3JCHCTBUE
Ha OKPYKAaIOIIYI0 Cpelly U CIIOCOOCTBYIOT 3arpsizHe-
HUIO BO3/yXa, aHAJIU3 U KIacCU(PUKaLHs ra30B OMO-
raroT OLEHUTHh NPUCYTCTBUE M KOHLIEHTPALMIO TaKHX
ra3oB, MOJJEPKUBASI YCHJIMS IO CHIKEHHIO UX BBI-
OpOCOB M KOHTPOITIO 32 HAMH );

— ONTHMHU3AIMSI  TEXHOJNOTMYECKUX  IPOLECCOB
(BO MHOrMX HPOMBIIUIEHHBIX MpOLIECCaX Ta3bl HC-
MOJIB3YIOTCSI B KAayeCTBE PEarcHTOB, KaTal3aTOpPOB
WM HOCHUTENEW, MTOHNMaHUe CBOMCTB M COCTaBa 3THX
ra3oB C IOMOIIBIO KJIACCH()HKALIMU MO3BOJISIET JIyUllle
ONTUMM3HUPOBATH MPOLIECC, YTO MPHUBOAUT K IOBBILIE-
HU10 3G (HEKTUBHOCTH U MPOU3BOJUTEITHHOCTH ).

B cratse [6] mpemtaraercs Meron KiiaccupUKanu
ra30B JUIA CHCTEMBI JJIEKTPOHHOTO HOCA, JIISl KOTOPO-
IO HCIIONB3YIOTCS KOMOMHUPOBaHHBIE MPHU3HAKH, I10-
Jy4eHHBIE C MTOMOIIBIO JTHHEHHO-TUCKPUMHHAHTHOTO
aHanm3a. Pe3ymbTaThl TPOBEAEHHOTO AKCIEpUMEHTa
IMOKA3allH, Y4TO JUISl BOCBMH THIIOB JAHHBIX T'a3a, KOTO-
pBIe OBUTM M3MEPEHBI C TIOMOINBI0 CEHCOPHON MaTpH-
1bl, cocTosuei n3 16 kaHaioB, METOA MOKA3aJl XOPO-
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myto 3¢ eKTUBHOCT Kiaccuukanuu. B wacTHOCTH,
KOrJa B IIPOLECcCe H3MEPEHHs] T'€HEpUPYETCs IIyM,
MPEATIOKEHHBIH METOJ] MOKa3al Pe3yJbTaThl KIacCH-
¢ukanuu, Kotopas sBisercss Ooiee 3(PQPEeKTHBHOMH,
9YeM y IPYTruX METOIOB. YUUTHIBasi BO3MOXHOCTb Te€C-
TUPOBAHMS HAa MHOXXECTBE CIOXXHBIX JAHHBIX, B Oy-
noymeM OyAyT NpPOBOAUTBHCS 3KCIEPUMEHTHI, Code-
TaIOIIME Pa3IMYHbIE THIIBI XapaKTePUCTHUK.

B craree [7] mpeacraBieH MeTOJ, OCHOBaHHBIN
Ha aJropuT™Me SIepHOro JUCKPUMHHAHTHOIO aHaIM3a
U UACHTU(UKAMY THITOB Ta3a. beiio oOHapy»xeHo,
YTO TOYHOCTh anroputMma Obuia Ha 4.17% Bhlle, yeMm
Ta, KoTopas ObliIa moirydeHa ¢ ucronb3oBannem MI'K.
B cinyyae crangapTHOro0 OTKJIOHEHUS MPEICTaBIEHHBINA
ITOPUTM O0IIa/Ia€T CaMOK BBICOKOW CKOPOCTBIO pacrio-
3HaBaHWS M HAMMEHBIIMMH 3aTPaTaMH BPEMEHHU.

Lenbto manHO#l paboOTHI SBISETCS M3ydEHHE alro-
PUTMOB KiTaccH(hUKAIMK MAITMHHOTO OOyYeHHUs, a Tak-
XK€ OLEHKa TOYHOCTH NPHUMEHHMBIX Kiaccu(puKaTo-
poB. BaxHOCTb IAHHOIO HCCIIEOBAHUSI CBs3aHA
C ONTHUMM3ALMEH NMapaMeTpoB U XapaKTEPUCTUK Tep-
MOKAaTaJIUTUYECKUX CEHCOPOB, B YACTHOCTH YYBCTBH-
TEIbHOCTH U CEIEKTUBHOCTH, a TAKXKE C HE0OXO0IUMO-
CTBIO U3MEHEHUSI METOINK U3MEPEHHUS AJIS TOJTydeHU s
OoJbIIIEro YKcIa JaHHBIX U1 OCIIEAYIOIe MaTemMa-
THYECKOH 0OpabOTKM W TIOBBIMIEHUS CENEeKTUBHOCTH
CEHCOPOB.

METOJIUKA DKCIHEPUMEHTA

MHoOromepHsIii CUTHaJI CEHCopa MPEACTaBIIAET CO-
00i1 COBOKYITHOCTh 3HAaY€HHWI OTKIMKa CEeHCcopa, W3-
MEPEHHbIX MPH Pa3HOM IPHUIIOKEHHOM HampsKEHUH
nmutanust (Up,,). Ha puc. 1 mpeacraBieHsl skcnepu-
MEHTAIIbHO TONy4YeHHbIEe S-00pa3Hble 3aBHCHMOCTH
OTKJIMKA CEHCOpa OT HANPSKEHUS MUTAHUS Ul BOZO-
poza, mporaHa 1 MeTaHa B YHCTOM BH/IE.
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Puc. 1. DxcnepuMeHTanbHbIE S-00pa3HBIe 3aBUCHUMOCTH
OTKJIMKA CEHCOpa OT HANpPSDKEHHs IMHTAaHHS U1 BOAOPO-
Jia, IpoIlaHa ¥ MeTaHa
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W3mepenus cursana oCyIiecTBIISINCh IPU CKaHU-
poBaHuM ¢ u3MeHeHueM HanpsbkeHus ot 0.05 B no
3.3 B c marom 0.05 B. B kadectBe ceHCOpOB OBLIH
B3SThl IPOMBIIUICHHBIE TEPMOKATAIUTHYECKUE CEH-
COpBI, KOTOpPBIE CEPHIHO BBITYCKAIOTCA (HUPMOI
"HTL UT' 1" [8]. TepMmokaTanuTHyeckuii CEHCOp OBLT
BKJIIOYEH B MOCTOBYIO M3MEPHUTEIBHYIO CXEMY, B KO-
TOPOH B OIOHOM IlIeYe BMECTE C HHUM pa3MeLIajcs
CEHCOp CpaBHEHHs (AHAJIOTWYHBIA MO KOHCTPYKLHH
ceHcop, HO 0e3 HaHECeHHOro KaTajam3aTtopa), a BO
BTOPOM IIJIe4y€ — JBa MPELUU3UOHHBIX PE3UCTOPA
¢ HOMHHAIOM 1 KOM.

95

B cootBerctBue ¢ pabotoii [5] 1 Ha OCHOBE MOTY-
YEHHBIX HKCIIEPUMEHTAIBHBIX S-00pa3HbIX 3aBHCUMO-
cTeit ObUTH CPOPMHUPOBAHBI 3HAYSHHS OTKIMKA CEHCO-
pa Ha IBYXKOMIIOHEHTHBIE CMeCH (BOJOPOJ] — IIPOMaH)
u (BOIOPOI — METaH) C MPOIEHTHBIM CO/Ep’KaHuEM
H,: 20, 50 u 80% (B nmanpHeiieM — TeopeTHIecKue
3Ha4yeHus1). TeopeTHuuecKkre 3HaUeHNs OTKIIMKA CEHCO-
pa npencrasiieHsl Ha puc. 2. Ha puc. 2, a, npeacras-
JIeHBI 3HaY€HU Ul BOOPOJa, IPOIaHa U UX cMeceid,
Ha puc. 2, 6, — U BOAOPOAA, METaHa U UX CMeceH.

Teopernueckne 3Ha4YeHUs] ObUTH 00paOOTaHBI TPH
nomormt MI'K, pesymprar 00pabOTKM TIpeacTaBiieH
Ha puc. 3.
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Puc. 2. Teoperndeckre 3Ha4E€HHUSI OTKIIMKA CEHCOPA.
a — U1 BOZOPOJa, MpoIiaHa U UX cMecell; 0 — I BOJOpo/a, MeTaHa M UX

cMmecel
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Puc. 3. Teoperuaeckue 3HadeHus mocie npumeHerns MI'K

OTMedeHO, YTO 3HA4YEHUs] TJIABHBIX KOMIIOHEHT
00pa3oBay JIMHEHHbIE 3aBUCUMOCTH U PACIIOIO0KEHBI
B MOpPSJKE BO3pAcTaHUSl KOHIEHTPAIMM BOJOPOAA
B CMecH (ClieBa — MaKCHMYM KOHIIGHTPAIMH (YHCTHIHA
BO/IOPOM), CIOpaBa — MHHUMYM KOHIIEHTPAIUH),
(dbopMHpYSl CBOM IIKaJIbl PAacHpencieHusl KOHIEHTpa-
MW OTAEIBHO JUIs cMecelt (BoZopoa — MeTaH) U (BO-
JIOpOJ — TIPOTIaH).

B xonTekcTe MammHHOTO 00y4eHus Kiaccupuka-
U OTHOCHTCA K OOydeHuio ¢ yduteneMm. JlaHHBIHA
TUTT OO0yYeHHUs MOApa3yMeBaeT, yTo Ha 3Tare o0yde-
HUSl UCXOOHBIM JAaHHBIM, II0AaBA€MbIM Ha BXO[, YK€
IPUCBOEH KJacC, a Ba)kHAs 4acTb IPU3HAKOB YXKe
pas3zeneHa Ha OTAENbHbIE KaTErOPHH.

CymiecTByeT HECKOJIBKO aJIrOPUTMOB, HCIOJIb3Yye-
MBIX JUIS 33724 KJIacCU()UKAIMH, B TOM YHCIIE:

— HaWBHBIN 0aifleCOBCKHUIl alnropuT™M (BEpOSITHOCT-
HBIA alrOpUTM NpearoiaraeT He3aBUCUMOCTh MEXIY
00BbEKTaMH M BBIYUCIIAET BEPOATHOCTD MPUHAIEKHO-
CTH DK3EMIIISIpA JaHHBIX K KaXKIIOMY KiIaccy);

— METOJ] OIOPHBIX BEKTOPOB (METOJ HAaXOAUT TH-
MEPIUIOCKOCTh, KOTOpash HaWIydIIMM oOpa3oM pasle-
JISieT TOYKU JaHHBIX Pa3HBIX KJIaCCOB B MHOTOMEPHOM
MIPOCTPAHCTBE);

—wmeron k-Ommxkaimmx cocenelt (mpenckasbpiBaeT
KJIacC TOYKH JAHHBIX HAa OCHOBE OOJIBIIMHCTBA KJAc-
coB ee k Ommkalmmx cocenei B MPOCTPAHCTBE O0B-
€KTOB);

— JIOTHCTUYECKasi perpeccus (BBIBOOUT IPOTHO3BI
0 TOYKax B OWMHApHOM MaciiTabe — HYyJEBbIE WIIHN
€IMHUYHBIC; €CIIM 3HaueHHe 4ero-mubo paBHO OO
6ompme 0.5, To 00BeKT KiaccupuIupyercs B 00Ib-
IIyI0 CTOPOHY (K €TUHUIIE), €CIM 3HaYeHHe MEHbIIe
0.5 — B MeHBIIYIO (K HYIIO)).

UToObI BBHIMTOIHUTH KJIACCH(PUKAIIUIO, MOJIETh Ma-
IIAHHOTO 00y4YeHHs oOydaercss Ha TTOMEYEHHBIX JaH-

HBIX, A€ KaKJasi TOYKa JaHHBIX CBSI3aHa CO CBOUM
MpaBUIIBHBIM KJaccoM. Bo Bpemst o0yueHus Mozens
M3y4yaeT 3aKOHOMEPHOCTH U B3aMMOCBSI3M B JIaHHBIX,
YTO MO3BOJISIET €l eNaTh TOUHBIE IPOrHO3bI IS UC-
MBITATEIbHBIX IPUMEPOB.

B nmanHO#l paboTe MBI pacCMOTPUM METOJBI Kilac-
cuuKaLuy, NEPeYHCICHHbIE BBIINIE, W OLEHUM HX
MPOU3BOAUTENBHOCTD 110 TOYHOCTH IIPOTHO3A.

PE3YJIbTATBI 1 OBCYXKJIEHHNE

[Ipumenenue knaccuuKauy K pesynbraTam, Io-
Ty4eHHbIM 11ociie 0opabotkn MI'K, BeImonHeHO ¢ mo-
Motrsio oubmmoreku scikit-learn [9] cpencTBamu s13b1-
ka Python 3.11. B kadecTBe mpOBEpPOYHBIX JAHHBIX
ObUIM HCIIOJIB30BAHbl 3KCIIEPUMEHTANIbHBIE JlaHHbIC,
MoNTy4eHHbIe TI0O METO/IMKE, OIMCcaHHoM B padore [10],
111 BOJOPO/a, METaHa, IpoIlaHa U UX CMEeceH.

[Tocne 06paboTKH IKCIEPUMEHTATEHBIX OTKIIUKOB,
MOJIYYEHHBIX CUCTEMOU CEHCOpoB, pu oMoy MI'K
ObUTM TIOIy4YEHBI CIEAYIOLINE Pe3yIbTaThl, IPEICTaB-
JIEHHBIE Ha puc. 4.

Kak BuaHO M3 NOIY4EeHHOr 0 pe3yibTaTa, SKCIepH-
MEHTaJIbHbIE JaHHbIe 00pa30BalIy O00JACTH JIOKAJIN3a-
LMY BOKPYI' TEOPETHUYECKUX 3HAYCHUN YHMCTBIX yIJle-
BOJIOPO/IOB, BOAOPOAA M WX cMecel. Pa3zbpoc mexmy
MOTy4YEHHBIMH 3HAYEHUSMU TTIABHBIX KOMIIOHEHT CBSI-
3aH C pa3dpocoM IKCIEPUMEHTAIBHBIX JaHHBIX (OT-
KJIOHEHHS B CHATHIX 3HAUYEHHSX 00YyCJIOBJIECHBI JOITyC-
KOM, 3aKJaJbIBa€MbIM Ha KaKIblli CEHCOp B paMKax
npous3BoAcTBa). Takke OTMEUEHO, YTO HEKOTOphIE
3Ha4YeHHUs BOJOPOJA U €ro CMeceil ¢ MPOonaHoOM B CO-
orHomteHun 50% u 80% HaxomsTCs B OKPECTHOCTU
TEOPETHIECKUX TOUEK CMeCH (BOJOPOJ — METaH) B TEX
e COOTHOLICHUSX.
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Puc. 4. Pesynerat 00paboTKH SKCIEPUMEHTANBHBIX TaHHBIX Tpy nomorn MI'K

Ta6a. ToYHOCTh MPOTHO3UPOBAHUSI KaXIOTO METO/IA KiaccuhuKamm

Ne /1 Meron Tounoctb, %
1 Meron k-Onmkaiimux coceneit 87.5
2 Jlorucruueckas perpeccust 85.71
3 HawnBHbIii GaifecOBCKHiT alrOpUT™M 87.5
4 MeToz1 OOPHBIX BEKTOPOB 87.5

[Ipeanonaraercs, 4To NpuU HPUMEHEHHH KJIAcCH-
(UKaTOPOB BO3MOXXHO HENPAaBHUIIBHOE OIpeeeHne
Tuna rasa. Pesynprar ompeneneHus NpeACTaBleH
Ha puc. 4, rie HeBepHO KiIaccu(UIMPOBAHHbBIC 3HAYE-
HUs 0003HA4YeHBl ToAmucIMA Ha cepoM ¢Gone. Tou-
HOCTb IPOTHO3MpOBaHuUs cocraBuna 87.5%. Amnano-
TMYHO OBUIM PAacCMOTPEHBI OCTAJIbHBIE METOIBI, pe-
3yJAbTaThl NPOrHO3HUPOBAHUS  KOTOPBIX  CBEAEHBI
B TaOIHUILy.

Kak BHIOHO W3 NONY4YEeHHBIX pE3yJIbTATOB, OOJb-
LIMHCTBO AJTOPUTMOB KOPPEKTHO ONPEAENSET THII
raza. Pa3nuuue no TOYHOCTH JIOTUCTHYECKOU perpec-
CHHM OOBSICHAETCS TeM, YTO NAHHBIA KIacCU(UKATOD
SIBJISICTCSl JIMHEWHBIM M 4Yallle HCIIONb3yeTCsl Ha Tex
JAHHBIX, y KOTOPBIX €CThb JINHEWHAas 3aBHCHMOCTb.
BBuay Toro, 4ro ucxonHbIe JaHHBIE NMEIOT HEIHHEH-
HYIO 3aBHCHMOCTb, HCIIOJIb30BAHUE JIOTHCTUYECKON

perpeccur B 3a1aue Kiaccu(UKALMK SBISETCS Helle-
Jecoo0pa3HbIM, XOTS U HMeEET JOCTaTOYHYI TOdY-
HOCTb.

CToHuT OTMETHTH, YTO TOUYHOCTh KJIACCH(UKATOPOB
BO3MOKHO IIOBBICHTH IIyTE€M NPUMEHEHHs OONbLIEero
KOJIMYECTBA KCIIEPUMEHTAIbHBIX JAaHHBIX WIM IIpEl-
BapUTEIbHON MTOATOTOBKOM CHSTBHIX JaHHBIX C TEPMO-
KaTaJIUTHYECKOTO CeHcopa (NpHUBEIEHHUE HCXOTHBIX
JTaHHBIX K OTHOMY 001eMy ¢opmaTy AaHHbIX). Taroke
BO3MOXKHBIM BapUaHTOM IIOBBIIIEHHUS TOYHOCTH KJIac-
cU(UKATOPOB SIBIAETCS YTOYHEHHE M Iepeorperese-
HHE TEOPETUYECKUX 3HAUCHMUIL.

3AK/IIOYEHHUE

B pabote OpuT0 TIPOBEIEHO HCCIIEMOBAHIE MTPHME-
HEHUS KIaccu(UKaTOPOB IS ONPEIeNICHNs THITA Ta3a
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Ha OCHOBE JIaHHBIX, HOJYYEHHBIX C TEPMOKATAJIUTH-
YECKUX CEeHCOopoB, npu nomout MI'K B MynbTHceH-
copaoii cucreme. llpuMeHeHHne KiTaccu(UKATOPOB
MO3BOJIAET C TOYHOCTHIO 10 87.5% pacmo3Hath TUI
rasa Win AByXKOMIIOHEHTHYIO CMECh.

[Tokazano, 4To TIpr 00pabOTKE MCXOMHBIX JTaHHBIX
npu nomon MI'K nonydyenHble 3Ha4€HHS TIaBHBIX
KOMITOHEHT 00pa3yloT JIMHEHHbIE 3aBHCUMOCTH KOH-
LEHTPALKH, KOTOPbIe IPONOPLHOHAIBHBI MEXIY CO-
00il, a Takke HE MMEIOT NepecedeHrui s pa3HbIX
yraeBomoponioB. B maHHOW pabore mpencTraBieHbI
TaK¥e YTIeBOIOpPO/Ibl, KaK METaH | MPOIaH, 0opadboT-
Ka 3Ha4YeHW KOTOPBIX chopMupoBala JBe JIMHEHHBIC
OTZENbHBIE 3aBUCUMOCTU. DTO TO3BOJIMIIO BU3YaJIbHO
pa3nuyaTh OTKJIMKM CEHCOPOB IPU Pa3HOW KOHIIEH-
Tpauuu.

[lony4eHHble pe3ysbTaThl UMEIOT Ba)KHOE 3Hade-
HUE JUIA pa3pabOTKH U ONTHUMHU3ALUK METOJO0B aHAIIN-
3a cocTaBa BO3/yXa, B YaCTHOCTH IIO3BOJIAT HeEperTu
OT TIEpecueToB KOHIEHTpaluu "BHYTpH' ceHcopa
K MaTeMaTH4ecKOW oOpabOTKe MOTydaeMbIX C CEHCO-
pa JaHHBIX U Ha €€ OCHOBE IIPOBOIUTH ONPEAEICHUE
KOHLIEHTPAaLMX OAAHHOIO rasa.

Taxoke, BBUIY TOI'O YTO BOJOPOA CTAHOBUTCS TOH-
TUBOM OyAyIIero, HOBBIM OJHEpProHOcHUTEleM (ero
poIB OyIer comocTaBUMa C PONBIO YIS, HeTH WIIH
rasa), pa3paboTaHHBIA METO/ OOMIENMPUMEHUM U Tep-
CIIEKTUBEH JIS1 JaJIbHEWIIEro HCIONb30BAaHUS B CEH-
copax rasa, He TOJIbKO CEHCOpax BOJOPOAa, KOTOphIE
OyIyT aKkTyallbHBI B OnrpkaiiineM OyaymieMm, HO U TPU
pacro3HaBaHUU IPYTUX LIE€JIEBbIX I'a30B.
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EVALUATION OF THE EFFECTIVENESS OF MACHINE LEARNING
CLASSIFIERS FOR GAS TYPE AND CONCENTRATION RECOGNITION

T. V. Osipova, A. M. Baranov, L. 1. Ivanov

Moscow Aviation Institute (National Research University), Moscow, Russia

The paper highlights the artificial intelligence (Al) classification methods in machine learning for recogniz-
ing the gas type and its concentration in a mixture. The applicability of classifiers is assessed. During the study,
theoretical values of hydrogen, hydrocarbons, and their mixtures with a hydrogen fraction of 20, 50 and 80%
were calculated, and the Al classifiers were evaluated using experimental data obtained from a catalytic sensor.
The presented classifiers made it possible to determine the type of gas with an accuracy of up to 87.5%.
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INTRODUCTION

To date, measurements and analysis of gas mixture
composition play a key role in various fields, includ-
ing environmental monitoring and industrial produc-
tion. The ability to accurately identify, quantify, and
classify gaseous substances plays an important role in
life safety, process optimization, and environmental
diagnostics. Traditional gas analysis methods rely
heavily on standard measurement techniques and ma-
nual interpretation, often facing inherent limitations in
detection sensitivity, labor intensity of analysis, and
susceptibility to human error.

Among the huge number of different hydrocar-
bons, hydrogen occupies a special place. Having the
widest range of explosive concentrations (from 4 to
75% vol.), and also being extremely volatile, hydro-
gen is considered one of the most explosive gases.
Hydrogen is also considered as a promising type of
fuel (or fuel component, in particular, in mixtures with
hydrocarbons) [1, 2], development of effective hydro-
gen sensors and methods for its monitoring in the air
is an urgent task.

In recent years, with the advent of machine learn-
ing, there has been a key update in the application of
artificial intelligence, the development of expert sys-
tems, and the emergence of new approaches to
processing large amounts of data. This area of artifi-
cial intelligence enables the development of innova-
tive approaches to automate complex tasks, increase
efficiency, and gain valuable insights from vast data
sets. Using the power of machine learning methods,
researchers are modernizing gas analysis methods,
contributing to the development of this important
scientific field.

Using machine learning algorithms, gas analysis
can move beyond standard practices into a more accu-
rate, efficient, and comprehensive approach. The
ability to quickly process huge amounts of data and
extract patterns, combined with the decision-making
speed of algorithms, will lead to the modernization or
development of new methods in gas analysis metho-
dologies. Moreover, machine learning models can
significantly improve the accuracy of flammable gas
recognition and quantitative assessment of the compo-
sition of the gas mixture, which allows for more relia-
ble and accurate measurements.

The instrument for carrying out measurements in
gas analysis is a gas sensor. Currently, there are
a number of sensors, the main ones of which are con-
sidered semiconductor, optical, and thermocatalytic
[3]. In this work, the study was carried out on data
obtained using a thermocatalytic sensor. This type of
sensor is widely used when measuring the concentra-
tions of a flammable gas or mixture. But due to the
fact that all gases present in the environment are oxi-
dized on the surface of the sensor, one of the disad-
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vantages is low selectivity for the desired type of gas.
It is expected that the use of machine learning me-
thods will improve existing methods for measuring
and analyzing a gas mixture.

Our previous works [4, 5] presented results show-
ing that principal component analysis (PCA), as a me-
thod used in the field of machine learning, makes it
possible to distinguish sensor responses at different
concentrations without the use of additional mathe-
matical operations for preparing the obtained data. It
was also found that when processing initial data using
PCA, regardless of the number of sensors, the result-
ing values of the principal components form linear
concentration dependences that are proportional to
each other. PCA allows you to both visually distin-
guish sensor responses at different concentrations and,
using additional mathematical operations, obtain the
concentration value.

Another direction in the field of machine learning
is classification: obtaining an unambiguous answer
based on a set of features. Classification is necessary
for gas analysis, primarily to determine the type and
composition of various gases. This is important for
several reasons:

— safety (different gases have different levels of
explosiveness; thanks to the precise classification of
the gas being analyzed, proper precautions can be tak-
en to prevent accidents, leaks, or harmful effects);

— environmental impact (some gases have a signif-
icant impact on the environment and contribute to air
pollution; gas analysis and classification help assess
the presence and concentration of such gases, support-
ing efforts to reduce and control their emissions);

— optimization of technological workflow (many
industrial processes use gases as reagents, catalysts, or
carriers; understanding the properties and composition
of these gases through classification allows for better
optimization of the process, resulting in increased ef-
ficiency and productivity).

In article [6], a method for classifying gases using
the electronic nose system is proposed. This method
makes use of combined features obtained by linear
discriminant analysis. The experiment's findings indi-
cated that a sensor array with 16 channels performed
well in classifying the eight different categories of
collected gas data. In particular, when noise is gener-
ated during the measurement, the proposed method
has shown classification results that are more efficient
than other methods. Given the ability to test on a va-
riety of complex data, future experiments will com-
bine different types of characteristics.

Article [7] presents a method based on the nuclear
discriminant analysis algorithm for identifying gas
types. It was found that the accuracy of the algorithm
was 4.17% higher than that obtained using PCA. In
the case of standard deviation, the presented algorithm
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has the highest recognition speed with the least
amount of time.

The purpose of this work is to study machine
learning classification algorithms as well as assess the
accuracy of applicable classifiers. The importance of
this study is related to the optimization of the parame-
ters and characteristics of thermocatalytic sensors, in
particular sensitivity and selectivity, as well as the
need to change measurement techniques to obtain
more data for subsequent mathematical processing
and increase the selectivity of sensors.

EXPERIMENTAL PROCEDURE

The multidimensional sensor signal is a set of
sensor response values measured at different ap-
plied supply voltages (Unu). Fig. 1 shows the ex-
perimentally obtained S-shaped dependences of
the sensor response on the supply voltage for hy-
drogen, propane, and methane in their pure form.

Fig. 1. Experimental S-shaped dependences of the
sensor response on supply voltage for hydrogen, pro-
pane, and methane

The signal measurements were carried out by
scanning with a voltage change from 0.05 V to 3.3 V
with a step of 0.05 V. Industrial thermocatalytic sen-
sors, which are commercially produced by the compa-
ny STC IGD LLC (NTC IGD) [8], were used. The
thermocatalytic sensor was included in a bridge mea-
suring circuit, in which a reference sensor (a sensor
similar in design but without an applied catalyst) was
placed in one branch along with it, and two precision
resistors with a nominal value of 1 kQ were placed in
the second branch.

In accordance with work [5], and on the basis of
the obtained experimental S-shaped dependencies, the
values of the sensor response to two-component mix-
tures (hydrogen - propane) and (hydrogen - methane)
with a percentage of Hy: 20, 50 and 80% (below —
theoretical values) were calculated. The theoretical
values of the sensor response are presented in Fig. 2.
In Fig. 2, a, values for hydrogen, propane and their
mixtures are presented, in Fig. 2, b, — for hydrogen,
methane, and their mixtures.

Fig. 2. Theoretical sensor response values.
a — for hydrogen, propane, and their mixtures; b —
for hydrogen, methane, and their mixtures

Theoretical values were processed using PCA, the
result is presented in Fig. 3.

Fig. 3. Theoretical values after applying PCA

It was noted that the values of the main compo-
nents create a linear dependence and are located in
increasing order of hydrogen concentration in the
mixture (on the left is the maximum concentration
(pure hydrogen), on the right is the minimum concen-
tration), forming its own concentration distribution
scale, separately for mixtures: (hydrogen — methane)
and (hydrogen — propane).

In the context of machine learning, classification
refers to supervised learning. This type of training
implies that at the training stage, the initial data sup-
plied to the input has already been assigned a class,
and an important part of the features has already been
divided into separate categories.

There are several algorithms used for classification
problems, including:

— naive Bayes classifier (the probabilistic algo-
rithm assumes independence between objects and cal-
culates the probability of a data instance belonging to
each class);

— support vector machine (the method determines
the hyperplane that best separates data points of dif-
ferent classes in multidimensional space);

— k-nearest neighbors algorithm (predicts the class
of a data point based on the majority of classes of its &
nearest neighbors in object space);

— logistic regression (predicts points on a binary
scale — zero or one; if the value of something is equal
to or greater than 0.5, then the object is classified up-
ward (towards one), if the value is less than 0.5 —
downwards (toward zero)).

To perform classification, a machine learning
model is trained on labeled data, where each data
point is associated with its correct class. During train-
ing, the model learns patterns and relationships in the
data, which allows it to make accurate predictions for
test cases.

In this paper, we review the classification methods
listed above and evaluate their performance in terms
of prediction accuracy.

RESULTS AND DISCUSSION

The application of classification to the results ob-
tained after the PCA was carried out using the scikit-
learn library [9] and the Python 3.11 language. Expe-
rimental data obtained using the method described in
[10] for hydrogen, methane, propane, and their mix-
tures were used as verification data.
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The following results were obtained (Fig. 4) after
PCA processing the experimental responses received
by the sensor system.

Fig. 4. The result of processing experimental data
using PCA

As can be seen from the obtained result, the expe-
rimental data formed localization regions around the
theoretical values of pure hydrocarbons, hydrogen,
and their mixtures. The spread between the obtained
values of the principal components is associated with
the spread of experimental data (deviations in the
measured values are due to the tolerance provided for
each sensor as part of production). It is also noted that
some values of hydrogen and its mixtures with pro-
pane in a ratio of 50% and 80% are in the vicinity of
the theoretical points of the mixture (hydrogen - me-
thane) in the same ratios.

It is assumed that when using classifiers, an incor-
rect determination of the type of gas is possible. The
result of the determination is presented in Fig. 4,
where incorrectly classified values are indicated by
labels on a gray background. The prediction accuracy
was 87.5%. The other methods were considered simi-
larly, the prediction results of which are presented in
Tab.

Tab. Prediction accuracy of each classification me-
thod

As can be seen from the results obtained, most al-
gorithms correctly determine the type of gas. The dev-
iation in accuracy of logistic regression is explained
by the fact that this classifier is linear and is more of-
ten used on data that has a linear relationship. Due to
the fact that the source data has a nonlinear relation-
ship, the use of logistic regression in the classification
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problem is inappropriate, although it has sufficient
accuracy.

It is worth noting that the accuracy of classifiers
can be increased by using a larger amount of experi-
mental data or by preliminary preparing the data rec-
orded by a thermocatalytic sensor (bringing the origi-
nal data into one common data format). Another poss-
ible option for increasing the accuracy of classifiers is
to refine and redefine the theoretical values.

CONCLUSION

The technique described in the paper uses PCA
and data from thermo-catalytic sensors in a multisen-
sor system to apply classifiers to identify the type of
gas. The use of classifiers makes it possible to recog-
nize the type of gas or two-component mixture with
an accuracy of 87.5%.

It is shown that when using PCA to process the ini-
tial data, the obtained values of the principal compo-
nents form linear dependences of concentration,
which are proportional to each other and also do not
have intersections for various hydrocarbons. This
work presents hydrocarbons such as methane and pro-
pane, the processing of the values of which formed
two linear separate dependencies. This made it possi-
ble to visually distinguish sensor responses at differ-
ent concentrations.

The results obtained are important for the devel-
opment and optimization of methods for analyzing air
composition; in particular, they allow us to move from
recalculating the concentration “inside” the sensor to
mathematical processing of data received from the
sensor and, on its basis, to determine the concentration
of the supplied gas.

Also, due to the fact that hydrogen is becoming the
fuel of the future, and a new energy carrier (its role
will be comparable to that of coal, oil, or gas), the de-
veloped method is generally applicable and promising
for further use in gas sensors, not only hydrogen sen-
sors, which will be relevant in the near future, but also
when recognizing other target gases.



