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METO/ I''TABHBIX KOMIOHEHT KAK AJIBTEPHATHUBHBIN
AJITOPUTM OBPABOTKH JJAHHBbIX
TEPMOKATA/IMTUYECKUX CEHCOPOB

B IlaHHOfI pa60Te MPOBCACHBI UCCIICAOBAHNE BO3MOKHOCTU U OLICHKA MCIOJb30BaHUA METOAA I'NTABHBIX KOMIIOHCHT
KaK aJIbTCPHATUBHOT'O aJIrOpUTMa 06pa60T1<1/1 JAAaHHBIX TCPMOKATATIUTUYICCKUX CCHCOPOB. Ha ocnose MOJYUCHHBIX
PE3yIbTATOB OBLIO YCTaHOBJICHO, YTO BJIUAHUEC pa6oqe1>'1 TEMIIEPATypbl CECHCOpPA Ha OTKIIMK MWHHUMAaJIbHO, YTO IIO-
3BOJIACT 06T;GJII/IHI/ITL HX B CIUHYIO CUCTEMY. HpI/I 9TOM OJITHO3HAYHO OIMPCACIACTCA pa3Had KOHLICHTpalUs MoJAaHoro
rasa. OnpezleneHa METOAMKA UCCICAOBAHUA U IMPEACTABIICHBI PE3YyJIbTAaThl, IIOKa3aBIINE, YTO METO/] TJIaBHBIX KOM-
TIOHCHT MO3BOJIACT pa3jindaTb OTKJIMKKW CEHCOPOB MPpH pasHoﬁ KOHICHTpalun 0€3 UCIO0JIL30BaAHHUS JOITOJTHUTCIIBHBIX
MaTEMaTHYCCKUX onepaunﬁ TIOATOTOBKH ITOJIYY€HHBIX JTaHHBIX.

Kn. cn.: TepMOKaTEU'II/ITI/I‘IGCKI/Iﬁ CCHCOp, MCTAaH, 06pa60T1<a JaHHBIX, METO/ TJIaBHBIX KOMIIOHCHT, PACIIO3HABAHUEC

rasa

BBEJIEHUE

B mnacrosmiee Bpemsi BBUAY YBEIHUYCHHUS YHUCTA
MPOMBIIIUIEHHBIX OOBEKTOB, B TOM YHCJE IOTESHIIH-
aJBHO OIACHBIX, IIIUPOKOE PACTIPOCTPAHEHUE MOTYUIHU-
JIU WCCIIEZIOBaHUS B O0JACTH OXpaHbl OKpYIKarolien
Cpenbl, KOTOpPbIe COPUEHTUPOBAHEI HA CHIDKEHUE BO3-
MOXKHBIX TOCJICACTBUN TOW WJIM MHOM JIEATSIHLHOCTH.
HccnenoBanns HampaBieHBl Ha pa3padoTKy 3ddex-
TUBHBIX METOJOB KOHTPOJSI HOPM JOMYCTUMBIX BO3-
NEUCTBUIl Ha O0€30ITaCHOCTH JKU3HENEATEIFHOCTH 4e-
JIOBEKa M MPUPOJHBIX 3KocucteM. Cpelu Takux HC-
cliefoBaHuM 0c000€ MECTO 3aHMMAIOT HMCCIICAO0BAHUS
M0 CO3JAHUIO U MPUMEHEHUIO CHCTEM MOHUTOPUHIA
cpenmbl, OKpyXaromieii demoBeka. OMHUM W3 HaIpaB-
JIEHU! JaHHOTO BUJAa MOHHMTOPHHTA SIBISICTCSl pa3pa-
0OTKa JaTYMKOB IS aHaju3a ra30BOro COCTaBa BO3-
JlyXa, KOTOpPBIE HE TOJBKO OMPENESIOT KOHIICHTpa-
M0 TOI'0 MJM HHOI'O ILIEJIEBOIO ra3a, HO CIIOCOOHBI
pacmo3HaTh 3TOT ra3 B COCTaBE CMECH. JTO JeiaeT
COBEPILEHCTBOBAHNE METOJOB ra30BOT0 aHAIM3a U UX
MPUMEHEHHUE B OBITY U MIPOMBIIINICHHOCTH aKTyaJbHOM
3agadei.

TpamunoHHBIE METOIBI aHaN3a COCTaBa BO3-
JIyIIHOM CpeAbl OCHOBBIBAIOTCS HAa CTAaTUCTHUECKHUX
MeToAax 00pabOTKN MH(OPMAINH, B YaCTHOCTH Ha Ta-
KX  (YHIAMCHTAJIbHBIX, KaK  KOJHUYECTBEHHBIN
Y KaueCTBEHHbIN aHanu3bl. B JaHHOM cilyuae Kauect-
BEHHBIN aHAIM3 HANpaBJICH HA UIACHTU(UKALUIO pa3-
JUYHBIX Ta30B, KOTOpPHIE MPHUCYTCTBYIOT B BO3IyXeE,
a KOJIMYECTBEHHBIM aHANIU3 — Ha OMIpeleiIeHUEe KOH-
LEHTpALMK aHaJTU3UPYEMOr0 TUIIA Ta3a.
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Jist aHanu3a cocTaBa BO3JyXa UCHOJIB3YHOT ra3o-
BbIe CEHCOPHI pa3nuuHbIX THNOB [1-3]. x Bcex 00b-
eAuHseT TOT (aKT, YTO BCE OHU NPeoOpa3yroT KOH-
HMEHTPAINIO AHAIM3UPYEMOTO Ta3a B JJIEKTPHUECKUI
(pexe B npyroii) curHan. Takue M3MepeHus SABISIOTCS
OTHOCHTEIILHO MPOCTBIMU 1 (PAKTHUECKH HE COlepKaT
KaKOH-IIN0O MaTeMaTH4ecKoil o0pabOTKH, 3a MCKITIO-
YeHHeM IIpPOCTeHIero mnepecyera KOHIEHTpPAIMH B
TOK WJTM HampspkeHue. Ui BRITONHEHHS JaHHOTO TIe-
pecyera CeHCOPBI KaTMOPYIOTCSI Ha LIEJIEBOM Tas3.

Takoil moaxo OrpaHUYMBAET BO3MOXHOCTH BCEX
BUJIOB TA30BBIX CEHCOPOB, B YaCTHOCTU TpeOyeT TodY-
HOT'0 3HAHHUS THUIIa ra3a B BO3AyXe. DTO CBSI3aHO C TEM,
YTO, KaK MPaBWIIO, Ta30BbIE CEHCOPHI HE 00JalaroT
CEJICKTUBHOCTBIO, T.€. CIIOCOOHBI "4yBCTBOBaTh" pas-
HBIE Ta3bl, B TOM YHclie ¥ ogHOBpeMeHHO. [Ipobiema
HU3KOH CEJIEKTUBHOCTH MPHUCYTCTBYET B CAMOM IOJI-
X0Jle TP TPAAWINOHHBIX M3MEPEHUSX, KOT/Ia 00beM
JTaHHBIX HEJAOCTaTOYEH.

B uvactHOCTH, )11 IPOBEACHUSI U3BMEPEHUN TEPMO-
KaTaTUTUYECKUI CEHCOp KaMOpyeTcs B IBYX TOYKAX:
IIPU HYJIEBOM U M3BECTHOM KOHILEHTpauusx rasa. Ta-
KM 00pa3oM, (akTHYecKH H3MepseTcss KOHeuHas
TeMIepaTypa CeHCOpa NMPH U3BECTHON KOHIIEHTpalHH,
T.€. Pe3yJIbTATOM SIBIISIETCSA TOJBKO OJHO M3MEpPEHHOE
3HaYeHHE TEMIIEpaTypbl. DTO HE MO3BOJSAET HUCIOJIb-
30BaTh JAHHBI METOA /Js Ta30BBIX CMeEced Heus-
BECTHOT'O COCTaBa, MOCKOJIBKY CEHCOp OYIEeT pearupo-
BaTh Ha BCE TOPIOYNE ra3bl B BO3IyXe.

Pemute npobneMy CeNeKTUBHOCTH MOXKHO JIBYMSI
criocobamMu: 0pabOTKON caMUX CEHCOPOB (Hampumep,
3a CYeT MNPUMEHEHUs (UIBTPOB, MPOITYCKAIOIINX
TOJILKO [IEJeBOM ra3, Karaiu3atopoB u T.1.) [4]
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WIN pa3paboTKOH MaTeMaTHYECKHMX METOJO0B oOpa-
0O0TKM MOJTy4aeMBbIX JaHHBIX.

B ycnoBusx OBICTpOro pa3BUTHS TEXHUYECKOUH
W TEXHOJOTMYECKO# 0a3bl, a Takxke HUPPOBOH HKOHO-
MHUKH BO3PacTaeT BaXHOCTh NMPUMEHEHHS MaTeMaTh-
YeCKHX METOJI0OB aHAJIN3a JaHHBIX OOJIBIIOrO pazMepa.
Oco0oe MecTo B HCCIENOBAaHHUIX 3aHUMAIOT MYJIBTH-
CEHCOPHBIE CUCTEMBI [5], KOTOpbIe COCTOAT U3 Habopa
CEHCOpPOB M CHCTEMbI pacno3HaBaHud. Bo MHormx
CITyJasiX KOJMYECTBO CEHCOPOB MPEBBIMAET 3, YTO
YBEIIMYMBACT KOJHMYECTBO HCCIEIyEeMBIX 00pa3LoB
raza. IloaToMy mpwm amanmm3e AAHHBIX, MOJTYYEHHBIX
npu padore ¢ OOJBIINUM KOJUYECTBOM CEHCOPOB, Cie-
IyeT BBIOpaTh Hanboiiee yaoOHBIN MeTox o0paboTKu
JTaHHBIX, Yallle BCETO MCIOJB3YIOTCS METO] IVIaBHBIX
komnoneHT (MI'K) [6—8] u nmuHEitHO AMCKpUMUHAHT-
Herit ananus (JITA) [7].

B pabGore [7] mpencraBieHbl pe3yibTaThl aHATU3a
MI'K u JIJIA nans OTKIMKOB MAacCHBOB CEHCOPOB
Ha JUOKCH]] a30Ta, aMMHaK 1 xJiop. OOIacTH JIOKaIH-
3allMM OTKJIMKOB HA Ta3bl Pa3iWyHbl, YTO IMO3BOJIAET
pacro3HaTh, KakoW Ta3 BO3JEHCTBYeT Ha CHCTEMY.
Takum o0Opazom, MI'K xopo1io pacrno3HaeT OTKIMKU
CEHCOpa Ha pa3HbIe ra3bl.

HccnenoBanmst B pabore [8] mokazanu, 9To MOITy-
YEeHHbIE KOJWYECTBEHHBIC XapaKTEPUCTUKU pa3iIvuuil
00pasIoB 1enecoo0pa3Ho UCIIONH30BATh JJII aBTOMa-
TUYECKOW KJIacCU(PHKALMU METOJaMHU MHOTOMEPHOM
CTAaTUCTUKHU. JlaHHBIA pE3ynbTaT IOKa3bIBACT IPUH-
LIUIHAIBHYI0 BO3MOXHOCTB Mcnonb3oBanus MI'K nis
paszeneHus TUIIOB HCCIIETyeMbIX T'a30B.

3anaveil JaHHOTO HCCIIeIOBaHUs SBIISETCS OLEHKA
Bo3MOXxHOcTU npumeHeHus: MI'K B kauecTBe anbrep-
HATHBHOW METOAMKH 0OpabOTKM JaHHBIX TepMOKaTa-
JUTHYECKUX CEHCOPOB, B YaCTHOCTH IS U3MEPEHUS
KOHIIEHTpallUM MeTaHa B BO3AyXe I CEHCOpPOB
¢ pasHoii paboueil TemnepaTypoii. BaxxHOCTh JaHHBIX
WCCIIEZIOBAaHMH CBsi3aHA C ONTHMM3AlKEN apaMeTpoB
W XapaKTepUCTHK TEPMOKATAIHUTUYECKUX CEHCOPOB,
B YAaCTHOCTH YYBCTBUTEIBHOCTH W CEIIEKTUBHOCTH,
a TaKXke ¢ He0OXOJMMOCTBIO U3MEHEHHS METOJIUK H3-
MEpeHHUs IJI TONydeHHs OOJNBIIET0 YHCia JaHHBIX
Ul TIOCTIeNyIOIe MaTreMaTn4eckoi 00paboTKH
Y TIOBBIIIIEHUS CETIEKTUBHOCTH CEHCOPOB.

METOJUKA 9KCIIEPUMEHTA

[Ipu uccnenoBaHuM CIOKHBIX XUMHUYIECKUX CHCTEM
MO>XHO BBEICITUTH JBa Moaxoma [6]:

— IIOCTPOCHHE COJIEPKATEIbHBIX MOJEIeil B BUIE
cucteM muddepeHIUanbHBIX WM  HHTETPO-Tud-
(hepeHIMAIBHBIX YpaBHEHUN W TPUMEHEHHE K HUM
CIIEITUATBHBIX METOJIOB PEIICHUS;

— aHaNM3 JaHHBIX, OCHOBAHHBIH Ha MHOTO(]AKTOP-
HOM (hOpMaIbHOM MOJICITUPOBAHUH.

dopmanbHOEe MOAETUPOBAHUE YacTO 3PPEKTUBHO
B CIy4asX, KOTJa HEMOHITHO, KaK CTPOUTh COJAEpKa-
TEJBHYI0O MOJEb, JIMOO ee IOCTpOoeHHe TpedyeT
Ype3MEpHBIX BEIYUCIICHUH.

B ocHoBe MHOTO(]AKTOPHOTO aHANM3a JAHHBIX Jie-
aT MPOEKLIMOHHBIE METO/bI. DT METOBI TIO3BOJISIOT
BBIETIUTh B OOJBIIMX MAacCHBaX NAaHHBIX CKPBITHIE
MEpEMEHHbIE W aHAJIU3MPOBaTh CBSI3U, CYILIECTBYIO-
L€ B U3y4aEMOM CUCTEME.

BaxkHoe MecTo B MeTOJlaX aHalIH3a MHOTOMEPHBIX
nmaaHbeix 3aHuMaer MIK. IlentpanpHas KOHIIEHITHS
METOJ]a — TOHSATHUE TJIaBHONM KOMIOHEHTHI. Tak Ha3bl-
BalOT CNIELUAJIBHBIA THIT CKPBITON NEpPEMEHHOMN, KOTO-
pas ONMHUCHIBaET MAaKCHMaJbHOE pa3HOoOOpas3we IaH-
HbeIX. OHa HEe MOXET ObITh OOBSBIECHA SBHO M HEIO-
CPEICTBEHHO HM3MepeHa. B mMareMaTH4eckoM cMbIciie
r7IaBHas KOMIIOHEHTa — 3TO JHMHEHHas KOMOMHAIM
BceX OOBACHAOMUX Mpu3HaKkoB. [Ipu 3ToM K mepBoit
IJIaBHOH KOMIIOHEHTE€ OTHOCST MAaKCHUMYyM oOuien
JHUCTIEPCUH OOBSCHAIONIMX NPU3HAKOB, KO BTOPOH —
MaKCHMyM OCTaBIIeiCs nucnepcuu 0e3 ydera BIIHS-
HHUSI IEPBOM U T.J.

ITocne ncnonp3oBanuss MI'K HoBast Moziens umeeT
CYLIECTBEHHO MEHBIIIEE KOJNYECTBO IEPEMEHHBIX,
B CHJIy 4Yero TaKOM IMOAXOJ MOXET HHTEepPIPEeTHPO-
BaThbCs KaK MPOEKIINOHHBIH.

B kauecTtBe ceHCOpOB OBUTH B3STHI MPOMBIILICH-
HBIE TEPMOKATAIIMTHYECKHE CEHCOPHI, KOTOpHIE ce-
puiiHo Beimyckatorcst pupmoit "HTL UT'A" [9]. Cen-
COp COCTOMT U3 paboYero M CPaBHUTEIHHOTO dJIEMEH-
TOB, KOTOpPBIE HAXOSTCS B OAHOM Kopmyce (puc. 1).

OOBIYHO ISl IPOBEICHUS M3MEPEHUI CEHCOp Ha-
rpeBaercsi 10 pabouell Temmeparyphl, NP KOTOPOM
MMEEeT MECTO TOpeHHue IiefieBoro rasa. Pabouas tem-
mepaTrypa CeHcopa MOXKET BapbHpOBaTHCS B JIOCTa-
TOYHO LIMPOKOM JHANa30HE U 3aBUCUT OT MPOTEKAI0-
IIero Yepe3 CeHCcop ToKa. Tak Kak TOpeHHe MPOUCXo-
IUT C BBIJIEIEHUEM TeMja, TO TeMIepaTypa CeHcopa
n3MeHseTcs. B cBoro ouepens 3TO MPUBOANUT K U3MeE-
HEHHUIO CONPOTHUBIEHUS CEHCOpa, KOTOPOE PETUCTPH-
pyeTCsl U3MEPUTEIHHONU CXEMOM. JTO OJHO M3MEPEH-
HOE 3HAYCHHE U SIBIISIETCS OTKIMKOM CEHCOopa.

B nanHOM mccnenoBaHUM MPOBOAMIOCH H3YYEHHE
TEMIIEPaTypHOH 3aBUCHMOCTH OTKJIMKa ceHcopa. bbI-
Jla IPUMEHEHAa METOJMKA MU3MEPEHUs OTKIUKOB CEH-
copos, onucanHas B pabote [10], koTopas mo3Bonmia
MOJIyYUTh JKCIIEPUMEHTAIbHbBIE 3aBUCUMOCTH OTKJIH-
Ka CEHCOPOB OT NPHIIOKEHHOTO K MOCTOBOH cXeme
HaIpsKEHMs MTUTaHMs ISl METaHa MPU KOHIIEHTPaLuu
0.47 1 2.5% 06. bputn ucciaenoBaHbl TPU TPYNIIBI CEH-
copoB ¢ paboueii Temmeparypoit 409, 444 u 478 °C,
KOTOpas onpenensercs pabouum TokoM 46, 50 u 54 MA
cootBercTBeHHO. [Ipm mocTtosHHOM pabodeM Hamps-
xerann (2.8 B B MOCTOBO#l HM3MEpUTENBHON cxeme
[11]) pa3ubiii pabouunii TOK JOCTUTAETCS 3a CUET pas-
HOI'0 Ha4aJIbHOTO CONPOTHBIIEHHSI CEHCOpa.
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0
Puc. 1. ®ororpadus TepMOKaTATUTHIECKOTO CEHCOPA.
a — BHYTPEHHUH BUJ CeHcOpa (YepHBIA IMIMHAP — pabouuii ceHcop,
OeTbIil MUITHHIP — DJIEMEHT CPaBHEHUS);
0 — BHEIIHUI BUJI KOPITyca CeHCopa
Ta6u. 1. XapakTepucTHKa HCCIEAYEMBIX IPYIII CEHCOPOB
Howmep cencopa ConpoTuBieHue Npu KOMHaTHOU Pabounii Tok, | Pabouas tremmepartypa,
(obpazen) temreparype (R,), Om MA °C
1 14.3 46 409
2 12.7 50 444
3 10.9 54 478
Jlanee mpu onucaHuM pe3yJbTaTOB OYyJeM OIEpH- X, —X
poOBaTh HOMEPAMHU CEHCOpPa B COOTBETCTBHMM C IIPUBE- S = o
IeHHoM Tadi. 1.
s mccnenoBaHus UCXOAHBIE AHHBIE, T.€. U3ME-  TIE §;, — CTaHIapTU3UPOBAHHOE 3HAYCHME,
peHHBI6€ TEMIIEpATypHbIE 3aBI/ICI/Il\6/IOCTI/I OTKJIMKA CEH- X, — MCXOJHOE 3HAUCHHE;
copa, ObLIM pa3feneHbl Ha TpU HA0Opa 3HAYECHUM: T — cpemHee apH(METHUECKOE HCXOTHOIO
— JIB€ KOHIEHTPALMHA [PUMEHSIEMOr0 ra3a IIpu Ox- .
OM 3HAYCHUH TOKa,; SHATCHHA,
H ’ 0 — CTAaHAAPTHOE OTKJIOHEHUE MCXOIHOIO
— O/1Ha KOHICHTPAIHA IPUMEHACMOTO ra3a MPH KakK- oo o

JIOM 3HAQYEHHUHM TOKa;
— JIB€ KOHIIEHTPALUK NPUMEHIEMOr0 Tra3a Mpu Kax-
JIOM 3HAQYE€HUM TOKA.

Kaxnapiii Habop oOpabortan npu nomormu MI'K,
mocyie 4ero Hauboliee ONTHUMANLHBIA HA0Op UCCIeno-
BaH B COOTBETCTBUHU CO CIIEIYIOIIEH METOIUKOM.

BBuny Toro, 4To MeTOJ| YyBCTBUTEICH K 3HAYCHU-
SIM FICXOJHBIX JaHHBIX ¢ OONBIMUM auamnazoHom [12],
JTAHHBIC JIOJDKHBI OBITh CTAHAAPTH3UPOBAHBIL:
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CraHmapTH3UpOBaHHBIE JaHHBIE 00paOaTHIBAIOTCS
npu nomou MI'K. ['maBHbIE KOMIIOHEHTHl HUMEIOT
TpU TOKazareiass HWH(QOPMATHBHOCTH: CTaHIAPTHOE
OTKJIOHCHHE TJIABHOW KOMITOHEHTHI, JIOJISI OOBSICHEH-
HOW JAWCHepCHH, KYyMYJSTHBHAS OIS OOBSICHEHHOU
mucniepcun [13].

[lo »TMM mokazarensiM MPOU3BOIUTCS MOUCK OII-
THMAJIBHOTO TIPE/ICTaBICHUS JaHHBIX, T.€. ONpeese-
HUE KOJMYECTBA TIaBHBIX KOMIIOHEHT, JOCTATOYHBIX
UL OOBSICHEHHSI MCXOAHBIX JaHHBIX. CyIIEeCTBYIOT
TpH TIpaBHia MoKcKa: mpaswio Kaiizepa (3HaYNMBI Te
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KOMITOHEHTBI, COOCTBEHHOE 3HAYCHUE KOTOPBIX Ipe-
BOCXOJUT €OUHMILY), "TeCT ochImH' (ONTHMaJIbHOE
KOJINYECTBO OIpEHeNsieTcs Kak YMCiIo, MPH JOCTHXKe-
HUU KOTOPOTO TPHUPOCT OOBSICHEHHOW UCIEPCUU
CTAaHOBUTCSI HE3HAYMTENBHBIM) U AMIIHPUIECKOE TIpa-
BUJIO (KOJMYECTBO TJIABHBIX KOMIIOHEHT 3aBUCHT
OT COBOKYITHOTO TPOIIEHTa OOBICHEHHOW IVCIIEPCHH,
KOTOPBI JoJKeH ObITh He MeHee 80%).

[Tocne BBIOOpa KOIHMYECTBA TJIABHBIX KOMIIOHEHT
HEOOXOIMMO PacCMOTPETh BECa HCXOAHBIX IAaHHBIX,
C KaKUMH OHM BXOJSAT B TOJIyYEHHBIE TJaBHBIE KOM-
MIOHEHTBbI, ¥ ONpeneJuTh Hanlojiee 3HAUYUTEIbHBIH.
OTO MO3BOJMT y3HATh, Kakas MEpEeMEHHasl OKa3bIBaeT
HauOoIbIIee BIUSHIE HA TTIaBHYIO KOMITOHEHTY.

Takum oOpa3zom, uccienoBaHUe OBUIO MPOBEACHO
B ClIelyIOILE [T0CTIe10BATEIbHOCTH:

— CTaHJIApTU3aMs UCXOJHBIX JaHHBIX;

—npumeneane MI'K K crangapTU3MpOBaHHBIM
JAHHBIM;

— omnpezeieHUe TpeX IMoKaszarened HH(POPMATHB-
HOCTH TJIaBHBIX KOMITOHEHT;

100
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— IOMCK ONTUMAJIBHOTO IPEACTABICHHS JAHHBIX
(xonmm4YecTBa TIaBHBIX KOMIIOHEHT);

— OIIpeZIeNIeHNe NIEPEMEHHON, OKa3bIBAIOILEH Hau-
Oosiblliee BIMSHUE Ha BHIOPaHHYIO TJIABHYIO KOMIIO-
HEHTY.

SKCHEPUMEHTAJIBHBIE PE3YJIBTATHI

Ha puc. 2 mpencrasiensl S-oOpa3Hble 3aBUCUMO-
CTH OTKJIMKA TEPMOKATAIUTHUYECKOTO CEHCOpa OT IIO-
JTaBa€éMOT0 HANpSKEHMs MUTAHUS B yCTaHOBUBILEHCS
aTMocdepe, coaepKaieil MeTaH.

W3 momy4eHHBIX 3aBHCHMOCTEH BUIHO, 4TO AN
Kakmoro  oOpasma  koHmeHtparuu  0.47% 00.
u 2.5% 00. UMEIOT NPaKTUYECKH OJWHAKOBBIH Xapak-
Tep U3MEHEHHs (TeMIlepaTrypa ceHcopa BIHsIET Ha CTa-
JUI0 HavaJla KaTaIUTUYEeCKON peakluu U CTaAuI0 Ha-
CBIIIICHNA), YTO MO3BOJSET OAHO3HAYHO OIPEJIENNTH,
Kakasi KOHIIEHTpaIisl MeTaHa B BO3/IyXe.
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2500 3000
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OTKIHKH ceHcopa, MB

1000 1500 2000 2500 3000 3500
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4000

Puc. 2. DxcnepuMeHTanbHas 3aBUCUMOCTD
OTKJIMKA CEHCOPA OT HAIPSHKEHHS MUTAHHUS

Ha KoH1eHTparuu Metana 0.47% 06. u 2.5% 00.
a — oOpaszer Ne 1, 6 — oOpaszer Ne 2,

B — oOpazer Ne 3
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Ha puc. 2, B, otk ceHcopa obpasma Ne 3 Ha KoH-
nenTpanuu 2.5% 00. Ha 10 MB MeHbIne, uem y oOpas-
moB Ne 1 u Ne 2.

Ha puc. 3 npeacraBieHsl 3KCIIEpUMEHTABHEIC 3a-
BUCUMOCTH OTKJIMKa CEHCOpa OT HANpPSIKEHUS MUTa-
HUSI IPU OJTHOM KOHIIEHTpaluu. BaXkHO OTMETUTB, UTO
IpU TPAIULUOHHOM METOJE M3MEpPEHUs MpU HaIps-
s)keHuu 2.8 B Bce CEHCOPHI IS KaXJa0W KOHIICHTpa-
LMK METaHa ITOKa3bIBAlOT OJIM3KOE 3HAUYEHUE OTKIIMKA.

Kax BuHO U3 OTyYEHHBIX 3aBUCUMOCTEH, OTKIIUK
CceHCcopa OTCYTCTBYET IO HampspkeHus nutaHus 2 B
Ha oOpasuax Ne 1 u Ne 2 u 1.6 B — na o0Opasne Ne 3.
B To e Bpemst XxapakTep W3MEHEHHs OTKJIHKA CEHCO-
pa Tpex o0pa3loB CX0X MEKIAY cO00H Kak Mpu KOH-
nentpauu 0.47% 006., tak u npu 2.5% 006. [Ipeano-
Jlaraercsi, 9To BIMSHUE paboueit TeMIepaTyphl Ha OT-
KIUK OyJeT MUHUMAJIBHO, YTO MO3BOJUT HE YYWTHI-
BaThb B HCCJICIOBAHUAX pabOUMid TOK CEHcopa ISt
YBEPEHHOT'O paclO3HABAHMSI TUIIA Ta3a.

Hcxons n3 mpuBeIeHHBIX SKCIICPUMEHTATBHBIX 3a-
BUCHMOCTEH, TpPHU HCIOJNB30BAHUU OJHOTO CEHCOopa
rpaUIecKu pacro3HaTh W MPOAaHATN3UPOBATh K OH-
LEHTPALMIO Ta3a BO3MOXHO, HO C YBEIMYEHUEM KO-
JIMYECTBA CEHCOPOB B CUCTEME BO3pacTaeT 00beM I0-
JydaeMbIX TaHHBIX, YTO YCJIOXKHSET MPOIIECC aHan3a.
B wacTHOCTH, B TaHHOM HCCIIEIOBAHIH paccMaTpuBa-
eTcsl CucTema, cocTosmas u3 8§ ceHcopoB. B Takux
CHUCTEMax Ba)XXHO OpPTaHW30BAaTh HWCXOJHBIC JaHHBIE
YU OIICHWTh, KaKuWe MPHU3HAKH HMEIOT HauOoIbIIee
BIIMSTHHE.
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OTKiIHK ceHcopa, MB

3000 3500

OTKIHK ceHcopa, MB

1000 1500 2000 2500 3000 3500 4000

Hanpsxkenne maTanua. MB

Puc. 3. 3aBUCHMOCTB CEHCOPHOTO OTKJIMKA OT HampsbKe-
HUS MUATaHHS 171 TpeX 00pasnoB (1 — obpazery Ne 1,2 —
Ne 2,3 — Ne3).

a — Ha koHueHTparmu Metana 0.47% 00.; 6 — Ha KOH-
HeHTpauu Metana 2.5% 00.

OBCY)XXJIEHHUE PE3YJIbTATOB

OG6paboTKa HCXOAHBIX JaHHBIX PEAH30BaHA CPE-
cTBaMu s3bIka python 3.9.5 ¢ ucnonbs3oBanuem Ouo-
muotek numpy v1.20.3, pandas 1.2.4, sklearn 0.0,
a TaKke B cpejie nporpammupoBanus Rstudio 1.4.

PCA2

|

PCA1

Puc. 4. 3aBucumocts 3HaueHuil meppoit 'K
(PCA 1) or Bropoii 'K (PCA 2) Ha xoHIEH-
Tpanusx metana 0.47% 06. u 2.5% 00.

a — i obpasia ceHcopa Ne 1; 6 — st 060-
pasma Ne 2; B — st obpasna Ne 3

©0.47% 06.

02.5% 06.
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Pesynprarer 06paboTkn HaOopa 3HAYEHHWH IBYX
KOHLIEHTpaluil npu onHoM Toke mnpu nomouu MI'K
MIpUBEJICHBI Ha pHC. 4.

Kak BumHO M3 mONy4YeHHBIX TpaduKOB, 00IACTH
pacro3HaBaHus JBYX KOHIEHTpAIMii BO3MOXKHO OJ-
HO3HAYHO BHLIECTUTH. OOJACTH JIOKAIHM3AIIUU pacipe-
JICTICHBI CIICBa HAIpaBo, T.€. BAOJb repBoii ['K (Ha rpa-
¢uxe PCA 1). PaccmorpeB Beca kaxmoit 'K, momy-
YeHHBIE B XoJie 00pabOTKM, MOXXKHO OTMETHTBH, UYTO

Ta6u. 2. [lucnepcust ncxomHbIx naHHBIX 1 'K

T. B. OCUIIOBA, A. M. BAPAHOB, 1. . UBAHOB

nepBasi I'K cBs3aHa ¢ OTKJIMKOM CEHCOpa IIPH HaIps-
skenun ntanus [2500, 2700] mMB, T.k. 3HavyeHus
B JIAHHOM JMana3oHe MMEIOT HauOoJblIee OTKIOHE-
HUE JJIs ABYX KOHIeHTpauui, a Bropas ['K — B nua-
mazone [1103, 1453] mB.

CoracHo puc. 4, pa3dpoc 3HaAUCHUN pacIpeiesicH
Baoib Bropoir I'K (Ha rpaduxe PCA 2). B tabn. 2
MIPEJICTaBIEHBl 3HAYECHUS AWCIEPCHU HCXOIHBIX HaH-
HBIX ¥ BTOpoii ['K.

Ob6paszer Ne 1 Ob6paszer Ne 2 Oo6paszer Ne 3
KonuenTpauus - - -
METaHa CROJIHEE Bropas 'K SROAEEE Bropas 'K CROJIHELE Bropas I'K
JTaHHBIE JTaHHBIE JTaHHBIE
0.47% 00. 0.093 0.491 0.571 37.381 0.208 23.961
2.5% 00. 11.722 65.886 0.111 8.021 0.132 15.212
20 a
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Puc. 5. 3aBucumocts 3HaucHuii neproii ['K (PCA 1) ot Bropoii 'K (PCA 2) mist Tpex o0pasioB ceHcopa.
a — Ha KoHIreHTpanuu Metana 0.47% 00.; 0 — Ha KOHIIEHTpaIuu MeTaHa 2.5% 00.
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[Tonmy4eHHblil pe3ybpTaT MOKA3bIBAET, YTO Pa3dpoc
HaNpsIMYIO CBSI3aH CO 3HAYCHHUSIMU HCXOIHBIX JIaH-
HeIX. B oOpaszme Ne 2 na xoHuentparuun 0.47% o0.
MPUCYTCTBYET €MHUYHBIH BBIOPOC, BCIIEICTBHE YETO
JACTIEPCUSl CWIIBHO YBEIHYCHA. AHAJIOTHYHO Mpe-
cTaBJieHO B 00pa3ie Ne 3.

B wnrore, HecmoTps Ha pa3dbpoc 3HaUCHUN KaXT0H
n3 'K, MoxxHO chenatb BBIBOA, YTO PacHO3HABAHHE
KOHIIEHTPAIUK TIPH OJTHOM TOKE BO3MOKHO.

Pesynbrarer 00paboTkn HabOpa 3HAYEHHH OIHOMN
KOHIICHTpAIMK TpH Tpex Tokax ¢ momombio MI'K
IPUBEACHBI Ha pHC. 5.

W3 momyuenHoro rpaduka BHIHO, 4YTO 001acTH
pacrio3HaBaHUsl MPU OJHOW KOHIEHTPAllMH, HO pas-
HOM 3HAQUYE€HUHM TOKa BBLICIUTH BO3MOXKHO, HO OHH
UMEIOT TiepeceueHus. B JaHHOM ciiydae BO3MOXCH
BapUaHT MCIHOJb30BAHUS TAKUX AAHHBIX VIS Pacrio-
3HABaHMs OJHOW KOHIIEHTPALMU, HO HE JJIS paszeie-
HUSI HA 3HAYCHUS TOKA.

Pesynprar 00paboTkm Habopa 3HAUYEHUH ABYX
KOHLIEHTpaluil mpu Tpex Tokax npu nomomu MI'K
MIPUBEJIEH HA pHC. 6.

%4
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Kak BumHO M3 rpadumka, pacCUMTAaHHBIC JTAaHHBIC
npu koHreHntparuu 0.47% 06. obpa3zoBaau eIUHYIO
001acTh pacno3HaBaHHUA. AHAJIOTHYHO MOXKHO BBIJE-
TUTH 00NacTh ais KoHmeHTparuu 2.5% 00., XOoTs
1 uMeeTcsl OOJNBIION pa3dpoc MEXIy JaHHBIMU Kax-
nmoro ceHcopa mpu Temneparype 409 °C, oTkioHeHHE
B cpexHeM cocraBuiio ~5 MB. 13 3T0ro moxHO cue-
JIaTb BBIBOJ, YTO IIpH o6pa60TKe HNCXOOHBIX MAaHHBIX
3aBUCUMOCTb OT TOKa HOTPEOJICHHS MHHHMAaJIbHA,
ClIeIoBaTeIbHO, 3HAUYEHUS Ha OJHOW KOHIIEHTPAIlUU
NpPU pa3HBIX TOKaxX MOXKHO COBMEINATh B OJUH HAOOp
JTAHHBIX.

PaccmorpyM  MHQOpMATHBHOCTH 3TOr0 HaboOpa
3HaYeHWH C NMPUMEHEHHEM TpeX IMPaBHJI MOWCKa OII-
TUMAJIBHOTO MNPCACTAaBJIICHUSA IaHHBIX. CoOcTBeHHbBIE
3HaueHMs TJIABHBIX KOMIIOHEHT 1o mpaBuiy Kaiizepa
(3HaYMMBI T€ KOMITOHEHTHI, COOCTBEHHOE 3HAUCHHE
KOTOPBIX HPEBOCXOAUT €IWHMILY) IPEICTABICHBI

B Tabm. 3.
©0.47% 06..409°C
©2.5% 06..409°C
o ©0.47% 06..444°C
ave @ ~ & a
@ LT 9) 02.5% 06..444°C
10 e 15
©0.47% 06..478°C
©2.5% 06..478°C

Puc. 6. 3asucumocts 3Hauennii nepBoit 'K (PCA 1) ot Bropoii 'K (PCA 2) Ha KOHIIEHTpanusax

merana 0.47% 06. u 2.5% 00.
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Taoa. 3. CoOCTBEHHBIE 3HAYEHUS TVIaBHBIX KOMIIOHEHT

T. B. OCUIIOBA, A. M. BAPAHOB, 1. . UBAHOB

;\/ri Howmep rinaBHOI KOMIIOHEHTBI CoOCcTBEHHOE 3HAYECHHE
1 TK1 38.55168

2 T'K2 23.85346

3 I'K3 7.008886

4 I'K4 0.836804

5 I'K5 0.566286

Ta6u1. 4. COBOKYIIHBIH MTPOICHT O0BSICHEHHON AUCICPCHH

Ii\f; Howmep riiaBHON KOMIIOHEHTBI COBOKYITHBIN TIPOLIEHT OOBSCHEHHOU Aucriepcuu, %
1 K1 543

2 'K 2 87.9

3 I'K3 97.776

4 'K 4 98.954

5 I'K5 99.752

Kak BUIHO M3 MOJYYEHHBIX JAaHHBIX, IO TPABUITY
Kaifzepa MOXHO yTBEpKAaTh, UYTO TSI TIPEICTABICHIS
WCXOJHBIX JIAaHHBIX JIOCTATOYHO TPEX TJIABHBIX KOM-
IOHEHT.

3HaueHWs] COBOKYITHOTO IIPOIEHTa OOBSICHEHHOUH
JTUCTICPCHUHU TIPEJICTABJICHBI B Ta0JI. 4.

[To smmupuveckoMy TpaBUITy, COBOKYITHBIH ITPO-
LEHT OOBSICHEHHOW NHCIIEPCUH JOJIKEH OBITH HE Me-
Hee 80%. Mcxons u3 gaHHBIX Ta0d. 4, IS IpecTaB-

60

%

40

30

OBACHCHOH JAHCIICPCHH,
@

Jona o

JICHUSI UCXOJHBIX JaHHBIX JOCTATOYHO ABYX IJIaBHBIX
KOMIIOHEHT JIJIsl TpeX HabOpOB TaHHBIX.

[To "Tecty oceimu", oNTUMAIBHOE KOJIMYECTBO OTI-
penensieTcss Kak YHCIO, TPU JOCTHXKEHHH KOTOPOTO
npupocT A 00bSICHEHHOM OUCIIEPCUM CTAaHOBUTCS He-
3HAYUTENbHBIM. 3aBHCUMOCTE JOIH A OOBICHEHHOM
IUCIIEPCUM  OT KOJHMYECTBAa IJIABHBIX KOMIIOHEHT
MIPEACTABIIEHA HA PUC. 7.

28 35 42 49

Howmep I'K

Puc. 7. 3aBucumocTh 0M A OOBSICHEHHOH JUCIIEPCUU OT KOJIHYCCTBA

TJIaBHBIX KOMIIOHCHT
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Kak BuIHO M3 MOTyYeHHBIX 3aBUCUMOCTEH, IIPUPOCT
A OOBSICHEHHOW AMCIIEPCUM CTAaHOBHUTCS HE3HAYUTEINb-
HBbIM IIpH JOCTUKECHUU TPETbEH INIABHOW KOMIIOHEHTHI,
CJIEZI0BATENIbHO, MOYKHO IPEAIIOIO0KUTh, YTO ONITUMAIIb-
HOE KOJIMYECTBO TIIABHBIX KOMITOHEHT PaBHO 3.

ITonyyeHHble pe3yJbTaThl IO TPEM IIpaBUIIAM IIO-
Ka3ajii, 9YTO Ui OOBACHEHWS WCXOIHBIX JTaHHBIX
B KaXIIOM U3 Tpex HabOpOB onTUMaibHOE M HEOOXO-
JIUMOE KOJINYECTBO IJIaBHBIX KOMIIOHEHT paBHSETCS 3.

3AK/IIOYEHHNE

B pabote ObLIO MPOBEACHO UCCIICIOBAHUE ANIbTEP-
HAaTHBHOW METOAMKHM 0OpaOOTKM NaHHBIX TEepMOKaTa-
JUTUYECKUX CEHCOPOB HAa OCHOBE METO/a IJIAaBHBIX
KOMIIOHEHT JUI1 W3MEpPEHHs KOHIIGHTPALMHM MeETaHa
B Bo3nyxe (0.47% 06. u 2.5% 00.) ceHcopamu
¢ pa3Hoil paboueii Temnepatypoi (409, 444 u 478 °C).
[IpencraBnenHas METOIMKA MICCIETOBAHUS MTO3BOJISET
HalTH ONTHMAaJIbHBIA HA0Op MCXOIHBIX JAHHBIX, OI-
pelenuTh KOJMYECTBO TJIABHBIX KOMIIOHEHT U OIle-
HUTH BIIUSHUE JJAHHBIX HA TJIaBHBIE KOMIIOHEHTHI.

[Tokazano, uTo mpu 00pabOTKE UCXOTHBIX JTaHHBIX
npu nomoumt MI'K BimsHue paboueil Temmeparypsl
MUHUMAaJIBHO, YTO IO3BOJISIET COBMENIATh 3HAYCHUS
Ha OJHOM KOHLEHTpalMU B OJWH HAOOp JaHHBIX. Me-
TOAWKA MO3BOJIIET OAHO3HAYHO Pa3IN4aTh OTKIWKH
00pa31oB pa3HOW KOHIEHTPAIUK MeTaHa 0e3 MCIOb-
30BaHUs JOINOJHUTENBHBIX OINEpPaluii MOJTOTOBKU
JTAaHHBIX.

ITomydenHble pe3ynbTaThl HMEIOT Ba)KHOE 3HAUe-
HUE A5 pa3pabOTKHU M ONTUMH3AIMHA METO/I0B aHAIIH-
3a COCTaBa BO3yXd, B YACTHOCTHU IMO3BOJIAT MEPEUTH
OT TepecyeToB KOHILEHTpauu "BHYTpH' CceHcopa
K MaTeMaTH4YecKOH 00paboTKe MOoJydaeMbIX C CEHCO-
pa IaHHBIX U HA €€ OCHOBE IIPOBOJIUTH PACIIO3HABAHNE
nojnaHoro raza. Tak kak MI'K oTHocaT k MeTonmam
MAaIIMHHOTO O0y4YeHHs 0e3 y4HTens, TO Mpu o0benn-
HEHUM HECKOJBKUX CEHCOPOB B €IMHBIH KOMIIJIEKC
BO3MOJKHO CO3J[aHHE€ CHCTEMBI PAcIIO3HABAaHUS THIIA
rasa ¢ BO3MOXHOCTBIO OOydYeHHMS Ha TOJIy4aeMbIX
B TIporiecce paboThI MaHHBIX. Takke OCTaeTcsl aKkTy-
albHBIM BOIIPOC O BO3MOXHOCTH mpuMmeHeHHs MI'K
IIPU aHAJIN3€ CMECH, COCTOALICH UX ABYX M Ooiiee TH-
TIOB rasa.
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PRINCIPAL COMPONENT ANALYSIS AS AN ALTERNATIVE
ALGORITHM FOR PROCESSING DATA
OF THERMOCATALYTIC SENSOR

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

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

In this article the study of the possibility and evaluation of the use of the principal component analisys as an
alternative algorithm for processing data of thermocatalytic sensors is carried out. Based on the obtained results
it was found that the effect of the sensor's operating temperature on the response is minimal, which makes it
possible to combine them into a single system. At the same time the different concentration of the supplied gas
is uniquely determined. The research methodology is defined and the results are presented, showing that the
principal component analysis makes it possible to distinguish sensor responses at different concentrations with-
out using additional mathematical operations to prepare the obtained data.

Keywords: thermocatalytic sensor, methane, data processing, principal component analisys, gas detection

INTRODUCTION

At present, due to the increase in the number of in-
dustrial facilities, including potentially hazardous
ones, research in the field of environmental protec-
tion, focused on reducing the possible consequences,
has become widespread. The research is aimed at de-
veloping effective methods for monitoring the stan-
dards of permissible impacts on the safety of human
life and natural ecosystems. Among such studies,
a special place is taken by research on the creation and
application of systems for monitoring the environment
around a human being. One of the directions of this
type of monitoring is the development of sensors for
the analysis of the gas composition of air, which not
only determine the concentration of a particular target
gas, but are able to recognize this gas in the composi-
tion of the mixture. This makes the improvement of
gas analysis methods and their application in everyday
life and industry a relevant task.

Traditional methods for analyzing the composition
of the air environment are based on statistical methods
of information processing, in particular, such funda-
mental ones as quantitative and qualitative analyses.
In this case, qualitative analysis is aimed at identify-
ing the various gases that are present in the air, and
quantitative analysis is aimed at determining the con-
centration of the analyzed type of gas.

Various types of gas sensors are used to analyze
the composition of the air [1-3]. They are all united
by the fact that they all convert the concentration of
the analyzed gas into an electrical (rarely into another)
signal. Such measurements are relatively simple and,

87

in fact, do not contain any mathematical processing,
except for the simple conversion of concentration into
current or voltage. To perform this conversion, the
sensors are calibrated to the target gas.

This approach limits the capabilities of all types of
gas sensors, in particular, it requires accurate know-
ledge of the type of gas in the air. This is due to the
fact that, as a rule, gas sensors do not have selectivity;
able to detect various gases, including at the same
time. The problem of low selectivity is related to the
approach itself for traditional measurements, when the
amount of data is insufficient.

In particular, the thermal catalytic sensor is cali-
brated at two points for measurements: at zero and at
a known gas concentration. Thus, in fact, the final
temperature of the sensor at a known concentration is
measured, i.e. the result is only one measured temper-
ature value. This does not allow using this method for
gas mixtures of unknown composition, since the sen-
sor will respond to all combustible gases in the air.

There are two ways to solve the problem of selec-
tivity: by improving the sensors (for example, by us-
ing filters that pass only the target gas, catalysts, etc.)
[4] or by developing mathematical methods for
processing the obtained data.

The importance of using mathematical methods for
analyzing big data is growing in the context of the
rapid development of the technical and technological
bases, as well as the digital economy. A special place
in research is taken by multisensor systems [5], which
consist of a set of sensors and a recognition system. In
many cases, the number of sensors exceeds 3, which
increases the number of gas samples under investiga-
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tion. When analyzing data obtained from a large num-
ber of sensors, one should choose the most convenient
data processing method, most often the principal
component method (PCA) [6-8] and linear discrimi-
nant analysis (LDA) [7] are used.

In [7], the results of the PCA and LDA analyses
for the responses of arrays of sensors to nitrogen dio-
xide, ammonia, and chlorine are presented. The areas
of localization of responses to gases are different,
which makes it possible to recognize which gas af-
fects the system. Thus, the PCA well recognizes the
responses of the sensor to different gases.

Studies in [8] demonstrated that using the obtained
quantitative characteristics of sample differences for
automatic classification using multivariate statistics
methods is practical. This result shows the fundamen-
tal possibility of using the PCA to separate the types
of gases under study.

The objective of this study is to assess the possibil-
ity of using PCA as an alternative method for
processing data from thermal catalytic sensors, in par-
ticular, to measure the concentration of methane in air
for sensors operating at different temperatures. The
importance of these studies is related to the optimiza-
tion of the parameters and characteristics of thermal
catalytic sensors, in particular, sensitivity and selectiv-
ity, as well as the need to change measurement me-
thods to obtain more data for subsequent mathemati-
cal processing and increase the selectivity of sensors.

EXPERIMENTAL PROCEDURE

In the study of complex chemical systems, two ap-
proaches can be distinguished [6]:

— construction of models in the form of systems of
differential or integro-differential equations and appli-
cation of special solution methods to them;

— data analysis based on multivariate formal mod-
eling.

Formal modeling is often effective in cases when it
is not clear how to build a meaningful model, or its
construction requires excessive calculations.

The principal component analysis is based on pro-
jection methods. These methods allow for the identifi-
cation of hidden variables in big data sets and analysis
of the relationships that exist in the system.

An important place in the methods of multivariate
data analysis is taken by the PCA. The central concept
of the method is the main component. This is a special
type of hidden variable that describes the maximum
variety of data. It cannot be declared explicitly and
directly measured. In a mathematical sense, the main
component is a linear combination of all the explana-
tory features. In this case, the first main component
includes the maximum of the total variance of expla-
natory features, the second — the maximum of the

remaining variance without taking into account the
influence of the first, etc.

Applying the PCA, the new model has a signifi-
cantly smaller number of variables, due to which this
approach can be interpreted as a projection one.

For the study of industrial thermal catalytic sen-
sors, which are commercially produced by NTC IGD
company, were used [9]. The sensor consists of work-
ing and comparative elements, that are located in the
same housing (Fig. 1).

Fig. 1. Photo of a thermal catalytic sensor.

a — the inner view of the sensor (black cylinder —
working sensor, white cylinder — comparison ele-
ment);

6 — the appearance of the sensor housing

Usually, for measurements, the sensor is heated to
the operating temperature at which combustion of the
target gas occurs. The operating temperature of the
sensor can vary over a fairly wide range and depends
on the current flowing through the sensor. Since com-
bustion is accompanied by the release of heat, the
temperature of the sensor changes. In turn, this leads
to a change in the sensor resistance, which is recorded
by the measuring circuit. This single measured value
is the response of the sensor.

In this study, the temperature dependence of the
sensor response was studied. The technique for mea-
suring sensor responses described in [10] was applied
to obtain experimental dependences of the sensor re-
sponse on the supply voltage applied to the bridge
circuit for methane with a concentration of 0.47% vol.
and 2.5% vol. Three groups of sensors were studied at
an operating temperature of 409 °C, 444 °C and
478 °C, caused by the operating current of 46 mA,
50 mA and 54 mA, respectively. At a constant operat-
ing voltage (2.8 V in the bridge measuring circuit
[11]) a varied operating current is achieved due to the
different initial resistance of the sensor. Further, to
describe the results, we will operate sensor numbers in
accordance with Tab. 1.

Tab. 1. Characteristics of the studied groups of sen-
sors

The initial data, i.e. the measured temperature de-
pendences of the sensor response were divided into
three sets of values for the study:

— two applied gas concentrations vs one current
value;

— one applied gas concentration vs each current
value;
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— two applied gas concentrations vs each current
value.

After PCA was used to process each set, the most
optimal set was examined using the following proce-
dure.

Due to the fact that the method is sensitive to the
values of the original data with a large range [12], the
data must be standardized (1):

X —Xx
s, = ,
c

where s, is the standardized value;
x, is initial value;
x i1s the arithmetic mean of the initial value;

o is the standard deviation of the original
value.

Standardized data is processed using the PCA.
Principal components have three informative indica-
tors: the standard deviation of the principal compo-
nent, the fraction of explained variance, and the cumu-
lative fraction of explained variance [13].

Based on these indicators, a search is made for the
optimal presentation of data, i.e. determination of the
number of principal components sufficient to explain
the initial data. There are three search rules: the Kaiser
rule (those components are significant which eigenva-
lue is greater than 1), "the scree" plot (the optimal
amount is defined as the number at which the increase
in explained variance becomes negligible), and the
rule of thumb (the number of principal components
depends on the cumulative percentage of explained
variance, which must be at least 80%).

After choosing the number of principal compo-
nents, it is necessary to consider the initial data
weights, with which the initial data enters the obtained
principal components, and determine the most signifi-
cant one. This allows us to determine which variable
has the most impact on the principal component.

Thus, the study was carried out in the following
sequence:

— initial data standardization;

— application of the PCA to standardized data;

- determination of three indicators of the informa-
tivity of the principal components;

— search for the best data representation (number of
principal components);

- determination of the variable that has the most
impact on the selected principal component.

EXPERIMENTAL RESULTS

Fig. 2 shows S-shaped dependences of the re-
sponse of the thermal catalytic sensor on the applied
supply voltage in a steady atmosphere containing me-
thane.
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Fig. 2. Experimental dependence of the sensor re-
sponse on the supply voltage for methane concentra-
tion of 0.47% vol. and 2.5% vol.

a— sample No. 1,

6 — sample No. 2,

B — sample No. 3

The obtained dependences reveal that each sample
with concentration of 0.47% vol. and 2.5% vol.
changes in almost the same way (the sensor tempera-
ture affects the stage of the beginning of the catalytic
reaction and the stage of saturation), which makes it
possible to unambiguously determine what concentra-
tion of methane is in the air. Fig. 2, B, shows that the
sample No. 3 sensor response with a concentration of
2.5% vol. is 10 mV less than for samples No. 1 and
No. 2.

Fig. 3 shows the experimental dependences of the
sensor response on the supply voltage at one concen-
tration. It is important to note that all sensors with
each methane concentration show a close response
value in the case of the traditional measurement me-
thod use at a voltage of 2.8 V.

Fig. 3. Dependence of the sensor response on the
supply voltage for three samples.

a — with a methane concentration of 0.47% vol.,
06 — with a methane concentration of 2.5% vol

As can be seen from the dependences obtained,
there is no sensor response up to a supply voltage of
2V for samples No. 1 and No. 2 and 1.6 V for sample
No. 3. At the same time, the nature of the change in
the response of the sensor of three samples is similar
to each other both at a concentration of 0.47% vol.
and at 2.5% vol. It is assumed that the influence of the
operating temperature on the response will be minim-
al, this will allow for ignoring the operating current of
the sensor in studies for reliable recognition of the
type of gas.

Based on the above experimental dependences, the
use of one sensor makes it possible to graphically rec-
ognize and analyze the gas concentration, but with an
increase in the number of sensors in the system, the
amount of data obtained increases, and this compli-
cates the analysis process. In particular, this study
considers a system consisting of 8 sensors. In such
systems, it is important to organize the input data and
evaluate which features have the most impact.

DISCUSSION OF RESULTS

The processing of the initial data is carried out
with the Python 3.9.5 using the Numpy v1.20.3, Pan-
das 1.2.4, Sklearn 0.0 libraries, as well as in the Rstu-
dio 1.4 programming environment.
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The results of processing a set of values of two
concentrations for the same current using the PCA are
shown in Fig. 4.

The result of processing a set of values of two con-
centrations for three currents using the PCA is shown
in Fig. 6.

Fig. 4. Dependence of the values of the PCA 1 on the
PCA 2 at methane concentrations of 0.47% vol. and
2.5% vol.

a — for sample No. 1; 6 — for sample No. 2; B — for
sample No. 3

As can be seen from the obtained graphs, the areas
of recognition of two concentrations can be unambi-
guously identified. The areas of localization are distri-
buted from left to right, i.e. along the PCA 1. Having
considered the weights of each PCA obtained during
processing, it can be noted that the PCA 1 is asso-
ciated with the sensor response at the supply voltage
[2500, 2700] mV, since the values in this range have
the largest deviation for two concentrations, and the
PCA 2 — at the range [1103, 1453] mV.

As shown in Fig. 4, the dispersion of values is dis-
tributed along the PCA 2. Tab. 2 shows the values of
the dispersion of the original data and the PCA 2.

Tab. 2. Dispersion of initial data and PCA

The obtained result shows that the dispersion is di-
rectly related to the values of the original data. There
is a single outlier in sample No. 2 at a concentration of
0.47% vol., as a result of which the dispersion is
greatly increased. Similarly, presented in sample
No. 3.

As a result, despite the dispersion of the values of
each of the PCAs, one can conclude that recognition
of concentrations is possible for one current.

The results of processing a set of values of one
concentration for three currents using the PCA are
shown in Fig. 5.

Fig. 5. Dependence of the values of the PCA 1 on the
PCA 2 for three sensor samples.

a — at methane concentration of 0.47% vol.; 6 —
at methane concentration of 2.5% vol.

It can be seen from the resulting graph that recog-
nition areas in the case of the same concentration but
different current values can be identified, but they
have intersections. In this case, it is possible to use
such data for recognizing one concentration, but not
for separation into current values.

Fig. 6. The dependence of the PCA 1 values on the
PCA 2 at methane concentrations of 0.47% vol. and
2.5% vol.

As can be seen from the graph, the calculated data
at a concentration of 0.47% vol. formed a single re-
gion of recognition. Similarly, a region of 2.5% vol.
concentration can be identified, although there is
a large dispersion between the data of each sensor at
a temperature of 409 °C, the deviation averaged ~5 mV.
From this, we can conclude that the dependence on
the current is minimal during the procession of the
initial data, therefore, the values at the same concen-
tration and for different currents can be combined into
one data set.

Consider the informativity of this set of values us-
ing three rules for finding the optimal data representa-
tion. The eigenvalues of the principal components
according to the Kaiser rule (significant are those
components which eigenvalue exceeds 1) are pre-
sented in Tab. 3.

Tab. 3. The eigenvalues of principal components

As can be seen from the data obtained, according
to the Kaiser rule, three principal components are suf-
ficient to represent the initial data.

The values of the cumulative percentage of ex-
plained variance are presented in Tab. 4.

Tab 4. The cumulative percentage of explained va-
riance

As a rule of thumb, the cumulative percentage of
explained variance should be at least 80%. Based on
the data in Tab. 4, two principal components for three
data sets are sufficient to represent the initial data.

According to "the scree" plot, the optimal number
is defined as the number at which the increase in the
explained variance becomes insignificant. The depen-
dence of the fraction of the explained variance on the
number of principal components is shown in Fig. 7.

Fig. 7. Dependence of the fraction of explained va-
riance on the number of principal components
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As can be seen from the dependences obtained, the
increase in the explained variance becomes insignifi-
cant when the third principal component is reached,
therefore, it can be assumed that the optimal number
of principal components is 3.

The obtained results according to three rules
showed that in order to explain the initial data in each
of the three sets, the optimal and required number of
principal components is 3.

CONCLUSION

In this work, an alternative method for processing
data from thermal catalytic sensors based on the prin-
cipal component method for measuring the concentra-
tion of methane in air (0.47% vol. and 2.5% vol.) was
studied using sensors with different operating temper-
atures (409 °C, 444 °C and 478 °C) . The presented
research methodology makes it possible to find the
optimal set of initial data, determine the number of
principal components, and evaluate the effect of data
on the principal components.

It is shown that when processing the initial data us-
ing the PCA, the influence of the operating tempera-
ture is minimal, which makes it possible to combine
the values of the same concentration into one data set.
The technique makes it possible to unambiguously
distinguish the responses of samples with different
methane concentrations without the use of additional
data preparation operations.

The results obtained are of substantial importance
for the development and optimization of methods for
analyzing the air composition, in particular, they make
it possible to switch from calculating the concentra-
tion “inside” the sensor to mathematical processing of
the data received from the sensor and, on its basis, to
recognize the supplied gas. Since PCA is referred to
as an unsupervised machine learning method, combin-
ing several sensors into a single complex leads to the
creation of a gas type recognition system capable of-
learning from the data obtained in the process. The
issue of the possibility of using PCA in the analysis of
a mixture consisting of two or more types of gas also
remains topical.
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