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AHAJIN3 MHOT'OMEPHBIX JTAHHBIX IO COCTABY I'A30B,
BBIJAEJAEMBIX M3 PA3JIOMOB 3EMHOHU INOBEPXHOCTH

ITpennaraercst METOA HKCIPECC-TIPOTHO3A COCTOSIHUSI 36MHOW KOPBI (B TOM HYHCIIE NMPOTHO3a 3EMIICTPSICEHUN M M3-
BEPXKECHUH BYJIKaHOB) 110 COCTaBY W MHTCHCHBHOCTH I'a30B, PETHCTPHPYEMBIX B MECTaX pa3iOMOB 3€MHOM MOBEpX-
HOCTH. MeToJ1 OCHOBaH Ha 00ydeHnn 0e3 yUHUTeNs C UCTIONb30BaHHEM OOJIBIIIOT0 00beMa MpeIBapUTENIbHO COOPaHHBIX
JIAHHBIX O COCTaBE M KOHLIEHTPAIUH Tra30B, BBIJICISEMBIX B 30HE Pa3loMOB 3eMHOI kopbl. CocTaB U KOHIEHTpaLUs
9TUX ra30B COAepKaT UHPOPMALUIO O NPOLECcCaX, IPOUCXOIAIINX B MIyOuHe 3eMiIu, 4TO MO3BOJSIET ¢ HEKOTOPOil
BEPOSITHOCTHIO MPEICKa3aTh 3EMIIETPSICEHHSI WK Ipyrue katactpoduueckue coobiTusi. CoOpaHHbIE JaHHBIE CIYXkKaT
1A 06yquI/I${ CHUCTEMBI paClio3HaBaHWA BHOBH IMOJIYUYCHHBIX HAHHBIX ITYTEM d)OpMI/IpOBaHI/If{ CHUCTEMBI KJIaCTCPOB,
KaXJbIil U3 KOTOPBIX SIBISIETCSI MApKEpOM TOTO HIIM MHOTO TIpOIecca B 3€MHOW Kope. bnm3ocTs B MHOrOMEpHOM
MIPOCTPAaHCTBE HOBBIX JAHHBIX K APy KiacTepa SIBISETCS BEPOSTHOCTHON MEpOi COOBITHS, BBI3BABIIETO BHIOPOC Tra-

30BOM CMECH, aHAJIOTUYHOM KIIACTepy.

K. cn.: sxcnpecc-muarHocTika, KIACTePHBIN aHAIN3, MHOTOMEpHasl INIOTHOCTh BEPOSATHOCTH, 00paboTKa

MHOTOMEPHBIX TaHHBIX

BBEJEHUE

I'a3oBbIe CMeCH, BBIACIIIEMbIC M3 Pa3jiOMOB 3€M-
HOW KOPBI, KaK MPaBHIIO, COAEPKAT HECKOIBKO KOM-
noHeHToB. Yame Bcero Bcrpeuarotcs: CO,, CHy, He,
H,S, H,, N, O, u gpyrue B 3aBUCHUMOCTH OT MecCTa
pacnonokenust pasnoma [1]. B mMHOrOMEpHOM TMIpO-
CTPpaHCTBE OaHHBIX, HallpUMEpP, CEMb KOMIIOHCHTOB
MPEJICTABIICHbI B BUJC TOYKH B CEMHMEPHOM IIPO-
CTpPaHCTBE. MHokecTBO 3aME€pOB, BBITTOJIHACMBIX B TC-
YeHHE HEKOTOPOTO MPOMEKYTKa BPEMEHH, oOpasyer
"005ako", KOTOpOE MOXKET COCTOSITh U3 HECKOJIBKHUX
THICSIY TOYEK JNaHHBIX. [Ipy 3TOM KOHIIEHTpamus Kax-
JIOTO KOMITOHEHTA B "06yake" U B 11€JIOM CHEKTp 3aBH-
CAT OT BHYTPCHHHUX IPOILECCOB, MPOUCXOAAIUX B 3€EM-
HOU KOpe, T.€. COJIePKaT MHPOPMAIIHIO O PA3IIOME KaK
reoylormueckoM o0bexTe. Ecim 3Ti mporeccs! Om3Ku
U TIOBTOPSFOTCS, TaKXKe OJNU3KM MHTCHCHBHOCTH BBI-
ACIIACMBIX T'a30B, © B MHOIOMCPHOM IMPOCTPAHCTBE
KaXKIBIH M3 TaKUX MPOIECCOB 0OpasyeT rpynmy (Kia-
cTep) OJU3KO PACIIONIOKEHHBIX TO4YEeK. B pesynbrare
JUTUTEIPHOTO HAOIOJICHHSI C HWCIOJB30BaHHEM pa3-
JIUYHBIX PUOOPOB MOMKET OBITH YCTAHOBJICHA CTaTH-
CTUYECKasd CBA3b MEXKAY CICKTPAJIbHBIM COCTAaBOM
ra3oB U BHYTPCHHUMHU (PH3UKO-XUMHUYECKUMH IPO-
LeccaMu B 3€MHOH Kope. B nanbHeiieM, HConb3ys
MOJTydYeHHbIE Pe3yJbTaThl, 10 EJUHHYHBIM 3aMepam
COCTaBa ra3oB MOXHO C HEKOTOPOH BEPOSTHOCTHIO
MPeJICKa3aTh XapaKkTep MPOUCXOAAIINX B 3eMHOM Kope
MIPOLIECCOB.

OTOT MOAX0A MOXKET OBITH TIOJIOKEH B OCHOBY Me-
TOJIa 3KCIPECC-TIPOTHO3a TEKYIEr0 COCTOSHUS 3EM-
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HOW KOpBI Ha OCHOBE MAacCC-CIEKTPOMETPUYECKOTO
MOHHTOpPWHTA cocTaBa ra3oB. [Ipomemypa mporaosu-
pOBaHUS TPOU3BOAUTCS B TPH 3Tara.

IIepBblii 3Tamn:

— HaQJIOJIeHUe B TEUYCHHE IPOJOJDKUTEIHLHOIO
BPEMEHH C PETUCTPAIIMEl CIIEKTPOB razoB — (Gopmu-
poBaHKe 00yJaroIiel BEIOOPKH;

— (popMupoBaHuE KIACTEPOB CHEKTPOB M yCTAHOB-
JICHWE UX CBS3H C (PU3NKO-XUMHUUECKAMH MPOIIECCAMH
B 3€MHOH KOpe.

Bropoii aran:

TEKylllee N3MEPEHHE CIIEKTpa Ia30B M OIpeJee-
HUE€ €T0 IPUHAJICKHOCTH TOMY UIA UHOMY KIacTepy
M0 MHHAMYMY PacCTOSTHHSI MEXKIY €ro EeHTPOM (IeH-
TPOUJIOM) M TOYKOH CHEKTpa B MHOTOMEPHOM IIpO-
CTPaHCTBE.

Tperuii sTan:
BBIBOJIBI O BEPOSITHOCTH IPOLECCOB, IMPOUCXOIA-
IIMX B 36MHOM KOpe.

OBPABOTKA JAHHBIX

Teopus

s HaKOIUJIeHHs JaHHBIX O COCTaBE€ U MHTEHCUBHO-
CTH Ta30B, BBIICIIEMBIX B pa3joMax 3eMHOUW MOBEpX-
HOCTH, LeJecO00pa3HO TNPOBOJAUTH  MapaJuICIbHBIC
3aMepbl B HECKOJIBKMX pa3lioMax B OJHOM T€OJIOTHYe-
CKOM paiioHe B TEYEHHE IUTUTEIHHOTO MPOMEXYTKa
BPEMEHH C OJHOBPEMEHHOM PETUCTpAIlUCii MPOIIECCOB,
MPOMCXOAIINX B 3€MHOH KOpE, C TIOMOIIBIO JIPYTHX
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npuOOpoB. DTU JaHHBICE HA30BEM OOy4Yarolled Tpyri-
[OM, T.K. B JAJBHEHIIIEM OHM HEOOXOIUMEI IS CO-
MOCTABJICHUSI C TEKYLIUMH 3aMEPAMU U IMPUHITUS pe-
LICHUS O BO3MOXKHBIX ITOCJICICTBUSIX.

B pe3synbTaTe 0JIHOrO 3aMepa PErucTpupyercs He-
CKOJIBKO KOMITOHEHTOB rasa, 00pa3ysi BEKTOP-CTPOKY
(X105 X0 ens xl.,j], rae X;; — MHTCHCHBHOCThH Jj-ro

KOMIIOHEHTa i-T0 3aMepa oOydvaromieil Ipymiibl, IpH-
yeM i=1,2,...,/. Habop u3 [ 3amepos J perucrpupye-

MBIX KOMIIOHEHT raza oOpasyer (/,J) oOydaroutyio
marpuiy X, CTOIOLBI KOTOPOii 0003HaYNM Kak X :
X=[X;, s X, X, T [2]

Ilocime [moCTAaTOYHO —JIMTENBHOTO  HAOIIOIECHHUS
C BBITIOJTHEHHEM OJIHOTO-JIBYX 3aMEpOB B CYTKH 00Yy-
garomas Marpuua X COAEpPXKHUT psia Tpymm (Kiacte-
poB), ONMM3KMX TO BpeMeHH u3MepeHui. Kiacteps
OTJIMYAIOTCS WHTEHCUBHOCTBIO, 4 MHOIIA M COCTABOM
ra3oB B 3aBHCHMOCTH OT XapakTepa IPOIECCOB, MPO-
UCXOMSIIIUX B 36MHOM KOPE B MOMEHT U3MEPCHUH.

O603HaunM uepes X' k -it xmacrep, k= (1, 2,
3, ..., K), tne K — umcno xnacrepoB. Kiacrep npen-

craBister co6oit marpuny us [, crpox ([ << 1)

u J cron6uos. Kaxmas ctpoka Matpuisl  06pasyer
B J-MEpPHOM NPOCTPAHCTBE TOYKY, a BCE CTPOKH —

"obmako" w3 [, touek. Llentp 3Toro "obnaka", neH-
Tpouja KjlacTepa, UIMeeT KOOPINHATHI B BU/IE€ CPETHUX

sHauennit mo crombuam: X' =[X[, X}, ..., X}]

o 212 2 2
u mucniepenit 6 =[Oy, Oy, s O]

HNnenTnduxanus HOBbIX 3aMePOB

Pa3z0buenue oOydaromux 3aMepoB Ha KIacTepsbl
U WX HICHTUQUKAIMS C ONpPEACICHHBIM IPOIECCOM
B KOpE 3aBepmiaeT OOydYeHHE CHCTEMBI 00pabOTKH
JaHHbIX. s HameKHOW MIeHTU(UKALMKA HOBBIX 3a-
MEpOB IO OO0YydYaromyWM [IaHHBIM YHCJIO 3JEMEHTOB
B KJacTepe AOJDKHO OBITh KaK MHHUMYM OoJibliie
Tpex.

Ilycts ouepenHolt 3amep BO3AyXa B pas3iioMe —
X, =[xd’1,xd’2, ey xd’J], rae X, ;
TEHCHUBHOCTh KOMIIOHEHTa T'a30BO CMECH B pasjioMe.
3agaya COCTOUT B TOM, YTOOBI IO 3TOMY 3aMepy C He-
KOTOPO# BEPOSITHOCTBIO MOXKHO OBUIO CYIUTH O (U-
3WKO-XMMHUYECKHX IpoIeccax B HeApax 3eMiH, I
Yero OLIEHUM pacCTOSHUE B MHOIOMEPHOM IIPOCTpPaH-
CTBE MEXy Toukoi X, M LEHTpOHJoH k-ro Kiacrepa

— TCKyllad HH-

Xk . Ot10 pacCTossHUC B eBKHPI,Z[OBOfI MCTpPUKE OIpeaAc-
JISICTCA KaK

P =(X, -XF) (X, - %), M)

'
— CHUMBOJI TPAHCIIOHUPOBAHUA MaTPHUIIbI.
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[IpuHaane;xHOCTh 3aMepa X,; TOMy MIIH HHOMY
KJIacTepy k, ompeaensercd N0 MUHHUMYMY PaccTos-
HUS O, !

Py, =min(p,). (2)

OueBuiHO, YTO BEIWYMHA L, OIpPENCISeT TaKxkKe
BEPOSITHOCTh OIPEACIICHHOIO MPOLECcca, MPOUCXOs-
IIEro B MOMEHT 3amepa: Ipu o, =0 3Ta BEpOATHOCTH
JIOJDKHA OBITH paBHA €AWHUIE, a IPH yNAJICHUH TOYKH
X, OT LEHTPOHABl — YMEHBIIATBCA 10 HYJI1. OTHM
CBOHCTBOM 00amaeT GYHKIHS IIOTHOCTH BEPOSTHO-
CTH P(Xd) Clly4ailHOM BelIM4YMHBI X, CO CPEIHUM

3HaYCHUEM Xk U JAUCIEepCUEl JaHHBIX, BXOJSIIMX

B OTOT KJIacTep, O, :

P(Xd ) =
e (X XKL 0
rne K — koBapuanmoHHas Marpuna: K=

=E[(X—)_()-(X—}_()J, E — cumBon maTtemaruue-

CKOro OXXHJaHus, W — HOPMHUPYIOIIMIA MHOXXUTEb.
U3 ycnoBus paBeHcTBa BepossTHOCTU P (X d) CIMHULIC
npu p =0, momwkHo ObITE W = 1. YcnoBue npuHan-
nexHocTH 3amepa X, kiuacrepy X' umeer Bun:
P(X d)< o, TOE BeMYMHA O BBIOMPAETCS METOJIOM
3KCIEPTHOM OLIEHKH.

MeTO)I rJIaBHBIX KOMIIOHECHT

OpnHako HEMOCPEeACTBEHHOE HCIOJIb30BaHHE IpH-
BEACHHBIX (OPMYJ IUIsl pa3lesieHus JaHHBIX Ha Kila-
CTEepBl U pacyeTa BEIMYHHBI P CONpsHKEHO ¢ Omub-
KaMH, BbI3BAaHHBIMU HaJM4YMeM OOJIBIIOTO YHcja mHa-
pameTpoB J U KOPPENSALMOHHBIX CBS3€H MEXIY
croibuamu Matpuibl X . st cxaTusi JaHHBIX, CO-
KpallleHUus] pPa3MEpPHOCTH TPOCTPAHCTBA H3MEPEHUH
WCTIOJB3YIOT OPTOTOHAIBHOE MpeoOpa3oBaHUE JaH-
HBIX B IIPOCTPAHCTBO IJIaBHBIX KOMIIOHEHT — METOA
rinaBabIX KomnoneHt (MI'K) [3].

s mepexoma B mpoctpanctBo 'K dopmupyercs
HOBasi MaTpHIla, COCTOAIIAsT U3 BCEX CTPOK MATPHIIBI
X u crpokn X, . O603Ha4nM 3Ty MaTpuiy kak Xl .

Torna B HOBOI cucTeEME KOOPAUHAT:
A
XI=T-P'+e=)tp' +e, (4)
Jj=1
rae P; — cOOCTBCHHbIC (YHKLUMU KOBAPHALMOHHOM

Marpunsl K. Martpuny T  Ha3bBaloT MaTpuuei
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cuemos T = [T1 , T,

matpuiy P HaswBaroT martpuueit nacpysok, ee pas-
MepHOCTh — (I X A); € — 3T0 MaTpuua ocmamkos

(uymoB) pasmeproctd  (IXxJ); BEKTOPBI-CTONOLIBI

.. T,], ee pasmeprocts — (I x A);

T]. (jz(l, 2, ...,A)) Ha3bIBAIOT 2IABHbIMU KOMNO-

neumamu (I'K), A — 4YuUCIIO TIIaBHBIX KOMIIOHEHT.
BenuunHa A 3HAYMTENBHO MEHBIIE YHCiIA MTEPEMEH-
HBIX J. DTO 03HAyYaeT, YTO OCHOBHAs MH(OpMAaIUs
cocpenorodeHa B Heckonbkux mepBeix ['K. Ilocnen-

HsIsl CTPOKA 3TOH MaTpuipl, BekTop T, — KoopanHa-
Thl IAPAMETPOB TECTHPYEMOIO COCTaBa BO3J1yXa B
npoctpancTee I'K: T, = [td I FU A}.

W3 manHBIX B HOBOW cucTeMe KOOpAWHAT (hopMHu-
pytorcst kmactepsl T — wmatpuusl u3 [, cTpok
(I[,<< I)wu A cronbuos. LlenTponna kimacrepa uMe-
€T KOOPAMHATHI B BUJE CPEIHHMX 3HAUYEHHUH MO CTOJIO-

Tk Tk ok Tk
nam T =[1",7,,...T,] u
2 2 2 2
G, =| 050504 |-
CgoiictBo paznoxkenust nmo I'K TakoBo, yto nuc-

nepcust OBICTPO yMeHbIaeTcs yxe K yerBeptord 'K,
a cTonOus! Matpuisl T* He KoppenupoBaHsl, T.€.

JUcnepcuit

+ |0 mpu n#m,
T:l (Tif ) = 2
o’ Tnpun=m.
k
VY4uThIBas 3T0 0OCTOATENHLCTBO, B HOBOW CHCTEME
KOOpAMHAT BEPOSITHOCTH MPHHAUIEKHOCTH HOBOTO
3aMepa KJacTepy k BbIUMCIIETCA 1O popMyIie:

P(T,)= exp{—%(Td -T ) o (T,-T* )} -
A td/'
=exp —%Z("—; - 5)

EBKIHIOBO paccTOsIHHE OT 3aMepa ¢ HHAEKCOM d
JIO IIEHTPOUABI k-T'0 KJIacTepa paBHO:

1/2
A

pk:(Td_Tk)'<Td_Tk)= Z(td,j_z/kf . (6)

=

OIIMCAHHME AJIT'OPUTMA

O6paboTka JaHHBIX COCTOUT M3 ABYX 3TAloB: 00)-
yenue u OUACHOCMUKA.

Ha oarame o6yuenus dopmupyercss oOydaromas
Marpuna X MyTeM Habopa JaHHBIX O COCTaBe U KOH-
[EHTpalUy KOMIIOHEHTOB BO3JyXa B MECTaX BBIIEJe-
HUSI Ta3a ¥ NPUBSI3KU 3TUX JaHHBIX K TPOUCXOASLINM

TaM IpoleccaM. 3aTeM, UCIOJIb3YsI MOAXOASAIINNA a-
TOPUTM Kilactepu3ainuu [4], pa30uBalOT HAaKOTUICHHEIE
JTaHHBIE HAa KJIACTEPBI XF, xaxpiit u3 KOTOPBIX OTO-
OpakaeT oIpenesieHHbIH (U3UKO-XUMUYECKUH Mpo-
1ecc B 3¢MHON Kope. MoXeT ObITh UCTIOIh30BaH JIPY-
rod BapuaHT pa30MEHUs HAKOIUICHHBIX JaHHBIX
Ha KJIaCTepPhl: COPTUPOBKA MAHHBIX TI0 TPHHAJIC)KHO-
CTH K MPOLECCY, MPOUCXOIAIIEMY B 3€MHOM Kope
B MOMEHT 3aMepa COCTaBa BBIJCISIEMBIX Ta30B.

Ha aramne ouaenocmuku BRIIOTHSETCS CIETYIOMIAS
MOCIIEI0BATENIEHOCTD OTIEPaITHii:

1. M3mepsitoTcst cOCTaB M KOHLIEHTpAIMS JAUArHo-
CTHPYEMOT'0 UCTOYHHKA raza u popMupyercs BEeKTOp—
cTpoka X, = {xd’l, Xy s de} .

2. OroOpakeHHe AaHHBIX MAaTpPHUIBI X U 3aMmepa
X, , T.e. MaTpunpl X1 = [X; X, ] , B TIPOCTPAHCTBO
'K (4).

3. Beorumcnsiercs paccrosiaue mno ¢opmyine (6)
W ompeaenseTcs OMMKaWIIMKA KIlacTep M0 MHHUMYMY
paccrostHus (2).

4. Ompenensercst BeposiTHOCTH P 1o popmye (5)
5. AHanu3 pe3ysbTaTa BEIYUCICHUS BEPOSITHOCTH.

ITPOBEPKA AJITOPUTMA

[IpowmmmiocTpupyeM H3JI0KEHHYIO BBIIIE TEOPHUIO
Ha npuMmepe peanbHbiX 1024 3amepoB cocTaBa rasa,
BBITIOJIHCHHBIX B JIeHUHTpaacKoi 001acTH.

Ha puc. 1 mokaszaH mpumep mMacc-clieKTpa OIJHOTO
n3 3aMepoB coctaBa razoor cmecu: CHy, N, Oy,
CO,, Ar. 3ameps! BBITIOJHSIUCH €XETHEBHO OIUH

MHTEHCUBHOCTb

I'a3

Puc. 1. CHeKTp OAHOTI'0 U3 3aMCPOB COCTaBa CMECHU

HAVYYHOE ITPUBOPOCTPOEHMUE, 2023, Tom 33, Ne 1
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Knactep 1

= 100
O 50 | |
2 500 1000
8 Knacrtep 2
x 100( ‘
m 50 | |
S 0 " :
9 0 500 1000
o Knactep 3
z 100 7_TE %
S 50p |

0

(0] 500 1000
OJeHb 3amepa gaHHbIX

Puc. 2. CBs13b Ki1acTepoB U BpeMeHH HaOJII0ICHUH

pa3 B cyTkd. JlaHHBIC, HAKOIUICHHBIC B TCUYCHHC
MPOJIODKUTEIIBHOTO  BPEMEHH C  HMCIIOJIb30BaHUEM
HMEpapXUIeCKOTO arjioMepaTUBHOTO anroputma [4],
pas3zenieHbl Ha KJIACTEPhI, KAXKIIbI 13 KOTOPBIX COCTO-
UT U3 Oosee YeM JecsATH 3aMepoB OJIM3KUX MO0 MHTEH-
CHUBHOCTH KOMITIOHEHTOB rasa. Ha puc. 2 mokazaHo
PAacCIIONIOKEHHE TPEX KJIACTEPOB HA BPEMEHHOH IIKaje
MPOJIOIDKUTENEHOCTEI0 Oostee 1000 mHe# HaOmrO/eHWMIL:
KQKIBIA KJ1acTep CBS3aH C ONPEACICHHBIM BPEMEHEM
U, COOTBETCTBEHHO, MPOIECCOM, POUCXOISIIUM B 3€M-
Holi kope. (Ha pucyHke npuBeieH TOJILKO METaH.)

B Ta6un. 1 (cronberr 2) mpuBeeHO EBKIMIOBO pac-
CTOSIHE OJHOTO W3 3aMepoOB IO JEBATH KJIAcTEpOB,
BBIYMCIICHHBIX TI0 (opmyie (6). U3 Tabnuiel cienyer,
YTO 3aMep MPHUHAUICKHUT TPETbeMY KIIACTEpy C BEpo-

saTHOCTBIO (.33, BeIuuCiieHHOM 110 Gopmyiie (5) (cTo-
oer 3).

Ta6u. 1. [IpuMep pacmonokeHus 3amMepa OTHOCUTEIBHO
KJIaCTEPOB

Paccrosiaue
OT 3aMepa
JIO LIEHTPOU/IBI
KJjactepa
105.8
101
0.4
136.91
4.5
664.4
28
67.6
2174

Ne xmacrepa BeposaraocTts

o
Do o
e
~

o

O 01N N A WK~
)
OOOOOO
~J
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Tabu. 2. XapakTepuCTHKH TOYCK-3aMePOB KiacTepa 3
Ne 3amepa PaccrosiHue BeposarHocTh
n3 Kiacrepa 3 0T 3aMepa COOTBETCTBYIOIIETO
JI0 TICHTPOUBI TeocoOBITHS
Kyacrepa 3

| 0.3442 0.0982
2 0.4309 0.1366
3 0.3153 0.1456
4 0.484 0.1709
5 0.7648 0.1825
6 1.0106 0.1833
7 0.7499 0.2241
8 0.4035 0.3371
9 0.7676 0.3864
10 0.303 0.428

11 0.143 0.4333
12 0.0725 0.4882
13 0.1344 0.546

14 0.1367 0.5643
15 0.0169 0.7377

Jlanee BeIOEpEM IATHAALATH 3aMEpOB, MPUHAIJIC-
JKaIMX TPETbeMY KJacTepy, HO PacloJOXEHHBIX
B pa3HBIX TOYKax "obmaka" 3Toro kiacrepa. B Tabm. 2
BO BTOPOM CTOJIOLE TPUBENEHBI PACCTOSHHUA O LICH-
TPOUIBI KIACTEPa, a B TPETbEeM CTOJIOLE — BEPOST-
HOCTH COOBITHS B 3€MHOM KOpE, BBI3BABLIEIO COOT-
BETCTBYIOIIIEE BBIJCICHUE Ta30B. BHIHO Takke, 4TO
yeM OJMKe pacrojioKeH 3aMep K IIEHTPY KiacTepa,
TeM OoJbllle BEPOSTHOCTH COOBITHS. B mpuBeneHHOM
npuMepe 3aMep HoMep | BeposTHee BCEro MpHHAIe-
JKUT ApYyroMmy kiactepy. Toraa mo npuBeIeHHOH BbI-
IIe METOAWKE HAXOJT 3TOT KJIACTEp M OIPEACNISIOT
COOTBETCTBYIOILYIO BEPOSTHOCTD.

3AK/IIOYEHUE

Cucrema AMarHOCTUKHY TIPOIIECCOB B 3€MHOM KOpE,
cocTosimas U3 npubopa Ajsl KOJIMYECTBEHHOIO U3Me-
peHus cocTaBa BO3AyXa B MecTaX BbLJICJIECHMs rasa
U cpeacTtBa OOpaOOTKM HAaHHBIX C BO3MOXHOCTBIO
0o0y4YeHHsI U ONpenesieHUS BEPOSTHOCTH MPOUCXOIs-
IIMX B 36MHOH KOpE IPOLECCOB, 00ECHEUUBAET HKC-
MIpecc-aHallu3 COCTOSTHUS 36MHOM KOphl. JIMarHocTuka
C OIPEAETICHUEM BEPOSITHOCTU NPHHAJICKHOCTH CO-
CTaBa BBIIENAEMOr0 ra3a OIHOMY H3 0Oyuarommx
KJIaCTEpOB MO3BOJIAET COCTAaBUTH OOILYI0 KapTHUHY
BEPOSITHBIX COOBITHH B 36MHOW KOpe M IpU HE0OXo-
JAUMOCTHU NPHUHATH COOTBETCTBYIONIUC PCUHICHHA OTHO-
CUTCJIIBHO BEPOATHOCTHU OIPCACICHHBIX TIC€OJIOTHYEC-
CKHX TNPOLIECCOB B JAHHOM PErHOHE.
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ANALYSIS OF MULTIDIMENSIONAL DATA
ON THE COMPOSITION OF GASES EMITTED
FROM FAULTS IN THE EARTH'S SURFACE

L. V. Novikov, A. G. Kuzmin, Yu. A. Titov

Institute for Analytical Instrumentation of RAS, Saint Petersburg, Russia

The composition and intensity of gases recorded at fault location on the earth's surface are used to make an
express forecast of the state of the earth's crust (including the forecast of earthquakes and volcanic eruptions)
by. The method is based on unsupervised learning using a large amount of pre-collected data on the composition
and concentration of gases released in the fault zone of the earth's crust. The composition and concentration of
these gases contain information about the processes occurring in the depths of the earth, which makes it possible
to predict earthquakes or other catastrophic events with some probability. The collected data serve to train the
recognition system for newly received data by forming a system of clusters, each of which is a marker of a par-
ticular process in the earth's crust. The proximity of new data in the multidimensional space to the core of the
cluster is a probabilistic measure of the event that caused the release of a gas mixture similar to a cluster.

Keywords: express diagnostics, cluster analysis, multivariate probability density, multivariate data processing

INTRODUCTION First stage:
— long-term observation with recording of gas
Gas mixtures released from faults in the earth's spectra, i.e., formation of a training sample;

crust, as a rule, contain several components. Most of- — the formation of spectral clusters and establish-
ten, there are: CO,, CHy4, He, H,S, H,, N,, O, and oth-  ment of their relation to physicochemical processes in
ers, depending on the location of the crust [1]. In the Earth's crust.
a multivariate data space, for example, seven compo-
nents are represented as a point in a seven-
dimensional space. Many measurements taken over
a period of time form a "cloud," which can consist of
several thousand data points. The concentration of
each component in the "cloud" and the spectrum as

Second stage:

ongoing measurement of the spectrum of gases and
determination of its belonging to a particular cluster
by the minimum distance between its center (centroid)
and the point of the spectrum in multidimensional

. S space.
a whole depend on the internal processes occurring in .
the earth's crust, i.e., contain information about the Third stage: .
fault as a geological object. If these processes are conclusions about the probability of processes oc-

close and repeated, the intensity of the gases released curring in the Earth's crust.
is also close, and in multidimensional space each of

these processes forms a group (cluster) of closely DATA PROCESSING

spaced points. As a result of long-term observation

using various instruments, a statistical relationship can Theory

be established between the spectral composition of .

gases and internal physicochemical processes in the In order to accumulate data on the composition and

earth's crust. Subsequently, using the results obtained, ~— intensity of gases released in faults on the earth's sur-
from sample measurements of the composition of gas-  face, it is advisable to carry out parallel measurements
es, it is possible, with some probability, to predict the in several faults in one geological area for a long pe-
nature of the processes occurring in the earth's crust. riod of time with simultaneous recording of processes

Based on mass spectrometric monitoring of gas occurring in the earth's crust using other instruments.
composition, this methodology can be used to ex- We will call this group of data a training group, since
pressly forecast the current condition of the earth's 1n the future they will be necessary for comparison

crust. The forecasting procedure is carried out in three ~ With ongoing measurements and making decisions on
stages. possible consequences.

As a result of one measurement, several gas com-
ponents are recorded, forming a vector row

91
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[X,15 X, 25 - X, ; ], Where X, . is the intensity of the /-
th component of the i-th measurement of the training
group, wherein i=1,2,....1. A set of / measurements
of J recorded gas components forms (I ,J ) a training

matrix X, which columns are denoted as X ’x
X=[X;, s X, X, ] [2]

After a sufficiently long observation with one or
two measurements per day, the training matrix X con-
tains a number of groups (clusters) of measurements
that are close in time. Clusters differ in intensity and
sometimes in composition of gases, depending on the
nature of the processes taking place in the earth's crust
at the time of measurements. Let’s use the X" to de-
note k-th cluster, £ = (1, 2, 3, ..., K), where K is the
number of clusters. A cluster is a matrix of /, rows
(I, << I)and J columns. Each row of the matrix
forms a point in J-dimensional space, and all rows
form a "cloud" of [, points. The center of this

"cloud," the cluster centroid, has coordinates in the

form of average values in the columns
=T X7 X7 X7 . . 2
Xt :[Xlk, sz, oo Xf] , the wvariance is o, =
12 2 2

=[0}, Ops - Oy ]

Identification of new measurements

Splitting the training measurements into clusters
and identifying them with a specific process in the
earth’s crust completes the training of the data
processing system. The number of cluster elements
must be greater than three in order to reliably identify
new measurements using training data.

Let the next measurement of the air in the crust —
X, :[xdvl,xdyz, ey xdﬂJJ , where x, . — the ongoing
intensity of the gas mixture component in the crust.
The question is whether this measurement can be used
to assess the physicochemical processes in the bowels
of the earth. For this purpose, we estimate the distance
in the multidimensional space between the point X,

and the centroid X* of the k-th cluster. This distance
in the Euclidean metric is defined as

po=(X, -X") (X, -X), (1)
is a matrix transpose symbol.
The minimum distance p, determines whether

the measurement X; belongs to a particular cluster
ky:

Py, =min(p,). (2)

Obviously, the value p, also determines the prob-
ability of a certain process that occurs at the time of
measurement: if p, =0 this probability is equal to 1,
and if a point X, moves away from the centroid, it
decreases up to zero. This property has a probability
density function P(X,) of a random variable X,

. — . 2 .
with an average value X" and variance o; of data in
this cluster:

P(Xd)z
:W.exp{_%(xd G )' K71<Xd - X* )} 3)

where K is the covariance matrix: K=

:E{(X—X)-(X—X),}, E 1is the expected value

symbol, W is the normalizing factor. Under the condi-
tion of equality of probability P(Xd) to 1 if p=0,
W = 1. The condition of measurement X, belonging to
the cluster X* has the form: P(Xd)<a , where the
value o is selected by the expert assessment method.

Principal Component Analysis

However, the direct use of the given formulas to
divide the data into clusters and calculate the P value
is associated with errors caused by the presence of a
large number of parameters J and correlation relation-
ships between the columns of the matrix X . To com-
press data, reduce the dimension of the measurement
space, an orthogonal transformation of the data into
the space of the main components is used — the Prin-
cipal Component Analysis (PCA) [3].

For the transition to the PC space, a new matrix is
formed, consisting of all the rows of the matrix X

and the row X, . Denote this matrix as XI. Then in
the new coordinate system:

A
XI=T-P'+e=Y tp +e 4)
=

where p; — eigenfunctions of the covariance matrix
K. The matrix T is called the matrix of accounts

T =[T1,T2, ..,TA], its dimension — (I X A4); a matrix
P is called a load matrix, its dimension is (I x A);
e — a matrix of residues (noise) of dimension

(I><J); column vectors T.i (jz(l, 2, ...,A)) are

called principal components (PCs), A — the number
of main components. The value A is significantly less
than the number of variables J. This means that the
main information is concentrated in the first few PCs.
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The last row of this matrix, vector T, is the coordi-
nates of the parameters of the tested air composition
in the PC space: T, = [ld,], Ly oo td’A] .

From the data in the new coordinate system, clus-
ters T* are formed — matrices of I, rows (I, << I)

and A columns. The cluster centroid has coordinates
in the form of average values in columns

T = [flk, fzk, vees 7:"]. The variance ci =

~[oh 0% 0 .

The PC decomposition property is such that the
dispersion decreases rapidly by the fourth PC, and the
columns of the matrix T* are not correlated, i.e.

0 1opun#m,

SN

Given this circumstance, in the new coordinate
system, the probability of belonging to the new mea-
surement to the cluster £ is calculated using the for-
mula:

P(T,)= exp{—%(Td ~T") o (T, - T )} -

Ipu 1 = m.

- 2

1& (td,j _tfk)

=exps—— ) —————. 5

23 = ()
The Euclidean distance from the measurement with

index d to the centroid of the &-th cluster is:

(-t 1) 3,0 | o

J=1

ALGORITHM DESCRIPTION

Data processing consists of two stages: training
and diagnostics.

At the training stage, a training matrix X is
formed by collecting data on the composition and
concentration of air components at gas release points
and linking this data to the processes taking place
there. Then, using a suitable clustering algorithm [4],

the accumulated data is divided into clusters X*, each
of which maps a certain physicochemical process in
the earth's crust. Another variant of splitting the ac-
cumulated data into clusters can be used: sorting the
data according to the processes taking place in the
earth's crust at the time of measuring the composition
of the released gases.
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At the diagnostic stage, the following sequence of
operations is performed:

1. The composition and concentration of the diag-
nosed gas source are measured, and a string vector

X, :{xd‘], Xy s e xdqj} is formed.

2. Mapping of the matrix X data and measure-
ment result X, i.e., the matrix X1=[X;X,] in the
PC space (4).

3. The distance is calculated using the formula (6)
and the nearest cluster is determined by the minimum
distance (2).

4. Probability P is determined by formula (5)

5. Analysis of the probability calculation result is
carried out.

ALGORITHM CHECK

Let's illustrate the above theory using the example
of real 1024 gas composition measurements taken in
the Leningrad Region, Russia.

Fig. 1 shows an example of the mass spectrum of
one of the gas mixture composition measurements:
CH,4, N, O,, CO,, Ar. The measurements were taken
once a day. The data accumulated over a long period
of time using the hierarchical agglomerative algorithm
[4] are divided into clusters, each of which consists of
more than ten measurements of gas components simi-
lar in intensity.

Fig. 1. Spectrum of one of the mixture composition
measurements

Fig. 2 shows the location of three clusters on a
time scale lasting more than 1000 days of observa-
tions: each cluster is associated with a certain time
and, accordingly, with a process occurring in the
earth's crust. (The figure shows only methane).

Fig. 2. Example of distribution of methane concentra-
tions assigned to 3 clusters on the time axis

Tab. 1 (column 2) shows the Euclidean distance of
one of the measurements to nine clusters calculated
using formula (6). It follows from the table that the
measurement belongs to the third cluster with proba-
bility 0.33, calculated by formula (5) (column 3).

Tab. 1. An example of the location of the measure-
ment result relative to clusters
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Next, we select fifteen measurement results be-
longing to the third cluster, and located at various
points in this cluster's cloud. In Tab. 2, the second
column shows the distances to the cluster centroid,
and in the third column — the probability of an event
in the earth's crust that caused the corresponding re-
lease of gases. You can also see that the closer the
measurement result is to the center of the cluster, the
more likely the event is. In the example shown, mea-
surement result number 1 most likely belongs to
another cluster. Then, using the above method, this
cluster is found and the corresponding probability is
determined.

Tab. 2. Characteristics of cluster 3 measurement re-
sults points

CONCLUSION

The system for diagnosing processes in the earth's
crust, consisting of a device for quantitative measure-
ment of the composition of air in places of gas release
and a data processing tool capable of learning and de-
termining the probability of processes occurring in the
earth's crust, provides an express analysis of the state
of the earth's crust. Diagnostics with the determination
of the probability that the composition of the released
gas belongs to one of the training clusters makes it
possible to compile a general picture of probable

Contacts: Kuzmin Aleksey Georgievich,
agqz55@rambler.ru

events in the earth's crust and, if necessary, make ap-
propriate decisions regarding the likelihood of specific
geological processes in a given region.
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